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Abstract

This thesis deals with a steel fibre-reinforced concrete (SFRC) slab in compression as a
composite steel-concrete frame joint component. Based on the results of an experiment with
a realistic-sized steel-concrete specimen, a numerical model has been validated in Atena
Science. Based on a parametric study with these models, an analytical relationship was
derived for the resistance and stiffness of the steel fibre-reinforced concrete slab in
compression. In contrast to the standard procedure given in Annex C of EN 1998-1:2004
(Eurocode 8), the new procedure is designed for a steel fibre-reinforced concrete slab and
takes into account the favourable state of stress in the concrete slab in the joint area.

Keywords: steel fibre-reinforced concrete; composite steel-concrete frame joint; slab in
compression; effective width; earthquake; FEM






Abstrakt

Tato disertaCni prace se zabyva deskou z betonu vyztuzeného ocelovymi viakny
(dratkobetonu) v tlaku jako komponentou spfaZzeného ocelobetonového ramu. Na zakladé
vysledkl experimentu s ocelobetonovou konstrukci realnych rozmérd byl v programu Atena
Science validovan numericky model. Na zakladé parametrické studie s témito modely byl
odvozen analyticky vztah pro vypoclet Unosnosti a tuhosti ocelovymi vlakny vyztuzené
betonové desky v tlaku. Na rozdil od normového postupu uvedeného v pfiloze C normy
EN 1998-1:2004 (Eurokdéd 8) je novy postup navrzen pro betonovou desku vyztuzenou
ocelovymi vlakny a zohledfuje pfiznivy stav napjatosti v betonové desce v oblasti sty&niku.

Klicova slova: beton vyztuzeny ocelovymi vlakny; spfazeny ocelobetonovy ramovy styénik;
deska v tlaku; udinna Sirka; zemétreseni; MKP
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Nomenclature

Nomenclature

Symbols and abbreviations used in Section 1.

Ft
Fq

Meqd

(serv
Med,c

Med e

Det
b1
Frd
hc
be

Ar

Miett

force in the reinforcement or tensile resistance of the reinforcement
tensile force in the transverse reinforcement

design value of the bending moment

bending moment

normal force

uniformly distributed load on the ceilings

design value of bending moment from gravity load

design value of bending moment from lateral loading

effective slab width on each side of the web

distance between zero moment points from the horizontal load

distance between zero moment points from the horizontal load for a hogging
moment

distance between zero moment points from the horizontal load for a sagging
moment

span of the beam

span of the beam

effective width of the slab

half the axial distance of the beams
design value of the resistance

column cross-section height

column cross-section width

anchorage length of the reinforcement
area of the transverse reinforcement
angle of inclination of the concrete struts
coefficient of the ratio of applied moments

bending moment on the left connection of the joint
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Mrigh
0

eL

er
Fleft
Frigh
AsL
tslab
fod
fsaL
Ast
fsar

t

d

fup

fy
MRd,pi
MRad,c
MRadb
Aplastic
Bplastic
Pwm

Pv
Fri

Fr2

bo

bending moment on the right connection of the joint
additional angle of the concrete struts

distance of the centre of gravity of the longitudinal reinforcement to the centre of
gravity of the column section

distance of the centre of gravity of the transverse reinforcement to the face of the
column section

tensile normal force in the concrete slab on the left side of the joint
tensile normal force in the concrete slab on the right side of the joint
area of the longitudinal reinforcement

thickness of the concrete slab

design value of the compressive strength of the concrete

design value of the yield strength of the longitudinal reinforcement
area of the transverse reinforcement

design yield strength of the transverse reinforcement

end-plate thickness

bolt diameter

ultimate strength of the bolt steel

yield strength of the steel

plastic bending resisting moment

design value of the moment of resistance of the column

design value of the moment of resistance of the beam

plastic displacement

plastic rotation

connection rotation

column web panel rotation in shear

resistance of mechanism 1

resistance of mechanism 2

column flange thickness

concrete strut width

reduction factor of the concrete in shear according to EN 1992-1-1 [14]
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Nomenclature

fstrut
fox
Fed
Fe
l1
As
Ps
fsa
Deft.conn
VA
Ksc
Ec
Ea
Frs

Fstud

Fsc
Fst
et
e

Uz, Uz
U3, Ug
61, 6>
l1, hy

compressive strength of the concrete strut

characteristic compressive strength of the concrete

design value of the axial resistance of the concrete strut

design value of the resistance of the concrete strut parallel to the beam
minimum length of the reinforcement

reinforcement area or area of longitudinal reinforcement
reinforcement ratio

design value of the yield strength of reinforcement steel

effective width of the slab in compression in the joint

thickness of the compressed concrete slab or lever arm of the internal forces
coefficient of stiffness of the concrete slab component in compression
Young's modulus of elasticity of concrete

elastic Young's modulus for steel

resistance of mechanism 3

resistance of one shear connector

number of connectors in half of the effective width of the slab

shear force

force in the effective width of the slab for the sagging moment

force in the effective width of the slab for the hogging moment
concrete slab thickness

strength of the concrete slab in front of the column flange

shear deformation of the column web panel

horizontal displacement of the bottom flanges of the beams

horizontal displacement on the top surface of the concrete slab
rotation of the steel connections

dimensions of the hole in the concrete slab in the column location
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Symbols and abbreviations used in Sections 3 - 7.

SFRC
FRC
FEM
Dest

hc

be

M+

fu
DIC
exp.
inc

sens

&mi

&mp

Len
Lt
Lc
it
&1
Rly
Vi
Lt
dr

steel fibre-reinforced concrete
fibre-reinforced concrete

finite element method

effective width

height of the column cross-section
width of the column cross-section
sagging bending moment
hogging bending moment
population variance

yield strength of steel

ultimate tensile strength of steel
digital image correlation
experiment

inclinometer(s)

displacement sensor(s)

normal stress

strain

tensile localised strain
compressive localised strain
characteristic length

crack band size

crush band size

tensile strength of the concrete
maximum principal stress
reinforcing index of fibres by volume
fibre volume fraction

fibre length

fibre diameter
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Nomenclature

SDEM Simplified Diverse Embedment Model

CBFEM  Component-based Finite Element Method

E Young's modulus of elasticity

HM hardening modulus

d concrete slab thickness

fe compressive strength of the concrete

Vi fibre volume fraction

u friction coefficient

Ec modulus of elasticity of SFRC

tf column flange thickness

tw column web thickness

n model number

As reinforcement area of the concrete slab

max. maximum value

min. minimum value

Frrem resistance of the concrete slab in compression calculated by FEM
Sini,FEM initial stiffness coefficient calculated by FEM
Sres,FEM secant stiffness coefficient calculated by FEM
to.025 2.5 % upper quantile of the t-distribution

concrete slab resistance in compression calculated by the proposed analytical
FR,an method

Sini,an coefficient of initial stiffness calculated by the proposed analytical method
Sres,an coefficient of secant stiffness calculated by the proposed analytical method
coefficient of initial stiffness calculated by the method given in
STECS EN 1093-1-8 [10]
c concrete slab compression resistance calculated by the method given in
R,EC8

EN 1998-1 [3]

FrBENN concrete slab compression resistance calculated by Bennacer et al. [20]
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1 State of the art

1.1 Introduction

This thesis focuses on describing the compressive behaviour of a concrete slab in composite
steel-concrete frame joints.

The loading of the concrete slab in compression in the joint region occurs in the following
situations:

1) when the unequal hogging moment loading (Fig. 1) is applied at the joint of the interior
column, the difference of forces in the reinforcement (which is equal to Fy, subtracted from Fu
in Fig. 1) is transferred to the column, and the concrete slab in contact with the column flanges
is subjected to compression from the side of the smaller hogging moment [1];
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Fig. 1. Strut and tie model for the case when the joint is loaded by unequal hogging moments - F; is
the force in the reinforcement, Mgq is the design value of bending moment, and F is the tensile force
in the transverse reinforcement [1].

2) in an exceptional situation (e.g. bomb explosions, motor vehicle collision) in which the
interior column is lost. The joint above the failed column is loaded by the interaction of the
sagging moment and the normal force (Fig. 2b) before the beam begins to act as a catenary
loaded only by the axial force (Fig. 2c) [2];
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Fig. 2. The behaviour of the frame in case of column loss: normal situation (a), column failure - joints
above the failed column are subjected to a combination of sagging bending moment and tensile
normal force (b), generation of membrane forces, beams above the failed column act as a catenary
(c). The figures contain interaction diagrams of bending moment M and normal force N; M; is the
moment of resistance of the joint, N;j is the tensile resistance of the joint, and gser is the uniformly
distributed load on the ceilings [2].
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3) under horizontal wind loading (Fig. 3);

Gravity loading (Mgqa) Lateral loading (Mgag) Mgie + Mgag

Fig. 3. Effect of horizontal loading on an unbraced frame [4].

4) under extraordinary seismic loading (Fig. 3). The forces acting on the beam in the effective
width of the slab have to be carried by the joint. The values of the effective width of the concrete
slab under horizontal seismic loading are given in EN 1998-1 [3] and are derived from moment
diagrams on the beam, Fig. 4. The joint carries these loads primarily by two mechanisms as
listed in Annex C of EN 1998-1 [3], Fig. 5. Mechanism 1 represents the direct action between
the concrete slab and the column flange. Mechanism 2 is defined by the strut and tie model,
where the concrete struts compress the column web and the far flange of the column at an

angle of 45 °.
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Fig. 4. Derivation of the effective slab width on each side of the web be from the distribution of bending
moments on the beam in the plastic state from the horizontal seismic loading (similar to EC4 [1],
where it is given for vertical loads; be corresponds to the experimental results [5]), where |y is the
distance between zero moment points from the horizontal load (lo- for a hogging moment, lo+ for a

sagging moment), L; and L is the span of the beam, b is the effective width of the slab, b, is half the

axial distance of the beams [5].
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Fig. 5. Load transfer in concrete slab - Fgrq1 is the resistance of mechanism 1 (a), Frad2 is the resistance
of mechanism 2 (b); hc and b. are the cross-sectional dimensions of the column, |, is the anchorage
length of the reinforcement and Ar is the area of the transverse reinforcement, 0 is the angle of
inclination of the concrete struts [5].

1.2 Joint subjected to unequal hogging moments

1.2.1 Procedure according to COST C1 1996

When unequal hogging moments are applied in the interior column joint, the difference in
forces in the reinforcement is carried by the column. The concrete slab in contact with the
column flanges is subjected to compressive forces on the side of the smaller hogging moment
(Fig. 1). In this chapter the relationships given in COST C1 1996 [6] and ENV 1994-1-1 [7] are
presented. The relationships are used to calculate the area of longitudinal reinforcement
limited by the possible brittle failure of the slab in compression and also the minimum area of
transverse reinforcement to carry the transverse tensile forces in the joint (force Fy in Fig. 1).
In these relationships, only mechanism 1 from Annex C of EN 1998-1 [3] is considered.
Mechanism 1 represents the compressive force acting in the concrete slab to column flange,
Fig. 5.

Based on the ratio of the applied moments M. and Mg in the interior joint, the coefficient u
is calculated (the sign convention of the moments for this relationship is shown in Fig. 1):

i1 Miere 1)
Mright
where Mleft < MTight (2)
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The distance of the centres of gravity of the transverse and longitudinal reinforcement from the
column cross-section (Fig. 6) must satisfy the following geometric conditions. From these
distances, the additional angle of the concrete struts d is obtained when applying mechanism 1
in the concrete slab (Fig. 7a):

er
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Fig. 6. Distances of the centres of gravity of the transverse and longitudinal reinforcement from the
column section [5].

To prevent brittle failure of the concrete slab, the area of the longitudinal reinforcement As, is
limited by the condition:

< 0.94 bc tslab fcd
L= [ fde (6)
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where b is the width of the column flange, tsia is the thickness of the concrete slab, feq is the
design value of the compressive strength of the concrete, fsq is the design value of the yield
strength of the longitudinal reinforcement.

The area of the transverse reinforcement Asr should satisfy the relationship:

u f sdL
Agr =2 ———
ST =2 tans 5" fsar (1)

where fsq7 is the design value of the yield strength of the transverse reinforcement.

1.2.2 Extension of the relationships for extreme load cases
by Plumier et al.

Plumier et al. [5] further applied the relationships to the case of maximum asymmetric vertical
loading (one of the moments is equal to zero) and to a horizontally loaded structure where one
of the bending moments of the interior joint is sagging and the other hogging.

In the extreme case (Fig. 7a) of a vertically loaded structure with Mier = 0 (u = 1):

fea
Asy, < 0.94 b, toap i )
Mleft=0 Mright<0 Mieft>0 Mright<0
—p
c A2 — S A2
A >=A /2 A >= YYY
vy
S AR % S A2
=1 pn=2

(a) (b)

Fig. 7. Minimum area of transverse reinforcement (if & = 45 °) under the action of mechanism 1 - in the
extreme case of a vertically loaded structure (a), in the extreme case of a horizontally loaded structure

(b) [3].

For concrete struts with 45 ° inclination angle (tand = 1):
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f sdL

AST >0.5 ASL deT (9)

When applying the relationships to the horizontally loaded structure (Fig. 7b) in the case of
Miett = - Mright (U = 2):

fea
Ag, < 0.47 b, tgiap LL (10)

fsd

When the concrete struts are inclined with the angle of 45 ° (tané = 1):

f sdL
Agr = Agy, E (11)

1.3 Joints subjected to seismic loading according to
EN 1998-1, Annex C, and related documents

The subject of this chapter is Annex C of EN 1998-1 [3] and related documents, which deal
with the joints subjected to seismic loading.

The joint should be designed to be ductile, allowing the absorption and dissipation of the
motion energy under seismic loading. Therefore, the components that determine the collapse
of the joint shall be ductile (Fig. 8) and shall be designed with the capacity design in accordance
with Table 1 and Table 2.
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Column web panel in shear
(ductile component)

Concrete slab in compression
Re-bars in tension (brittle component)

(ductile component)

End-plate and column flange in —————g=—— :
bending (ductile component) N Wl

Bolt in tension
(brittle component)
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Fig. 8. The ductile and brittle components of a steel-concrete joint [8].

Table 1. Capacity design of the joint subjected to the sagging moment, where Frg,1 is the resistance of
the end-plate and column flange in bending (1), Fra,2 Of the concrete slab in compression (2), Fgrq,s of
the column web panel in shear (3) [9].

Component (1) (2) (3)

End-plate and column flange in bending (1) - Fras = 1384,
Concrete slab in compression (2) Fraz = 1.3Fra -
Web panel in shear (3) Frea = Fy “1’\3 Fraz = 1.3 a3

(+)
Fraa :FRJ_]
Ffraz = 1.3Fras

Note: The value of Frq 3 includes the contribution due to yielding of column flanges.

Table 2. Capacity design of the joint subjected to the hogging moment, where Frq1 is the resistance of
the longitudinal reinforcement and bolt row in tension (1), Frq,2 Of the beam flange in compression (2),
Fra3 Of the column web panel in shear (3) [9].

Component

) (2)

(3)

Reinforcing bars and I bolt-row in tension (1)
Beam flange in compression (2)
Web panel in shear (3)

- Fraz = 1.3Fray
Fraz 2 1'(31\:“'1 -
‘ Fraz = 1.3Fra

Fre. = F}{‘d)_j
Ira2 = 1.3Fras

Fran = Fpds
Note: The value of Fras includes the contribution due to yielding of column flanges.

The design of the bolted end-plate connections should be made to avoid brittle failure of the
bolts. The connection should satisfy the relationship:

t<036d |fu/fy (12)
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where t is the thickness of the end-plate or column flange, d is the diameter of the bolts, fu is
the ultimate strength of the bolt steel, and f, is the yield strength of the end-plate or column
flange steel [10].

The maximum ductility of a structure is guaranteed when a global mechanism develops without
the formation of an undesirable local or storey mechanism, Fig. 9. The condition for the
formation of a global mechanism is the capacity design according to the relationship [3]:

ZMRd’C 2 1'BZMRd,b (13)

where ZMgq, is the sum of the design values of the column resistance moments in the joint
and ZMrgp is the sum of the design values of the beam resistance moments of the
corresponding joint. In the case of partial-strength joints, the moments of resistance of these
joints are considered instead of the moments of resistance of the beams.

Aplastic plastic Aplastic
" hinge f—
iiiiii - 4 S
B A
Bplastic,1 | /

- L
v |

plastic
hinge

Bplastic,2 >> BOplastic, 1

(@) (b)

Fig. 9. The global mechanism when plastic hinges are formed at the ends of beams (a), the undesired
storey mechanism when plastic hinges are formed in columns (b) [12].

Another condition for the formation of the global mechanism is the achievement of the
necessary rotation capacity of the joints. A minimum rotation of 35 mrad is required for the high
ductility class and a minimum rotation of 25 mrad for the medium ductility class, with a
maximum reduction of 20 % in resistance and stiffness under cyclic loading [3]. The rotation
of the joint consists of the rotation of the connection and the rotation of the column web panel
in shear, as shown in Fig. 10. A maximum contribution of 30 % of the column web rotation to
the total plastic rotation is required [3].
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(a) (b)

Fig. 10. The joint rotation: connection rotation ¢u (a), column web panel rotation in shear ¢v (b) [13].

1.3.1 Concrete slab in compression in the joint region

The forces acting on the beam in the effective width of the concrete slab bett (Fig. 4) must be
carried by the joint. The concrete slab transfers the sagging moment forces into the joint by
two mechanisms (Fig. 11) [5], which are described in Annex C of EN 1998-1 [3]. The forces
are also transferred by mechanism 3 in the case of a shear connection between the concrete
slab and the transverse beam [3], Chapter 1.3.2. Mechanism 1 is represented by the direct
compression of the concrete slab against the column flange. Mechanism 2 is defined by a strut
and tie model where the concrete struts compress the column web and the more distant
column flange at a 45 ° angle. The condition for the formation of mechanism 2 is a column
cross-section with a “concave zones” or special connections [5].

1.3.1.1 A derivation of the relationships for EC8 according to
Plumier et al.

The content of Annex C of EN 1998-1 [3] for an external joint under sagging moment loading
is described in more detail in, e.g., Plumier et al. [5], which is the subject of this chapter.

If the inclination of the concrete struts is 45 ° under the action of mechanism 2:

b, = (h. — e)/\/_ = hc/\/E (14)

where h; and e are the cross-sectional dimensions of the column shown in Fig. 11; b, is the
width of this concrete strut.

The compressive strength of the concrete strut is

fstrut =V fea (15)

where v is the reduction factor of the concrete in shear according to EN 1992-1-1 [14], fcq IS
the design value of the compressive strength of the concrete in units of MPa,

42



State of the art

where v=0.7—- fu /200 >0.5 (16)

For example, for concrete of class C20/25, this implies v = 0.6, and hence:

Fea = fstrut tsiab bo = 0.6 feq tsiap hc/\/i (17)
Fep = Feq /\/E =03 fcd tsiap he (18)
Fry =2 Foy = 0.6 foq taap he = 0.7 (0.85 fou) tegan 1 (19)
R2 c2 . fcd slab "tc . ( . fcd) slab tc
Fip = A, fsa (20)
Main
beam — R
.F_'.?l.,. :-.::::‘:::::::‘:::% EEZ—p : be J
FC1 A Ft
1
FNFH \ch
_Mechanisa_1_ N Hechanism 2
bl " Fq al

Fig. 11. Mechanisms for the transfer of forces from the concrete slab to the column when the joint is
subjected to a sagging moment, b and h. are the column cross-sectional dimensions, Fr1 and Fg. are
the resistances of the mechanisms, Fu is the transverse tensile force, 6 is the angle of inclination of
the concrete struts when applying mechanism 1 [5]. Note: Fig. 11 to Fig. 13 uses the "Plumier
convention" of marking mechanisms 1 and 2 [5]. Since the other publications cited mark the

mechanisms in reverse (including EC8), throughout this thesis the mechanisms are marked as is

usual everywhere else, i.e. in reverse of the "Plumier convention" and in accordance with EC8 [3].

As these forces are the equal

Fiy = Fpp (21)

the area of transverse reinforcement for mechanism 2 must then satisfy the relationship
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f cd
foa (22)

Asz =03 tsiab hc

The transverse reinforcement is placed within the distance h. from the face of the column (Fig.
12). Minimum reinforcement ratio:

Asz fcd

=03 —
tslab hc fsd (23)

Ps2 =

The design value of the resistance of mechanism 1 is

Fr1 = fea tsiap be (24)

-]

.anchorage length lp

L/
/

1

| 1 =bcsbhcs2lp

AL

N
Iy
zone 1| ——zone 2 ‘
Asi As2
he 1 he 0.6beff

Fig. 12. Transverse reinforcement to carrying transverse forces of mechanism 1 in zone 1 and
mechanism 2 in zone 2; |, is the anchorage length of the reinforcement, and I, is the minimum length
of the reinforcement [5]. Note: Fig. 11 to Fig. 13 uses the "Plumier convention" of marking

mechanisms 1 and 2 [5], see the caption to Fig. 11.

The stress from the force Fr1 is concentrated at the contact between the concrete slab and the
column flange. This stress is spread over the effective width ber at a distance of the effective
width berr from the face of the column flange (Fig. 13a). The resultant transverse tensile force
Fu is applied at approximately half the bet distance from the face of the column (Fig. 13b). The
transverse reinforcement required to transfer the force Fu:
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0.15L — b,

Frq beff — be
Fo ==~ by, = 0.21 feq be tsiap 0I5l - As fsa (25)
015L — b, f.q
A1 2 0.21 tgqp bc—c i~ (26)

015L fiq

The transverse reinforcement carrying the force Fy is distributed over a length of 0.6be = 0.09L
to h¢ from the face of the column (Fig. 12). The minimum reinforcement ratio is

Asl fcd
=—F2>0.08 —
Pol = ey 0.09 L fra (27)

with the first transverse bar at a maximum distance of 30 mm from the face of the column [3].
The transverse forces resulting from mechanisms 1 and 2 are usually carried by the
reinforcement itself designed for permanent and service loads [5].
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Fig. 13. Forces in the concrete slab under the action of mechanism 2, bet is the effective width of the
slab on the beam, and F, is the transverse tensile force [5]._Note: Fig. 11 to Fig. 13 uses the "Plumier
convention" of marking mechanisms 1 and 2 [5], see the caption to Fig. 11.

1.3.1.2 Interior joint
The interior joint of the composite frame is subjected to a sagging moment on one side and a
hogging moment on the other side under seismic loading. The tensioned reinforcement on the
hogging moment side contributes to the compressive stress of the concrete slab on the sagging
moment side (Fig. 14) [9]. This reinforcement is anchored in the concrete slab behind the
column on the sagging moment side and the reinforcement forces are transmitted to the

column from the anchorage by concrete struts.
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Fig. 14. Mechanisms of force transfer from slab to a column in a seismic situation [9] for the sagging
and hogging bending moment, which is denoted here as the "bending moment".

The total resistance of mechanisms 1 and 2:
Frqg = Frqy + Fpy = beff,conn tsiap 0.85 feq (28)

where beff,conn =0.7 hc + bC (29)

1.3.1.3 Effective slab thickness

More precisely, e.g., according to Liew et al. [15], instead of the total thickness of the concrete
slab tsiab, the thickness of the compressed concrete slab can be considered, which is calculated
from the equality of the resistances of the tensioned and compressed components in the joint.
If the plastic neutral axis of the joint loaded with a sagging moment lies in the concrete slab
(Fig. 15):

=FR1+ Fryp + Fgs <t
beff,conn 0.85 fcd  olab (30)

where z is the thickness of the compressed concrete slab, Fr; are the forces in the tensioned
bolt rows.
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Fig. 15. Distribution of forces in a joint loaded with a sagging moment [16].

1.3.1.4 Component stiffness

In terms of stiffness, this component can be considered as concrete in compression according
to EN 1993-1-8 [10]:

Ec 1/ beff,conn Z

ke =

sc 1275 E, (31)
where Ksc is the coefficient of stiffness of the concrete slab component in compression, E. is
the modulus of elasticity of concrete and E, is the elastic Young's modulus for steel.

1.3.2 Behaviour of a transverse beam under seismic loading according
to Plumier et al.

The content of Annex C of EN 1998-1 [3] for a joint loaded by a sagging bending moment with
a transverse beam is described in more detail, e.g. in Plumier et al. [5], which is the subject of
this chapter.

When a joint is subjected to a sagging bending moment under seismic loading, the value of
the effective slab width in the joint bettconn is usually less than the value of the effective slab
width in the girder bes [5] (Fig. 4):

befﬂconn =~ (07 hc+ bc) =~ 17 bcz 0085 L] < beff =~ 015 L] (32)

beﬂfcann ~ 0.5 ber (if b=~ hc; b~ 0.05 Lz) (33)

Therefore, without a transverse beam connected to the concrete slab (Fig. 16), plastic hinges
cannot be provided at the ends of the girders loaded with sagging moments, because the
concrete slab in the joint region would be damaged by even a small plastic rotation [5]. The

47



Compressed SFRC slab in joint of steel-concrete composite frame structure

transverse beam in the joint connected to the concrete slab forms mechanism 3 whereby shear
connectors transfer the normal stress from the effective width of the slab to this transverse
beam. Shear, bending, and torsional stresses are then applied to the transverse beam (due to
the small torsional stiffness of the I-sections, the calculation can be simplified to the bending
and shear stresses of the upper flange of the beam) [5]. The procedure for calculating the
resistance of Mechanism 3 is given in Annex C of EN 1998-1 [3] and is described in more detail
in e.g. [5].

main besm
~— column
fransverse beam Mt ‘ V=FR3 /2
with n studs - -
-u-J
Fstud | T 3
a7
- -1
transverse |[-—
besm | -]._ ————— L
al b) FRz = nx Fstud x 2

Fig. 16. Mechanism 3 (a), diagram of the shear force in the slab effective width of the girder (i.e. the
main beam) and calculation of the resistance of mechanism 3 (b) [5].

In the case of an interior joint, the following ductility condition must be met to plasticize the
beam bottom flange or slab reinforcement before brittle failure of the concrete slab [5], [3]:

1.2 (Fsc+ Fs)) < Frar + Fraz + Fras (34)

where Frar + Fraz+ Fraz= (0.7 he+ bo) derfea+ 2 0 Ftua (35)

where Fsc is the force in the effective width of the slab for the sagging moment, Fs; is the force
in the effective width of the slab for the hogging moment, Frq: is the resistance of mechanism
1, Fra2 is the resistance of mechanism 2, and Frqs is the resistance of mechanism 3. The
resistance of mechanism 3 is considered as the resistance of the shear connection on the
transverse beam in the effective width of the slab, n is the number of connectors in half of the
effective width of the slab, Fswq is the shear resistance of one connector.

The simple sum of the resistances of mechanisms 1, 2, and 3 can be considered the total
resistance of the concrete slab in the joint if the mechanism with the highest stiffness is
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sufficiently ductile. If the concrete slab fails in the compression of mechanism 1 before
mechanism 3 is activated, then this simple sum is not valid. Thus, mechanism 3 can only
transfer forces effectively if a large number of shear connectors are designed in the effective
width of the beam slab bet (practically as close to the column as possible within approximately
500 mm of its axis according to [5]). Another condition is that the transverse beam and its
connection to the column are sufficiently torsionally stiff. The I-section transverse beam itself
usually does not have high torsional stiffness, so alternatively cantilever structures in the
effective width connected to the column can be designed to transfer the stress directly from
the slab to the column to avoid brittle failure of the concrete slab [5]. An example of such an
arrangement is shown in Fig. 17 [8]. In Annex C of EN 1998-1 [3], this design arrangement
contributes to the resistance of mechanism 1.

| — steel wings
| e s e e e S [ Frd,5 |
T J

Mechanism 1 l 4

(@) (b)

Fig. 17. Cantilever structure of steel I-section at the level of the concrete slab to increase the
compressive resistance of the concrete slab in the joint: plan view (a), side view (b), where z is the
lever arm of the internal forces, Fq.4 is the forces in the tensioned part of the joint, Fy5 is the
compressive reaction in the concrete slab at the level of the cantilever structure [8].

1.4 Confinement effect acting on mechanism 1

In some publications, a higher resistance is given for mechanism 1 than in the standard
relationship in Annex C of EN 1998-1 [3], because the effect of a favourable 3D stress state
(confinement effect) on the resistance can be taken into account for this mechanism. The
favourable stress state is due to a large amount of transverse reinforcement in front of the
column flange (lateral and vertical restraint), the friction at the interface between the column
flange and the concrete slab (vertical restraint) (Fig. 18) [5], and the top flange of the beam
supporting the concrete slab [17].
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Fig. 18. The lateral and vertical restraints providing the favourable stress state in the concrete slab in
front of the column flange [5]. The left part of figure (a) shows the plan view and the right figure part (b)
shows the steel-concrete beam cross-section at the joint.

Du Plessis et al. in [17] determined a relationship for calculating the resistance of a concrete
slab in a composite frame joint based on a set of experiments:

fo=13(0.85£) (36)

where f. is the cylinder compressive strength of the concrete, fc is the strength of the concrete
slab in front of the column flange, and the coefficient 1.3 takes into account the favourable
stress state in the joint area. The relationship was determined based on the lower limit of the
ratios of the experimentally determined joint resistance moments to the analytically calculated
joint resistance moments using the actual strengths of the structural elements. For most
specimens, the concrete slab in compression determined the resistance moment. Mechanism
2 is not considered in this relationship for calculating the resistance of a concrete slab because
only one flange of the column was in contact with the concrete slab during the experiments.

Kato et al. [18] derived a different relationship based on experiments:
f-=18*f. (37)

which is valid only for a column with I-cross-section. Thus, this relationship takes into account
the effect of mechanism 2 and also the favourable stress state. According to the authors, the
effect of the transverse beam on the effective width can be neglected due to its low torsional
stiffness [19].

Based on a validated numerical model [5], Plumier et al. derived that the concrete strength for
mechanism 1 can be considered multiplied by 1.3 and the ultimate compressive strain of
concrete can be multiplied by 1.9 due to confinement.

Bennacer et al. [20] performed a parametric study based on experimentally validated numerical
models of a concrete slab of the exterior joint. The parametric study was carried out for several
column cross-sections (I - lll, Fig. 19), the steel reinforcement ratios (0.25 - 0.7 %), etc. They
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calculated the stress from mechanism 1 in the concrete slab near the column flange for
different cases of concrete slab geometry and column cross-section. These values ranged
from 1.28 to 1.34 times the strength of the concrete along this flange. To simplify the analytical
relationship, the value was rounded to 1.3. One of the results of their parametric study is shown
in Fig. 20, which shows the stress versus distance from the slab Y-axis. The normal stress
distribution is plotted at several distances from the column (Fig. 21). Concrete with a cylinder
strength equal to 30 MPa was considered and the column flange width was 200 mm. Only half
of the concrete slab is shown in this figure, the plotted stress is parallel to the y-axis (Fig. 19).

bc=200mm

X<

—

(a) Column type I .

\|/

N

Y
B

—

(b) Column type 11.

bc =200mm
T7T

2*hc=4

2500 mm

H =

(¢) Column type II1.

Fig. 19. Types of column cross-sections used in the parametric study [20].
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Fig. 20. Normal stress distribution in concrete slab under the action of mechanism 1 for three different
specimens [20].
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Fig. 21. The plan view of half of the concrete slab with investigated places of the concrete slab.
The y-coordinates marking these places are plotted. The column flange width is 200 mm [20].

Following the recommendations in [22], Macrae et al. [21] described that the resistance of
mechanism 1 can be further increased by a structural arrangement (vertical restraint in Fig.
18), namely 1) a steel plate on the top surface of the slab mechanically connected to the
concrete slab by threaded rods, 2) a reinforcement cage in the concrete slab in front of the
column flanges together with the design of a solid concrete slab in the joint area (Fig. 22)
recommended in other literature up to 150 mm from the face of the column [23], [24].
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Column Full depth slab
/ Cage
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(a) Side View (b) Plan View

Fig. 22. Reinforcement cage in concrete slab - side view (a), plan view (b) [21].
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1.5 Inclination of concrete struts of mechanism 2

The standard procedure given in Annex C of EN 1998 - 1 [3] considers a 45 ° inclination angle
for concrete struts (Fig. 11), but there are different approaches.

Bennacer et al. [20] verified the 30 ° angle on a validated numerical model. The value of the
inclination angle of the minimum principal stress from the Y-axis versus the distance from the
Y-axis is plotted in Fig. 23. The graphs show the results in slab cross-sections (some of the
investigated cross-sections are shown in Fig. 21). The main cross-sections examined were
located at distances of 350 mm and 450 mm from the edge of the slab, i.e. behind the column
flange and in front of the column flange. At a distance of 100 to 200 mm from the Y-axis of the
slab, the measured angles for all models were approximately 30 °.

The authors then established a relationship to calculate the effective width of the concrete slab
in compression in the joint area of the composite frame, taking into account the 30 ° angle of
inclination of the concrete struts. This value was independently confirmed by the results of
another investigation [25].
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(a) Inclination of specimen (11/2/0.5 %). (b) Inclination of specimen (111/2/0.7 %).

Fig. 23. The direction of minimum principal stress (inclination from the Y-axis) in each investigated
cross-section for two different models (the specification of the models is explained in Section 1.4) [20].

In an experiment with a compaosite joint subjected to cyclic loading, Civjan et al. [26] measured
the strain distribution on the top surface of the concrete slab near the column flange, as shown
in Fig. 24. According to the orientation of the cracks in the concrete slab at the joint (Fig. 25),
the authors concluded that the value of the inclination angle of the concrete struts is between
15 °and 30 °.
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Fig. 24. Strain distribution (-) on the concrete slab near the column flange, which was 330 mm wide
[26].

Fig. 25. Photograph of the top surface of the concrete slab at the joint after testing [26].

1.6 Effect of column encasement on the resistance of
mechanism 2

If a steel-concrete column consisting of steel I-section is used in the composite frame and the
column is fully or partially encased at the level of the concrete slab before casting the concrete
slab, the shear resistance of mechanism 2 at the interface of the different aged concretes shall
be assessed. The frictional connection created by the aggregate interlock is usually insufficient
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and mechanism 2 is not applied in the concrete slab [27]. When designing such a structure,
the influence of mechanism 2 can be conservatively neglected.

The activation of mechanism 2 when using such a steel-concrete column can be achieved by
adding reinforcement or extended stirrups to the steel-concrete column at the level of the
concrete slab (Fig. 26) [28], which connect the two structural elements and allow the formation
of concrete struts. The above design solution has been experimentally verified [29], [8]. Fig.
27 shows the dependence of the applied horizontal force on the storey displacement of a steel-
concrete column during testing of an interior steel-concrete composite joint loaded
monotonically on one side with a sagging moment and on the other side with a hogging
moment. For specimen CJ1 without these stirrups in the concrete slab region, a sudden
decrease in the applied force is observed when the concrete slab fails in compression. While
in specimen CJ4 with extended stirrups, this sudden decrease in applied force was almost
eliminated [8].

Fig. 26. Structural solution for the activation of mechanism 2 - extended stirrups of a steel-concrete
composite column at the level of the concrete slab [28].
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Fig. 27. Experimental results of specimen CJ1 without extended stirrups and specimen CJ4 with
extended stirrups at concrete slab level [8].
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1.7 Concrete slab failure due to shear deformation of the
column web panel

Failure of the concrete slab in compression in a composite frame joint can also occur due to
shear deformation of the column web panel (Fig. 28). The column web panel in shear often
determines the resistance of the joint at highly unequal moments, and its deformation leads to
premature failure of the concrete slab in compression.

Re-bars yielding

—— Gap opening

,,,,,,,,,,,,,,,,,

Shear yielding

Fig. 28. Failure of the slab in compression by shear deformation of the column web panel [30].

Based on experiments, an advanced component model for this type of failure has been verified
[30]. Fig. 29 shows the interior joint created by this component model, which contains the
following components: concrete slab in compression (1), column web panel in shear (2), T-
stub in compression on sagging moment side (3) and hogging moment side (7), T-stub in
tension on sagging moment side (4) and hogging moment side (8), concrete slab and
reinforcement in tension (5), connectors in longitudinal shear on sagging moment side (6) and
hogging moment side (9); shear deformation of the column web panel (y), horizontal
displacement of the bottom flanges of the beams (us, u2), horizontal displacement on the top
surface of the concrete slab (us, us), rotation of the steel connections (61, 62). In the model,
the column web panel in shear at the concrete slab level was considered infinitely stiff. The
concrete slab in compression was modelled in multiple layers along the slab height for the
following reasons: 1) to more accurately distribute the non-uniform compression from the
deformed column web panel in shear; 2) to determine the portion of the concrete slab where
a favourable stress state can be considered and where not (the portion of the slab cross-
section above the reinforcement). From the results of the parametric study of this advanced
model with an interior joint loaded with unequal moments, it is clear that increasing the
thickness of the concrete slab from 95 mm to 150 mm will not prevent the failure of the concrete
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slab due to the large deformation of the column web panel in shear, and the failure of the slab
will occur in both cases at the same rotation (Fig. 30, Fig. 31).
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Fig. 29. Advanced component model [30].
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Fig. 30. Graph of the moment versus rotation of the interior joint with a 95 mm thick concrete slab -
experimental results and results of the component model [30].

Wp-=--rFr-=--r---r---T7---T---1

FE - -L_ L L___1 — !

= 2505 1 ] 1 I
€ 000F---AF k- —mm—— ==
= E 1 1 I I 1 I
= 50F-f-p---r---7---T---71---4
[=RET /) 3 SR Sy Ry R A p——
£ E 1 1 1 1 1 1
= S0 ---F---r-=--ft-——t--—t---1
NP B NN P N B

g 0_ [ [ 1 1 1 1
S BOFN--b---b-o——bo— b1
o E 1 1 I 1 1 I
£-10F-~cr---r-—--r-—-—-1T---T-—--1
S . Fo- o=t _ L ___L___1___1
” 1505 1 1 I 1 1 I
-200 E 1 1 L L I J
0.00 0.01 0.02 0.03 0.04 0.05 0.06

Inter-Story Drift Angle

Fig. 31. Moment versus rotation diagram of an interior joint with a 150 mm thick concrete slab - results
of the parametric study [30].
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In [31] (described in more detail in [16]), experiments with exterior joints were carried out with
the aforementioned concrete slab thicknesses of 95 mm and 150 mm. However, when using
a 150 mm thick slab, the sudden drop in applied load was eliminated (Fig. 32). In these
experiments, extended stirrups (see Section 1.6) were used at the level of the concrete slab
to effectively connect the steel-concrete column and the concrete slab. The use of stirrups
resulted in a more favourable behaviour of the slab compared to the parametric study [30]
described in the previous paragraph, in which extended stirrups were not used for the steel-
concrete columns, and therefore the effect of mechanism 2 on the resistance of the concrete
slab was negligible and was not considered (conservatively) in the component model [30].

———-TEST2
100 — TEST3

Moment at the joint [kNm]

0 10 20 30 40 50 60 70 80 90 100 110 120
Joint rotation [mrad]

Fig. 32. Graph of the moment versus rotation of the exterior joint with 95 mm thick concrete slab
(TEST 2) and 150 mm thick concrete slab (TEST 3) [16].

1.8 Mechanism 4 acting in concrete slab

In the case of a concrete slab isolated from the column, the forces in the concrete slab at the
interior joint of the composite frame are transferred by mechanism 4 [32], shown in Fig. 33.
The normal stress in the concrete slab when a sagging moment is applied in the joint or the
normal stress in the longitudinal reinforcement when a hogging moment is applied in the joint
are distributed beyond this joint to the shear connectors of the beam using a strut and tie model
acting in the concrete slab and transverse reinforcement.

The resistance of this mechanism is more significant under a hogging moment load. In the
case of a sagging bending moment, the behaviour of the steel-concrete joint is close to that of
the steel joint [32].
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Fig. 33. Mechanism 4 — for a sagging moment (a), for a hogging moment (b); Frq.4 is the resistance of
mechanism 4, As is the area of longitudinal reinforcement, A is the area of transverse reinforcement,
I, and h; are the dimensions of the hole in the concrete slab in column location [32].

Therefore, the gap (e.g., due to shrinkage) between the concrete slab and the column
significantly affects the contribution of the concrete slab in compression to the moment of
resistance of the joint [17]. It can be assumed that mechanism 4 will also act in the case of an
unisolated concrete slab from the column after the concrete slab fails in compression due to
the failure of mechanisms 1 and 2.

1.9 Comparison of joint behaviour under cyclic and monotonic
loading

The joint is subjected to cyclic loading under seismic action. According to the experimental
results shown in Fig. 34 [33], it can be concluded that the behaviour of the steel-concrete
composite frame joint under monotonic and cyclic loading does not differ much. The maximum
deviation between the diagrams was less than 12 %. The curve under cyclic loading was
generated based on the peak moment values obtained in each cycle.
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Fig. 34. Moment vs. rotation dependence for an interior steel-concrete composite joint under
monotonic (CJ1) and cyclic loading (CJ2) [33].

Similar conclusions can be derived from test results reported in another paper [29], where four
comparisons are made between monotonic and cyclic tests of interior joints. One of the

comparisons is shown in Fig. 35 as an example. For all joints, the column web panel in shear
(without the supplementary web plate) together with the concrete slab in compression
determined the overall resistance of the joints. The other three comparisons show even better
agreement than in Fig. 35.
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CTICM Test Type 21 : Joint rotations versus moments due to the jack forces
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Fig. 35. Dependence of moment on rotation for an interior steel-concrete composite joint under
monotonic and cyclic loading [29]. For illustrative comparison, the monotonic load curves are also
shown in adjacent quadrants of the graph.
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2 Research objectives and methods of this
thesis

This thesis aims to derive an analytical relationship for calculating the resistance and stiffness
of a concrete slab in compression in the area of the interior joint of a composite frame with a
fibre-reinforced concrete slab, in contrast to previous investigations which have only

considered a conventional reinforced concrete slab. The addition of fibres mainly changes the
tensile properties of the concrete. Tensile strength and compressive strength are increased
and the shape of the softening branch in tension is also affected. The effect of lateral tension
(cracking) on compressive strength is reduced. Along with fibre reinforcement, steel
reinforcement bars of the concrete slab are also considered.

The procedure is as follows:

1) experiment on arealistic-sized structure of an interior joint of the composite frame using
fibre-reinforced concrete for the slab;

2) validation of the numerical model in Atena based on the experiment;

3) parametric study with these models;

4) derivation of the analytical relationship for calculating the resistance and stiffness of
the fibre-reinforced concrete slab in compression in the joint.
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3 Experiment study

An experiment was carried out with a composite steel-concrete frame joint of realistic
dimensions. The scheme of the experiment is shown in Fig. 36. The joint was loaded with both
a sagging bending moment on one side of the joint and a hogging moment on the other side.
The joint's overall behaviour was investigated, particularly the strain distribution on the
concrete slab in front of the column (mechanism 1) and next to the column (mechanism 2).

3.1 Preparation of experiment

3.1.1 Basic geometry

According to the laboratory conditions and the usual position of the zero moment points on the
continuous beam under vertical load, a cantilever length of 2 m was chosen. The width of the
concrete slab of 1.4 m was chosen after a preliminary analysis of the normal stress distribution
in the concrete slab in the engineer FEM program Scia Engineer [34] and also according to
Annex C of EN 1998-1 [3], which gives the geometric requirements for the development of
struts and tie by mechanism 2 in the concrete slab in the joint area. Taking into account the
normal height of the storey, a column height of 3.4 m was chosen for the specimen. The column
is supported rigidly, primarily to ensure the overall torsional stability of the structure.

3.1.2 Rigid frame test structure

The basic scheme of the rigid test frame is also shown in Fig. 36. The steel-concrete composite
cantilever, subjected to a sagging bending moment, is secured against lateral buckling by side
supports. Between the girders of the frame, which are composed of two high welded U-profiles,
it was necessary to insert an HEB 400 profile element to support the upper end of the specimen
column. The specimen was subjected to significantly unequal moments during the experiment,
hence a large horizontal force was generated in the test girders and significant bending
moments in the frame joints. The columns were doubled in the plane of the frame to: 1) reduce
the bending stresses on the columns, which consist of welded I-sections bent around a minor
axis; 2) reduce the floor deformation of the frame. To ensure the out-of-plane stability of the
frame, one of the four columns was additionally doubled by another column also in the
transverse direction by connecting them with the short beam. The test frame, including the
anchorage to the concrete slab of the test hall, was assessed by elastic calculation for the
maximum forces developed by the hydraulic jacks.
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There were two hydraulic jacks in total, the first applied tension and the second applied
compression. The maximum force applied by these hydraulic jacks is 100 kN in tension and
400 kN in compression. The end of the steel-concrete cantilever was connected to the
hydraulic jack by a pin connection with a longitudinal hole to allow for the horizontal
displacement caused by the rotation of the cantilever.

The test configuration is shown in Fig. 36: steel-concrete composite joint (1), steel test frame
columns (2), steel test frame girders (3), beam inserted between the steel test frame girders
to support the column (4), transverse beam to provide out-of-plane stability of test frame (5),
hydraulic jack producing tensile force on the hogging bending moment side (6), hydraulic jack
producing compressive force on the sagging bending moment side (7), pin joint (8), sliding
lateral support for the end of the cantilever subjected to the sagging bending moment (9).
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Fig. 36. The test set-up.

3.1.3 Design of the steel-concrete composite joint

The design of the joint was carried out so that the side of the joint loaded with a hogging
bending moment is more resistant than the side of the joint loaded with a sagging bending
moment. The concrete slab in compression was designed to be the weakest component
determining the resistance of the entire joint. The other components were intentionally
oversized compared to this component. The component method implemented in COP AM
2.1.2 [35] was used for the design of the joint, Fig. 37. The designed joint is shown in Fig. 38.
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Fig. 38. The joint details.

The nominal strength class of the concrete slab was C25/30, of the steel elements S355, of
the reinforcement B500B (ribbed bars). The actual properties were determined by tests,
Chapter 3.2.

A thickness of the concrete slab was 100 mm. The concrete slab was further reinforced with
TriTreg 50-1 steel fibres in the amount of 80 kg/m?3.
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The compressive resistance of the concrete slab in the joint was calculated according to the
relationship for normal concrete given in Annex C of EN 1998-1 [3]. Similarly, the stiffness of
this component was calculated according to EN 1993-1-8 [10]. The calculation showed that
the slab in compression in the joint would fail already with an elastic distribution of forces in
the joint. However, it was assumed that the actual strength of the concrete would be higher
than the nominal strength, so the steel components of the joint were designed ductile to be
capable of plastic force distribution with subsequent failure of the concrete slab in
compression.

The column profile was chosen to be HEB 300 and the beam profile was chosen to be IPE 300.

The column web panel in shear was stiffened on both sides with supplementary plates not to
be a critical component when reversed moments are applied in the joint. The column was also
equipped with stiffeners at the level of the lower flange of the beams.

The resistance of mechanism 1 in the concrete slab, calculated according to the standard
procedure for ordinary concrete, was less than the resistance of the column web in transverse
compression. Local buckling of the column web at the level of the concrete slab near the
stiffeners was neglected.

The equivalent t-stub in tension according to EN 1993-1-8 [10] for the steel connection was
designed to allow tensile failure mode 1) or 2), not a failure of the bolts (failure mode 3).

The shear connection between the concrete slab and the steel beam was provided by headed
studs that were placed in two rows on each beam. The design of the full connection was carried
out plastically. The design principles for the arrangement of the studs on the beam were
followed.

To achieve the desired rotational capacity of the joint: 1) the end-plate was designed only for
the height of the beam; 2) the distance of the first studs from the column flange was chosen to
be almost twice the axial distance of the studs on the beam.

The area of longitudinal reinforcement of the concrete slab was chosen large enough to allow
the concrete slab in compression to control the moment of resistance of the joint. Only the
nearest four members of the longitudinal reinforcement were conservatively considered in the
calculation. On the other hand, the reinforcement area was limited by the compressive
resistance of the beam flange. To reduce the possibility of the beam flange buckling in
compression, the beams near the joint were also stiffened, Fig. 38.

The design of the transverse reinforcement in the concrete slab was carried out according to
EN 1992-1-1 [14] for the tension caused by the longitudinal shear force in the shear connection.
The design of the transverse reinforcement in the joint area was carried out according to
EN 1998-1 [3] Annex C for the transverse tension from the action of mechanisms 1) and 2) in
the concrete slab.
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According to a preliminary analytical calculation, the displacements induced by the hydraulic
jacks should have been up to 50 mm and the forces up to 80 kN. The preliminary calculation
took into account the nominal strengths and stiffness of the materials, the deformation of the
entire test frame, the initial or secant stiffness of all connections, the equivalent stiffness of the
composite structure, etc.

3.2 Material properties

The tests of fibre-reinforced concrete were carried out with a total of 15 specimens, Fig. 39.
The mechanical properties found are shown in Table 3 and were determined 98 days after
casting when the experiment was performed on the steel-concrete composite joint. Each
parameter was determined using three tests. The average cubic strength of the concrete was
61.8 MPa, which when multiplied by Zhu's coefficient of 0.738 [36] gives a cylindrical strength
of 45.6 MPa. According to the results obtained, the fibre-reinforced concrete can be classified
as L1.6/1.1. The results of the four-point bending test with a 150 mm x 150 mm x 700 mm
specimen are shown in Fig. 39.

Coupon tests were also carried out with steel specimens and with steel reinforcement. The
material parameters found are given in Table 4.

Fig. 39. SFRC test specimens.

69



Compressed SFRC slab in joint of steel-concrete composite frame structure

Table 3. Mechanical properties of SFRC determined from tests.

Average material properties (MPa) VAR?
Modulus of elasticity 35 800 287
Cubic compressive strength (150 mm x 150 mm x 150 mm) 61.8 4.6
Splitting tensile strength (150 mm x 150 mm x 150 mm) 5.8 0.3
Flexural tensile strength (100 mm x 100 mm x 400 mm) 8.2 0.0
Flexural tensile strength (150 mm x 150 mm x 700 mm) 5.4 0.7
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Fig. 40. Graph of the relationship between the force and the applied displacement of the concrete
beam (150x150x700 mm) during the four-point bending test.

Table 4. Mechanical properties of steel members determined from coupon tests.

HEB IPE rebars stiffeners?
web flange web flange
fy (MPa) 428 415 395 444 625 375
fu (MPa) 565 554 503 543 668 535

3.3

Instrumentations for the measurement

The strain distribution in the concrete slab in compression in front of the column on the top
surface of the slab was recorded using HBM-1-LY41-50/120 strain gauges, Fig. 41. Strain

gauges were also placed at the bottom surface of the slab, but their measured data are
unusable due to the higher actual strength of the concrete - shifted neutral axis to the slab

1 Population Variance
2 column web stiffeners

70



Experiment study

caused tensile cracking at the bottom surface of the slab. The strain gauges were placed on
the slab in a total of 7 cross-sections marked from O to 6. In cross-sections 6, 4 and 2, the
strain from the transverse forces of the two mechanisms and the longitudinal forces in the
concrete slab was recorded. In cross-section 1, the strain from both mechanisms was
measured and there were strain gauge rosettes to evaluate the minimum principal strains and
their direction in mechanism 2. Similarly, in cross-sections 3 and 5, the longitudinal strain from
both mechanisms was measured.

The digital image correlation (DIC) method was also used to record the strain of the concrete
slab under the action of mechanism 2 on an area of approximately 30 cm x 30 cm next to the
column.

Strain gauges were also placed on the reinforcement bars of the concrete slab, Fig. 41. On
the longitudinal reinforcement in the hogging bending moment region and on the transverse
reinforcement in the sagging bending moment region to evaluate the transverse tensile strain
from Mechanisms 1 and 2.
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Fig. 41. Strain gauges on the top surface of the concrete slab and monitoring of strain using the DIC
method (a), strain gauges on reinforcement bars (b).
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Inclinometers and displacement sensors were placed on the joint to independently evaluate
the dependence of the bending moment on the rotations of the joint, connections and column
panel according to [37], Fig. 42. Five displacement sensors for the evaluation of panel
distortion were connected to a separate structure. Furthermore, the displacement sensors
recorded: 1) the slips between the concrete slab and the top flange of the steel cantilevers at
their ends; 2) the horizontal displacements at the column support at its ends. Hydraulic jacks
recorded the applied displacements and forces.

The HBM-1-LY11-6/120 strain gauges were placed on the steel part of the joint (Fig. 43) on
these selected components: beam flanges in tension and compression, end-plate and column
flange in bending, column panel in shear (strain gauge rosette), beam web in tension.

Fig. 44 to Fig. 49 show photos of the steel test frame with the specimen of the composite joint
before casting, before the experiment, and during the experiment, along with the
instrumentations for the measurement.

ﬁig\

o /o s v Tl bie 4 s
. 1k bl

)
-0 0|+ 0]
-
il
-
n
&

0

(@) (b)

Fig. 42. Inclinometers (a) and displacement sensors (b) on the joint.
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Fig. 43. Strain gauges on the steel components of the joint.
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(©) (d)

Fig. 44. Photo of the reinforcement of the concrete slab (a,b,c) and the steel test frame with the
specimen before casting (d).

(@) (b) ()

Fig. 45. Steel specimen before the experiment (a) and during the experiment (b c).
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Fig. 46. Photos of both sides of the steel-concrete composite joint.

Fig. 47. Photographs of the top surface of the concrete slab with strain gauges and the surface of the
slab prepared for DIC measurement.

(a) (b)

Fig. 48. Photographs of the ends of steel-concrete composite cantilevers with the displacement
sensors for slip measurement - on the sagging moment side with lateral restraint of the cantilever (a),
on the hogging moment side (b).
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() (9) (h)

Fig. 49. The separate structure with displacement sensors to evaluate horizontal column
displacements and column web panel distortion.
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3.4 Results of the experiment

The hydraulic jacks used in the test were displacement controlled. Previously, a gradual
displacement was applied up to 60 mm on the sagging bending moment side (the first part of
the test, i.e. the 1st cycle). Subsequently, the structure was unloaded and re-loaded up to a
displacement of 105 mm (the second part of the test, i.e. the 2nd cycle), Fig. 50. The loading
speeds were 1 mm/s and 1.25 mm/s for the first part of the test, for the sagging and the hogging
bending moment side, respectively. For the second part, the speed was 10 mm/s.

The hydraulic jack inducing the load on the hogging bending moment side was only able to
apply a maximum force of 100 kN, which results in a bending moment of 185 kNm. The
distance from the point of load applied by the hydraulic jack to the face of the column flange is
considered as the lever arm of the force.
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Fig. 50. Hydraulic jacks — forces (a), applied displacements (b) vs time from the beginning of the
experimental test.

A diagram of the dependence of bending moments on the rotation of the joint is shown in Fig.
51 for the case of the rotations measured by the inclinometers and also by the displacement
sensors for both parts of the experiment ("1" is for the first part of the test and "2" for the second
part of the test; “M+” means a sagging bending moment and “M-“ means a hogging bending
moment). The most important effect on the measured rotation was the rotation of the
connection. On the other hand, the column panel rotation was negligible (less than 8 % of the
joint rotation). The measured values of the joint rotation were higher for the displacement
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sensors by 20 % and 23 % compared to the values measured by the inclinometers, on the
sagging and hogging bending moment side, respectively.

During the experiment, plasticization of the beam end-plate occurred on the sagging moment
side (at approximately +140 kNm of sagging bending moment) and cracks appeared at the
bottom surface of the concrete slab at this connection (at approximately +60 kNm and -
160 kNm of sagging and hogging bending moment, respectively). On the upper surface of the
slab, the crushed concrete slab was in contact with the column flange on the sagging moment
side (the crushed or sheared part of the slab was approximately 1 cm deep, 3 cm wide and
was along the entire column flange). The failures described are shown in Fig. 52, Fig. 53, and
Fig. 54. The weakest part of the connection was the end-plate in bending instead of the
concrete slab in compression, as the actual strength of the concrete slab was approximately
twice the nominal strength.

The slip versus bending moment diagram and the bending moment versus column web panel
rotation diagram are shown in Fig. 74.
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Fig. 51. Graph of the moment versus joint rotation measured by inclinometers (a) and displacement
sensors (b).
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@) (b)

Fig. 52. Plasticized end-plate loaded by sagging bending moment during the experiment (a) and after
the experiment (b).

Fig. 53. Crushing the concrete slab in front of the column by a sagging bending moment.
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(b)

Fig. 54. Cracks at the sagging moment connection on the bottom surface of the concrete slab to the
left (a) and right (b) of the slab axis in Fig. 56.
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3.4.1 The strain distribution in the concrete slab

Fig. 56 shows the distribution of the normal strain in different sections of the slab at a distance
of 80 mm, 270 mm and 500 mm from the face of the column. In the sections at a distance of
80 mm and 270 mm from the column, the action of both mechanism 1 and mechanism 2 can
be seen. Mechanism 2 is manifested by struts which gradually approach the axis of symmetry.

To the left of the axis of symmetry of the slab, there are higher values of the strain due to the
manufacturing imperfections of the shape of the column cross-section. The flanges of the
column were not accurately perpendicular to the column web, which resulted in horizontal
shifting of the ends of the cantilevers (this was particularly significant for the cantilever loaded
with a sagging moment), Fig. 55. The dimensions of the imperfect cross-section of the column
are described in Annex C.

— IMPERFECTION SHAPE
— IDEAL SHAPE

(a) (b)

Fig. 55. The manufacturing imperfections of the column cross-section shape (a), horizontal shifting of
the axes and ends of the cantilevers and the legend (b).

After the local crushing of the concrete slab in front of the column, in the section at a distance
of 80 mm from the column, the strain in front of the column in mechanism 1 decreased and
subsequently, the strain in the struts of mechanism 2 increased.

The strain of the concrete slab in front of the column exceeded the ultimate compressive strain
(2.6 %o for SRFC according to [38], 2.3 %o for ordinary concrete according to EN 1992-1-1 [14]),
but after the test, there were no signs of failure at the locations of the strain gauges.
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Fig. 56. The strain distribution in the upper surface of the concrete slab in different cross-sections in
front of the face of the column in the sagging bending moment side during the first and second cycles.

81



Compressed SFRC slab in joint of steel-concrete composite frame structure

The DIC method was used to record the value of the principal strain and its direction at the
point next to the column where the concrete strut from mechanism 2 acts, Fig. 57. The figures
are from the second cycle of the experiment when the hogging moment was 184 kNm and the
sagging moment was 215 kNm. The measured value of the minimum principal strain exceeded
the ultimate compressive strain. The distribution of cracks, which were barely visually apparent
after the experiment, can be seen in the maximum principal strain plot. The cameras were not
placed perpendicular to the slab surface, but graphically it was estimated that the cracks in the
concrete struts have an inclination of approximately 40 ° from the longitudinal axis of the
concrete slab.
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Fig. 57. Drawing of the minimum (a) and maximum (b) principal strain next to the column and its
direction using the DIC method [39], investigated area of the concrete slab (c).
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3.4.2 The strain distribution in the steel reinforcement

The strain distribution of the longitudinal reinforcement at the connection on the hogging
moment side is shown in Fig. 58. On the left side, there are higher values of strain again due
to the previously described manufacturing imperfections of the specimen. At a constant
moment of 184 kKNm and increasing sagging bending moment, the reinforcement strain near
the column increases, which may be due to the fact that the forces of mechanism 2 are
transferred by the longitudinal reinforcement on the hogging moment side back to
mechanism 1 on the sagging bending moment side.
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Fig. 58. Strain distribution in the steel reinforcement subjected to the hogging bending moment in the
1st cycle (a), investigated cross-section (b).
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4 Numerical study

A numerical nonlinear material model was developed in Atena Studio [40], version 5.6.1.
Based on the experimental results, the model was validated. The Newton-Raphson method
was chosen to solve the nonlinear system. A parametric study was developed to derive an
analytical relationship for calculating the resistance and stiffness of the compressed concrete
slab.

Atena is a finite element method-based program which is mainly used for nonlinear analysis
of concrete reinforced structures. Atena uses the so-called GiD program (version 12.0.10) [41]
as a pre-processor to model the structure, to specify boundary conditions, materials, etc.

4.1 Material model

4.1.1 Material model for SFRC

The CC3DnonLinCementious2User model was used, which is Atena's most sophisticated
material model. It also allows the user to specify most of the material parameters in the general
form [42]. Among other things, user-defined tensile and compressive functions can be entered.
The y-value of the tensile and compressive function divided by the tensile and compressive
strength of the concrete, respectively, is entered into the program. The value x represents the
plastic deformation.

The localization strain &oc (i.e. the localization onset) is the strain after which the material
usually softens. The constitutive law of stress and strain is valid up to the value of the
localization strain. After the tensile localization strain ¢t is exceeded, tensile softening occurs
and the stress is calculated based on the crack band approach [43]. Similarly, after exceeding
the compressive localization strain €icc, cONcrete crushing occurs and the stress is calculated
similarly [44]. Thus, once the localization strain is exceeded, the tension and compression
functions valid for the characteristic length Lc» are adjusted to be valid for the actual length (L:
or L¢), which is determined by the geometry of the finite element used and the direction of the
principal stress [45]. Fig. 59 [46] gives an example of a tensile function with the localization
strain goc; marked, where the tensile characteristic length Lch: and the actual length L, are given
by the direction of the principal stress and the size of the mesh, o is the tensile stress, f; is the
tensile strength of the concrete, and ¢; is the maximum principal stress.

The user-defined properties of the CC3DnonLinCementious2User material model are as
follows: tensile and compressive stress-strain law, tensile and compressive strength,
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characteristic size in tension and compression, localization onset in compression, Young's
modulus, Poisson's ratio, aggregate size to activate aggregate interlock, fixed or rotated crack
model, shear stiffness function, reduction in compressive strength due to cracking (lateral
tension), Eccentricity parameter determining the shape of the failure surface Menetrey-Willam
[47] for concrete crushing in triaxial compression, the direction of plastic flow, geometric
nonlinearity (linear, nonlinear), idealization (plane strain, plane stress, 3D or axisymmetric).

41.1.1 SFRC material model for validation

The mechanical properties of the SFRC slab are shown in Table 3. The tensile strength was
calculated from the splitting tensile strength according to [14].

From the results of three four-point bending tests with beams of dimensions
150 x 150 x 700 mm (Table 3; graph of force versus displacement in Fig. 40) the tension
function was determined using the inverse analysis described in [42], Fig. 59. This procedure
allows the tension function to be determined without uniaxial tensile tests, which are usually
very complicated. First, a beam loaded with a four-point bending is modelled in Atena. Known
material parameters are set into the program. The results of the load-displacement diagram
are compared with the result of the experiment. If the diagrams are significantly different, the
shape of the softening branch of the tension function is adjusted according to [42] and the
calculation is performed again. This is done until the results are acceptable. The tensile
characteristic size Len: is a material parameter and was chosen according to the size of the
finite element mesh of the above calibration model loaded with four-point bending [42].

Validation of tension

c/f’ .
o function
30
experiment
=25
_ . idna
1.0 eq_j, 20 iteratign
(&)
515

o
= 5
o | j
0 2 4 6 8 10

gl f

Applied displacement (mm)

(a) (b)

Fig. 59. Example of tension function [46] (a), load—displacement diagram of four-point bending test
with SFRC beam (b).

The maximum aggregate size used in the concrete was 16 mm and was entered into the
program to activate the aggregate interlock.
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The compressive function was determined using the procedure described in [38], Fig. 60. It
depends mainly on the fibre volume fraction, fibre length, and fibre diameter. The compressive
characteristic size was chosen to be 150 mm based on the usual diameter of the specimens
in cylinder compressive strength tests. This is consistent with [48], which considers the
minimum dimension of the calibration specimen as the localization limit.
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Fig. 60. Compression function for different reinforcing index of fibres by volume Rl

The so-called “fixed crack model” [49], [50] was chosen because the calculation was non-
convergent when the “rotated crack model” [51], [52] was set up.

A shear stiffness function was considered according to [53] as a function of the steel
reinforcement ratio, Fig. 61.
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Fig. 61. Shear stiffness function for different reinforcement ratios.

87



Compressed SFRC slab in joint of steel-concrete composite frame structure

A reduction of compressive strength due to cracking (lateral tension) was deactivated with the
value of the function set to a constant of 1.0 as recommended based on the experience of the
programme developers with fibre-reinforced concrete [42].

Atena uses the biaxial stress failure criterion according to [54].

An eccentricity parameter determines the shape of the Menetrey-Willam failure surface [47]
for concrete crushing under triaxial stress. The shape of the surface is sharp-edged (0.5) or
circular around the hydrostatic axis (1.0). The value of eccentricity can be determined
depending on the ratio of the biaxial compressive strength to the compressive strength of the
concrete according to [55]. The value of the biaxial compressive strength was determined
using the procedure given in [56] and depends mainly on the fibre orientation factor
(considered with 0.5), the length efficiency factor (considered with 0.5), the fibre volume
fraction, the length and diameter of fibres, the compressive and tensile strength of the concrete.
Since [55] only contains eccentricity values for the ratio of biaxial compressive strength to
compressive strength up to a value of 1.2, for higher values of this ratio the eccentricity was
determined by extrapolation.

A parameter “direction of plastic flow Beta” indicates the change in volume during concrete
crushing. This parameter can significantly influence the development of the confinement effect
[57]. A value of 0.5 was chosen to represent the expansivity. According to [57], a value of
0.5-0.9 usually gives the best results and a value of 0 tends to be conservative (no volume
change). However, for a value greater than 0.5, the calculation took several times longer and
the results did not differ much.

The function of the tensile strength reduction factor due to transverse compression was chosen
to be linear according to [46], Fig. 62. Other types of function have a hyperbolic shape, but
“type b” was non-convergent, and "type a" resulted in only slightly less resistance by 1 — 2 %.
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Fig. 62. The function of the tension strength reduction factor due the transversal compression [46].
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A parameter “geometric nonlinearity” was chosen to be “linear” (the geometric nonlinear effect
is based on the shape of the deformed structure from the last step, not the last iteration) and
the idealization was chosen to be 3D.

The other concrete parameters were left at their default values in Atena as they did not affect
the final behaviour of the structure according to the sensitivity analysis.

4.1.1.2 SFRC material models for parametric study

Among other things, the material properties of the concrete slab were varied for the parametric
study.

The compressive strength of concrete without fibres and the reinforcing index were chosen as
the initial material value for the parametric study. The other material parameters of the concrete
were calculated based on these two selected parameters. The reinforcing index of fibres by
volume RI, [38] is defined as RI, = V;. L¢/ di, where Vi is the fibre volume fraction, Ly is the fibre
length, and ds is the fibre diameter.

The increase of concrete compressive strength depending on reinforcing index was calculated
using the procedure described in [38].

The splitting tensile strength of fibre-reinforced concrete was calculated from the compressive
strength of fibre-reinforced concrete using the procedure given in [58]. The tensile strength
was further calculated from the splitting tensile strength according to [14].

Young's modulus of elasticity was calculated from the compressive strength of fibre-reinforced
concrete using the formula given in [14] since this material parameter is negligibly affected by
the addition of fibres according to [59].

The tensile function (Fig. 63) was determined by the so-called Simplified diverse embedment
model (SDEM) procedure presented in [60] and also in [61], [62]. It takes into account the fibre
mechanical anchorage and frictional bond. It depends mainly on the volume fraction of fibres,
the length and diameter of fibres, the compressive and tensile strength of concrete, the fibre
orientation factor (conservatively considered with a value of 0.5, which is valid for structures
whose dimensions are much larger than the length of fibres [60]), and the distance between
the end hooks of fibres. The tension function determined by an iterative procedure with the
four-point bending loaded beam model in Atena (1 % fibre volume fraction, the reinforcing
index of fibres by volume RI, = 0.5) and calculated by SDEM are in good agreement with each
other, Fig. 63. By varying the ratio of fibre length to diameter while keeping the fibre reinforcing
index constant, the SDEM procedure provides a slightly different graph of the tensile function
(as opposed to the compressive function). However, according to the sensitivity analysis, this
does not at all affect the resistance and stiffness of the concrete slab in compression in the
joint.
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Fig. 63. Tensile function (b) for different reinforcing index of fibres by volume Rl (fibre length to
diameter ratio is 50).

For concrete without fibres, the reduction of compressive strength due to cracking (lateral
tension) was determined according to [63], Fig. 64. Further described, e.g., in [64].
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Fig. 64. The reduction of compressive strength due to lateral tension strain [64].

Other material parameters of the concrete were determined in the same way as described in
the previous section 4.1.1.1.

4.1.2 Material model for reinforcement bars

The CCReinforcement material model was used. The reinforcement was modelled in discrete
form as truss elements [46], not in a smeared form. Uniaxial stress is assumed. Based on the
coupon test, a multilinear stress-strain diagram with a total of five branches was used, Fig. 65.
The reinforcement was activated in both tension and compression.
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Fig. 65. Coupon test on reinforcement bars and diagram set into the FEM program.

The bond-slip law of the reinforcement was defined based on the CEB-FIP model code 1990
[65] (Fig. 66), no anchorage was considered at the ends of the reinforcement bars.
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Fig. 66. Bond-slip law according to CEB-FIP model code 1990 [65].

4.1.3 Material model for steel members

ATENA is a program designed primarily for the nonlinear analysis of reinforced concrete
structures [57]. Therefore, the material model for steel called CC3DBiLinearSteelVonMises
uses the Von Mises plasticity condition with only the bilinear stress-strain law with hardening.
The failure of an element can be determined by exceeding the ultimate strain value by the
principal plastic strain, regardless of the stress. Thus, the bilinear stress-strain law with
hardening was determined for the steel elements based on coupon tests and the hardening
was determined conservatively based on the ultimate strain and ultimate strength determined
by coupon tests, Fig. 67.
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Fig. 67. Coupon tests on steel joint components and diagrams set into FEM program.

92




Numerical study

4.1.4 Material model for interface

The contact area between the concrete slab and the steel column was modelled using the so-
called interface (material model CC3Dinterface). This requires specification of normal and
tangential stiffness, cohesion (i.e. shear strength), friction coefficient, and tensile strength. The
steel structure used in the experiment was not coated, so the friction coefficient was considered
by a value of 0.4 in the model. To ensure numerical stability [57], the shear and cohesion
strengths were set to non-zero values, namely 0.01 MPa and 0.02 MPa, respectively. The
normal stiffness was considered as Young's modulus of elasticity of the concrete divided by
the size of the adjacent finite element of the slab (9.32E+05 MN/m?3). The shear stiffness was
calculated in a similar manner using the shear modulus. According to [57], the stiffness
calculated in this way is the minimum stiffness of the interface. The maximum stiffness is then
1000 times this value, but the calculation did not converge when this value was set. The
recommended value is 10 times this value, but the calculation took longer, required almost four
times as many iterations, and the resulting resistance and compressive stiffness of the
concrete slab were the same. Since this was a contact between surfaces with an incompatible
finite element mesh, it was necessary to connect the contact volume to the adjacent surface
from one side using Master and Slave conditions [57].

The interface was also modelled in the contact area between the top flange of the beams and
the concrete slab. This interface simulates a shear connection using headed studs. Its
tangential stiffness (0.325E+05 MN/m?3) was chosen so that the slip in the model matches the
slip observed in the experiment. The normal stiffness was set to the same value. The cohesion,
friction coefficient, and tensile strength were chosen high enough to avoid contact failure.

4.2 Validation of steel concrete composite joint model

The model corresponds to the tested joint with the same dimensions, cross-sectional
dimensions, and reinforcement profiles, material properties determined by tests, the same
method of support and loading, etc., Fig. 68. This model has been validated based on the
experimental results.
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Fig. 68. Model of steel-concrete composite joint validated by experiment [40].

According to the sensitivity analysis, the self-weight of the structure had no significant effect
on the behaviour of the model (bending moment-rotation of the joint diagram, strain distribution
on the concrete slab, etc.) and was therefore neglected in the final model.

The load history was divided into several intervals in which the displacements were applied in
sequential steps. In the first interval, the displacements were applied with smaller increments
to obtain the initial stiffness of the joint. On the other hand, in the last interval, when the
concrete slab and steel elements were plasticised, the displacements were applied with
several times larger increments than in the first interval to save calculation time. The
displacements were applied according to the actual load history used in the experiment.

The finite element mesh was created using so-called hexahedral elements. The mesh size
was optimised to be from 33 to 50 mm for the concrete slab and from 5 to 30 mm for the steel
elements.

4.2.1 End-plate and bolts

Detailed modelling of an end-plate concerning the actual bolt behaviour, including
consideration of the prying effect, is quite complex and this research is not primarily focused
on the bending behaviour of the end-plate. Atena is a software mainly designed for the
nonlinear analysis of reinforced concrete structures. For these reasons, some simplifications
were made in the modelling of the end-plate with the bolts.

The bolts and bolt heads were modelled with a square cross-section corresponding to the
actual cross-section of the M27 bolts in the thread used in the experiment. This made it easier
to create a finite element mesh using hexahedral elements. The bolt heads are rigidly
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connected to the face of the end-plate and the face of the column flange. However, the bolts
are separated from the end-plate and column flange in holes.

In the case of a connection loaded with a sagging bending moment, there is free contact
between the end-plate and the column flange and the prying effect of the bolts is neglected.
For a connection loaded with a hogging moment, the column flange and end-plate are
connected at the level of the bottom flange of the beam on an area corresponding to the area
of the beam flange to transfer the compressive reaction from the bending. The connection is
made on the so-called “master and slave” principle. Because the compressive reaction from
the bending moment load is carried only by the bottom flange of the beam without the
contribution of the beam web, the bottom flange in the joint area is therefore set with a higher
yield strength of 600 MPa to avoid unrealistic plastification (according to coupon test, the
column flange has a yield strength of 444 MPa). In the remaining area between this end-plate
and the column flange, there is a free contact. Therefore, the prying effect is also neglected
here.

The end-plate was validated based on the results of additional numerical analysis in Idea
Statica [66], a program based on the Component-based Finite Element Method (CBFEM). For
this beam-column joint with an end-plate, the program provides very accurate results.
However, the disadvantage of this program is that it uses a stress-strain diagram for steel with
only a bilinear curve without hardening. Therefore, hardening was not considered in the
validation of the contact beam in Atena, but hardening is accounted for in the final model (the
hardening of the end-plate steel is approximately the same as the hardening of the other
elements determined by coupon tests). The assessment in Idea Statica was carried out without
material partial factors.

The material parameters of the end-plate steel and the bolt head steel were chosen so that
the behaviour of the Atena model of the steel contact member would match that of the Idea
Statica model.

The hogging moment loaded connection was validated based on the hogging moment loaded
joint model in Idea Statica, Fig. 69 and Fig. 70. In Idea Statica, the model was modelled for
fine and coarse finite element mesh variants (10 mm and 38 mm). In both cases, the results
were almost the same. The resulting material properties of the end-plate are on the hogging
moment side: Young's modulus E = 125 000 MPa, yield strength f, = 300 MPa, hardening
modulus HM = 400 MPa. The material properties of the bolt heads are: Young's modulus
E =90 000 MPa, yield strength f, = 100 MPa, hardening modulus HM = 0 MPa. The reduced
material properties of the bolt heads compensate for the idealised model in Atena where the
bolt head is rigidly connected to the end-plate.
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Fig. 69. Steel joint loaded with hogging bending moment with coarse mesh (a) and fine mesh (b) in
Idea Statica [66], Von Mises stress plotted. Model of a steel joint in Atena (c).
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Fig. 70. Comparison of Atena results with Idea Statica results: bending moment-joint rotation diagram
(a), force—applied displacement (b).

For the connection loaded with a sagging moment, the position of the neutral axis in the
experiment lay in the concrete slab according to the measured strain values on the strain
gauge located on the top flange of the adjacent beam and strain gauges on the bottom surface
of the slab. Thus, this connection was validated according to the Idea Statica model of a steel
joint loaded with a normal force, Fig. 70 (the finite element mesh was 38 mm). The resulting
material properties of the end-plate are on the sagging moment side: Young's modulus
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E =90 000 MPa, yield strength f, = 275 MPa, hardening modulus HM = 400 MPa. The material
properties of the bolt heads are the same as for the hogging moment loaded connection.

The initial stiffness and resistance of the models in Idea Statica and Atena are in good
agreement with each other.

4.2.2 Concrete slab

The concrete slab was modelled using three finite element mesh elements along its thickness
to well represent the actual bending behaviour. The thickness of the slab was 100 mm. The
maximum aggregate size is the minimum mesh size of the finite element mesh to maintain the
assumption of a heterogeneous material with smeared properties, as recommended by the
Atena developers. The maximum aggregate size of the concrete used in the experiment was
16 mm. However, in [67], @ minimum finite element mesh size of 40 mm is also given. On the
other hand, to obtain realistic results for a bent structure, 4 to 6 elements of mesh along the
height of the structure are recommended [68]. However, this is a composite concrete slab with
a steel beam, so the slab is not fully bent as it is rather compressed or tensioned. Therefore,
the choice of 33 mm element thickness along the height of the slab is a good compromise to
maintain the assumption of heterogeneous material while obtaining a realistic bending
behaviour of the concrete slab. In addition, computation time was saved and, according to the
sensitivity analysis, refining the mesh changed the resulting joint moment-rotation behaviour
negligibly.

The reinforcement bars were modelled as 1D (truss) elements.

The shear stiffness of the concrete slab was considered according to [53] with a reinforcement
ratio of 1.5 % steel rebars. In the part of the concrete slab between the column flanges, a
reinforcement ratio of 0.5 % was considered because there is only one reinforcement bar.

A longitudinal shear connection was created between the concrete slab and the top flange of
the beam using an interface. Since the flange of the beam and the concrete slab have different
finite element meshes, the interface was connected to the beam using a Master and Slave
condition according to [68].

The connection between the concrete slab and the column was made using an interface. The
column flange transferring the forces from the concrete slab by mechanism 1 was also
connected to the concrete slab on the backside to prevent unrealistic deformation of the
flanges by mechanism 1. No connection was made between the column flange and the slab
at the connection loaded by the hogging bending moment, no connection was made even
along the thickness of the column flanges. Because the column and the concrete slab have
different finite element meshes, the Master and Slave conditions according to [68] were applied
on one side of the interface.
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4.2.3 Other steel elements and supports

Supporting plates were placed in the column supports and the loading plates were placed at
the points of applied loads. These plates were made of elastic material (material model
CC3Delastlsotropic, Young's modulus E = 210 000 MPa). Displacements were applied to the
loading plates at the ends of the beams at 2 points. The loading plates were provided with
supports to prevent the ends of the cantilevers from moving out of the plane of the frame (e.g.
due to slight asymmetry in the finite element mesh). The outer surfaces (i.e. each node of the
finite element mesh of these surfaces) of the supporting plates at the ends of the column were
prevented from shifting in the transverse and vertical directions. In the longitudinal direction,
displacements corresponding to the displacement of the column supports during the
experiment were prescribed to them (another option was to set spring supports in the
longitudinal direction). In this way, Sliding rigid column supports were created not to allow
rotation and displacement in two directions but to allow the simulation of pushing of the
supports in the longitudinal direction.

A fully rigid connection was created between the transverse stiffeners and the steel elements.
The supplementary web plates were connected to the column web by joining the outer lines of
the stiffeners to the adjacent lines of the column web. This simulated a fillet weld. However,
the supplementary web plates were also connected to the column at the level of the concrete
slab using connected surfaces to transfer the horizontal forces from mechanism 2 to the
column. This prevents overloading of the supplementary web plates in bending due to these
forces from the concrete slab acting on the column. This is consistent with [30], where the
column web plate in shear is assumed to be infinitely rigid at the concrete slab level.

The root radii of the rolled sections between the flanges and the webs were simplistically
modelled as square sections while maintaining the cross-sectional area of the original root
radii, which simplifies the use of hexagonal mesh elements.

4.2.4 Comparison results of FEM to experiment

Monitors were placed in the model to investigate the behaviour of the structure under load.
The following values were recorded: applied vertical displacements, reactions from applied
displacements, longitudinal strain distribution in 3 sections of the concrete slab at the locations
of the strain gauges during the experiment, 5 horizontal displacement monitors on both beams
on the end-plate connection to detect the rotation of the connections, 2 horizontal displacement
monitors on the column web above the concrete slab level and 2 below the concrete slab to
evaluate column rotation, 2 horizontal displacement monitors on the column web panel to
evaluate the rotation of the column web panel, principal stress monitors along the slab
thickness to evaluate the minimum principal stress and its direction from mechanism 2 (the
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investigated section is shown in Fig. 82), longitudinal stress monitors at the interface between
the column flange and the concrete slab to evaluate the force in mechanism 1, horizontal
displacement monitors to determine the slip between the concrete slab and the beam at the
end of the beams, and horizontal displacement monitors at the column supports.

Observed values from the numerical analysis are compared with the experimental results in
the following graphs. Fig. 71 shows a graph of the force versus applied vertical displacement
and sagging-hogging bending moment diagram. Fig. 72 shows a graph of the dependence of
the bending moment on the joint rotation measured by the displacement sensors and
inclinometers. All these graphs are compared with the results of the numerical analysis in
Atena. On these graphs, the behaviour of the numerical model corresponds well to the
behaviour of the tested steel-concrete joint.
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Fig. 71. Force-applied vertical displacement diagram (a), sagging-hogging bending moment diagram

(b).
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Fig. 72. The bending moment - joint rotation diagram measured by the displacement sensors (a) and
inclinometers (b).

The strain distribution on the top surface of the concrete slab in different cross-sections was
compared with the results of the numerical analysis in Fig. 73. A better agreement in the 80 mm
and 270 mm cross-sections was obtained for the concrete slab with a fine mesh (10 elements
along the thickness) than with the coarse mesh (3 elements along the thickness), which was
used in all other model and experimental comparisons. The fine mesh seems to better account
for the triangular shape of the strain distribution along the thickness of the concrete slab (the
neutral axis was inside the concrete slab during the experiment). However, the minimum finite
element thickness is equal to the maximum aggregate size in the concrete of 16 mm (to
maintain the assumption of a heterogeneous material with smeared properties, as
recommended by the Atena developers), which is larger than that of the fine mesh model.
Thus, the finer mesh slab model is used here only to illustrate the reason for the difference in
strain distribution between the experiment and the finite element analysis and was not used in
the other comparisons (where it also did not differ at all from the coarse mesh model).

In the section 80 mm away from the column, the strain gauge failed in the middle of the section
during the experiment. Due to the crushing of the concrete in the area between the column
and the strain gauges in the 80 mm section, the strain in the other strain gauges decreased.
In the numerical analysis, this failure of the slab resulted in a high strain.
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Fig. 73. Strain distribution on the concrete slab top surface with coarse and fine mesh in cross-
sections of 80 mm (a), 270 mm (b), and 500 mm (c) from the column.
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The other values measured in the experiment were compared with the results of the numerical
analysis (e.g. reinforcement strain, the strain of steel elements) at critical loading phases and
show acceptable agreement.

Fig. 74 shows the dependence of the slip (between the concrete slab and steel beam) on the
bending moment. The stiffness of the interface simulating the longitudinal shear connection
was chosen so that the slip on the sagging moment side corresponds to the slip value in the
experiment, see Section 4.1.4. Fig. 74 also shows a graph of the moment versus the column
web panel rotation, comparing the experimental results with the numerical model results.

Shear connection 200 Column web panel
0.3 T
250
02 1 200
150
__ 100
0.1 T €
/ = 50
< o0
0 | | | E
r T 1 Q ‘50
= € 100
g-O.l DED-lSO
2 c
= _g -200
-0.2 & 20
-5 -2.5 0 2.5 5
Rotation (mrad)
-0.3 -+
-250 -125 0 125 250 e exp. M+ 2 - disp. sensors
Bending moment (kNm) e exp. M-2-disp. sensors
s exp. M+ 2 -inclinometers
model M+ model M- o exp. M- 2 - inclinometers
exp. M+ 1 exp. M+ 2 —e— model M+
exp. M-1 exp. M- 2 —e— model M-

(a) (b)

Fig. 74. Slip—bending moment diagram (a), the graph of the moment versus column web panel
rotation during 2nd cycle (b).

Demonstration of the model is shown in Fig. 75.
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Fig. 75. Model results in the last numerical analysis step: Von Mises stress on the steel components

of the joint (a), the minimum principal stress and crack distribution (with a minimum width of 0.03 mm)

on the top surface of the slab (b), the direction of the principal stress on part of the top surface of the
slab (c), and crack width on the top (d) and bottom (e) concrete slab surfaces.
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The direction of the principal stress under the action of mechanism 2 was approximately 35 °
in Atena when the resistance was reached for the tested model of the bent steel-concrete
composite joint, Fig. 76. This angle was determined as the weighted arithmetic mean of the
angles of the individual mesh nodes in this section. This corresponds reasonably well with the
experimental results, where the DIC method was used to estimate that the cracks in the
concrete struts have an inclination of approximately 40 ° from the longitudinal axis of the slab,
Fig. 57.
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Fig. 76. Average principal stress direction - composite joint used in validation (a), investigated
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concrete slab section (b).

4.3 Parametric study

Based on a preliminary analysis, dimensions of the structure and material properties of the
steel-concrete joint components were chosen for the parametric study.

4.3.1 Model and sensitivity analysis

For the parametric study, a simplified model of a concrete slab in compression supported by a
steel column was created, Fig. 77. These simplified models were loaded up to a failure of the
slab to verify its resistance. The use of simplified models significantly saved computational
time, and modelling time and enabled reliable determination of both the compressive
resistance of the concrete slab and its stiffness.
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Fig. 77. Simplified model of a compressed concrete slab supported by a column used in the
parametric study.

The displacement was introduced to one side of the slab, creating compressive stress in the
concrete slab. Specifically, the displacement was applied on the one front face of the slab (Fig.
78) at each node of the finite element mesh of this surface. The model was supported only at
the upper and lower ends of the column. There was two point pin supports on each of the
support plates to prevent movement in all directions, Fig. 79. This allowed rotation in the plane
of the original frame but prevented torsional rotation of the column in the case of finite element
mesh asymmetry. The column was therefore supported by hinged supports and acted as a
simple beam loaded in the middle of the span by a point load. This point support of the column
allowed simple recording of the reactions.

=placenent for Surface
tplacenent for Surface
Eplacenent For Surface

Fig. 78. Applied displacement on the face of the slab.

The finite element mesh was again created using hexahedral elements. A mesh size was
generally chosen to be 50 mm for the concrete slab (range 16 to 75 mm, maximum aggregate
size was 16 mm) and 10 to 50 mm for the steel elements. The concrete slab in front of the
column was divided horizontally into a minimum of 6 mesh elements. The elements in bending
should be divided into a minimum of 4 to 6 mesh elements to capture the bending behaviour
[68].

Transverse and longitudinal reinforcement was modelled in the centre of gravity of the concrete
slab. This avoided the additional bending moment caused by an eccentricity and the
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associated flexural deformation of the concrete slab. The intersecting transverse and
longitudinal reinforcement were not connected at the intersection points. The reinforcement
transferred both tensile and compressive forces.

Fig. 79. Pin column supports

The height of the column was chosen to be approximate twice the height of the column profile.

In the parametric study, the supplementary web plates of the column were extended to the
supporting plates. The supplementary web plates did not affect the resistance of the concrete
slab at all.

The transverse reinforcement in the joint region was determined based on the minimum
reinforcement requirements for the transmission of transverse tensile forces from
mechanism 1 and mechanism 2 according to EN 1998-1 [3], Annex C. In other parts of the
slab, the reinforcement was 14 mm in diameter, spaced at a distance equal to three times the
slab thickness, which met the maximum spacing requirements for transverse reinforcement in
EN 1992-1-1 [14].

The length of the concrete slab in the longitudinal direction was chosen based on the height of
the column profile and the width of the slab. The distance between the face of the column
flange and the face of the slab was the sum of the slab width and 200 mm.

Longitudinal reinforcement with a diameter of 14 mm was chosen at an axial distance of
200 mm (maximum axial distance for 200 mm thick slabs according to EN 1992-1-1 [14]).
According to the sensitivity analysis, the longitudinal reinforcement did not affect the resulting
compressive resistance of the concrete slab (Fig. 80), i.e. neither did the longitudinal
reinforcement placed in front of the column flange.

The displacement of the component (Fig. 80, Fig. 81) was calculated as the difference between
the horizontal displacement of the centre of the concrete slab in front of the column flange and
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the displacement of the concrete slab at its edge, which was no longer affected by the
deformation of the component.

The amount of transverse reinforcement in front of the column also has a negligible effect on
the compressive resistance of the slab, with a four times increase in the area of transverse
reinforcement increasing the resistance of the slab by only 4 % compared to the resistance of
the slab using the minimum transverse reinforcement according to EC8 [3], Fig. 80. However,
the minimum reinforcement requirements must be met.

The width of the concrete slab was chosen to meet the geometric requirements for the
formation of the strut and tie mechanism according to EN 1998-1 [3], Annex C. The larger
concrete slab width did not increase the resistance of the slab according to the results of the
sensitivity analysis, Fig. 80.

Longitudinal reinforcement Transverse reinforcement
and slab width 3 25 2 15 -1 05 0
3 25 2 15 1 05 0 T T T T 1 0
o T T T T T 0 4 -500
< —
= -1000 || £ 1 -1000
8 (]
2 2000 || 5 1 100
[N
: 3000 { -2000
Component displacement (mm) 1 2500
—— (#28 / 200mm, slab 1400 mm - -3000

Component displacement (mm)

@14 / 200 mm, slab 1400 mm

— @14 / 200 mm, slab 3400 mm

As =2643 mm2

As =616 mm2

(@) (b)

Fig. 80. Sensitivity analysis - longitudinal reinforcement of concrete slab and concrete slab width (a),
transverse reinforcement in front of the column up to the column cross-section height (b).

According to the sensitivity analysis, the combination of compressive stresses on one side
(loads normally due to sagging bending moment) and tensile stresses (loads normally due to
hogging bending moment) on the other side did not affect the resulting load resistance of the
slab. Similarly, if only tension-inducing displacements were introduced into the slab, they
affected the resulting slab resistance only negligibly, Fig. 81 (of course, the concrete slab had
to be heavily reinforced with longitudinal reinforcement, so the resistance was determined by
the concrete slab in compression at the column, not by the concrete slab cross-section in
tension).
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Fig. 81. Sensitivity analysis.
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If the column is provided with transverse stiffeners at the level of the top and bottom surface
of the slab, the compressive resistance of the concrete slab significantly increases. It can
therefore be assumed that the flexibility of the column flanges has a significant effect on the
compressive resistance of the concrete slab, Fig. 81.

According to the sensitivity analysis, the variables affecting the resistance are mainly: column
cross-section height hc, column cross-section width bc, concrete slab thickness d, concrete
slab compressive strength f., reinforcing index of fibres by volume RI,, and the concrete/steel
friction coefficient p.

On the other hand, the following parameters are not important for the resistance and stiffness:
the way of loading (bending sagging moment or bending hogging moment and their
combination), the amount of transverse and longitudinal rebars of the concrete slab (however,
the minimum reinforcement requirements according to EN 1992-1-1 [14] and EN 1998-1 [3]
must be met), and the width of the slab (however, the geometric requirements for the formation
of the strut and tie mechanism according to EN 1998-1 [3] must be met).

In the simplified model of the compressed concrete slab, the direction of the principal stress in
concrete struts under the action of mechanism 2 differed slightly from that in the full steel-
concrete composite joint, Fig. 82. The maximum difference was approximately 5 °.

Mechanism 2

.E 9 50
k3
e % 40
£
2 4 30
o
a 4 20 \
3 4 10
2
E L 1 1 1 1 1 O
-3000 -2500 -2000 -1500 -1000 -500 0
Total force in slab (kN)
model - compressed slab | ||
model - composite joint \

@) (b)

Fig. 82. Average principal stress direction - simplified compressed model used in parametric study vs.
composite joint used in validation (a), investigated concrete slab section (b).

4.3.2 Performing parametric study

Based on the sensitivity analysis, a parametric study was performed. The models differed in
the parameters presented in section 4.3.1. These parameters are listed in Table 5 and Table
6 (n is the numerical designation of the model, E. is the modulus of elasticity of the SFRC, t; is
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the thickness of the column flange, and ty is the thickness of the column web). The reference
model corresponds in its geometry and basic material parameters to the experimental
specimen (n is equal to 1). In other models (n is 2 to 51), these geometric and material
parameters were varied for the parametric study.

Table 5. Range of properties of FEM models.

Rlv fc Ec d bc h(; tf tW IJ tf / (05bc)
value (-) (MPa) (MPa) (mm) (mm) (mm) (mm) (mm) ) “)
max. 1.0 0 42700 200 600 1000 60 66 0.6 0.253

min. 0.0 20 27090 50 100 100 6 4 0.2 0.100

The results of the parametric study are presented in Table 6. The resistance has been
determined as the maximum value of the transferred force and it is marked Frrem. The initial
stiffness factor sinirem corresponds to reaching the level of 2/3 of the resistance and it was
determined from the force-displacement ratio of the component. To obtain values in
millimetres, this ratio is further divided by the modulus of elasticity of the steel according to
EN 1993-1-8 [10]. In addition, the coefficient of secant stiffness corresponding to the resistance
was determined, which is referred to as Sres rem.

Table 6. Parametric study - specification of FEM models and their main results.

n Rl fe Ec d b he t tw M FRFEM  SiniFEM  Sres, FEM

() (MPa) (MPa) (mm) (mm) (mm) (mm) (mm) () (kN) (mm)  (mm)

1 05 44 .4 34680 100 300 300 19 11 0.4 2865 13.0 5.55
2 0 44.4 34410 100 300 300 19 11 04 2376 141 6.70
3 025 444 34550 100 300 300 19 11 04 2635 135 6.03
4 075 444 34820 100 300 300 19 11 0.4 3043 12.8 571
5 1 44.4 34950 100 300 300 19 11 04 3174 12.7 6.02
6 05 21.6 28170 100 300 300 19 11 04 1551 7.73 3.57
7 05 33.0 31810 100 300 300 19 11 04 2203 10.4 4.63
8 05 44.4 34680 100 300 300 19 11 0.2 2704 12.7 5.22
9 05 44 .4 34680 100 300 300 19 11 0.6 2922 13.2 5.85
10 05 58.0 37510 100 300 300 19 11 04 3553 154 6.58
11 0.5 44.4 34680 50 300 300 19 11 04 1413 7.29 2.96
12 05 58.0 37510 50 300 300 19 11 04 1771 8.47 4.24
13 05 44 .4 34680 100 300 0 19 11 0.4 1800 8.24 3.53
14 0.5 44.4 34680 100 300 450 26 11 04 3663 14.7 6.10
15 05 58.0 37510 100 300 450 26 11 0.4 4530 17.7 8.02
16 O 20.0 27090 100 300 450 26 11 04 1524 9.05 5.29
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Table 6. (Continued).

n Rl fe Ec d b he t tw U FRFEM  SiniFEM  Sres, FEM
() (MPa) (MPa) (mm) (mm) (mm) (mm) (mm) () (kN) (mm)  (mm)

17 025 444 34550 100 300 450 26 11 0.2 3221 14.6 5.09
18 0.5 44.4 34680 100 300 600 30 11 04 4254 155 6.49
19 05 44.4 34680 200 300 600 30 11 0.4 8849 30.7 135
20 O 20.0 27090 100 300 600 30 11 04 1701 9.91 6.19
21 05 44.4 34680 100 300 1000 36 11 04 4774 17.6 7.84
22 05 58.0 37510 100 300 1000 36 11 0.4 5951 20.6 8.71
23 0.5 44.4 34680 50 100 100 10 37 04 668 5.42 2.39
24 05 44.4 34680 50 100 100 10 3.7 02 626 5.45 2.11
25 0.5 21.6 28170 50 100 100 10 37 04 369 3.47 1.57
26 O 20.0 27090 50 100 100 10 37 0.2 259 3.42 1.92
27 05 44.4 34680 100 300 100 19 11 0.4 2289 13.3 5.90
28 0 20.0 27090 100 300 100 19 11 0.2 875 8.43 4.99
29 0.5 44.4 34680 50 120 120 6 44 04 631 5.16 2.25
30 05 44.4 34680 100 240 240 12 88 04 2269 11.6 4.89
31 1 44.4 34950 100 240 240 12 88 04 2521 11.2 4.73
32 0.5 44.4 34680 100 240 480 24 8.8 0.4 3496 14.4 6.13
33 0.75 28.2 30590 70 192 360 18 7 0.5 1476 7.01 3.51
34 0.5 44.4 34680 100 150 300 19 11 04 2589 13.3 6.09
35 0.5 44.4 34680 100 150 300 8 11 04 1971 11.5 4.01
36 05 44.4 34680 50 160 160 13 59 04 911 6.19 2.99
37 0.5 21.6 28170 50 160 160 13 59 04 513 3.85 2.03
38 0 20.0 27090 50 160 160 13 59 02 359 3.87 2.26
39 05 58.0 37510 50 160 160 13 59 04 1118 7.49 3.33

40 O 25.0 28960 50 100 100 10 37 04 342 3.97 2.02
41 0 25.0 28960 50 160 160 13 59 04 472 4.39 2.40
42 0 30.0 30590 50 160 160 13 59 04 552 5.07 2.87
43 0 30.0 27090 100 300 450 26 11 04 2062 12.2 7.38

44 0.5 90.0 42700 50 300 300 19 11 04 2534 10.0 4.54
45 0.5 44.4 34680 100 450 450 26 165 04 3882 141 6.26
46 O 30.0 30590 100 300 600 30 11 04 2322 135 9.01
47 0.5 44 .4 34680 100 600 600 60 22 04 5794 18.3 9.63
48 0.5 44.4 34680 100 600 600 30 22 04 4768 14.9 7.32
49 0.5 44 .4 34680 100 450 450 52 16.5 04 4594 18.4 8.59
50 0.5 44 .4 34680 100 300 300 19 22 04 2891 13.1 5.54
51 05 44.4 34680 100 300 300 19 66 0.4 3001 13.6 6.29
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5 Analytical solution

The analytical solution was derived using multiple linear regression for the compressive
resistance of the concrete slab, its initial stiffness coefficient, and also the secant stiffness
coefficient at reaching resistance.

During the sensitivity analysis and derivation of analytical solutions, the input parameters were
sequentially generated and the results were tested. This process then resulted in the final input
parameters used in the analytical solutions.

The results of the 49 models (n = 1 to 49) were used to derive an analytical relationship for
calculating the resistance. The results of all models (1 to 51) were used to derive stiffness
coefficients.

5.1 Validity limits of derived relations

The parametric study was performed with input parameters with values in the range shown in
Table 5 for the joint not located on the uppermost floor. Other validity limits of derivation
relations are based on standard requirements, in particular:

- minimum transverse reinforcement by the requirements of EN 1998 -1, Annex C [3],
- the width of the concrete slab shall comply with the geometric requirements for the
formation of struts and tie mechanism by EN 1998-1, Annex C [3].

5.2 Concrete slab resistance in compression

Multiple linear regression was performed (Table 7 and Table 8) to obtain a relationship for
calculating the compressive resistance of the SFRC slab in the composite frame joint. The
material properties of the SFRC and the dimensions of the structure given in Table 7 were
used as input parameters.

The 2.5 % upper quantile too2s of a distribution with 43 degrees of freedom [69], [70] has a
value of 2.014. The values of the t-statistic are higher than the upper quantile for all
parameters, so Fr depends on all these input parameters.
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The coefficient of determination is 0.96 and the adjusted coefficient of determination is 0.95.
Thus, the values are close to 1.00, which means that the regression model is of good quality
and explains a significant part of the variability of the dependent variable.

Table 7. Multiple linear regression to determine the resistance.

Multiple Coefficient Adjusted
correlation of coefficient of Standard
coefficient determination determination Error Significance F Observations
0.978 0.956 0.952 238.7 3.01E-29 49

Table 8. Analysis of variance.

Standard Lower limit ~ Upper limit
Coefficient error t-statistic P-value (95 %) (95 %)
Intercept -173.3 143.6 -1.207 0.23 -462.7 116.2
Rlv (-) 634.4 139.6 4.546 4.3E-05 353.2 915.7
be (mm) 5.966 0.4167 14.32 3.6E-18 5.127 6.806
he - 2t (mm) 2412 0.2569 9.389 45E-12 1.894 2.930
(t:/ (0,5b0))2 (-) 16320 3169 5.148 5.9E-06 9929 22700

A relationship was derived to calculate the compressive resistance of a concrete slab in a
steel-concrete composite joint.

634.4 RI, + 5.966 b, + 2.412 (h, — 2t;) + i f (38)
Fran = te 2 — ==
' 16320 () —1733 100 44.4
+ 0.5 b,
where Fran the resistance of the concrete slab in compression (kN),

Rly reinforcing index of fibres by volume (-),
be column cross-sectional width (mm),
he column cross-sectional height (mm),
s column flange thickness (mm),
d concrete slab thickness (mm),
fe compressive strength of the concrete (MPa).

The cylindrical compressive strength of concrete f. is an average value, so Fran iS an average
value of the resistance. To obtain a characteristic value of the resistance, it is necessary to
take into account the characteristic value of the concrete strength f«. Similarly, to obtain the
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design value of the resistance, it is necessary to consider the design value of the strength of
the concrete fq.

The value of the dependent (i.e. predicted) variable is the resistance, which was recalculated
in the regression analysis to be valid for a reference concrete slab of 200 mm thickness d by
multiplying by 100 / d (d in mm) and a reference concrete compressive strength f. of the of
44.4 MPa by multiplying by 44.4 / f. (fc in MPa). In the derived analytical formula for calculating
the resistance, the resistance is recalculated back to the actual thickness by multiplying by d /
100 and to the actual concrete compressive strength by multiplying by f. / 44.4. The
dependence of resistance on slab thickness and concrete compressive strength is
approximately linear, Fig. 81

5.3 Initial stiffness

Multiple linear regression was performed (Table 9 and Table 10) to obtain a relationship for
calculating the initial compressive stiffness coefficient of the SFRC slab in a composite frame
joint. The initial stiffness coefficient sinirem corresponds to 2 / 3 of the resistance. The material
properties of the SFRC and the dimensions of the structure given in Table 9 were used as
input parameters. The 2.5 % upper quantile too2s of a distribution with 47 degrees of freedom
[69], [70] has a value of 2.012. The values of the t-statistic are higher than the upper quantile
for all parameters, so siian depends on all these input parameters. The coefficient of
determination is 0.94 and the adjusted coefficient of determination is 0.93. Thus, the values
are again close to 1.00.

Table 9. Multiple linear regression to determine the initial stiffness coefficient.

Multiple Coefficient Adjusted
correlation of coefficient of Standard
coefficient determination determination Error Significance F Observations
0.969 0.938 0.934 1.289 2.13E-28 51

Table 10. Analysis of variance.

Standard Lower limit Upper limit
Coefficient error t-statistic ~ P-value (95 %) (95 %)
Intercept -3.046 0.6094 -4.998 8.5E-06 -4.272 -1.820
d (mm) 0.005223 0.001371 3.811 4.0E-04 0.002466 0.007981
tr (mm) 0.1144 0.02596 4.406 6.1E-05 0.06216 0.1666
he — 2t (mm) 0.1241 0.007743 16.03 1.1E-20 0.1085 0.1397
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A relationship was derived to calculate the coefficient of initial stiffness of a concrete slab in
compression in a steel-concrete composite joint:

E;
34680 (39)

Sinian = (0.1241 d + 0.1144 t¢ + 0.005223 (h, — 2t;) — 3.046)

where Sinian  the coefficient of initial stiffness (mm),
d concrete slab thickness (mm),
ts column flange thickness (mm),
he column cross-sectional height (mm),
Ec modulus of elasticity of concrete (MPa).

The value of the dependent (i.e. predicted) variable is the initial stiffness coefficient, which was
recalculated in the regression analysis to be valid for a reference modulus of elasticity of
concrete E¢ of 34 680 MPa by multiplying by 34 680 / E. (Ec in MPa). In the derived analytical
formula for calculating the initial stiffness coefficient, the initial stiffness coefficient is
recalculated back to the actual modulus of elasticity of concrete by multiplying by Ec / 34 680.

5.4 Secant stiffness

Multiple linear regression was performed (Table 11 and Table 12) to obtain a relationship for
the calculation of the secant stiffness coefficient. The secant stiffness coefficient Sresrem
corresponds to the achievement of the resistance. The material properties of the SFRC and
the dimensions of the structure given in Table 11 were used as input parameters. The 2.5 %
upper quantile to 025 of a distribution with 48 degrees of freedom [69], [70] has a value of 2.011.
The values of the t-statistic are higher than the upper quantile for all parameters listed in Table
11, so swesan depends on all these input parameters. The coefficient of determination is 0.92
and the adjusted coefficient of determination is 0.91.

Table 11. Multiple linear regression to determine the secant stiffness coefficient.

Multiple Coefficient Adjusted
correlation of coefficient of Standard
coefficient determination determination Error Significance F Observations
0.959 0.920 0.911 0.708 1.50E-23 51
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Table 12. Analysis of variance.

Standard Lower limit (95  Upper limit

Coefficient error t-statistic ~ P-value %) (95 %)

Intercept -5.976 1.132 -5.281 3.6E-06 -8.255 -3.697

d (mm) 0.05012 4.321E-03 11.60 4.1E-15 0.04141 0.05882

tr (mm) 0.08040 1.432E-02 5.615 1.2E-06 0.05156 0.1092
he - 2t (mm) 0.001778 7.586E-04 2.344 2.4E-02 2.499E-04 3.306E-03
E: (MPa) 0.0001583  3.666E-05 4.320 8.5E-05 8.451E-05 2.322E-04

Rl (-) -1.457 0.5107 -2.853 6.5E-03 -2.485 -0.4285

A relationship was derived for the calculation of the secant stiffness coefficient of a concrete

slab in compression in a steel-concrete composite joint:

Sres,an = 0.05012 d + 0.08040 t; + 0.001778 (h, — 2t¢) +

+ 0.0001583 E, — 1.457 RI,, — 5.976 (40)

where snian the coefficient of secant stiffness (mm),
d concrete slab thickness (mm),
tf column flange thickness (mm),
he column cross-sectional height (mm),
Ec modulus of elasticity of concrete (MPa),
Rly reinforcing index of fibres by volume (-).
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6 Comparison of analytical solution with
results, Eurocodes, and

FEM model
literature

6.1 Comparison of analytical solution with FEM model results

Fig. 83 and Table 13 compare the results of the finite element analysis and the analytical
solutions. The graphs in Fig. 83 are supplemented with intervals of + 15 %. For clarity, the
results of the model with n = 19 with higher resistance and stiffness coefficients are not shown
in Fig. 83 (Fran = 8849 kN, Fran / Frrem = 0.88, Sinian / Sinirem = 0.91, Sresan / Sres,rem = 0.90).
Further comparisons are given in the following section 6.2.

Table 13. Comparison of the analytical solution with the results of the FEM models and with the
results calculated by EC8 [3], EC3 [10], and Bennacer et al. [20].

Fr.an Sini,an Stes,an Sini.an Fran Fraan

n Fran FrFem Sini,an Sini,FEM Sres,an Sres,FEM Siniecs  Frecs  Frpeenn
(kN) ¢) (mm) ) (mm) ) Q] Q] Q)

1 2828 0.99 12.9 1.00 5.79 1.04 1.30 1.25 1.17
2 2510 1.06 12.8 0.91 6.48 0.97 1.30 1.11 1.04
3 2669 1.01 12.9 0.95 6.14 1.02 1.30 1.18 1.10
4 2986 0.98 13.0 1.01 5.45 0.95 1.30 1.32 1.23
5 3145 0.99 13.0 1.03 5.11 0.85 1.30 1.39 1.30
6 1376 0.89 10.5 1.36 4.76 1.34 1.30 1.25 1.17
7 2102 0.95 11.8 1.14 5.34 1.15 1.30 1.25 1.17
8 2828 1.05 12.9 1.02 5.79 1.11 1.30 1.25 1.17
9 2828 0.97 12.9 0.98 5.79 0.99 1.30 1.25 1.17
10 3694 1.04 14.0 0.91 6.24 0.95 1.41 1.25 1.17
11 1414 1.00 6.70 0.92 3.29 1.11 0.96 1.25 1.17
12 1847 1.04 7.25 0.86 3.73 0.88 1.03 1.25 1.17
13 2196 1.22 11.5 1.40 5.33 1.51 1.16 1.65 1.27
14 3384 0.92 14.4 0.98 6.60 1.08 1.28 1.24 1.22
15 4421 0.98 15.6 0.88 7.04 0.88 1.28 1.24 1.22
16 1381 0.91 11.3 1.24 6.12 1.16 1.28 1.12 1.11
17 3226 1.00 14.4 0.98 6.94 1.36 1.28 1.18 1.16
18 3889 0.91 15.6 1.01 7.17 1.10 1.30 1.22 1.25
19 7778 0.88 28.0 0.91 12.2 0.90 1.65 1.22 1.25
20 1609 0.95 12.2 1.23 6.70 1.08 1.30 1.12 1.15
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Table 13. (Continued).

Fr.an Sini,an Stes,an Sini,an Fran Fran
n Fran Fr.reM Sini,an Sini,FEM Sres,an SresFEM  Sinieca  Frecs  Frpeenn
(kN) ) (mm) ) (mm) Q] Q] Q] )
21 5112 1.07 18.3 1.04 8.34 1.06 1.41 1.15 1.27
22 6678 1.12 19.8 0.96 8.79 1.01 1.41 1.15 1.27
23 793 1.19 4.72 0.87 2.24 0.94 0.96 2.10 1.96
24 793 1.27 4.72 0.87 2.24 1.06 0.96 2.10 1.96
25 386 1.05 3.83 1.11 1.21 0.77 0.96 2.10 1.96
26 286 1.10 3.69 1.08 1.77 0.92 0.96 1.68 1.57
27 2345 1.02 11.9 0.89 5.44 0.92 1.20 1.43 1.20
28 914 1.04 9.27 1.10 4.96 0.99 1.20 1.23 1.03
29 642 1.02 4.41 0.85 1.97 0.87 1.09 1.42 1.32
30 2260 1.00 11.9 1.02 5.15 1.05 1.47 1.25 1.17
31 2577 1.02 12.0 1.07 4.46 0.94 1.47 1.42 1.33
32 3271 0.94 14.4 1.00 6.50 1.06 1.34 1.28 1.31
33 1246 0.84 8.28 1.18 3.31 0.94 1.20 1.42 1.45
34 2718 1.05 12.9 0.97 5.79 0.95 1.30 1.70 1.74
35 1910 0.97 11.8 1.02 4.95 1.23 1.63 1.19 1.23
36 926 1.02 5.35 0.86 2.58 0.86 0.94 1.53 1.43
37 451 0.88 4.34 1.13 1.55 0.76 0.94 1.53 1.43
38 346 0.96 4.18 1.08 2.10 0.93 0.94 1.27 1.19
39 1210 1.08 5.78 0.77 3.02 0.91 0.94 1.53 1.43
40 357 1.04 3.94 0.99 2.06 1.02 0.96 1.68 1.57
41 432 0.92 4.46 1.02 2.40 1.00 0.94 1.27 1.19
42 519 0.94 4.72 0.93 2.66 0.93 0.94 1.27 1.19
43 2072 1.01 11.3 0.92 6.12 0.83 1.13 1.12 1.11
44 2866 1.13 8.25 0.82 4.56 1.00 0.96 1.25 1.17
45 4007 1.03 14.4 1.02 6.60 1.05 1.23 1.18 1.10
46 2413 1.04 13.8 1.02 7.25 0.80 1.30 1.12 1.15
47 5534 0.96 18.7 1.02 9.48 0.98 1.10 1.22 1.14
48 5190 1.09 15.6 1.05 7.17 0.98 1.22 1.15 1.07
49 4535 0.99 17.1 0.93 8.59 1.00 1.09 1.34 1.25
50 - - 12.9 0.99 5.79 1.05 1.20 - -
51 - - 12.9 0.95 5.79 0.92 0.94 - -
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Fig. 83. Comparison of analytical solutions with FEM model results.

Table 14 shows the maximum and minimum ratios of the analytical solution results to the FEM
model results, the average values of these ratios, the median values of the ratios and their
sample standard deviations, the mean absolute deviation, the average deviation from 1.0, and
the maximum and minimum value of the ratios, and number of ratios greater and less than 1.0.
The average values of the ratios and their medians are close to 1.00.
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6.2

Fig. 84 and Table 13 compare the resistance calculated according to the proposed analytical
relationship with the resistance calculated according to Annex C of EN 1998-1 [3] and with the
resistance calculated according to Bennacer et al. [20]. Furthermore, the proposed initial
stiffness coefficient is compared with the initial stiffness coefficient calculated according to EN
1993-1-8 [10]. The graphs are supplemented with intervals of £ 15 %. For clarity, the results
of the model with n = 19 with higher resistance and stiffness coefficients are not shown in Fig.

Table 14. Comparison of analytical solution results with FEM model results.

Fran Sini,an Sres.an
FrFem Sini,FEM Sres,FEM
) Q) Q)
Average 1.01 1.00 1.00
Median 1.01 1.00 0.99
Sample standard deviation 0.09 0.12 0.14
Mean absolute deviation 0.06 0.09 0.10
Average deviation®from 1.0 0.06 0.09 0.10
Max. 1.27 1.40 151
Min. 0.84 0.77 0.76
Number of ratios > 1.0 27 24 23
Number of ratios < 1.0 22 27 28

Comparison of analytical solution with Eurocodes and

literature

84 (Fran/ Frece = 1.22, Fran / Frenn = 1.25, Sinian / Sinieca = 1.65).

3 ) 49 Fran )1 . . 51 San 1
for resistance: | 1 ——==) -, for stiffness coefficients: |1 ——"=1)=
n=1 FrRreEmM /M n=1 SFEM ) Tt
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Fig. 84. Comparison of analytical solutions with existing solutions.

Table 15 shows the maximum and minimum ratios of the analytical solution results to those
calculated according to EN 1998-1 [3], EN 1993-1-8 [10], and Bennacer et al. [20], the mean
values of these ratios, the median values of the ratios and their sample standard deviations,
the mean absolute deviation, the average deviation from 1.0, and the maximum and minimum
value of the ratios, and the number of ratios greater and less than 1.0. The average values of
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the ratios and their median values are close to 1.20, i.e. the proposed analytical solutions
provide higher values of the resistance and initial stiffness coefficient by approximately 20 %.

Table 15. Comparison of analytical solution results with results calculated by EC8 [3], EC3 [10], and
Bennacer et al. [20].

Fran Fran Sini,an
FrEcs FrBENN Sini,EC3
) Q) Q)
Average 1.35 1.28 1.20
Median 1.25 1.20 1.23
Sample standard deviation 0.25 0.22 0.19
Mean absolute deviation 0.18 0.16 0.16
Average deviation*from 1.0 0.35 0.28 0.22
Max. 2.10 1.96 1.65
Min. 1.11 1.03 0.94
Number of ratios > 1.0 49 49 37
Number of ratios < 1.0 0 0 14

49 £ 1 51 B 1

. R . ..
4 for resistance: ( E [1——= I) =, for stiffness coefficients: E [1—=2 )=
n=1 Frrem /M n=1 SFEM | M
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Conclusions

7 Conclusions

7.1 Research summary

This thesis deals with steel fibre-reinforced concrete slab in compression as a component of a
composite steel-concrete frame joint. Based on the results of the experiments with a realistic-
sized steel-concrete specimen, a numerical model has been validated in Atena Science. Based
on a parametric study with simplified models, an analytical relationship for the resistance, initial
stiffness, and secant stiffness of the steel fibre-reinforced concrete slab in compression
component was derived using multiple linear regression.

The parametric study was carried out with input parameters in the range shown in Table 5 for
a joint not located on the topmost floor.

The direction of the principal stress under the action of mechanism 2 was evaluated in FEM
models in the range of 35 ° — 40 °. The actual direction is accounted for in the resistances and
stiffness coefficients calculated in the finite element models but was not quantified for each of
the models because it was not needed as an input parameter for the analytical solution.

The way of loading (sagging bending moment only, hogging bending moment only, and the
combination of a sagging bending moment on one side of the joint with a hogging bending
moment on the other side of the joint) does not have a significant effect on the resistance and
stiffness of the concrete slab.

The resistance of the concrete slab in the proposed analytical relationship depends mainly on
the following parameters: reinforcing index of fibres, compressive strength of the concrete slab,
width and height of the column cross-section, the thickness of the concrete slab, and the
square of the column flange thickness divided by half of the column cross-section width. The
analytical relationship for calculating the resistance, therefore, takes into account the effect of
the inverse of the column flange slenderness on the resistance of the concrete slab. The
flexibility of the column flange, therefore, influences significantly the resistance of this
component of the composite joint. The resistance can be significantly increased by transverse
column stiffeners at the level of the top and bottom slab surfaces.

Contrary to what was expected [5], the resistance of the concrete slab depends only negligibly
on the amount of transverse reinforcement in front of the column and on the coefficient of
friction between the column and the concrete slab.

The initial stiffness coefficient in the proposed analytical relationship depends on the modulus
of elasticity of the SFRC, the thickness of the concrete slab, the height of the column cross-
section, and the column flange thickness.
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The secant stiffness coefficient in the proposed analytical relationship depends on the modulus
of elasticity of the SFRC, the thickness of the concrete slab, the thickness of the column flange,
the height of the column cross-section, and the reinforcing index of fibres.

The proposed analytical solutions give approximately 20 % higher values of the resistance and
initial stiffness factor than the results calculated according to EN 1998-1 [3], EN 1993-1-8 [10],
and Bennacer et al. [20].

7.2 Future research

The experiment with the bent steel-concrete composite joint was very time-consuming and
costly. It is more advantageous to perform numerous simple experiments, e.g. similar to the
simplified model used in the parametric study in this work. Further research could be aimed at
verifying the obtained analytical relationships based on the results of more experiments with a
wider range of input parameters such as concrete strength, different column profiles, etc.
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Annexes

A  Determination of mechanical properties of SFRC

The protocol was drafted and the material parameters were determined by Reiterman [72].

Table 20 shows the results of the four-point bending test of FRC beams (dimensions
150 mm x 150 mm x 700 mm) according to CSN P 732452 [71]. The spacing of the supports
is 600 mm, the distance of the points of applied displacement is 200 mm, and the deflection is
measured in the middle of the beam span. According to the results obtained, the fibre-
reinforced concrete can be classified as L1.6/1.1.

Table 16. Determination of the cubic compressive strength.

Max. Compressive
Specimen Height Widthl Width2  Weight Density  force strength
(mm) (mm) (mm) @) (kg/m3)  (kN) (MPa)
1 151.3 150.0 150.0 8070 2371 1420 62.6
2 152.2 150.0 150.0 7040 2056 1460 64.0
3 151.8 149.9 150.0 7830 2294 1340 58.9
Average 2240 61.8
Table 17. Determination of the splitting tensile strength.
Max. Splitting tensile
Specimen Height Width1l Width2  Weight Density  force strength
(mm) (mm) (mm) @) (kg/m3)  (kN) (MPa)
4 151.0 150.0 149.9 8020 2362 235 6.6
5 151.2 150.0 149.9 8070 2374 188 5.3
6 149.4 149.0 149.8 7970 2390 188 5.4
Average 2375 5.8
Table 18. Determination of modulus of elasticity.
Specimen Height  Width 1 Length Weight Density Modulus of elasticity
(mm) (mm) (mm) @) (kg/m?3) (GPa)
1 100.9 99.9 400 9510 2359 36.4
2 99 99.9 400 9315 2355 35.9
3 98 99.9 400 9260 2365 35.1
Average 2375 35.8
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Table 19. Determination of the flexural tensile strength.

Max. Flexural tensile
Specimen Height  Width 1 Length Weight  Density  force strength
(mm) (mm) (mm) @) (kg/m3)  (kN) (MPa)
4 99.0 99.9 400 9450 2389 27.42 8.3
5 101.8 99.9 400 9700 2385 27.04 8.0
6 99.8 99.9 400 9270 2324 27.44 8.3
Average 2363 8.2
Table 20. Mechanical properties of SFRC.
Specimen T1 T2 T3
Max. force (kN) 28.29 25.66 37.36
Flexural tensile strength (MPa) 5.0 4.6 6.6
Average value 54
Characteristic average values
Frkos (KN) 19.71
fic.05 (MPa) 1.6
Frk3,s (KN) 17.29
fic.,3,5 (MPa) 1.1

B  Static scheme of the test set-up

The test set-up is shown in Fig. 36 and its static scheme is shown below in Fig. 85.

o — 1 o Q Pinned joints

Rotational springs

}_% — Rigid joints
)

Fig. 85. Static scheme of the test set-up [34].
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C  Coupon tests with steel member and rebar specimens

Fig. 86 shows the results of coupon tests with steel member and slab reinforcement
specimens. Coupon tests were performed and evaluated according to [73].

Table 21 shows the measured dimensions of specimen members. The column cross-section
had an imperfection shape, as illustrated in Fig. 55.

600 Steel specimens

550
500
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400

&350

=3

« 300

(O]

2 250 ——Beam web

200 Beam flange

150 Column-web

100 Column flange

50 Column stiffeners

0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 J

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30
strain (%)

@)

200 - Slab reinforcement

650
600 |-
550
500
5450 ¥
=35 |
(%]
d 300
%250
200
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100 |
50 |

O 1 1 1 1 1 1 1 1 1 1 1 1 1 1 J

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
strain (%)

(b)

Fig. 86. Results of coupon tests with steel member specimens (a) and reinforcement (b) specimen.

Slah reinforcement
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Table 21. Measured dimensions of specimen members in units of mm.

tf,top tf,bottom btop bbottom tw hmiddle hleft hright
beam (IPE 300) 11.2 11.3 151 151 6.9 303 303 303
column (HEB 300) 19.2 19.2 297 297 11.2 301 299 303
D  Other experimental results
|
F‘ﬁ’//fﬁ -'??,O/i-_- !’J/{ e 0 0" wltel . W//J
&= N 1 ,lr A} Y e A
7’§ DROJ A M DRO4
\ i = —

Fig. 87. The actual direction of the measured slips, which are plotted in Fig. 74.

; Column horizontal displacement
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5 =
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é /,}/- s /2" w ra/-
2 10 '
a AT LBL [ DR13
I ?f:
-15 ;
0 20 40 60 80 100 — i g _
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——DRO1 DRO2 ——DR11 i !—j—_’ -
——DR13 ——DR12 ® 63/-138 T DRO2
® 92/-183 ® 152/-184 195/-184 N h
® 228/-184 \ [ [

(a) (b)

Fig. 88. Horizontal displacement of the column in the area of the supports and the joint depending on
the test duration with the values of the sagging and hogging moments for the selected times marked
(a), location of the displacement sensors with the actual direction of displacement marked (b).
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Bending moment (kNm)

Column web panel - 1st cycle

200

100

-100

-200

-1 0 1 2

Rotation (mrad)

e exp. M+ 1 - disp. sensors
» exp. M- 1 - disp. sensors

» exp. M+ 1 -inclinometers
* exp. M- 1 - inclinometers

Fig. 89. Graph of the moment versus column web panel rotation in shear for 1st cycle (results for 2nd
cycle in Fig. 74).
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Fig. 90. Strain distribution on the top surface of the slab at a distance of 500 mm from the face of the
column flange as a function of bending moments for 2nd cycle (a) (for 1st cycle in Fig. 56),
investigated cross-section (b).
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Fig. 91. Strain distribution of the reinforcement at the connection as a function of the bending
moments for the 2nd cycle (a) (results for the 1st cycle in Fig. 58), investigated cross-section (b).
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Fig. 92. Strain distribution of the reinforcement in the cross-section at a distance of 265 mm from the
connection (a) depending on the bending moments - for the 1st cycle (b), for the 2nd cycle (c).
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Fig. 93. Strain gauge rosettes No. 1 - 4 on the top surface of the concrete slab - individual strains (a),
principal strains (b), and directions of principal strains (c) as a function of test duration. The values of
the sagging and hogging moments for the selected times are given
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Fig. 94. Individual strains versus test duration for strain gauge rosettes No. 1 - 4 on the concrete slab.

The values of the sagging and hogging moments for the selected times are given.
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GR5 . GR5 Principal strains;
1 - Strain gauges; 15 - +/- moments
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Fig. 95. Strain gauge rosette No. 5 on the top surface of the concrete slab (location of the rosette
shown in Fig. 93) - individual strains (@), principal strains (b), and direction of principal strains (c) as a
function of test duration. The values of the sagging and hogging moments for the selected times are

given.
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Fig. 96. Dependence of strain on test duration for transverse reinforcement and the top surface of the
concrete slab. The values of the sagging and hogging moments for the selected times are given.
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Fig. 97. Strain gauges on the end-plate on the sagging moment side (a), horizontal strain (b), and
vertical strain (c). Strain gauge C3 failed at a strain of 8 %o.

145



Compressed SFRC slab in joint of steel-concrete composite frame structure

I
e, .T/r?,,é é VY ;H/. /)ﬁ
CI0T=]
M+ " crotct1]
BOTH SIDES
(@)
Beam web in tension Lower beam flange in
12 - compression
o o o o o o
10 S 2833288898,
P\E{ 8 [y’ T 0 ’8
6 50 &
.g E
= -100 o
[0
2 -150 &
0 = 1 I I i J 2200 TEU
o o o o o o =
o = a & < -250 §
Sagging bending moment (kNm) 200
Hogging bending moment (kNm)
e C10- 1st cycle e C10-2nd cycle * C6 - 1st cycle ¢ C6 - 2nd cycle
C11- 1st cycle o C11-2nd cycle C111 - 1stcycle o C111-2nd cycle
(b) (c)
Top beam flange in tension Column flange in bending
200 100
g
> 150 = 80
g o
a3 = 60
£ 100 -
kL g 40
€ 5o 3
S = 20
= £
0 1 1 J § 0 1 1 J
o o o o o o o o o o o o
s 7 8 & = 8 g 7
Sagging bending moment (kNm) Sagging bending moment (kNm)
e C101- 1stcycle e C101 - 2nd cycle e C12-1stcycle e C12-2ndcycle

(d)

(e)

Fig. 98. Other strain gauges on the steel part of the joint: location of strain gauges (a), the strain of the
beam web in tension (b); normal stress (0 = E €measured) Of the bottom beam flange on the hogging
moment side (c), of the top beam flange on the sagging moment side (d), of the column flange in

bending (e).
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Fig. 99. Strain gauge rosette on the column web panel in shear.
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