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Abstract

The use of the structural systems combining members of different nature, such as
reinforced concrete walls with steel/composite beams and columns, presents a
competitive solution benefiting from the structural efficiency of each type of member.
This paper investigates the behavior of a composite beam to reinforced concrete wall
moment-—resistant joint configuration. The proposed joint configuration is a simple
solution with structural capacity to connect these types of members in a non-seismic
region. An experimental campaign was conducted within the work programme of a
RFCS research project that demonstrated the structural efficiency of the joint.

An analytical component based design model is proposed. The development of the
model was performed with the aid of numerical simulations and experimental results. In
the present paper, the calibration and validation of model is first presented for parts of
the joint, where only several components are activated, and after the global model is
assembled and verified against the experimental results. Subsequently, a parametric
study is presented extending the range of validity of the model. Finally, this study
shows the need to detail the concrete components appropriately (wall) in order to
prevent brittle failure of the joint.

Key-words: Structural steel-to-concrete joints, Behavior of joints, Component method,
Moment-rotation curve, Design model

1. Introduction

In many cases the use of mixed steel-concrete structures is the most competitive
solution. The concept of mixed structure is based on using different materials for
different members according to their best structural performance. Clear examples of this
practice are the use of reinforced concrete (RC) for foundations staircases/lift cores and
steel/composite for columns, slabs and beams. Optimized solutions can be obtained in
terms of structural performance, weight of the structure, erection time and therefore
cost. A typical example of the efficiency of this practice is the Millennium Tower in
Vienna [1].



Besides the aspects of global analysis, when dealing with the design of mixed
structures, engineers are faced with two distinct aspects: the design of members and
joints and the design of interfaces between different materials. The Eurocodes [2]-[4]
appropriately address the first aspect; however, for the latter, when steel/composite
members have to be connected to reinforced concrete members, a lack of guidance is
evident. Current solutions consist on the development of creative models, defined for
particular or exceptional situations, based on methods used for steel and concrete [5].
However, the complexity of such models requires a high level of expertise in three
fields: 1) steel connections; ii) anchorage in concrete (using fasteners or reinforcement
bars); and iii) concrete.

For the design of steel and composite joints, the component method is nowadays a
consensual approach, with proven efficiency, that is able to evaluate the nonlinear
response of steel/composite joints. This approach, firstly developed for steel joints and
later extended to composite joints, is now common practice in Europe. In Eurocode 3
Part 1-8 [6] the method is prescribed and several joint configurations may be analyzed
accordingly. In Eurocode 4 Part 1-1 [4] the extension to composite joints is made
adding the transmission of forces achieved through the composite slab and the
strengthening of several components due to the embedment of steel components in
concrete.

The anchorage in concrete is a key part of a steel-to-concrete joint; however, it is not a
mainstream task in the activity of “steel” designers. In recent years, considerable
research work has been performed in this field. The knowledge on this field is well
expressed in several design guides and standards, such as: CEB Design Guide [7],
ETAG 001 [8], ACI 318 [9], fib Design Guideline [10], CEN Technical Specifications
[11], Eligehausen et al. [12]. The underlying design philosophy is based on capacity
design, evaluating the resistance of the anchorage and disregarding its deformation.
Concerning the reinforced concrete part of the joints in a mixed steel-concrete structure,
discontinuity regions (D-region) are “generated” in the reinforced concrete member. In
such regions, the strain distribution is significantly nonlinear. Due to the inapplicability
of truss models for such complex regions, a rational approach has been developed
known as strut-and-tie models (STM). This approach simplifies the design with some
loss of accuracy; however, it is a preferable methodology when compared to an
empirical approach based on detailing, experience and good practice [13]. The use of
strut-and-tie models is currently the approach prescribed in Eurocode 2 [2] for the
design of reinforced concrete members where a non-linear strain distribution is
expected, such as supports, near concentrated loads, etc.

Clearly, the lack of background knowledge is not an issue for an efficient analysis of
joints in mixed steel-concrete structures. The main obstacle relies in the absence of
unification of the different approaches that can be integrated in design standards and the
design practice of engineers. Even if joints between steel and concrete members such as
column bases [14] have been addressed in the past, the design approach remained
distinct. The concrete part is dealt with independently by the concrete “side”, as



prescribed by the steel code [6]. Furthermore, beam to wall joints, in mixed steel-
concrete structures, are completely disregarded.

Recently, an European RFCS (Research Fund for Coal and Steel) research project
entitled “InFaSo - New market chances for steel structures by innovative fastening
solutions” [15] was devoted to the analysis of joints in mixed steel-concrete structures.
At the European level, for such type of joints, this was a first step regarding the
development of simplified design models that assemble all active parts, with special
emphasis on the anchorage in concrete. As a complement of this research work, at the
University of Coimbra, a PhD thesis [16] was developed. In this paper, the study of the
behavior of composite beam to reinforced concrete wall joint is presented. The results of
the experimental tests and the proposed analytical model are exposed. Given the limited
number of tests performed, numerical simulations were performed to complement the
analysis and to further support the analytical proposals. The validation and calibration
of these numerical simulations has been previously published [17]-[18] and therefore no
detailed information about these simulations is herein provided. Finally, a parametric
study using the proposed analytical model is presented extending the range of the
different parameters influencing the joint response.

The studied joint configuration is illustrated in Fig. 1 and may be divided in two parts: i)
upper part, connection between reinforced concrete slab and wall; ii) bottom part,
connection between steel beam and reinforced concrete wall. In the upper part, the
connection is achieved by extending and anchoring the longitudinal reinforcement bars
of the slab (a) into the wall. Slab and wall are expected to be concreted in separate
stages and therefore, the continuity between these members is only provided by the
longitudinal reinforcement bars. In the bottom part, the fastening technology is
implemented to connect the steel beam to the reinforced concrete wall. Thus, a steel
plate (b) is anchored to the reinforced concrete wall using headed anchors (c), pre-
installation system. The plate is embedded in the concrete wall with aligned external
surfaces. Then, on the external face of the plate, a steel bracket (d) is welded. A second
plate (e) is also welded to this steel bracket but it is not aligned in order to create a
“nose”. The steel beam with an extended end plate (f) sits on the steel bracket, and the
extended part of the end plate and steel bracket “nose” perform an interlock connection
avoiding the slip of the steel beam out of the steel bracket. A contact plate (g) is welded
to the extended end plate (f), at the level of the beam bottom flange.
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Fig. 1: Composite beam to reinforced concrete wall joint configuration according to the InFaSo project
report [15]
Finally, it is noted that this joint configuration was developed for application in non-
seismic regions and therefore the study was limited to the case of the joint submitted to
hogging bending moment.

2. Experimental research

2.1 Description of the experimental programme

The test programme comprised six tests. Three were performed at the Institute for
Structural Design of the University of Stuttgart (USTUTT) and the other three at the
Faculty of Civil Engineering of the Czech Technical University in Prague (CTU). The
configuration of the reference test specimen consists of a cantilever composite beam
supported by a reinforced concrete wall (Fig. 2). The geometry of the test specimens
varied within each group of three tests. One specimen had the same geometric
properties and therefore was common to both groups. Besides this common test
specimen, the variation of geometry differed from one institution to another. In
Stuttgart, the variation consisted of the percentage of reinforcement in the slab and the
disposition of the shear studs in the composite beam (a — distance of the first shear stud
to the joint face). In Prague, the geometric parameters, thickness of the anchor plate and
the steel bracket, were varied. The geometric and material properties within the different
test specimens are summarized in Table 1 and Table 2, respectively. The test procedure
relied on applying a concentrated load at the free-end of the cantilever beam with a
hydraulic jack up to failure. The tests were static monotonic and were performed using
displacement control. The reinforced concrete wall was fixed at bottom and top.

In Fig. 3 the test layout is shown. Test results were obtained by monitoring
displacements at beam’s end, along the beam, on the wall and on the anchor plate; load
on the hydraulic jack; crack opening on the composite beam; strains on longitudinal
reinforcement inside the composite beam. The interested reader may find more detailed
information on the tests in the InFaSo project report [15].
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Fig. 2: a) Test specimen’s general configuration; b) Joint detail



Table 1: Geometric properties of the experimental tests on composite beam to reinforced concrete wall

joint [15]
Stuttgart tests Prague tests
Test ID | SP13 | SP14 | SP15 | P15-20 | P15-50 | P10-50
tap [Mm] | 15 15 15 15 15 10
to [mm] | 20 20 20 20 50 50
@ [mm] | 16 12 16 16 16 16
a[mm] | 500 | 270 | 270 270 270 270

Table 2: Mean values of the material properties of the experimental tests on composite beam to reinforced
concrete wall joint [15]

Steel Long
Steel
Concrete Concrete rebars Steel
Headed Steel Plates .
Wall Slab (fy; fu; &y; Profile
Test ID Anchors (fy, fu)
[fck,cub] [fck,cub] 8u) (f f ) MPa: MPa (fy, fu)
MPa; MPa; »ou ' :
MPa MPa MPa: MPa MPa; MPa
%o0; %o
520; 673.11; ] 427, )
SP13 73.5 71.3 2 62: 73.58 460; 562 563 380; 539
540; 679.27; Same as Same as Same as
SP14 716 66.1 3.14; 81.89 SP13 SP13 SP13
Same as Same as Same as Same as
SP15 703 69.9 SP13 SP13 SP13 SP13
Same as Same as Same as Same as
P15-50 833 73.0 SP13 SP13 SP13 SP13
Same as Same as Same as Same as
P10-50 833 730 SP13 SP13 SP13 SP13
Same as Same as Same as Same as
P15-20 14 62.5 SP13 SP13 SP13 SP13

2.2 Test results

Fig. 3: Test layout [15]




In all tests, failure occurred by rupture of one of the longitudinal steel reinforcement
bars in tension. Consequently, the longitudinal steel reinforcement in tension was the
component governing the behavior of the joint. The Prague tests demonstrated that the
variations of the anchor plate and steel bracket geometry did not affect significantly the
results, leading to similar results for all tests. In contrast, in the Stuttgart tests, the
behavior of the joint was completely governed by the longitudinal steel reinforcement.
For this reason, only the tests performed in Stuttgart are used hereafter.

Fig. 4 presents the moment-rotation curves. Fig. 5 illustrates a test specimen after
failure. A ductile failure is confirmed by the rotation capacity achieved in all tests. The
variation of the percentage of reinforcement resulted in a significant variation of the
resistance, showing an increase between SP14 and SP13/SP15 of about 80%. In what
concerns the effect of the position of the shear studs a, as observed in Schafer [19],
there is an influence on the deformation capacity of the joint. The comparison between
test specimen SP13 and SP15 reveals that higher ultimate rotation is obtained with a
higher value of a. This result is consistent with the experimental observations in Schafer
[19]. For smaller values of a, the cracks concentrate near the joint face resulting in a
smaller elongation length contributing to the joint rotation. Higher slip was observed
closer to the joint, and with the increase of the distance to the joint, the slip diminished.

Table 3 summarizes the joint mechanical properties observed in the tests.
350

300
250
200
150

M, [kKN.m]

100
50

0

60

D, [mrad]

Table 3: Summary of the joint mechanical
properties of all tested specimens

SP13 SP14 SP15

S;ini
’ 25076.4 | 32917.9 | 37390.6
[KN.m/rad]
Mj max
! 19. 178. .
[KN.m] 319.3 8.9 330.8

@j, [mrad] 50.2 35.00 42.4

Fig. 5: Test specimen SP14 at failure [15]



3. Background for the design of steel-to-concrete joints

The design of steel-to-concrete joints requires extensive knowledge on steel and
composite joints, reinforced concrete joints and anchorage in concrete. A great deal of
background information exists and a thorough review and discussion may be found in
Henriques [16]. Table 4 summarizes the main approaches required for the design of
steel-to-concrete joints. These form the basis of the design model proposed in this

paper.

Table 4: Main background for the design of steel-to-concrete joints

Type of Joint/Connection Background knowledge Reference

m Web Panel

Component Method
Evaluation of components

¥ N . .
7 \ Construction of spring [4], [6], [20].[21], [22].
7 \\ models B 23]
ﬁ § Assembly of joint
components to determine
Left Connection Right Connection joint properties

Steel and composite

STM models
Evaluation of struts, ties and
nodes resistance

(2], [13], [25], [26],
[27], [28]

Different type of anchorage
in concrete
Evaluation of the failure
modes associated to specific
anchor type

(71, (8], [9], [10], [11],
[12]

Column bases models and
related components
Anchor plate connection [6], [14], [15], [29], [30]
models and new advances
I - steel-to-concrete joints
L et (InFaSo research project)




Column bases ‘

4. Design model: component base model

4.1 General considerations

In order to extend the method to steel-to-concrete joints, the joint components activated
in the selected joint configuration (subject to hogging bending moment) are listed in
Table 5 and their positions are shown in Fig. 6. It is noted that the number attributed to
the joint components does not follow the usual numbering in Eurocode 3 Part 1-8 [6].

Table 5: List of components

Comlp;nent Basic joint component Type
1 Longitudinal _steel reinforcement Tension
bar in the slab

2 Slip of composite beam Tension

3 Beam web and flange Compression
4 Steel contact plate Compression
5 Anchor plate in be_nding under Compression

compression

6 Concrete in compression Compression
7 Headed anchor in tension Tension

8 Concrete cone Tension

9 Pull-out of anchor Tension

10 Anchor plate in_bending under Tension

tension

11 Concrete panel Tension and Compression
12 Hanger reinforcement Tension

13 Plate-concrete friction Vertical Shear
14 Headed anchor in shear Vertical Shear
15 Concrete pry-out Vertical Shear
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Fig. 6: Location of the joint components

As referred above, this joint configuration was developed for non-seismic regions.
Accordingly, the joint was studied for hogging bending moment loading conditions
only. In Henriques [16] was shown that the shear load has a residual effect on the joint
response and consequently, its effects may be analyzed separately. Thus, for hogging
bending moment, the joint can be subdivided in three groups of components, according
to their role on the joint behavior: i) anchor plate connection in compression (bottom
part of the joint); ii) tension components (upper part of the joint); iii) concrete panel
(equilibrium between tension and compression introduced into the wall). In the
following sections, the models proposed for each of these parts of the joint are
presented. Subsequently, the joint global model is described and validated, through
comparison with experimental tests and numerical simulations.

4.2  Anchor plate in compression

4.2.1 Introduction

The analytical model proposed for the anchor plate was developed considering this
connection as an isolated connection subject to similar loading conditions as in the
composite beam to reinforced concrete wall joint depicted in Fig. 6. Accordingly, the
anchor plate connection is subjected to pure compression and the shear load is
neglected, as illustrated in Fig. 7. Analogously to column bases, the problem can be
seen as the component plate in bending under compression with headed anchors on the
non-loaded side of the plate. In Eurocode 8 Part 1-8 [6], the referred component may be
represented by a T-stub in compression, which is a simplified model with practical
interest. However, this model cannot take into consideration the effect of the headed
anchors on the non-loaded side. Therefore, a more sophisticated modeling of the anchor
plate in compression reproducing their effect is proposed, based on the sophisticated
model for columns bases proposed in Guisse at al. [29]. Finally, for practical use, a
modification of the T-stub in compression is proposed that incorporates the effect of the
headed anchors on the non-loaded side.

I 7E Fe
I

Fig. 7: Anchor plate subject to pure compression



4.2.2  Sophisticated model

Based on numerical analysis [16], [17] and the model for column bases proposed in
Guisse et al. [29], a sophisticated mechanical model for the anchor plate connection
subject to pure compression was idealized. It is represented in Fig. 8 and considers the
following components (Table 5): i) extensional springs for the concrete in compression
under the plate (component 6); ii) three rotational springs located at the sections of the
plate where significant bending of the plate was numerically observed (components 5
and 10); iii) three extensional springs in the positions of anchor row on the non-loaded
side of the connection (components 7 to 9). These springs represent the components
activated within the connection. Despite the level of sophistication of the model, it
corresponds to a 2D model that neglects the 3D behavior of the connection. The 3D
effects in the connection were incorporated in a simplified way in the components
(springs) behavior.

1
P 2 i i 2

Fig. 8: Spring mechanical model proposed to reproduce the anchor plate connection subject to pure
compression

a) Concrete in compression (Component 6)

The concrete in compression component depends on the plate-to-concrete contact. For
this reason the component is represented by a group of springs. The more springs are
used the better the approximation for the identification of the boundary of the no contact
section. For the determination of the component properties it is necessary to define the
dimension under the plate where stresses are admissible. Fig. 9 illustrates the “effective”
dimensions of the plate. It was assumed that the whole length (lap) of the plate may be
under compressive stresses. The development of stresses on the farthest edges from the
loaded area (lcp x bep) depends on the flexibility of the plate, which is taken into
consideration in the model using the rotational springs. For the width, similarly to the
Guisse model [29], two zones are distinguished: i) within the contact plate length (lcp);
i) and outside the contact plate length. For the first zone, the concept of equivalent rigid
plate was used, requiring the determination of the bearing width “c”, as defined in
Eurocode 8 Part 1-8 [6] for the T-stub in compression. In the second zone, all the plate
width is assumed. It is noted that along the width of the two zones the contact stresses
are assumed constant. Finally, the thick dashed lines in Fig. 9 represent the location of
the rotational springs.
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Fig. 9: Effective plate dimensions considered in the sophisticated model for the anchor plate connection
subject to pure compression

In order to reproduce the behavior of the concrete in compression the expression
proposed by Guisse [29] is used. It is based on a parabolic constitutive stress-strain
relation. However, instead of using the characteristic cylinder strength of the concrete
(fo), an amplified bearing strength (f;) is considered, because of the beneficial effect of
the confinement on the load bearing zone, as in the T-stub in compression model [6]. In
this model, the maximum bearing strength of the concrete is achieved at an ultimate
strain &y and followed by a plateau. Here, the concrete is assumed to fail when the
ultimate strain (ecu) is reached. In order to convert the stress-strain curve into a force-
deformation curve, the concrete-to-plate contact zone was discretized using a set of
springs. Each spring represents an equivalent area of contact (Aci) where the stresses are
assumed constant. Then, for the deformation of the springs, an equivalent concrete
height (hceq) is determined where the strain is assumed constant. The resulting force-
deformation relation is expressed in eq. (1). According to the numerical study presented
in Henriques [16], the equivalent concrete height (hceq), which governs the
deformability of the component, may be given by eq. (2).

[/jEe ( 5, >2 ( 5; )
Fi: +EC —
€%u hc,eq hc,eq

heoq=12.13027¢ 2353 )

Aci (1)

where F;j is the force in the spring i of equivalent area of concrete-plate contact (Aci), Ec
is the Young’s modulus of the concrete, di is the elongation of the spring i, hc is the
concrete member thickness and tap is the anchor plate thickness.

b) Anchorage in tension (Components 7, 8, 9)



The anchorage in tension comprises the contribution of three components: i) tensile
failure of the steel anchors; ii) concrete cone failure; iii) pull-out failure. The analytical
characterization of the behavior of these three individual components is summarized in
Table 6. It includes new developments from the research project InFaSo [15].
Subsequently, the behavior of the anchorage in tension is determined from the assembly
of the components, described in Table 6. The behavior of the individual components
and the resulting equivalent component is illustrated in Fig. 10 using the mechanical
and geometrical properties of the experimental tests presented above [15].

Table 6: Characterization and assembly of components for the anchorage in concrete

Component Model Eq.
Ny i=Ad,
. R o ®)
Steel failure of Nusi=Adf,,
anchor shaft EA,
D Ks,ini: l_ (4)
Ac,N
R Nuc,k: AT SUs,N Y/ec,NSUm,NSUre,N Wucr,NNzc’k (5)
¢, N
Concrete cone 0. =0—>N=N,
failure D 5C>0_)N:Nu,c+5;’lkc (6)
kc:“c\/h:f' /fcc,ZOOA?_)‘N
o, N
a:=-537
R N, i=p,An (7)
s o Kk N ?
pl_ap?l A 200"
c; = 300 for headed studs in un-cracked concrete
Pull-out failure b c; = 600 for headed studs in cracked concrete "
4,=0,5(dy-d) ®
k,=\5/a,>1
k,=0.5 /d2+m(d§-d2)-o.5dh
R Fa,max =Min (Nus,k;Np,k;Nuc,K) (9)
Assembly
D 0= ) G(FD (10)

*R — Resistance; D - Deformation
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Fig. 10: Force-deformation curve characterizing the behavior of the components activated in anchorage
subject to tension

c) Plate in bending under compression and tension (Components 5 and 10)

The behavior of the plate in bending component is derived from the moment-rotation
curve of a rectangular cross-section in bending. The total width of the plate is
considered to contribute to the section resistance. No hardening is assumed and
therefore the maximum resistance is limited to the yield strength (fy) of the steel plate.
Accordingly, the maximum bending moment corresponds to the complete yielding of
the cross-section. The elastic resistance, plastic resistance and cross-section rotation
(curvature), before complete yielding, are determined according to egs. (11) to (13),
respectively, where x denotes the distance between the opposite steel fibers achieving
the yield strain (sy). These properties are subsequently assigned to the rotational springs
representing components 5 and 10.

f)‘,bapl%p
M,="— (11)
fbapta
M= (12)
e
= (13)
X

d) Model assembly
The component model for the anchor plate connection in compression is illustrated in
Fig. 11 and the assembly procedure follows the formulation proposed in Guisse et al.
[29]. The following assumptions apply:
= Forces and displacements are positive downwards while rotations are positive in
the anticlockwise direction;
= Four zones are identified and delimited by the edges of the anchor plate and the
rotational springs;



= Four degrees of freedom are considered: u, vertical displacements; s, rotation of
the bar in zone 1; a2, rotation of the bar in zone 3; as, rotation of the bar in zone
4,

= Bar in zone 2 is assumed to remain in the horizontal position (assumption of
constant deformations in the concrete within the contact plate length (I¢p) as
observed numerically);

» The origin of the (x) axis is located at the middle of the contact plate length (lcp).
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Zone 1 ‘ Zoﬁle 2 Zone 3 Zone 4

Fig. 11: Schematic representation of the model for the anchor plate in compression

The assumed displacement field may be expressed as follows [16].

u(x) =u+a1<x+lc—p)

Zone 1 >

Zone 2 u(x) =u

Zone 3 u(x) =u-—a, (x — l%) (14)
u(x) = u— a,(sg + lgp) — az <x — (50 + 1, + lc_P))

Zone 4 >

where x is the position of each spring, lcp, So and Is, are geometrical dimensions of the
anchor plate connection as defined in Fig. 9. Eq. (15) describes the resulting vertical and
rotational equilibrium equations [16], where Fc and M; represent the external loading
(note that M; is zero in the present case). Due to the non-linearity of several
components, as concrete in compression, pull-out failure and plate in bending, the
problem needs to be solved using an iterative procedure. The Newton-Raphson method
was adopted.
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where ki represents the stiffness of the extensional springs, x;i is the position in relation
to the referential defined above and krsi represents the stiffness of the rotational springs
(the tangential stiffness is obtained from the component behavior according to the
respective load-deformation behavior).

(so+1p)-krsyas

4.2.3 Simplified model

Noting the similarities between the anchor plate in compression and column bases,
specifically in the compression zone, an adaptation of the T-stub in compression
Eurocode 3 Part 1-8 [6] is proposed and presented hereafter.

a) Direct modifications
The T-stub in compression resistance model was developed regarding its application to
column bases where the installation conditions may differ from the anchor plate, namely



the use of grout that is not expected in the latter. Consequently, the foundation joint
material coefficient (5;), used to determine the concrete bearing strength, is set to 1. This
coefficient should be smaller when the use of grout is considered. Thus, an increase of
the concrete bearing strength is obtained and consequently of the resistance of the
component. This assumption is consistent with results by Weynand et al. [31] that refers
ratios between the experiments and calculations ranging from 1.4 to 2.5.

Similarly, for the initial stiffness, the influence of the grout is corrected. As described in
Steenhuis et al. [32] and Weynand [31], the stiffness coefficient currently specified in
Eurocode 3 Part 1-8 [6] implicitly includes a reduction factor of 1.5 for the quality of
the concrete surface and the grout layer influence. Neglecting this reduction factor, the
stiffness coefficient is rewritten as follows.

Eeyfbeley (16)

k’T—stub: O 85E

where besr and lesr are the dimensions of the effective T-stub in compression contributing
to the initial stiffness and E¢ and E are the Young’s Modulus of concrete and steel,
respectively.

b) New proposal for the equivalent rigid plate to determine the component
resistance

In the resistance model for the T-stub in compression an equivalent rigid plate
dimension under uniform concrete bearing stresses (fj) is assumed. The key parameter of
the model is the bearing width of the plate ¢ (Fig. 12a). The latter is obtained calculating
a cantilever beam (Fig. 12b) with cross-section properties equivalent to the anchor plate
(h = tap; b = 1). The value of c is then obtained by equating the bending moment of this
cantilever beam to the yielding of the edge fibers (fyta?/6) at the support cross-section.
However, the process is iterative, as the bearing strength of the concrete (fj) depends on
the bearing width c. In the anchor plate under study, this model is valid in all directions
except on the non-loaded side (side where anchors are activated in tension). Thus, a new
bearing width ¢’ (Fig. 12¢) is proposed, determined according to the structural system
illustrated in Fig. 12d.

Although the beam in Fig. 12d could be solved by any structural analysis method, the
non-uniform cross-section and the uncertainty in the load application length lead to an
excessively complex expression for practical use.

Based on numerical calibration, eq. (17) was adopted as a reasonable approximation of
the new bearing width (c¢’) [16].
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where fj is the concrete bearing strength; fy is the steel plate yield strength, (p1-lcp) is the
distance of the non-load side anchors to the contact plate, Isg is the length of the steel



bracket, tes is the thickness of the steel bracket and tap is the thickness of the anchor
plate.

C) Correction of the bearing width for the stiffness of the component

The stiffness model of T-stub in compression is also based on similar interaction
between the concrete and the base plate, as assumed for the resistance. With this model
the initial stiffness of the component is estimated. The numerical models [16] used to
validate the modifications on the resistance model showed that the initial stiffness of the
component is not affected by the presence of the anchors on the non-loaded side of the
plate. Therefore, no specific modification for the stiffness model is proposed. However,
using the theoretical stiffness model described in Steenhuis et al. [32] and for the loaded
dimensions, lep and bep, from 20 mm to 40 mm and 100 mm to 200 mm, respectively, a
new approximation for the bearing width (c) was obtained [16], given by eq. (18).

¢ =1.41,, (18)

4.2.4 Validation and calibration of the model

The process of validation and calibration of the proposed models was performed by
comparison with numerical models [16]. A parametric study was performed, described
in Table 7.

Table 7: Variables and range of values considered in the parametric study

tap[mm] | lep [mm] | bep [mm] | Iss [mm] | fy [N/mm?] | fem[N/mm?]
10 20 100 105 235 24
15 30 150 140 355 45
20 40 200 175 460 68

The calibration of the model, described in detail in Henriques [16], comprised the
following aspects:

= Application of a factor asr to the rotational springs of the sophisticated model to
account for the 3D behavior of the plate. The values found for the factor orsi-2
and arss were 0.05 and 0.01, respectively.

= Correction factor [16] to determine the concrete bearing strength (f;), which for
high concrete grade showed deviations. A factor (asm) function of the mean
concrete strength is then applied. This factor is calculated as follows and applied
to both type of models, sophisticated and simplified.

Ofcm = 6.83fcm_0'62 (19)



The result of the application of the analytical model is compared with the numerical
models in Fig. 13. The numerical simulations have been previously validated in [17].
Only the results considering the variation of the concrete strength are presented, as this
was the variable that required a calibration of the model. The sophisticated model
presents an excellent agreement. Concerning the simplified model, good agreement is
obtained for the stiffness, while conservative results are noted for resistance.
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Fig. 13: Comparison between numerical and analytical results: influence of the concrete strength (fcm)

4.3 Tension components

4.3.1 Longitudinal reinforcement in tension

The application of the component method to composite joints assumes each layer of
longitudinal reinforcement bars as additional bolt rows. According to Eurocode 4 [4],
the longitudinal steel reinforcement bar may be stressed to its design yield strength. It is
assumed that all the reinforcement within the effective width of the concrete flange is
used to transfer forces. Fig. 14 illustrates the analytical models available [4], [24] to
determine the force-deformation response of the component. The code approach is
conservative, as it limits the resistance to the yield strength of the steel reinforcement
bars. In addition, it does not provide any procedure to evaluate the ultimate deformation
capacity. Though, if reinforcement bars class C are used, it may be assumed that
sufficient deformation capacity to redistribute the load is available in the case of more
than one layer [33]. Regarding the deformation, both models require the definition of
the elongation length. In the case of the code approach, this value is constant as it only
considers the elastic range. Thus, analogously to the code provisions for single-sided
composite joints, the dimension h involved in determination of the components stiffness
coefficient (ksr) is assumed, as represented in Fig. 15. Without sufficient experimental
data to derive another value, the coefficient 3.6 is kept. In the model proposed in ECCS
publication, two parts of longitudinal reinforcement are distinguished in the deformation
model: one inside the wall and one inside the slab. The definition of these parts may be
found in ECCS Publication n°109 [24].
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Fig. 15: Definition of dimension h for the elongation length of the joint component longitudinal steel
reinforcement bar in the wall

4.3.2 Slip of the composite beam

The slip of the composite beam is not directly related to the resistance of the joint,
although the level of interaction between concrete slab and steel beam defines the
maximum load acting on the longitudinal reinforcement bar. In Eurocode 4 [4], the slip
of composite beam component is not evaluated in terms of resistance. The level of
interaction is considered on the resistance of the composite beam. Concerning the
deformation of the joint, in Anderson & Najafi [34] it is demonstrated that the shear
connection flexibility could not be excluded from the connection stiffness derivation.
Non-negligible influence of the slip between concrete slab and the steel beam on the
joint rotation was also observed numerically in Aribert [35]. In Eurocode 4 [4], the
influence of the slip of composite beam is taken into account affecting the stiffness
coefficient of the longitudinal reinforcement (ksr)

According to Aribert [35], the slip resistance may be obtained from the level of
interaction determined as prescribed in Eurocode 4 [4].



In what concerns the deformation of the component, either the shear load distribution is
uniform along the beam and the deformation capacity is then limited by the shear stud
with lowest deformation capacity, leading to (Ahmed & Nethercot [36]):

kslip =N ksc (20)
or the shear load distribution is non-uniform along the beam and the deformation

capacity of the component is then limited by the deformation capacity of the first loaded
shear connector [34], yielding:

F. sli P RK F sli
Agiip= ( PR;:) ( k. ) = kscp <0, 15¢ (21)

The model expressed in eq. (20) is stiffer, as all the shear studs contribute to the
stiffness of the shear connection, while the latter assumes the stiffness is provided only
by one shear stud at the time. In the latter model, a plastic distribution of the interaction
load can only be obtained if ductile studs are used. As expressed in egs. (20) and (21),
these are dependent of the stiffness of one shear connector (ksc). The range of variation
of this parameter is considerable. According to Ahmed & Nethercot [36] it varies
between 110 kN/mm and 350 KN/mm. In the code [4] the value of 100 kN/mm is
suggested for 19 mm diameter headed stud.

In the case of the composite beam to reinforced concrete wall joint tested in the InFaSo
project Report [15], the appropriate deformation model is the one expressed in eq. (20).
The model was applied to the test specimens in the InFaSo project [15]. Initially, as no
specific tests on the shear connection were performed, the shear stiffness of one stud
was assumed equal to 100 KN/mm. Then, a shear stiffness was determined using the slip
observed in the tests. Table 8 presents the results of these calculations. The stiffness of
one shear connector calculated with the slip measured in the tests shows that the value
of 100 kN/mm is acceptable for this joint.

Table 8: Results of the application of the deformation model for slip of the composite beam component

Test 1 Test 3
ksc = 100 kN/mm A5|ip = 0870 mm Aslip = 0898 mm
ksc®®° = 106.36 KN/mm | ks8¢ = 118.97 KN/mm

4.4 Concrete panel

4.4.1 Introduction
The analytical model for the concrete panel is based on STM and follows the numerical
study detailed in Henriques [16]. The numerical study of the concrete panel [16]



identified the main flow of compression stresses between the bend of the longitudinal
reinforcement bar and the anchor plate connection, leading to the model illustrated in
Fig. 16. It this comprises the following components: a single diagonal concrete strut and
two nodes. The numerical calculations demonstrated that the flow of compression
stresses between nodes is similar to a “bottle” shape. This results from the different
loading widths (distance between outer longitudinal reinforcement bars and contact
plate width). In the numerical calculations, a flow of tension stresses was identified in
the perpendicular direction to the compression flow, and this should be taken into
account in the failure criterion of the concrete strut. However, as stated in Schlaich et al.
[13], it can be assumed that the concrete strut is safe if the failure criterion of the nodes
is satisfied. In addition, in the present study, the edge distances are not considered to
affect the joint. Consequently, the nodes are the most relevant components of the
proposed model. The identified nodes are of the following type: N1 is CTT, as two ties
converge to the node; N2 is CCC, as only compression struts converge to the node.
Finally, it should be stated that the horizontal reinforcement ties are considered as a
component of the complete joint and not as part of the concrete panel.

Node N1
o T
\
\
\\
trut 11
\S\ )
\
\
\
\
Node N2, Fi| C
\
Pl \
[———— | [——— |

Fig. 16: Model proposed for the Concrete panel component

Thus, the following assumptions were considered in the concrete panel model:

e Components: Single diagonal concrete strut (bottle shape) and two nodes (one
type CTT and one type CCC);

e Failure is governed by the nodal regions, and is disregarded within the strut;

e The flow of stresses through the wall to supports are not considered as part of
the concrete panel and therefore not analyzed,

o Ties (longitudinal reinforcement) are components considered in the analysis of
the complete joint and therefore are neglected for the concrete panel behavior;



e The deformation of the diagonal concrete strut is assumed to contribute to the
global response of the joint.

4.4.2 Characterization of the components and determination of the concrete panel
properties

In terms of resistance, the model is characterized by the resistance of the nodes at the

ends of the diagonal strut. Accordingly, the maximum admissible stresses and the

geometry of these nodes define the concrete panel load capacity. The resistance of the

nodes is obtained as follows.

a) Node N1 (type CTT)

The geometry of the node is defined in one direction by the bend radius of the
longitudinal reinforcement and by the strut angle, as illustrated in Fig. 17 with the
dimension a. In the other direction (along the width of the wall), it was observed that
the stress distribution is non-uniform; as illustrated in Fig. 18a. Hence, as the analytical
approach assumes that the stresses are constant within the dimension by, (distance
between the outer longitudinal reinforcement bars), an effective width (befrrn) was
proposed. It was calibrated on the basis of a parametric study and the numerical model
shown in Fig. 18b. The diameter of the reinforcement bar (drb), the spacing of bars (Srb)
and the strut angle (0) were identified as the main parameters influencing the effective
width (befr,b). The influence of the wall edges was disregarded.

Fig. 17: Definition of the width of the node N1
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b) Numerical model used in the parametric study

Fig. 18: Approach to derive the effective width under each reinforcement bar subjected to constant
admissible compression stresses in a CTT node with bent reinforcement bars

Based on the numerical simulations [16], the node resistance is obtained as follows:

5 >80mm:b g, =2.62 dby, *(Cos 6) (22)
96 $pp) 001
Sy <80mm:b 5, =2.62 dyyy° (Cos 6) 0 (%)
An1=b gz, 2rCos(6) (23)
F.n =AN10.75vfcd (24)

where Anz is the cross-section area of the diagonal concrete strut at node N1 where the
admissible stresses have to be verified, berr, o effective width of the concrete contributing
to the node resistance, r is the bend radius of the longitudinal reinforcement bars and 6
is the angle of the concrete strut with the horizontal direction.

b) Node N2 (type CCC)
The geometry of the node, on the concrete strut edge, is defined by the projection of the
dimensions of the equivalent rigid plate, representing the anchor plate subjected to



compression, in the direction of the concrete strut. Fig. 19 illustrates the geometry and
the dimensions of this node, leading to:

/
eff
Apy=—L__
N2 Cos(6) bey

(25)
where Anz is the cross-section area of the diagonal concrete strut at node N2 where the
admissible stresses have to be verified and let and ber are the dimensions of the
equivalent rigid plate [16].

Considering the admissible stresses and the node dimensions, the resistance of the node
is obtained [16].

Frno=An23vf, (26)

fca 1S the concrete design strength and o is a factor related to the concrete characteristic
compressive strength (k).

jbeff

Fig. 19: Definition of the dimensions of node N2

c) Concrete panel properties

The resistance of the concrete panel is given by the minimum resistance of the two
nodes, N1 and N2, eq. (27) [16]. Note that the resistance is projected in the horizontal
direction. It should be noted that for equilibrium in node N1, the vertical component of
the load in the diagonal strut has to be equilibrated by the vertical reinforcement in the
wall. The design of this reinforcement is not analyzed in the present study.



Fc.pcp=Min(F, ni:F,,x2) Cos(6) (27)

In terms of deformation, the problem is more complex as the strain field within the
diagonal strut is highly variable. However, as the deformation pattern of the concrete
panel is not very sensitive to geometric variations [16], a mathematical expression (eq.
(28)) was fitted to the numerical force-deformation curve. Thus, the horizontal
projection of the deformation of the diagonal strut is obtained as a function of the
horizontal component of the load on the strut. In eq. (28), the load (Fc-t.cp) is
introduced in kN and the deformation is obtained in mm.

dy, cp=(6.48E Fep cp+14TE Fopop)Cos 0 (28)
4.4.3 Application and validation of the model

In order to assess the quality of the analytical model proposed for the concrete panel, it
was applied and compared to the numerical results [16]. Table 9 shows good agreement
between these results, both in terms of failure mode (upper node in all cases) and
resistance, except for thinner walls (150 mm) where the ratio is below 0.6. Plotting the
resistance ratio as a function of the angle of the strut (#), as shown in Fig. 20, it can be
observed that the analytical model loses accuracy for angles above 70°, becoming too
conservative. For these cases, a different STM model should be considered, e.g.
adopting two diagonal springs with height equal to half of the lever arm. However, this
was not pursued in the present work.

Table 9: Ratio between Fcp an/Fep.num

Parameter
Parameter ] Parameter . Bend radius of ]
Thickness Ratio Height of Ratio . Ratio
[Fep an/Fcpnum] . [Fep an/Fcp num)] longitudinal [Fep an/Fepnum]
of wall composite beam .
reinforcement

JL-T150 0.588 JL-H226 0.998 JL-R80 0.850
JL-T200 0.855 JL-H416 [Ref]* 0.997 JL-R120 0.974
JL-T250 0.965 JL-H620 0.826 JL-R160 [Ref]* 0.997
JL-T300

0.997

[Ref]*

JL-T350 0.977

JL-T400 0.951

*Ref — is the reference model which uses the same geometrical properties as in the tests performed in [15]
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Fig. 20: Influence of the strut angle () on the analytical prediction

4.5 Joint mechanical model and assembly of joint components

45.1

Idealized model

The joint components activated in the composite beam to reinforced concrete wall joint,
subjected to hogging bending moment, were identified in Table 5. Accordingly, a
representative spring and rigid link model was idealized and it is illustrated in Fig. 21a.
Two vertical rigid bars separate three groups of springs. The rigid bars avoid the
interplay between tension and compression components, simplifying the joint assembly.
Another simplification was introduced by considering a single horizontal spring to
represent the concrete panel. In what concerns the tension springs, it was assumed that
slip and the longitudinal reinforcement are at the same level although slip is observed at
the steel beam — concrete slab interface. Finally, concerning the anchor plate, an
equivalent translational spring (5-10)eq was considered, leading to the simpler joint
model of Fig. 21b.

11

a) Complete model

-

b) Simplified model
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(5110), 4 3
~/VV\/
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Fig. 21: Joint component model for the composite beam to reinforced concrete wall joint



4.5.2 Joint assembly and determination of the joint properties

For the joint under hogging bending moment, the assembly procedure is based on the
mechanical model depicted in Fig. 21b. The determination of the joint properties under
bending moment was performed using two different approaches: “optimized” and
“simplified”. EC4 model [4]). In the first case, the longitudinal steel reinforcement bar
in slab follows the ECCS recommendations [24], while the slip of the composite beam
and the anchor plate components consider the “sophisticated” models described before.
For the second approach, the longitudinal steel reinforcement bar in slab follows the
EC4 model [4], while the anchor plate components consider the “simplified” models.

a) “Optimized” model

The mechanical model represented in Fig. 21b presents only one row of components in
tension and another in compression. This leads to a simple assembly procedure, as no
distribution of load is required amongst rows, as in steel/composite joint with two or
more tension rows. Thus, the first step is the assembly of the components per row.
Equivalent springs are defined per row, as represented in Fig. 22. The determination of
their properties takes into consideration the relative position of the components: acting
in series or in parallel [16], leading to egs. (29) and (30), for resistance (Feqtand Feq,c)
and deformation (Aeqt and Aeq,c), respectively.

F

A

eqtr degit

F

4

eq,c ’ eq,c

Fig. 22: Simplified joint model with assembly of components per row

F.,=Min{F; toF ,} (29)

Aeq: Z Ai (30)
i=1

where the index i represents all relevant components either in tension or in compression,
depending on the row under consideration.

In order to determine the joint properties (M;, @), it is necessary to define the lever arm
hr. According to the joint configuration, it was assumed that the lever arm is the
distance between the centroid of the longitudinal steel reinforcement bar and the mid



thickness of bottom flange of the steel beam. The centroid of steel contact plate is
aligned with this reference point of the steel beam. Accordingly, the joint properties are
obtained as follows [16]:

Alj:Min{Feq,t;Feq,c;FCP}hr (31)
Aeq, t +Aeq,c A CP
= h, (32)

where Feqt and Feqc are the equivalent resistance of the tension and compression rows,
respectively, determined using eq. (29); Aeqt and Aeqc are the equivalent deformation of
the tension and compression rows, respectively, determined using eq. (30), FCP is the
concrete panel resistance, (eq. (27)) and DCP is the deformation of the concrete panel

(9. (28)).

b) “Simplified” model
In what concerns to the model assembly, the main difference lies in the deformation
model which consists in the calculation of the joint initial rotational stiffness. Using the
stiffness coefficients of the joint components, the joint rotational stiffness may be
determined as expressed in eq. (33) as prescribed in [6]. For the concrete panel, no
stiffness coefficient was derived though, as the contribution of this component is
considerably smaller. Thus, as for two of the compression components, this component
may be assumed as infinite rigid.
Eh?
Sfﬁm‘iﬁ (33)

+
keq,t keq,c

kegt and Kkeqc are the equivalent stiffness coefficient of the tension and compression
components, respectively.

In the case of structural non-linear analysis, the joint characterization requires the
determination of its ultimate rotation capacity. This property is strongly dependent on
the limiting component. As observed in the joint tests [15], this component is the
longitudinal steel reinforcement bar. In the code, no estimation of the ultimate
deformation capacity of this component is provided. The ECCS publication [24]
proposes a model to evaluate this parameter. This model is suggested for evaluation of
the joint rotation capacity. As conservative approach, the joint ultimate rotation capacity
may be determined using only the ultimate deformation capacity of the longitudinal
steel reinforcement bar in the slab, and neglecting the contribution of the other joint
components [16]. Thus, in eq. (34), the component ultimate deformation (4sry) should be
obtained using the appropriate equation given before.

Agry

@j, u = hr (34)




The complete moment-rotation curve is obtained using the same principles as in
Eurocode 3 Part1-8 [6] for steel joints. The modified (S;) stiffness was determined using
the appropriate joint stiffness modification coefficient 7, as expressed in eq. (35). The
non-linear moment-rotation curve was defined using the joint stiffness expression
prescribed by Eurocode 3 Part1-8 [6], as reproduced in eq. (36). In this expression, the
stiffness ratio () is constant and equal to 1 up to 2/3 of Mijrq, after a non-linear range is
defined up to Mjrq, as expressed in eq. (37).

Sj,im
S;= , (35)
¢ Eh?
i~ 7 (36)
H Zi E
With
( ) 2
| if M; ra=5 M ra- 1=1
4 (37)

et
Yy 3 M ra~Mj Ea=M Ra- B

L 3 ‘7R j,E 7,R ]Wj,Rd
The coefficient ¥ is assumed equal 1.7 as recommend in Eurocode 4 [4] for a contact
plate joint. Values for the rotational stiffness modification coefficient () are provided
in Eurocode 3 Part1-8 [6]. These vary according to the joint configuration. In the case of
beam-to-column joints the value of 2 is proposed. In the case of composite beam to
reinforced concrete walls, no information is available and therefore the use of the value

for steel and composite joints is suggested.

4.6 Validation of the model

The application of the model is shown in Fig. 23. The joint bending moment to joint
rotation curves compare analytical models and experimental tests. The quality of the
model varies with parameter under analysis and with the type of model, “optimized” or
code based. For the resistance, the approximation of the “optimized model” is excellent.
The code model limits the governing component, the longitudinal steel reinforcement
bar, to its yield capacity therefore, the lower resistance obtained with this model was
expected. In terms of initial stiffness, the quality of the models is reversed. For this
parameter, the code model provides a better approximation, being very close to the
experimental results. In what concerns the “optimized” model, it was seen that the
initial stiffness required improvement. A stiffer response was observed which may be
attributed to the fact that the “optimized” model neglects discontinuity in the wall-slab
interface. Because these members are concreted in different stages, the small bond
developed between these members is rapidly exceeded. Consequently, an initial “crack”
between wall and slab may be assumed from the beginning of loading and therefore the



joint is a more flexible than if full continuity existed between these members. As the
code base model provided a good approximation for this parameter. It was decided to
propose a modification to the joint component model described above. In this way, the
initial stiffness is determined using same elongation length as used in the code based
model: 3.6h. See Fig. 15 for definition of the dimension h. Subsequently, the model to
determine the ultimate deformation was also modified introducing the previous
consideration. In Table 10 is summarized the modifications proposed in [16] for the
“optimized” model of the longitudinal steel reinforcement bar in the slab component.
Though, it should be noted that if wall and slab are concreted at the same time, the
initial proposal for the “optimized” model should be more accurate and therefore used
instead of the proposed modification. In what respects to the ultimate rotation, the
“optimized” model is conservative though, also the analytical model to determine the
ultimate deformation of the longitudinal steel reinforcement bar should be affected by
the wall-slab interface behavior. The code based model is absent in what concerns this
parameter. The limit of the represented plateau was assumed equal to the ultimate joint
rotation determined with the “optimized” model.

According to the results presented Fig. 23, both models present a good approximation of
the joint behavior and therefore, are suitable for application.

Table 10: Proposed modifications for the “optimized” model of the longitudinal steel reinforcement in
slab component

Elongation length 3.6h
p <0.8%: Agy= 3.6hegmuy
Ultimate deformation p=08%anda <Ly Agy= 3.6hegmy
p=08%anda>L;: Agy=3.6heg ., + (a—3.6h)egm,
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Fig. 23: Joint bending moment to joint rotation curve (Mj—®;) comparing modification on the
“Optimized” model with experimental tests and code based model results

5. Design procedure

The design procedure to determine the joint properties is summarized here below (Fig.
24). The range of validity of the proposed procedure is limited to joint configurations
with only one row of longitudinal reinforcement in tension. In the case of more than one
row in tension, the distribution of forces amongst tension rows and the assembly
procedure should be similar to that prescribed by the [6] for steel joints. However, it has

not yet been validated.

Identification of joints components
activated in the joint

J

Idealization of the joint component
model (see Fig. 21)

J

Evaluation of the joint components
(see Table 11)

]

Assembly of joint component per
row (see Fig. 22)

1

Determine joint properties
(Eq. 31 and Eq. 32)
Or
(Eq. 31, Eq. 33 and Eq. 34)

4

Joint M- curve

Fig. 24: Composite beam to reinforced concrete wall joint design procedure




Table 11:Summary of the design expressions to determine the joint components behavior
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Resistance ’ Yum
Beam web and M
flange [6] F, = cRd
SFbRAd = 71 . N
“f (hy = trp)
Stiffness Assumed infinite (Rigid component)
c | Resistance Eq. 34
oncrete pane Stiffness Eq. 35
ja " Aesr
. Fopa =—"
Resistance ’ Yc
T-Stub [16] with
Agfr = min(Zc + bep; bap) . (c’ + 1 + min(c, el,cp))
Stiffness Eg. 16




Resistance fy.ep * Aefrep
Steel contact [4] Fep = T
late —— —
P Stiffness Assumed infinite (Rigid component)

6. Parametric study

6.1 Introduction

The design methodology presented in the previous sections is able to predict with good
level of accuracy the behavior of the steel-concrete composite beam to reinforced
concrete wall joint subject to hogging moment. It highlights that various distinct failure
modes may control its behavior. In particular, depending on the critical component,
either a ductile or a brittle behavior may be observed. Hence according to the design
principles of the Eurocodes, it is important to assess and provide guidance for achieving
a ductile behavior, especially if a semi-continuous design approach is to be used.

Table 5 identified the relevant components in the selected joint. Given that the
longitudinal steel reinforcement is the component that may provide a ductile behavior,
while the components that depend on the concrete behavior are brittle, a parametric
study was carried out to assess the behavior for a realistic range of geometries and
material properties. Attention is mainly focused on the steel reinforcement and the
concrete panel. The force in the reinforcement is a function of the steel grade and of the
bars layout. The first aspect concerns the yield strength (fsyk), the ratio between ultimate
and yield strength (k) and ductility (esu). The number and the diameter of bars and the
number of layers characterize the second aspect. In the analysis, three values of fsy, four
values of k, three &5, values and four reinforcement layouts are considered.

The possibility of the development of strut and tie mechanisms in the concrete panel
depends on the angle 4. This geometrical quantity is calculated through the ratio
between the sum of the beam depth and the slab thickness and the thickness of the wall.
In the analysis, six beam profiles, four wall thickness twan and three slab thickness Ssian
are considered. The concrete properties of the wall, i.e. the characteristic compressive
cylinder (fek,cyt) or cubic (fekcube) Strength, and secant modulus of elasticity (Ecm), affect
as well the concrete panel behavior. In the analysis, five concrete grades are considered
for the wall. In total, the parametric study comprised 51840 combinations. Table 11
summarizes the parameters considered for the sensitivity study.

Table 12: Summary of the parametric study

Element Parameter
Yield strength
fsy [MPa] 400 500 600
Reinforcement Coefficient fulfyx
k[-] 1.05 1.15 1.25 1.35




Ductility
€5 [%o] 25 50 75
Bar layout
Case A Case B Case C Case D
N layers [-] 1 1 1 2
N bars [-] 6 6 6 6
Diameter bars [mm] 12 14 16 16
Thickness
Slab ta [MM] 120 160 200
Thickness
twan [Mm] 160 200 240 300
Wall Concrete Grade
fokeyt [MPa] 20 30 40 50 60
fck'cube [MPa] 25 37 50 60 75
Ecm[GPa] 30 33 35 37 39
Profile
Beam IPE 240 IPE 270 IPE 300 IPE 330 IPE 360 IPE 400

To consider the possibility of two concrete grades for wall and slab, a modification of
the approach given in ECCS Publication n® 109 [24] for longitudinal reinforcement
behavior is proposed. Partial factors for steel reinforcements (ys = 1.15), for steel (ym =
1.0), for concrete (yc = 1.5) and for design shear resistance of a headed stud (y, = 1.25)
are taken into account. Table 11 synthesizes the used method in the parametric analysis
for all components.

6.2 Results and discussion

Considering the simultaneous variation of all parameters, the most common failure type
is the concrete panel (65.9%); only in 28.0% of the cases slab reinforcement failure
occurred; in few cases (6.2%) failure depends on the behavior of beam. Fig. 25
summarizes these results.
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Fig. 25: Failure type

6.2.1 Influence of slab reinforcement

Fig. 25 illustrates the influence of the slab reinforcement. Firstly, increasing the
reinforcement area, concrete panel failure grows significantly from 62.4% for Case A to
80.5% for Case C. Considering the reinforcement in two layers (Case D), brittle failures
are 47.0%. Beam failure is only relevant in Case D (19.2%).
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Fig. 26: Influence of slab reinforcement on brittle failure

As expected, one of the most influential parameter is the steel grade. Increasing the
yield strength, the percentage of concrete panel failure increases from 52.6% to 77.3%.
The variation of ductility of the rebars does not lead to changes in failure type

distribution. Finally, increasing the ratio k leads to increased concrete panel failure from
57.9% to 72.9%.

6.2.2 Influence of angle &

Fig. 26 illustrates the influence of the angle 6. The main parameter that affects the
development of the failure mechanism is the wall thickness. Failure occurs in the
concrete panel in 93.4% of cases for a thickness of 160 mm. This percentage drops to
76.0% for a thickness of 200 mm. Ductile failure only becomes the governing type of
failure for a thickness of 300 mm (62.9%).
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Fig. 27: Influence of angle

For the three values of the slab thickness considered (120 mm, 160 mm and 200 mm),
failure happens in the concrete panel in most of the cases (variation between 61.9% and
71.5%). Beam failure does not vary appreciably (from 4.1% to 5.2%).

The depth of the beam determines a clear trend. For a depth of 240 mm, failure occurs
in the concrete panel in about 50% of the cases, increasing to 78.3% for a beam depth of
400 mm. For low beam depths, beam failure is not negligible (22.8%), decreasing
significantly for larger beam depths.

6.2.3 Influence of wall concrete grade
Fig. 28 shows the percentage of cases for each failure type. For concrete grade C20/25,

concrete panel failure governs for almost all the cases (97.2%). This percentage drops
approximately linearly to 36.9% for concrete C60/75.
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Fig. 28: Influence of wall concrete grade

6.2.4 Combined influence of wall thickness and concrete grade

The combined influence of wall thickness and concrete grade is illustrated in Fig. 28.
For a thickness of 160 mm, concrete panel failure governs for all types of concrete. This
percentage drops from 100% (C20/25) to 81.9% (C60/75). The rate of decrease of

concrete panel failure increases with increasing thickness, reaching only 3.0% for
C60/75 and twan = 300 mm.
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Fig. 29: Influence of wall concrete grade and wall thickness



6.2.5 Summary and pre design charts for ductile behavior

The sensitivity analysis shows the main parameters that affect the failure mode:

- yield strength: cases with brittle failure rises from 52.6% (for fsyx = 400 MPa) to
77.3% (for fsyx = 600 MPa);

- wall thickness: the concrete panel failure occurs in 93.4% of cases for a
thickness of 160 mm and in 37.1% for a thickness of 300m:;

- total height of the composite beam: for the lowest value (360 mm) a ductile
failure happens in 59.3% cases, while for the highest height, 19.7% of cases show this
failure;

- concrete grade: for C20/25, there are 97.2% cases of brittle behavior, and this
percentage drops to 36.9 % for concrete C60/75.

Though, this conclusions have to take into consideration that the joint model for the
concrete panel have a limited accuracy related to the angle of the concrete strut. Outside
of the range concrete strut angles proposed, the model becomes conservative.

A pre design chart (Fig. 30) can be a useful tool in order to lead to a ductile failure.
Here, the wall thickness (on the ordinate) is related to the concrete grade (on the
abscissa). Separation curves between ductile (top-right) and brittle (bottom-left) failure
can be built for nine steel grades (3 fsyk and 3 k). To take into account the total height of
the composite beam, three charts may be drawn: Fig. 30 represents the pre design chart
for a total height between 360mm and 440mm; similar charts are available for other
ranges of total height [37].

In Fig. 30, black lines refer to fsyx = 400 MPa, dark grey to fsx = 500 MPa and light grey
fsyk = 600 MPa; solid lines refer to k = 1.05, dash lines to k = 1.15, long dash lines to k =
1.25, dash-dot-dot lines to k = 1.35. Curves stretches found for regression are shown
dotted.

For example, for a total height of 390 mm, a wall thickness of 160 mm and a concrete
characteristic compressive cylinder equal to 50 MPa, the steel yield strength that ensure
a ductile behavior is equal to 400 MPa with a k = 1.05, according to Fig. 30.



Pre design chart for ductile behavior in case of total depth of the composite beam between 360
and 440 mm
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Fig. 30: Predesign chart for ductile behavior in case of total depth of the composite
beam between 360 and 440 mm

6 - Conclusions

This paper presents a design model for moment resisting composite beam to reinforced
concrete wall joints. It allows to determine the joint properties in terms of moment-
rotation (Mj-@j) curve. The basis of the presented study is the joint configuration
developed within the research project InFaSo [15]. The objective to characterize the
behavior of steel-to-concrete joints providing analytical tools, extending the component
method, for a simple design was accomplished and may be summarized as follows:

= Identification of activated components



= |dealization of component model to reproduce the joint response

= Characterization of all activated components in terms of force-deformation
curves

= Application and validation of joint model
= Parametric study

Tools for characterization of all activated components are presented in the paper.
Though, the main emphasis has been given for those involving the concrete and
therefore new components have been identified. The proposed models have been
successfully validate against numerical and experimental data available. The integration
of these components in the global joint has been later accomplished and the accuracy of
the global model verified against experimental tests. The application this model to the
test specimens of the experimental programme of the research project InFaSo [15]
showed that the proposed models can provide an accurate characterization of the joint
properties. Finally, the parametric study presented the application of the proposed
model to a considerable number of cases exploiting the influence of different parameters
related to material and geometrical properties. According to this study, as main
outcome, the concrete panel appears as the component governing the joint response.
Thus, to achieve a ductile behavior of the joint is essential to detail the concrete
reinforcement in the concrete panel.
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