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Abstract: This paper presents experimental and finite element results of investigations into the stiffness and strength of
three discrete interface connections between simple steel frames and precast concrete infill panels serving as lateral
bracing. The ability of the connections to resist compression and tension allows them to introduce substantial lateral stiff-
ness and strength into so called semi-integral infilled frames.

The discrete connection between a steel frame and a concrete panel consists of two parts: a steel anchor plate welded to
multiple anchor bars which are cast in the concrete panel and a gusset plate welded to the frame. For a complete frame-
panel connection the anchor plate is bolted to the gusset plate thereby allowing composite action of the steel-concrete
structure. The bolts in the connection are loaded in shear only.

The connections were employed in full-scale experiments on one-storey, one-bay, hybrid infilled frame structures. Finite
element analyses were performed for comparison showing that simulation of the behaviour of the hybrid lateral load re-
sisting structure is possible. The validated finite element models can be used for parametric studies with the goal of devel-

oping analytical models as a basis for design rules.
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1. INTRODUCTION

At Eindhoven University of Technology a research pro-
gram is being carried out on the behaviour of semi-integral
infilled steel frames subject to in plane loading, a new type
of hybrid lateral load resisting structure. The employment of
discretely connected precast concrete panels in simple steel
frames is very beneficial and results in a substantial increase
in lateral stiffness and strength. Besides the stiffening and
strengthening effects of the precast concrete infill panels on
the frame structure, economic benefits may be realised in
saving costs on materials and labour, especially in high wage
countries. Also, a reduction of construction time may be
achieved. This saves money, both directly and indirectly, e.g.
reduced hindrance to the surroundings of the building site.
Reduction of construction time requires measures like the
use of prefabricated elements (especially in areas where the
precast concrete industry is well developed), time efficient
joint construction and smarter construction procedures.
Meeting these requirements, an integrated building system is
proposed which consists of steel frames with discretely con-
nected precast concrete infill panels, enabling the assembly
of tall buildings directly from lorries. The use of precast
concrete panels allows them to be placed around service
cores or in facades where they can form a lateral load resist-
ing structure contributing significantly to the lateral building
stiffness. This structural system is most suitable for the struc-
tural design of multi-storey buildings.
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When subjected to an in-plane lateral load, the infill in
steel framed structures will cause different types of compos-
ite behaviour depending on the way it is attached to the steel
frame as shown in Fig. (1). Since the early fifties research
has been carried out on the structural behaviour of steel
frames with masonry infill [1-4] and concrete(like) infill [4-
6]. The infill used to be considered as a non-structural ele-
ment, thereby conservatively neglecting its significant struc-
tural benefits. However, it was shown [5] that ignoring the
infill may not be conservative but can cause certain elements
in the lower parts of the structure to be overloaded. If con-
nections such as strong bonding or shear connectors at the
structural interface between the frame and infill are absent as
for example with brick infill, the structure is classified as a
non-integral infilled frame, see Fig. (1a). Experimental in-
vestigations on non-integral infilled frames under racking
load have shown [5-11] that poor interaction between the
frame and infill due to the absence of connectors or bonding
causes friction at the structural interface. As the infill panel
takes a large portion of the lateral load at its loaded corners,
the effects of the infill panel are similar to the action of a
single diagonal strut bracing the frame as shown in Fig. (2).
This analogy is justified by the phenomenon of slip and
separation at the interface between the frame and the infill
due to the difference in the deformed shapes of the surround-
ing steel frame and the brick infill. Consequently, friction-
slip at the interface becomes a governing factor in a non-
integral infilled frame. The separation in addition to irregu-
larities and unevenness at the structural interface produce
considerable variations in strength and stiffness [12].

When a continuous connection is provided by means of
strong bonding or shear connectors at the structural interface
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Fig. (2). Infilled frames: brick infill and a precast concrete panel with beam connections.
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Fig. (3). Frame-panel connections.

between frame and infill panel as shown in Fig. (1b), the
separation at the interface will be restricted and the perform-
ance of infilled frames is improved. Such frames are classi-
fied as fully-integral infilled frames. Friction-slip, which is
dependent on normal stress, will not play an important role
in fully-integral infilled frames. In addition, the provision of
shear connectors overcomes the problem of an initial gap
(lack of fit) at the interface. Consequently, fully-integral in-
filled frames in general have larger lateral stiffness and
strength than non-integral infilled frames [13]. They main-
tain their strength up to large deflections before final col-
lapse of the structure.

When a precast concrete infill panel is connected to a
steel frame at discrete locations as shown in Fig. (1c), inter-
action at the structural interface is neither complete nor ab-
sent. A structure comprising a steel frame with an intermit-
tently connected precast concrete panel can be classified as
semi-integral. The contribution of precast concrete infill
panels to the lateral stiffness and strength of steel frames
depends on the quality, quantity and location of the discrete
interface connections. The idea of a semi-integral infilled

steel frame was considered earlier [14] for an infilled frame
with continuous connections along the beams and columns,
where a finite shear strength at the infill-frame interface was
taken into account over specified distances. Fig. (2) also
shows a deformed infilled frame with a panel connected to
the beams of the steel frame. The use of discrete frame-to-
panel connections means that contact only occurs at the
frame-panel connections where the forces from the steel
frame are introduced into the concrete. This way the infill
panel functions as a bracing system with compression and
tension forces [15].

As part of the research program, two types of semi-
integral infilled steel frames with discretely connected pre-
cast concrete infill panels have been developed, tested and
numerically investigated: frame-panel-connections that can
transfer tension, shear as well as compression [15] and con-
nections that can only transfer compressive forces [16, 17].
The investigation presented in this paper is concentrated on
tension-compression  connections. Two  frame-panel-
connections, FPC1 and FPC2, are shown in Fig (3). They
consist of a gusset plate welded to the steel frame and an
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anchor plate with welded anchor bars which are cast in a
pocket at the edge of the concrete panel. Two bolts per shear
connection attach the gusset plate to the anchor plate.

Preliminary investigations have shown that tension-
shear-compression connections on beams are more efficient
than on columns and that the lateral stiffness of the structure
improves when the connections are located closer to the
beam-to-column joints [18]. The later designed connection
FPC2 is smaller than FPC1 which allows it to be placed
closer to the corners of the steel frame. Both connections
have been tested individually and used in full-scale infilled
frame tests [15]. The connections are dry and will function
immediately after assembly. They are located on the center
line of the structural elements thereby keeping eccentricities
to a minimum. Due to the gap between the concrete panel
and the steel members, friction will not take place.

2. PUSH-PULL CONNECTION FPC3

An improvement could be obtained by placing frame-
panel connections in the four corners of the steel frame at the
column-beam junctions. The connections would then not
have to be designed to resist shear forces but for tension and
compression only. At these locations, as shown in Fig. (4), it
is possible to develop a more efficient bracing system with
complete X-bracing. To this purpose the push-pull connec-
tion type FPC3 was developed.

The corner connection FPC3 as shown in Fig. (5) is a
normal force connection designed to be placed very close to
the corner beam-to-column joint of the steel frame. It con-
sists of five 16 mm diameter anchor bars (Feb500) welded to
a 15 mm thick rectangular steel flange plate measuring 389
by 150 mm, perpendicular to the plane of the concrete panel.
This plate is welded to a triangular anchor plate which is
bolted to a triangular gusset plate using two 10.9 M24 bolts.
The gusset plate is welded to the beam.

) |

I
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Fig. (4). Infilled frame with corner connections.

Individual tests on these frame-panel-connections FPC3
were performed to establish their load-displacement charac-
teristics. A schematic test-up is shown in Fig. (6) which dis-
plays the dimensions of the concrete block. The set-up com-
prises a single concrete block that is placed on two jacks.
The anchor plate is bolted to a steel holding strip replacing
the gusset plate, which is connected to a test rig. Vertical
displacements were measured on the the anchor plates, the
bolts and the concrete panels.
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Fig. (5). Frame-panel-connection FPC3.

Four connections of type FPC3 were tested. Specific data
for the materials are given in Table 1. For comparative rea-
sons the same information is given for the earlier tested con-
nections FPC1 and FPC2 [15]. The compressive strength of
the concrete was obtained from standard cube tests of
150x150x150 mm. The equivalent characteristic cylinder
strengths are also given. Anchor plate movement and bolt
hole ovalisation in the anchor plates are determining the
connection behaviour as shown in Fig. (7). The modes of
failure for all tension tests were identical: anchor pull-out.
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/7 plate 20mm 777

Fig. (6). Test set-up for FPC3.

Load-displacement measurements were done for several
characteristic types of behaviour in the connection. This was
deemed necessary because the full-scale test to be performed
later could have materials with different properties for steel
and concrete. Fig. (8). shows four load displacement curves
for anchor bar slip in the concrete block. The typical charac-
teristics of the anchor bar behaviour in the concrete are dis-
played by the modeled pull-out curve in the diagram.
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Table1l. Measured Material Properties of Frame Panel Connections
Anchor bars
Bolts Anchor plates Gusset plates Concrete panels
FeB500
1] fu fy fu fy fu Reinforcing fox
M24
mm N/mm? N/mm? N/mm? N/mm? N/mm? bars N/mm?
FPC1 10.9 25 500" 529 579 529 579 @10 @ 200 47/37?
FPC2 10.9 18 500" 247 408 294 432 @8 @ 150 44/34@
FPC3 10.9 16 500" 266 516 - - @8 @ 100 58 /45@
® nominal value, @ approximate cylinder strength.
500 i
Anchor bar pull -out
400 =

Fig. (7). Test FPC3, anchor pull-out and ovalisation.
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Fig. (8). Force vs. displacement for anchor bar pull-out.

The ovalisation of the bolt holes needed to be measured
on both sides of the plates because of rotation of the bolts.
This rotation is caused by bending in both the anchor and
gusset plates. It occurs in the connections subject to tension
as well as in the connections in compression. Successful
measurements were only obtained for two tests as shown in
Fig. (9). Again, the typical characteristics of bolt hole ovali-
sation in the anchor plates are displayed by a modeled ovali-
sation curve.
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Fig. (9). Force vs. displacement for bolt hole ovalisation in anchor
plate.

The rotation of the bolts in the connection displayed in
Fig. (10) has also been measured during the tests. As for the
ovalisation measurements it resulted in only two sets of use-
ful data as shown in Fig. (11). The curve “Modeled bolt rota-
tion” is taken to represent its typical characteristics.

-«— Anchor plate
Bolt

-+——— Gusset plate

Ovalisation

Displacement
due to bolt
rotation

Fig. (10). Bolt rotation; displacement due to anchor plate and gusset
plate bending.

The modeled curves represent three characteristic modes
of behaviour in the connection. They allow the strength and
stiffness of similar connections in full-scale infilled frame
tests, but with different material properties, to be determined
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for analysis of this frame. This procedure will be discussed
in the proceeding sections.
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Fig. (11). Force vs. displacement for bolt rotation due to bending of
connection plates.

3. FULL SCALE INFILLED FRAME TEST WITH
FPC3

A full scale infilled frame test with FPC3 connections
was carried out in a specially designed test rig for infilled
frames as shown in Fig (12). The rig consists of a vertical
and a diagonal loop assembled from HE300B sections. At
the top left corner of the test rig a hydraulic jack is mounted,
with a capacity of 2 MN and a stroke of 200 mm. At the
lower left corner of the test rig the test specimen will be sup-
ported only in vertical direction to simulate a roller support.
Four steel M30 threaded rods are used to transfer vertical
loads to the vertical loop of the test rig and they permit rota-
tion and horizontal translation of the test specimen. At the
lower right corner of the test rig, the specimen is supported
in a steel block or saddle. This support acts like a hinged
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connection and only allows the test specimen to rotate in its
plane. Lateral and vertical translations are restricted. The test
specimen is loaded in one direction only.

The steel frame of the infilled structure to be tested con-
sists of four HE180M steel sections (S235), two beams and
two columns. The beams are connected to the columns with
four M24 10.9 bolts. The bolts are torque controlled tight-
ened up to a specified torque of 400 Nm, to obtain an identi-
cal rotational stiffness at each beam column connection. Tri-
angular gusset plates are welded to the beams near the frame
corners for connection to the concrete panel. For the 2760
mm square infill panel C35/45 concrete was used to cast a
slab with a thickness of 200 mm and a cover of 25 mm. The
panel is reinforced with a &18-150 FeB500 mesh on both
sides. Along the panel edges reinforcement hooks &i8-150
FeB500 were placed. The compressive strength of the con-
crete was determined on the day the full scale experiment
was carried out. Table 2 gives the properties of the steel and
concrete used in the testing of individual connections FPC3
in addition to the material properties used for the connec-
tions and the infill panel in the full scale frame test.

The bare frame was tested to determine its contribution to
the stiffness of the infilled frame. The second test was per-
formed on the full scale infilled frame. The bare frame was
preloaded up to 20 kN, to close initial gaps between the test
rig and the specimen. After unloading the test specimen it
was loaded again up to 80 kN. At this load the bare steel
frame only deforms elastically to avoid any damage which
could affect the behaviour during the full scale test. After the
bare steel frame testing, the concrete panel was connected to
the steel frame in a horizontal position at floor level. In this
position the weight of the concrete panel does not influence
the stresses in the bolts of the frame panel connection. At the

Table 2. Changes in Material Properties
Anchor plate Gusset plate Concrete panel
Testing f, fy f, fy thickness fue E. thickness
N/mm? N/mm? N/mm? N/mm? mm N/mm? kN/mm? mm
FPC3 266 516 - - 20 58 28.9 175
Frame 314 515 470 538 15 64 31.2 200

Fig. (12). Full scale test set-up with infilled frame.
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beginning of the infilled frame test, the specimen was sub-
jected to a preload of 50 kN. After unloading, the infilled
frame was loaded again up to failure under controlled dis-
placement at 1 mm/min. The load-displacement curves in
Fig. (13) show the lateral structural behaviour of four tests.
Test A and Test B with frame panel connections FPC1 and
FPC2 respectively were performed and presented earlier by
the authors [15] and are shown here for comparative pur-
poses. The details of these connections are shown in Fig. (3)
and their approximate locations on the beams in Fig. (2).

700

600
500 |
400

300 |

Faree in kN

200

100 |

Test C bare frame

0 10 20 30 40 50 60

Displacement in mm

Fig. (13). Force vs. displacement for full scale infilled frame tests.

The results of the present investigation on infilled frames
are indicated by Test C with frame panel connection FPC3 in
addition to a test on its bare frame, i.e. without the precast
concrete infill panel. At initial loading of the bare frame the
load displacement curve displays a settling-in stage up until
about 40 kN. It is assumed that initial gaps between the test
specimen and test rig are being closed. Thereafter a linear
branch can be observed which represents the lateral stiffness
of the bare frame: 2.3 kN/mm. This represents the contribu-
tion of the bare frame to the overall horizontal stiffness of
the infilled frame.

The settling-in stage of the infilled frame structure until
+100 kN is a combination of closing the initial gap between
test specimen and test rig, and non-simultaneous getting into
contact of the 8 FPC3 bolts with the gusset and anchor
plates. The behaviour of specimen C can be considered lin-
ear to 584 kN with an initial stiffness of 34.8 kN/mm. At this
load the first crack in the tension diagonal of the concrete
panel occurs near the ends of the 420 mm long anchor bars
of the upper ‘tension connection’. After a load drop of 22 kN
the lateral load again increases to 585 kN when a crack at the
opposite corner in the tension diagonal occurs. This crack is
also located at the end of the anchor bars and caused a load
drop of 21 kN. From this point on the lateral load increases
to 644 kN with a deflection of 28.9 mm. After reaching the
ultimate strength of the infilled frame, large out of plane
deformations were observed in the anchor and the gusset
plates of the frame panel connection in the lower compres-
sion corner, see Fig. (14). This resulted in a decreasing load
and increasing lateral displacements of the infilled frame
structure as clearly indicated by the Test C curve in
Fig. (13).
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Fig. (14). Out-of-plane deformations in anchor and gusset plates of
FPC3.

Salient data obtained from the three infilled frame tests
are given in Table 3. It is clearly shown that placing frame
panel connections in the corners of the frame yields signifi-
cantly improved strength and stiffness over infilled frames
with connections to the beams.

Table3. Comparison of Steel Frames with Precast Concrete
infill Panels
Yielding level Ultimate Lateral stiffness
strength
kN KN/mm
kN
TestA 345 - 15.9
Test B 241 276 125
TestC 584 644 34.8

4. FINITE ELEMENT ANALYSIS OF FULL SCALE
INFILLED FRAME

A simple finite element model as shown in Fig. (15) was
developed in the finite element program ANSYS 12.0.1 [19]
for simulating the racking shear behaviour of the full-scale
infilled frame test. The set up of the finite element model is
presented in the following order: steel frame and precast
concrete panel, frame-panel connection, and infilled frame.
For these three parts, the applied elements, element geome-
try, and material characteristics are discussed.

4.1. Steel Frame and Precast Concrete Infill Panel

BEAMS3 elements are used to model the beams and col-
umns of the steel frame. This two node uni-axial element has
tension, compression and bending capabilities. A node has
three degrees of freedom: translation in the nodal x and y
directions and rotation about the nodal z-axis. The bolted
connections between the beams and columns of the steel
frame are replaced by torsional springs in the finite element
analysis as shown in Fig. (15). COMBIN39 elements are
used to model these springs. The applied torsional spring is a
purely rotational element with three degrees of freedom at
each node, however in the finite element model only the ro-
tations about the nodal z-axis are admitted. The relative
translation in x and y directions will be restricted by con-
straints.
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Fig. (15). Simplified finite element model of infilled frame.

For the beams and columns nominal values of HE180M
sections are used: sectional area A = 11325 mm?, sectional
helght h = 200 mm and moment of inertia I, = 74830000
mm®*. The beams and columns are divided mto thirty beam
elements each. The rotational spring representing the bolted
connection between the columns and beams is located at the
end of a rigid offset that is connected to the column end at
the neutral axis of the beam. The material property that is
used for the steel sections is Young’s modulus Eg = 210000
N/mmZ. The rotational spring characteristics (Cr) that repre-
sent the bolted connection between the beams and columns
of the bare steel frame can be indirectly obtained from the
force-deflection curve for “Test C bare frame” shown in
Fig. (13). They are modeled with a bi-linear moment-rotation
curve: the initial stiffness up to a bending moment of 28
kKNm is 19640 kNm/rad., thereafter the stiffness is 8909
kNm/rad.

PLANE183 elements are used to model the precast con-
crete panel. This higher order 2D plane stress element has 8
nodes for quadratic shaped elements and 6 nodes for triangu-
lar shaped elements. The element has two degrees of free-
dom at each node. These are translation in the nodal x and y
directions. Quadratic and triangular elements are used to
model the geometry of the rectangular infill panel. The trian-
gular elements shown in Fig. (16). are applied where the
concrete panel connects to the anchor plate to accommodate
the transition between the mesh of the concrete panel and the
mesh of anchor plate. The material propertles of the concrete
have been experimentally determined, E. is 32127 N/mm?
and the Poisson’s ratio is taken as 0.2.

4.2. Frame-Panel Connection

The offset, gusset, and anchor plates of FPC3 shown in
Fig. (16) are modeled with PLANE183 plane stress ele-
ments. They have a Young’s modulus of 210000 N/mm? and
their Poisson’s ratio is 0.3. Triangular elements are used to
model the gusset plate and anchor plate of the frame panel
connection. The gusset plate is connected to an offset, which
represents half the depth of the beam, and is modeled with
quadric elements. The thickness of the gusset plate and offset
area is 15 mm. All other dimensions of the frame panel con-
nection are shown in Fig. (5). The anchor plate is directly
connected to the concrete panel to prevent deformations be-
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tween the two components, i.e. movement of the anchor bars
is modeled by the springs. The flange plate could thus be
omitted in the analysis.
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Fig. (16) Finite element model of FPC3.

COMBIN39 spring elements are used to model 4 transla-
tional springs that represent shear action Cs in Fig. (16) and
normal action C, in Fig. (16). Shear and normal action to-
gether are used to model three specific modes of behavior in
the connection: anchor slip/pull-out, ovalisation of the bolt
holes, and rotation of the bolts due to asymmetric loading in
the connection. The longitudinal spring stiffness Cy, repre-
sents bolt hole ovalisation, slip of the anchor bars and bolt
rotation. In order to prevent the concrete panel from rigid
body rotation orthogonal springs are inserted. These springs
with a combined stiffness Cs only represent bolt hole ovali-
sation and bolt rotation since slip of the anchor bars does not
occur in this direction. The experiment based load displace-
ment curves for anchor bar pull-out, bolt hole ovalisation and
bolt rotation are shown in Figs. (8, 9) and (11) respectively.
They were obtained for material properties given in Table 1.

As shown in Table 2, the properties of steel and concrete
used in the full-scale infilled frame test were not the same as
used in the connection tests. It is therefore necessary to ad-
just the experiment based load displacement curves of the
three specific modes of behaviour of the connection in order
to obtain a correct finite element analysis of the infilled
frame.

500
Anchor pull-out
400
A AES
= 300 / >~
X / ~
c
° Modeled FPC3 tests ~
(]
E 200
| Adjusted FPC3 for FEM
100
0
0 1 2 3 4

Anchor bar pull-out in mm

Fig. (17). Adjustment of force-displacement curve for anchor bar
pull-out.
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4.2.1. Anchor Bar Pull-Out

The modeled anchor pull-out curve in Fig. (8) is shown
again in Fig. (17) by the dashed line. The adaptation of the
load displacement curve can be obtained by applying an ear-
lier proposed equation [20] that relates the anchor pull-out to
the concrete compressive strength, the cover of the anchor
bolts and their spacing.

(4 1.85 fy
dy (c+ be/s) :
d fe
’ M)

where /4 and d, are the length and the diameter of the an-
chor bar respectively, c is the concrete cover, b, is the anchor
bar spacing, f, is the yield strength of the bar and f’ is the
concrete compressive strength. For all connection tests and
the infilled frame test the spacing, diameter, and length of
the anchor bars remained unchanged. It is suggested that the
yield strength of the anchor bar, represented by f, in equation
(1), be replaced by the actual stress F/A, i.e. the tensile force
F in anchor bar divided by its sectional area A. With the
known changes in concrete cover, the equation can be rewrit-
ten as follows:

F F

A _ A

c+b,/3 Py c+b,/3 Py

dy ¢ dy ¢
FPC3

Infilled Frame (2)

Substituting and using the known pull-out load from the
connection tests will yield an adjusted anchor bar capacity.

350 F
1004 _ 1004
(80+65/3)m (92+65/3)J6—4

16 FPC3 16

Infilled Frame e (3)

The adjusted pull-out load of the anchor bars in a single
connection is 411 kN. This is an increase of 17% compared
to the maximum force of the bar in the connection tests at
350 kN. It is suggested that the forces of the anchor bar slip
curve be increased with 17% leaving the slopes of the curve
unchanged, see Fig. (17). It is assumed that the change in the
modulus of elasticity has little influence on the pull-out
characteristics and is therefore ignored.

4.2.2. Bolt Hole Ovalisation

Fig. (18) displays a bi-linear relation “Ovalisation in an-
chor plate (a)” as a dashed line. This modeled curve is de-
rived from the force-displacement curve for bolt hole ovali-
sation shown in Fig. (9). The steel used for the anchor plates
in the full scale tests was of a higher grade compared to the
material used in the connection tests, Table 2. This requires
an alteration to the force-displacement curve. The ratio be-
tween the yield stresses of the anchor plates used for the in-
dividual FPC3 testing and for the connections used in the
infilled frame test is used to adjust the yielding level of the
bolt hole ovalisation as follows:

Fap = LFFPQ - 314,200 - 342k
fy;FPC3 266 . (4)

Hoenderkamp et al.

where Fgpes is the yield level of ovalisation for the
“Modeled FPC3 tests” shown in Fig. (18) and Fpp is the ad-
justed yield level of ovalisation in the anchor plate. It is as-
sumed that the initial elastic stiffness and subsequent plastic
stiffness remain unchanged. This leads to the curve “Ad-
justed ovalisation in anchor plate (b)”. Due to anchor pull-
out the ultimate ovalisation load at rupture could not be ob-
tained. Instead, the ultimate load is now set at the theoretical
shear resistance of the two M10.9 bolts in the connection
(bolt failure):

F

\%

g = 2a, f A = 2x0.6x1000x452x107 = 540 KN .- (5)

In which o, is a factor depending on the location of the
shear plane (&, = 0.6 for shear plane passing through the
unthreaded portion of the bolt), f, is the ultimate strength of
the bolt material and A is the gross cross section of the bolt if
the shear plane passes through the unthreaded portion of the
bolt. This load is beyond the actual loading of the connection
in the full scale test and is not expected to be reached in the

finite element analysis.
600

Bolt failure

500

N
o
o

Ovalisation in anchor plate

z and gusset plate for FEM (d)
X
c 300
9 Adjusted ovalisation
5 in anchor plate (b)
L 200
100

\
Ovalisation in anchor plate (a)
Modeled FPC3 tests

0 1 2 3 4 5 6 7 8
Ovalisation bolt holes in mm

Fig. (18). Adjustment of force-displacement curve for ovalisation
of bolt holes in connection plates.

The deformation characteristics of ovalisation in the 20
mm thick loading (gusset) plate used in the FPC3 tests are
unknown. It is therefore suggested that the force-ovalisation
behaviour of the 15 mm thick gusset plates used in the frame
analysis be derived from the 10 mm thick anchor plate by
increasing its initial stiffness by 33%. It is taken that the
yielding level of the gusset plate Fgp changes proportionally
to the yielding level of anchor plate Fap according to their
yield stress ratio:
m|:AP _ 410 340 _ s12kN
fap 314 ©)

The plastic behaviour of the ovalisation in the gusset
plate is omitted here since the elastic strength of 512 kN is
about 5% below the theoretical shear resistance of the bolts,
at 540 kN. This allows the relationship “Ovalisation in gus-
set plate (c)” to be set up as shown in Fig. (18). The curve
“Ovalisation in anchor plate and gusset plate for FEM (d)”
can now quite easily be obtained by adding curves (b) and

(c).
4.2.3. Bolt Rotation

Fep =

Due to asymmetric forces in the frame panel connection
the gusset plate and anchor plate will bend, which leads to
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rotation of the bolts and causes a displacement in the frame
panel connection as shown in Fig. (10). The “Modeled bolt
rotation” curve shown in Fig. (11) for a 10 mm thick anchor
plate and a 20 mm thick loading (gusset) plate is presented
again in Fig. (19) as dashed line "Modeled FPC3 tests". As
the thickness of the gusset plate used in the full scale test is
only 15 mm, the force displacement behaviour of the bolt
rotation needs to be altered. The following procedure is sug-
gested. The bending stiffness ratio of the plates used in the
full scale test, 10 mm + 15 mm thick, and the plates of the
connection test, 10 mm + 20 mm thick, can simply be ex-
pressed as a ratio of the sum of their second moments of
area:

Kinfilled Erame — 10° +15° = 0.486
Kepcs 10° + 20° )

It is suggested that the force-displacement curve for bolt
rotation curve be adjusted accordingly. This leads to the
FEM curve shown in Fig. (19). There are two additional
phenomena that need to be addressed briefly but are consid-
ered to have a minor influence on the bolt rotation character-
istics and have been ignored in further analyses. The thinner
gusset plate used in the full scale frame test creates a smaller
moment arm between the neutral lines of the connection
plates, see Fig. (10). This causes smaller bending moments
and smaller bolt rotations. Additionally, the yielding levels
in the two connection tests for bolt rotation were difficult to
obtain as anchor pull-out occurred earlier than expected as
shown in Fig. (11). For simplicity they have been set at the
adjusted vyield level value of ovalisation as shown in
Fig. (18) at 342 kN.

600

Bolt failure

500
Modeled

FPC3tests
400

300

Force in kN

Adjusted FPC3 for FEM

200

100

0

0 1 2 3 4 5 6
Displacement in mm

Fig. (19). Adjustment of force-displacement curve for bolt rotation.

4.2.4. Adjusted Force Versus Displacement Curves for
FPC3

The separate force-displacement characteristics of anchor
bar slip, bolt hole ovalisation, and bolt rotation are shown
together in the diagram of Fig. (20). They are combined to
form a spring stiffness for tension, Cp. The spring stiffness
for compression, Cs consists of a combination of bolt hole
ovalisation and bolt rotation since anchor bar slip does not
occur under compression. As mentioned earlier, the com-
pression spring is also used to prevent the concrete panel
from rigid body rotation, see Fig. (16).
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Fig. (20). Adjusted partial and total force-displacement curves for
FPC3.

The two spring characteristics for tension and compres-
sion can be combined into one overall spring characteristic
for use in the finite element model. The decreasing stiffness
of the spring characteristic after anchor bar pull-out is ad-
justed to avoid solution errors during the finite element
analysis, i.e. the negative slope of the multi-linear curve is to
be reduced. Table 4 shows the structural properties of FPC3
together with the characteristics of earlier investigated con-
nections FPC1 and FPC2 to illustrate the developments in
frame to panel connections.

4.3. Full Infilled Frame Analysis

The lateral load of the experimental test will be repre-
sented by a prescribed horizontal displacement in the finite
element analysis. The solution procedure is displacement
controlled, since the load displacement tangent is expected to
become negative, see Fig. (13). It should be noted that the
settling-in phase observed in the full scale test is not in-
cluded in the numerical analysis.

Geometric nonlinearity is taken into account. Material
non-linearity for the steel and concrete used is not taken into
account. However, the nonlinear springs, for which the be-
haviour is shown in Fig. (20), include the effects of e.g. oval-
isation, which means that plasticity is described implicitly.

Fig. (21) shows the load-deflection curve of the full-scale
infilled frame obtained from the finite element analysis com-
pared with the zero corrected results of Test C. This correc-
tion was obtained by performing a regression analysis on the
linear part of the load-deflection curve after the settling-in
phase. The linear curve was projected on the abscissa. Then
the adjusted curve was translated to the origin.

Plastic ovalisation of the bolt holes first occurred at the
compression corners at 538 kN shortly followed by plastic
ovalisation of the bolt holes at tension corners at 586 kN.
This caused a major reduction of the lateral stiffness. The
yielding level is taken to occur at the intersection of the elas-
tic and plastic gradients which is at 555 kN. This compares
reasonably well to the yielding level of 584 kN for Test C, a
5% underestimate. The elastic stiffness obtained from the
finite element simulation at 34.0 kN/mm underestimates the
experimentally obtained value of 34.8 kN/mm by only 2%.
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Table4. Adjusted Structural Properties of FPC3 and Earlier Investigated Connections [15]
Shear Tension Compression
FPC Stiffness Strength® Stiffness Strength® Stiffness Strength®
Ks, KN/mm fsu, KN Kp, KN/mm forus KN K¢, KN/mm Fe.u, KN
FPC1 76.4 453 114.2 239 - -
FPC2 56.8 350 88.8 183 - -
FPC3 - - 62.3/59.9/19.0/0.0/-71.6% 411 70.1/24.49 540

@ anchor pull-out, @ theoretical bolt failure, ® multi-linear elastic-plastic

800

700
600

500

TestC

400 (zero corrected)

Force in kN

300
Numerical results

200
100

0

0 10 20

Displacement in mm

30 40

Fig. (21). Force vs. horizontal deflection of infilled frame.

In the simulation the first anchor bar pull-out occurs at the
bottom tension connection at 713 kN. This is immediately
followed by anchor bar failure at that corner at 721 kN. As a
result the lateral capacity of the infilled frame decreases sig-
nificantly. The numerically computed ultimate load overes-
timates the test value by 12 %. This is due to the large out
of-plane displacement observed during the test at the com-
pression connection plates as shown in Fig. (14). This phe-
nomenon was not modeled in the finite element analysis. The
results are given in Table 5 together with earlier published
results for tests on infilled frames [15]. It is clearly shown
that connection FPC3 performs better than FPC1 and FPC2.
The differences obtained in the finite element analyses of the

other structures are of the same order as in the present inves-
tigation.

5. DISCUSSION

A new connection for steel frames with precast concrete
infill panels has been designed, tested separately and in a
full-scale infilled frame. Its performance in a one-bay-one-
story full-scale infilled frame subjected to in-plane
horizontal loading was experimentally tested and has been
compared to identical frames with similar connections. The
use of the new connection FPC3 gives improved strength
and stiffness to the standard infilled frame over previously
investigated connections. Although the improved frame
shows some degree of ductility, it does appear that the
ductility of this frame structure is slightly reduced from that
obtained with FPC2 connections as shown in Fig. (13).

Mechanical properties of the discrete interface
connection were obtained from experiments on individual
connections. This allowed characteristic properties for
stiffness and strength of the connections to be represented by
multi-linear translational springs in finite element analyses
of the infilled frames.

6. CONCLUSIONS

The experimentally obtained mechanical properties of the
infilled frame compare well to numerically derived results.
The mechanical properties of this frame were favourably
compared to earlier investigated frames with similar

Table5. Structural Properties of Steel Frames with Precast Concrete infill Panels
Yielding level Ultimate strength Lateral stiffness
kN kN kN/mm

I = S = = S = = 8

= o > (] = > L = T 2> (]

g EE £ g ES £ g EE £

3 25 2 3 2% 2 3 25 2
TestA 345 311 -10 - 416 - 15.9 16.9 +6
TestB 241 240 -1 276 287 +4 125 145 +16
TestC 584 555 -5 644 721 +12 34.8 34.0 -2
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connections.

It has been shown that simple finite element models
make it possible to systematically investigate the influence
of connections on the overall behaviour of steel frames with
discretely connected precast concrete infill panels subject to
in-plane lateral loading.

The full-scale experimental test shows that a precast
concrete panel in a semi-integral infilled steel framed
structure with discrete frame-panel connections in the four
corners of the frame can significantly improve the lateral
stiffness of bare steel frames.

The observed lateral stiffness of the infilled frame struc-
ture after the settling-in phase, is roughly 14 times the bare
frame stiffness.

The lateral stiffness and ultimate strength of the infilled
structure was governed, as intended by design, by the dis-
crete frame-panel connections.
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