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ABSTRACT

Failure of short columns in concrete buildings has been extensively reported during past earthquakes. Assessing
the behaviour of short columns is challenging and often requires using time-consuming advanced numerical
modelling. This article presents a new and practical Short Column Macro Element (SCME) that predicts accu-
rately the behaviour of concrete short columns. A 1/3-scale one-storey building with short columns is subjected
to lateral loading tests until failure. The experimental results from the building are then used to calibrate a
numerical model in Abaqus®. It is shown that the numerical model matches well the experimental results. The
experimental crack patterns and stress distribution from Abaqus® are then used to determine the load path
within the short column. Based on these data, a new strut-and-tie SCME is proposed and implemented in
OpenSees software to simulate accurately (within 5% accuracy) the behaviour of the short columns of the tested
building. Subsequently, the frame models calibrated in OpenSees and Abaqus® are modified to examine
numerically the effectiveness of highly deformable FRP-confined rubberised concrete (FRP CRuC) at increasing
the deformability of short columns with different levels of FRP confinement (1, 2 or 3 layers). The numerical
results show that whilst the tested building failed at a small displacement of 5.4 mm (0.43% drift ratio), the use
of FRP CRuC short columns with minimal confinement (1 layer of AFRP only) increased the building’s
displacement by almost seven times to 37 mm (3.0% drift ratio). This also enabled more redistribution of forces
to other structural members of the building. This article contributes towards the development of practical
design/analysis models for short columns made of conventional concrete and FRP CRuC, which are scarce in the
existing literature.

1. Introduction

capacity of concrete in compression to acceptable values. Reinforcement
congestion can complicate the construction process and therefore in-

Current seismic codes (e.g. ACI 318-14 [1], and Eurocode 8 [2]) aim
to design reinforced concrete buildings that can meet desired perfor-
mance levels in terms of ductility and energy dissipation capacity.
However, these two structural properties are limited by the deformation
(strain) capacity of concrete columns and connections. Although a target
ductility can be achieved by confining concrete with properly detailed
steel reinforcement, large amounts of lateral reinforcement (link-
s/stirrups) are often required to increase the inherently low strain
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crease the overall costs of construction. In recent years, Rubberised
Concrete (RuC) has been proven to increase the strain capacity of con-
crete, thus emerging as an alternative material to increase the deform-
ability of columns. In RuC, recycled rubber aggregates from waste tyres
replace a fraction of the mineral aggregates in the concrete mix. While
the inclusion of rubber aggregates often reduces the compressive
strength and the Young’s modulus of concrete, RuC can develop higher
axial strains than conventional concrete (CC) for the same level of
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applied stress. Most notable is the ability of RuC to expand laterally, up
to four times more than CC [3]. This property can be exploited to in-
crease the axial capacity and deformability of RuC through the use of
external Fibre Reinforced Polymer (FRP) confinement.

Previous studies have investigated the behaviour of Confined RuC
(CRuC) cylinders and columns. For instance, Youssf et al. [4] reported
high axial compressive strengths (up to 112.5 MPa) in RuC cylinders
confined with Carbon FRP (CFRP) jackets. However, since only 20% of
rubber replaced the sand volume in their tests, the maximum axial
strains (1.8%) reported by Youssf et al. were comparable to those ach-
ieved in normal FRP-confined concrete [5]. This indicates that high
volumes of rubber replacement (>50-60%) are necessary to increase
deformability. Likewise, Duarte et al. [6] reported a 50% increase in
ductility by confining RuC columns with cold-formed steel tubes,
although a lower confinement effectiveness was achieved due to the
lower dilation angle of RuC [7]. More recent research [8,9] has also
proven the effectiveness of Glass (GFRP) and CFRP jackets at enhancing
the axial capacity and deformability of square/circular RuC elements.
Past research has also shown that flexural-dominated structural ele-
ments incorporating RuC and CRuC can develop higher ductility,
damping and energy dissipation capacity compared to CC counterpart
elements [10-14]. Whilst most of the research to date has examined
isolated structural elements, much less research has focused on the shear
behaviour of buildings made of RuC or CRuC. A recent study [15] has
shown that an increase of rubber replacement levels leads to a decrease
in the shear strength of RuC, but also to a better post-peak softening
behaviour at relatively high rubber contents (about 60% replacement).
In addition, tests by the authors [16] proved that the use of a minimal
external confinement (one layer of Carbon FRP (CFRP)) can enhance
both the shear deformations (up to forty times) and shear strength (two
times) over RuC counterparts.

In buildings located in seismic-prone areas, the geometry of struc-
tural elements and their relative stiffnesses significantly affect the load
distribution paths and can limit structural performance. For instance,
short columns are typical examples where the relatively high stiffness of
the element can lead to catastrophic failures [17]. Short columns are
columns where the shear ratio a; is defined as a; = % < 2.5, where M is
the end moment, V is the shear force, and [ is the width of the column
[18-21]. Whilst design codes advise to avoiding the use of short columns
in buildings, many times these are necessary due to architectural re-
quirements in parts of the buildings (e.g. in partially buried basements,
stair and platform connections, mezzanine floors, and buildings on
sloping grounds). Short columns can also be created unintentionally
when non-structural partial infill walls or parapets are added between
columns. The behaviour of short columns is dominated by shear and
therefore (if inadequately detailed) brittle failures can occur, with
limited yielding and force redistribution. If short columns are necessary,
the use of construction materials able to develop high deformation and
rotational capacity (such as CRuC) is expected to promote a better force
redistribution and a higher energy dissipation. However, further
research is needed to verify the potential of CRuC at improving the shear
behaviour of short columns subjected to lateral load. Moreover, con-
ventional seismic analysis tools based on fibre element cannot account
for the shear dominated behaviour of short columns, and therefore there
is also a need for the development of practical tools to analyse buildings
with short columns.

This article proposes a new and practical Short Column Macro
Element (SCME) that predicts accurately the behaviour of concrete short
columns. The first part of the article presents lateral loading testsona 1/
3-scale one-storey concrete building with short columns. The results
from the tested building were used to calibrate a finite element model in
Abaqus® software, which provided a thorough insight into the struc-
tural behaviour of the short columns. The results from Abaqus® (crack
patterns and stress distribution) were subsequently used to develop a
new practical Short Column Macro Element (SCME) adopting a strut-
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and-tie approach to determine its geometry. The SCME was then
implemented in OpenSees [22] to simulate the behaviour of the short
columns of the tested building. Next, both frame models calibrated in
OpenSees and Abaqus® were modified to examine numerically the
effectiveness of highly deformable FRP CRuC at increasing the
deformability of short columns with different levels of FRP confinement
(1, 2 or 3 layers of FRP). This article contributes towards the develop-
ment of practical design/analysis models for short columns made of
conventional concrete and FRP CRuC, which in turn is expected to
promote the use of CRuC in shear applications. This study is part of the
EU-funded multi-partner project Anagennisi that aimed to develop new
RuC and CRuC applications to reuse all tyre components in concrete
[23].

2. Experimental programme
2.1. Characteristics of tested building

A one-bay one-storey 1/3 scaled-down concrete building was built
and tested at the Technical University “Gheorghe Asachi” of Iasi,
Romania, as part of the EU-funded project Anagennisi [24]. The
scaled-down building is deemed to represent part of a typical school
building, which often have one floor and one bay in one direction.
Moreover, numerous school building in past earthquakes have experi-
enced damage or collapse due to short column failures. The building had
a storey height of 1360 mm, total length of 2550 mm in the direction of
loading (X direction), and a width of 1950 mm in the other direction (see
Fig. 1a). The primary consideration in the design of the building was to
produce a local shear failure in the short columns, and therefore the
column flexural capacity was higher than its shear capacity. Moreover,
in order to attain a shear failure in the short columns, the beams were
intentionally over strengthened, and the columns’ shear reinforcement
consisted of mild steel. The four columns had a cross-section of
150 x 150 mm (Fig. 1b) and an effective height of 1100 mm. The base
of the columns was bigger (220 x220 mm) and this was embedded in a
rigid steel foundation for a depth of 400 mm. The rigid steel foundation
was in turn bolted to the strong floor of the laboratory. The beams
measured 150 x 260 mm (Fig. 1b). The columns’ longitudinal rein-
forcement consisted of six 14 mm diameter bars, and these were bent at
the ends at a 90° for anchoring. The columns’ shear reinforcement
consisted of closed stirrups of 4 mm diameter spaced at 100 mm centres.
Stirrups were also provided in the beam-column joints. The longitudinal
reinforcement of beams in the X (direction of loading) and Y directions
consisted of six 12 mm and four 10 mm diameter bars, respectively. The
beams had 6 mm diameter stirrups spaced at 200 mm centres in the
midspan of the beam, and spaced at 100 mm centres at the ends. The
longitudinal steel bars of the beams were anchored at a 90° angle. The
slab had a thickness of 60 mm and it was reinforced with a mesh of 6 mm
diameter bars at 100 mm centres (Fig. 1a). The clear concrete cover was
20 mm in all structural elements. It should be noted that the corners of
the short columns were rounded off (radius = 25 mm) since the short
columns of a twin building were to be confined with FRP jackets, and
both buildings were cast at the same time.

The columns were intentionally designed to fail in shear at the top
region just below the beams, where two braced steel frames (placed
along axes 1 and 2) formed a short column (Fig. 1c). The columns had a
theoretical flexural yield capacity of 23 kNm, an ultimate flexural ca-
pacity of 25 kNm, and a maximum shear capacity of 28 kN for the
concrete alone according to Eurocode 2 (EC2) [25]. The shear stirrups of
the column provided an additional 6.9 kN resistance. Therefore, at the
total (theoretical) shear resistance of 34.9 kN, the bending moment of
the short column was only 5.2 kNm, which was well below the flexural
yield capacity of 23 kN. The ultimate flexural capacities of the longi-
tudinal beams (X direction) and transverse beams (Y direction) were 46
and 22 kNm, respectively.

The structural elements of the building were identified based on their
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Fig. 1. Geometry and details of tested building (a) plan view, (b) cross sections of elements, (c) elevation showing loading direction and braced steel frames, and (d)

elevation in transverse direction.

type, location, and orientation. The first letter of the ID indicates the
type of structural element (C=column, J=beam-column joint), while the
next digit and letter represent the location of the element based on the
intersection of the corresponding axes shown in Fig. 1a. The fourth
letter, if used, determines the direction being referred to. For example,
J1A-X refers to the joint situated at the intersection of axes 1 and A, and
the face being observed is parallel to the X-axis.

2.2. Material properties

A single concrete mix with water/cement ratio w/c = 0.4 was used to
cast the building. The mechanical properties of the concrete were
determined by testing five 150 x 300 mm standard cylinders according
to EN 12390-3 [26], which resulted in a mean compressive strength f,
= 37 MPa and a Young’s modulus E. = 30 GPa. The tensile strength of
the concrete was obtained from three standard cylinders and was f
= 3.3 MPa. The longitudinal bars of beams and columns had yield and
ultimate strengths of f;, = 513 MPa and fj, = 626 MPa, respectively.
These values were obtained from five direct tensile coupons tested ac-
cording to EN 10080 [27]. The smooth steel wire used for the stirrups
and steel mesh of the slab had a yield strength of f;, = 255 MPa,

according to the producer’s data.

2.3. Test setup, instrumentation, and load sequence

Two braced steel frames restrained the columns in the X-direction
and simulated partial infill masonry walls. Such restraining steel frames
were bolted to the bottom steel foundation and forced the development
of a short column mechanism within the top region of columns C1A and
C2A. The clear shear span of the short column was 300 mm, which re-
sults in a shear ratio a; = 1. Ten concrete blocks (total = 36 kN) were
bolted to the slab to simulate axial load, thus resulting in an axial load of
9 kN per column, or approximately 1% of the column’s axial capacity.
Such relatively low axial load was applied due to the limited availability
of blocks in the laboratory. Additionally, this test was needed to inform
future shake-table tests on a similar building, where the maximum
overturning moment was limited to the capacity of the shake table.

The building was instrumented in the X direction with eight hori-
zontal linear variable differential transformers (LVDTs) shown as Ln1 to
Ln8 in Fig. 2. These LVDTs were located at the top and bottom of the
short columns. Four diagonal LVDTs (Incll to Incl4 in Fig. 2) placed at
an angle of 45° measured the relative rotation between beams and
columns.
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Ln-7

Fig. 2. Schematic view of test setup and instrumentation of tested building.

The lateral load was applied monotonically on the transverse beam
via a hydraulic actuator and a stiff transfer steel plate. The test was
performed in load control at a rate of 6 kN/min. The building was
subjected to three sets of three cycles each: i) set 1 performed at 40 kN to
capture the first flexural crack, ii) set 2 performed at 60 kN, and iii) set 3
performed at 100 kN to capture the diagonal shear cracking. This was
followed by a final monotonic load up to failure of the short columns.
The test was halted when the maximum load recorded during the test
dropped by 20%. Fig. 3a shows the experimental model and setup. The
lateral actuator applied the force directly on the building using a stiff
steel plate to transfer the load (Fig. 3b).

2.4. Test results and discussion

Fig. 4 shows the lateral load vs displacement of the building. The
displacements are the average of four horizontal transducers (Ln-1, 3, 5,
and 7). In this figure, the top horizontal axis also shows the drift ratio of
the unrestrained column (centreline height of 1230 mm).

The results in Fig. 4 indicate that the first flexural crack occurred at
joints J1A and J2A during the first loading cycle (set 1) at a lateral force
of 37 kN. The cracks propagated at an angle of 45° and 70° from the
horizontal for J1A-X and J2A-X, respectively. The cracks further prop-
agated through the joints during the subsequent cycles performed at
40 kN (set 1) and 60 kN (set 2). A few hairline flexural cracks appeared
along columns C1A-X and C2A-X during set 3 at 100 kN. At a lateral

Dis placement)
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Fig. 4. Load vs displacement curve of tested building.

\
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Fig. 3. (a) General test setup, and (b) actuator and stiff transfer plate to apply load.
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force of 82 kN, shear cracking occurred in the top portion of both col-
umns C1A-X and C2A-X. The shear crack propagated at an approximate
angle of 17° from the vertical along the direction connecting the
externally applied load to the internal restraining system as the main
load transfer mechanism relied on the formation of a diagonal
compression strut. Failure of the building occurred at a small displace-
ment of 5.4 mm (0.43% drift ratio) of the unrestrained column. Figs. 5a-
b show, respectively, damage experienced at the short columns and
joints J1A and J2A after the test.

Flexural cracking in columns C1B-X and C2B-X initiated during the
second cycle at 100 kN (set 3) at approximately 98 kN. The maximum
lateral load capacity of the building (143 kN) occurred at a lateral
displacement of 4.55 mm. Failure was deemed to occur at a displace-
ment of 5.4 mm (121 kN) following excessive concrete spalling at the
top of columns C1A-X and C2A-X. No damage was observed in the slab or
the beams. No torsion was recorded as the displacements measured by
the LVDTs were similar on both sides of the building. The initial stiffness
of the building was 107 kN/mm, measured experimentally from the
slope of the load-displacement data up to a load of 30 kN. The stiffness at
the start of set 3 was 48 kN/mm (i.e. only 45% of the initial stiffness in
set 1).

Fig. 6 shows the beam-column relative rotation at axis-A (64) and
axis-B (0p) recorded during the test. The first stiffness change (due to
flexural cracking) is observed in the rotation at axis-A (marked with an
x). However, the rotation at axis-B does not show any significant stiff-
ness change since the columns and joints at axis B only showed signs of
damage at a lateral load of 98 kN. In the next section, the results from
these tests are used to study in more detail the structural response and
failure mode of the short columns of the building.
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Fig. 6. Average beam-column relative rotation at axis A (joint opening) and
axis B (joint closing).

3. Numerical modelling of building in Abaqus®
3.1. Geometry and loading protocol

To study in more detail the response and failure mode of the short
columns, the tested building was modelled in Abaqus® [28] software.

Due to symmetry and absence of in-plan torsion during the test, the
building was modelled as a 2D frame. The geometry of the model

Fig. 5. Shear cracks along short columns and damage of joints (a) J1A, and (b) J2A (excessive spalling in column C2A occurred after peak capacity).
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corresponds to that shown in Figs. 1a-d. The bottom 400 mm of the
columns were fully restrained along the sides to simulate the fixity
provided during the tests by the rigid steel foundation. The braced steel
frame was modelled as a 3D analytical rigid body. The interaction be-
tween this rigid body and the concrete column was simulated by a
surface-to-surface hard contact (with no friction), but allowing separa-
tion after contact. The gravity load was applied as concentrated forces
on reference points (control nodes). Increasing displacements were
imposed on a reference point connected to joint J1A. The reference
points were connected to their corresponding transfer steel plate via a
Multiple Point Constraint (MPC) tie. Abaqus/Standard was used to
perform a static analysis with viscoplastic regularisation, using a vis-
cosity parameter of value of 1E-5. The frame was pushed monotonically
until failure as done in the test. The model was built in Abaqus/Standard
(Implicit) using a general static analysis.

3.2. Concrete and steel reinforcement models

The built-in concrete damage plasticity model (CDP) in Abaqus/
Standard was used in the analysis with the following plasticity param-
eters: dilation angle w = 37°; eccentricity e= 0.1; stress ratio opo/
oc.0= 1.16; and shape factor of the yield surface K.= 0.667. The value of
the dilation angle was determined based on a sensitivity analysis (as
reported by El Khouri [29]), whereas the parameters €, op9/0c0, and K.
were taken as the default values given by Abaqus®. The compressive
stress-strain behaviour was defined according to the Kratzig and Polling
[30] elasto-plastic damage model, whereas the tensile softening function
was defined based on the stress-crack opening relation by Hordijk [31].
The CDP damage parameters (for both compression and tension) were
defined using the damage evolution model proposed by Alfarah et al.
[32]. The adopted framework implements a fracture energy-based reg-
ularisation and ensures mesh-independent results. The fracture energy
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Gr (in N/m) of concrete was calculated using Eq. (1) [33]:

B ﬁ-m 0.46 d“ 0.22 w 03
Gr =250 (0.051 TRy (c) M

where aq is 1 for round aggregates; d, is the maximum aggregate size;
and w/c is the water-cement ratio by weight.

In this study, round aggregates of maximum size 15 mm were used in
the concrete used to cast the tested building. Likewise, a compressive
strength f,, =37 MPa was obtained from the tested cylinders (see
Section 2.2). Adopting ap = 1.0, fom = 37 MPa, d, = 15 mm, and w/c
= 0.4 (according to the concrete mix in Section 2.2), the fracture energy
was calculated as 82 N/m. The crushing energy G¢ was taken to be 100
times the fracture energy, as suggested in previous studies [34]. All the
concrete parts of the model were meshed with an 8-node linear 3D brick
element with reduced integration (C3D8R) as past research [35] proved
that this is the most suitable element for 3D models with regular
geometry.

The longitudinal steel bars and stirrups were modelled as 2-node
linear 3D truss elements (T3D2) assuming an elastic-perfectly plastic
behaviour. All reinforcement was fully embedded in the concrete
assuming perfect bond. This is reasonable as no debonding of bars was
observed during the test. The transfer steel plates used for loading were
modelled as 3D solid C3D8R elements with an elastic behaviour.

3.3. Numerical results and discussion

A mesh sensitivity analysis was performed using a different number
of elements (4, 5, 6 or 8) across the width of the column, thus resulting in
mesh sizes of 37.5, 25, 30, and 18.75 mm, respectively. Fig. 7 compares
the lateral load vs displacement results obtained for each element size,
as well as the envelope of the experimental results. Whilst some minor
differences can be observed in terms of both peak load and

Drift of unrestrained column (%)
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160
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lement Size

----- 30 mm
e T =37.5 mm
Experimental
100 Envelope
Z y
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0.24 0.33 0.41 0.49

s
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Fig. 7. Load vs displacement for mesh sensitivity analysis in Abaqus® frame model.
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displacement, the initial stiffness and subsequent degradation of all
models are similar regardless of the mesh size. The results from the
25 mm mesh are considered to best fit the experimental results and are
discussed herein. The peak lateral capacity and displacement predicted
by the model were 146 kN and 4.2 mm, respectively, which compare
well with the experimental values 143 kN and 4.55 mm. The initial
stiffness of the model (120 kN/mm) was 12% higher than the initial
experimental stiffness (107 kN/mm). The higher stiffness of the Aba-
qus® model can be attributed to minor unintended cracking caused to
the building while positioning it on the testing rig with a crane. At a load
of 43 kN, flexural cracking occurred simultaneously in joint J1A-X and
along the external face of column C1A-Y (at the level of the braced steel
frame) and this is well captured by the model. However, the stiffness
reduction after 43 kN was less severe than that in the test, which led to a
slightly stiffer response. A sudden increase in lateral displacement was
observed at 114 kN, which can be attributed to yielding of the top
stirrups in column C1A just below the joint. Such increase in lateral
displacement was also observed at 110-130 kN in the other models with
different mesh sizes, although the displacement is much less noticeable.
Moreover, it is also possible that the difference in mesh size for the same
viscosity parameter adopted in the analysis could have led to minor
conversion issues in the model with a 25 mm mesh. Accordingly, it is
considered that yielding of the stirrups occurred in this short column.
However, the longitudinal column bars remained elastic both in the test
and the numerical analysis.

The minimum principal stress field along the column and the joint at
a displacement of 3.75 mm (see Fig. 8) shows the compressive force path
within the short column. The results show that the analytical stress
distribution agreed very well with the experimental cracking pattern.
Consequently, the 2D frame model in Abaqus® can provide details of the
evolution of the main load transfer mechanism within the short col-
umns. Based on the experimental evidence and numerical results, it is
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possible to conclude that a diagonal concrete strut connecting the bot-
tom of the beam at the loading side to the top of the braced frame clearly
formed at a displacement of about 1.2 mm. The dimensions of the nodes
of such strut were estimated from the numerical model to be 65 mm and
45 mm for the top and bottom nodes, respectively. These dimensions,
which agree well with cross-section analysis calculations, defined the
geometry of nodes and strut used to develop the new model proposed in
the following section.

4. New Short Column Macro Element (SCME) and OpenSees
analysis

Whilst the finite element model of the building (Section 3) matched
well the experimental results, such type of analysis is computationally
demanding and therefore somehow inconvenient to analyse large
buildings and/or dynamic loading effects. Consequently, this section
presents a new and practical analytical model to analyse buildings with
short columns. The model is implemented in OpenSees [22] software for
comparisons with the finite element model.

4.1. Frame geometry and element type

The tested building was modelled as a single 2D frame made of
displacement type beam-column elements. The cross-section of the el-
ements was discretised with fibres of three materials (see Fig. 9a): i)
unconfined concrete (concrete cover), ii) confined concrete (core con-
crete) modelled based on Chang and Mander’s confinement model [36],
and iii) steel (reinforcing bars). Six strut and tie elements (Fig. 9a) were
used to model the shear load-transfer mechanism within the short col-
umn, as detailed below.

Fig. 8. Minimum principal stress field along short column and joint (displacement = 3.75 mm).
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Fig. 9. New Short Column Macro Element (SCME) to model shear-flexure behaviour of short columns (a) SCME topology, (b) force distribution, and (c) strut and

node formation.

4.2. New SCME

In this study, a new Short Column Macro Element (SCME) is pro-
posed to model the behaviour of concrete short columns, as shown in
Fig. 9a. The geometry of the SCME was defined using a strut-and-tie
approach, as well as the experimental observations and numerical an-
alyses of crack patterns and principal stress paths presented in Section
3.3.

In Fig. 9a, the bottom right node B is a CCC node created by the three
compression forces shown in Fig. 9b: the reaction at the bearing face, the
cross-sectional force at the back-face, and the force imposed by the strut.
The width of the bearing face (see w, g in Fig. 9¢) was taken to be 25 mm
based on the stress distribution at the interface between the column and
the short-column boundary condition, as determined from the finite
element analysis. Whilst the effect of the width of the bearing face on the
strut angle and its size is minimal, the width of the bearing face was
considered in the analysis to get a more precise location of the centroid
of node B. For design, a more straightforward approach can be consid-
ered by assuming a negligible w, 3, hence the node centroid would be at
the bottom of the clear height of the short column (in this case at
300 mm down from the beam).

Likewise, the width of the back face wyp (see Fig. 9¢) was chosen to
be equal to the neutral axis depth (i.e. 44 mm) at the yielding moment of
the column, based on the centre of gravity of the compressive stress of
the section. This is because the neutral axis depth represents the region
in compression at that location. The width of the strut at node B (w;p in
Fig. 9c) was taken as the width normal to the centreline, according to Eq.
(2):

Wy = Wy psina + w, gcosa = 50 mm (2)

where a = tan"'h/l is the inclination angle of the strut, and h and [ are
the height and width of the SCME, respectively.

The width of the back face of the bottom left node A (wp4) of the
SCME was equal to wy, . The width of the strut between points AC (w;s4)
was taken as the projection of wy 4 onto the axis perpendicular to the
strut:

Wia = WpaSina 3

The top left node D (Fig. 9a) is a CCT node, created by the
compression from the external load, the compression imposed by the
strut, and the tension along the column’s longitudinal reinforcement
(Fig. 9b). Node D was located at the intersection of the centrelines of the

column and beam’s (bottom) longitudinal reinforcement of the tested
building. The width of the horizontal (wy,p) and vertical (w,p in Fig. 9¢)
faces of node D was taken as twice the distance from the centreline of the
reinforcement to the concrete face. Accordingly, wyp = 62 mm and w, p
= 64 mm for the tested building. A constant strut width equal to the
minimum width (i.e. w;¢ = 50 mm) was considered in the analysis, as
this captures the maximum resistance of the compressive strut. The
depth of all SCME elements was equal to the column depth (150 mm in
this case).

4.3. Material and element assignment for SCME

The diagonal struts AC and BD were modelled as truss elements made
of plain concrete, using a ConcreteCM material in OpenSees. The nega-
tive effect of transverse tension on the concrete strength was considered
using the approach included in Eurocode 2 [25], as defined by Eq. 4:

fi=06 (1 — ;;mo)ﬁm “4)

where f¢ is the effective concrete compressive strength in the strut (in
MPa). To account for the effect of confinement provided by the stirrups,
the effective strength of the confined concrete (f7,) was calculated using
Mander et al.’s model [36] (Eq. 5):

fee =0f¢ (5)

where ¢ is a confined strength ratio, found to be 1.10, which resulted in
a value f7.. = 21.0 MPa.

The post peak stress-strain behaviour of the strut was modified to
consider its aspect ratio [37-39]. The Chang and Mander concrete model
in OpenSees allows for the post peak branch to be adjusted by defining a
shape factor r, which was originally proposed based on Tsai’s uniaxial
compressional model [40,41]. The factor r. was calibrated based on the
relationship proposed by Palmquist and Jansen [37], and its value was
found to be r, = 10 according to the calculations presented in Appendix
A.

The two vertical elements AD and BC of the SCME (see Fig. 9a) were
modelled as truss elements made of reinforced concrete, with widths
wp4 and wy, g, respectively. The concrete in these elements was modelled
using the ConcreteCM material defined in OpenSees. The effect of the
stirrup confinement was ignored for these edge vertical elements and
therefore the concrete compressive and tensile strengths were taken as
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fem = 37.0 MPa and f, = 3.3 MPa, respectively. Each element had three
reinforcing bars according to the cross section of the columns. The bars
were modelled using a Steel02 material model with material properties
as described in the experimental section of this study.

The horizontal elements AB and DC of the SCME were modelled as
rigid links (see Fig. 9a) to allow the transference of moments and forces
from the building to the SCME.

4.4. Analysis of tested building in OpenSees

4.4.1. Load and boundary conditions

The bottom of the columns was modelled as fully fixed. To simulate
the short column, node E (located at the middle of the bottom rigid link
of the SCME, Fig. 9a) was restrained against displacement in the X di-
rection. A gravity nodal load of 13 kN (including self-weight) was
applied at the top of each column under load control. A lateral pushover
analysis was performed under displacement control via a nodal force at
the top node of the left column, up to a maximum displacement of
6.0 mm.

4.4.2. Results and discussion

Fig. 10 compares the load vs displacement results obtained from
OpenSees and Abaqus® models, as well as the backbone curve obtained
from the tests on the building. The results indicate that the 2D frame
modelled in OpenSees had an initial stiffness of 119 kN/mm, which is
similar to that obtained from the finite element model on Abaqus®. The
model reached a peak load of 142 kN at a displacement of 4.48 mm.
Failure of the OpenSees model was due to the compressive failure of
strut DC, which agrees well with the experimental observations. The
results also show that, compared to Abaqus®, the load-displacement
curve obtained from OpenSees matches better the experimental enve-
lope. However, since the shear stirrups were not explicitly modelled in
OpenSees, the horizontal shift in displacement recorded during the test
and captured by Abaqus® at the onset of stirrup yielding could not be
reproduced by the OpenSees model.

In the new SCME, the shear deformation is a function of the stiffness
of the shear transfer mechanisms acting within the SCME. Fig. 11 shows
the proportion of shear displacement &5 (as % of the local short column
deformation) within the short column for both OpenSees and Abaqus®
models. In this figure, the shear displacements s were decoupled from
the flexural displacements using Massone and Wallace’s model [42]. The
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Fig. 10. Load vs displacement results from OpenSees, Abaqus® and experi-
mental envelope results from tested building.
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Fig. 11. Decomposition of shear-flexural displacement of short column (con-
ventional concrete).

results in Fig. 11 show that both OpenSees and Abaqus® models
calculate the initial 55 to be 45% of the short column’s total deformation.
It is also shown that &4 increases faster in the SCME (in OpenSees) as the
global lateral displacement of the frame increases. This is because the
SCME was specifically designed to deform in shear from the start of the
analysis, whereas the strut and tie mechanism in Abaqus® can only form
after the structure has undergone an initial amount of deformation. At
higher displacements (>2.6 mm), however, both models calculate
similar shear and flexural components of deformation. Moreover, the
running time for the OpenSees simulation was only two minutes,
whereas that of Abaqus® took an average of five hours to give results.
This indicates that the new SCME proposed in this article can predict
accurately the load-displacement behaviour of short columns
throughout the entire load history (including the elastic behaviour, first
cracking, peak capacity, and post-peak softening up to failure) with
much less computational time. The results in Fig. 11 also indicate that
the deformation capacity of the short columns was very limited, which
results from the premature shear failure of the element.

4.4.3. Model validation

To investigate the accuracy of the new SCME at predicting results
from short columns with different geometries and materials, the
experimental results from short columns (Specimens 1 and 7) reported
by Moretti and Tassios [ 18] were used. Specimen 1 had an aspect ratio of
1.0 (1= 250 mm, h = 500 mm), whereas Specimen 7 had an aspect ratio
of 2.0 (I = 250 mm, h = 1000 mm). The two Specimens were tested in
double curvature until failure. The unconfined concrete compressive
strength of both Specimens was 36.0 MPa. Further details of the vali-
dation strategy are summarised in Appendix B. Figs. 12a-b compare the
load vs displacement results obtained from the OpenSees model with the
new SCME, as well as the backbone curve from Specimens 1 and 7 tested
by Moretti and Tassios [18]. The results confirm that the proposed SCME
captures well the behaviour of short columns, particularly for Specimen
1 that had a smaller aspect ratio. This is reasonable since the new SCME
proposed in this study was explicitly developed for columns with short
aspect ratio with predominantly shear-dominated behaviour.

The good agreement in results confirmed that the boundary condi-
tions and general behaviour adopted in the new SCME replicate well the
behaviour of short concrete columns of buildings. However, it is evident
that the deformation capacity of the short columns was very limited.
Accordingly, the following section uses the 2D frame model developed
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Fig. 12. Load vs displacement results from OpenSee and experimental envelope results from (a) Specimen 1 and (b) Specimen 7 tested by Moretti and Tassios [18].

in OpenSees and Abaqus® to examine numerically the feasibility of
using highly deformable FRP CRuC to increase the deformability of short
columns. It should be noted that whilst the results from the OpenSees
model agree well with the test results and the numerical results from
Abaqus®, further research should validate the applicability of the new
SCME to other cases studies with different geometry to the short col-
umns presented in this article.

5. Numerical investigation on highly deformable FRP CRuC
short columns

Further numerical analyses on OpenSees and Abaqus® examined the
behaviour of buildings with short columns made of FRP CRuC. A rubber
content of 60% in the CRuC was assumed in the investigation. Previous
studies by the authors [43] indicate that such level of aggregate
replacement proved suitable to ensuring a high deformability in con-
crete, while also maintaining a good compressive strength for structural
use. Aramid FRP (AFRP) confining jackets were chosen as these provide
a good tensile strength at higher ultimate elongation compared to other
confining materials [3]. In the analysis, the rupture strain of the AFRP
jackets was taken as 65-70% of the ultimate sheet strain given by the
manufacturer. This is justified as such values were found to match well
actual sheet strains measured on AFRP CRuC cylinders tested in
compression, as reported in a previous study by the authors [3]. The
reduced ultimate strain of the jackets is lower than the uniaxial rupture
strain of the sheet due to the fact that the jacket might have imperfec-
tions and stress concentrations, as demonstrated in previous research
[23].

5.1. Numerical simulation of FRP CRuC short columns in Abaqus®

The Abaqus® model described in Section 3 was modified to carry out
this analysis. The first modification included the separate modelling of:
i) the short column using RuC instead of normal concrete, and ii) the
addition of external AFRP jackets as confinement. The stress-strain
behaviour of RuC was obtained from the constitutive model proposed
by Bompa et al. [44], who used similar materials and percentage of
rubber replacement as those use in the tested building. Table 1 sum-
marises the material properties of the RuC adopted in the analysis. The
dilation angle in the CDP model was increased to y = 45° to consider the
high lateral dilation of RuC, as suggested in previous research [4,6].

The AFRP confinement was modelled as a shell-membrane, with a
user-defined Lamina material model. Table 1 provides the material
properties of the dry AFRP sheets as provided by the producer. A tie
constraint was used to connect the AFRP jacket to the concrete surface,
assuming perfect bond between the two surfaces.
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Table 1
Material properties of RuC proposed by Bompa et al.’s model and AFRP
properties.

Conventional concrete fem - - - -
Benchmark concrete [44] 63 - - - - -
RuC pur (%) A Erc fre Erc fre
60% rubber replacement 60 2.9 9.2 6.7 0.105 0.92
AFRP CRuC fer Ecr fere eae e ecre
1L (1 Layer of AFRP) 8 0.14 28 3.00 26 2.77
2L (2 Layers of AFRP) 10 0.17 47 4.34 44 4.00
3L (3 Layers of AFRP) 12 0.19 66 5.42 61 5.00
Aramid FRP t (mm) Ef fu £ - -
S&P A120/290 0.2 116 2400 2.5 -

Strength f in (MPa), Young’s modulus E in GPa, and strain in %

In Table 1, p,, is the percentage of rubber replacement by volume; 4 is
a factor for the type of rubber used (1=2.9 for a coarse and fine rubber);
whereas Ey, frc, &rc, and fic . are the Young’s modulus, peak compressive
strength, strain at peak compressive strength, and peak tensile strength
for unconfined rubberised concrete, respectively. The latter variables
and corresponding values were adopted from Bompa et al.’s model [44].
For the AFRP CRuC part of the table, f,. and ¢ are the critical stress and
strain, respectively [45]; foc and &4, are the ultimate compressive
strength and strain of AFRP CRuC, respectively; f¢,., and ¢, are the
effective ultimate compressive strength and strain of AFRP CRuC,
respectively, which account for the inclination of the strut in the new
SCME model. Note that the critical stress f,. and corresponding strain &
represent the start of unstable crack propagation and concrete expan-
sion, which in turn activate the confining jacket and change the gradient
of the stress-strain constitutive curve of AFRP CRuC (see Figure C1 in
Appendix C). Full details of the AFRP CRuC constitutive model can be
found in Raffoul et al. [45].

In Table 1, the dry AFRP properties t, Ey, f,;, and &g, are the dry sheet
thickness, Young’s modulus, ultimate rupture strength, and strain at
rupture, respectively, as given by the AFRP producer.

Based on the above material properties, three frames were modelled
assuming AFRP jackets with 1, 2 or 3 layers around the short columns.
Such three frame models are identified in Table 1 and in subsequent
sections/tables as 1L, 2L, and 3L, respectively. A lateral displacement
was imposed at the top of the column until “failure” of the frame model
occurred.

5.1.1. Results and analysis of numerical simulations

Fig. 13 compares the load vs displacement curves obtained from
Abaqus® for models 1L, 2L, and 3L. The figure also includes the enve-
lope load-displacement curve of the building tested in this study (made
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Fig. 13. Load vs displacement of frame models with AFRP CRuC short columns,
results from Abaqus® and OpenSees with new SCME.

of CC), as well as OpenSees results to be discussed later in Section 5.2.
The behaviour of the three frame models shown in Fig. 13 can be
described by four distinctive phases:

1) Elastic Phase I, which is not affected by the level of confinement as the
AFRP is not yet activated at this stage. The initial stiffness of all
frames was around 83 kN/mm.

2) Transition Phase II, where the loss in stiffness is due to the develop-

ment of cracking at the short column/beam interface. At the onset of

this phase, the compressive stresses developed within the short col-
umn cause its lateral expansion, which in turn activates the AFRP
jackets. This phase ends when the RuC reaches its peak strength,
which occurs at higher strain values for increasing values of
confinement stiffness. This phase ends at a lateral load of 83 kN,

94 kN, and 102 kN for frames 1L, 2L and 3L, respectively.

Linear hardening Phase III, which stiffness is determined by the level

of confinement along with the strength from all other structural el-

ements. The stiffness of this branch was 4.3, 5.4, and 6 kN/mm for
frames 1L, 2L and 3L, respectively.

4) A further reduction in stiffness (Phase IV) is observed due to yielding
of the longitudinal reinforcement at the bottom of unrestrained
column C1B (hinge formation), which occurs after a lateral
displacement of approximately 19 mm for all three confinement
levels.

3)

Phase IV ends with the failure of the frame model. Models 1L and 2L
failed when the AFRP reached its rupture strain of 1.75%, which
occurred at lateral displacements of 36 mm (2.9% drift ratio) and
57 mm (4.6% drift ratio), respectively. Conversely, frame 3L failed
following the formation of a plastic hinge mechanism when the longi-
tudinal reinforcement in column C1A yielded at the short column re-
straint level, which occurred at a frame displacement of 52 mm and a
lateral load of 272 kN. At this stage, the strain in the AFRP was 1.3%.

It should be noted that the load-displacement behaviour described
above is in line with that observed by Wang et al. [16] (see Figure C2 in
Appendix C). Indeed, Wang et al. proved that the load-displacement
behaviour of rectangular prisms confined with FRP CRuC tested in
shear also presented four characteristic phases, as discussed by El Khouri
[29]. The results from Abaqus® confirm that whilst the behaviour of the
frame was dominated by the short column effects, the replacement of
conventional concrete with AFRP CRuC improved the frame’s perfor-
mance by increasing the deformability of the short column.
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Fig. 14 shows the strain profile vs displacement obtained from
Abaqus® for the three frame models 1L, 2L, and 3L. The results were
obtained at the centre of the AFRP sheet along the faces of the column
both parallel (X direction) and perpendicular (Y direction) to the loading
direction. It is shown that, as expected, the FRP strains in the loading
direction were higher than the strains in the transverse direction as the
fibres resisted the development of diagonal cracking. Moreover, the FRP
strains decreased as the amount of FRP layers increased, which in turn
led to a more uniform distribution of strains around the column
perimeter. For example, at a drift ratio of 2.44% for the unrestrained
column (30 mm frame displacement), the strain in the AFRP along the
loading direction reached 1.4% for model 1L, while strain levels of
1.03%, and 0.82% were recorded for models 2L and 3L, respectively.

5.2. Modelling FRP CRuC short columns using the proposed SCME in
OpenSees

The proposed SCME was modified to model the AFRP CRuC short
column in OpenSees. Accordingly, the constitutive model developed by
Raffoul et al. [45] was used here to i) define the uniaxial compressive
behaviour of AFRP CRuC, which implicitly considers the effect of
different confinement stiffnesses (i.e. different jacket thickness and type
of FRP), and to ii) determine the relevant parameters of the Concrete02
material model in OpenSees.

Since the fibres of the AFRP jacket around the short column were
assumed as horizontal (i.e. perpendicular to the column axis), and
because the strut is inclined at an angle of @ = tan~'h/l as per Eq. 2, the
effectiveness of the confinement to the compressive strut had to be
reduced. To account for the reduced effectiveness of the confinement
due to the relative inclination between the confining FRP fibres and the
strut, the ultimate strength f?,. of the AFRP CRuC was reduced using Eq.
6.

fore = (fere — ﬁ.,)sinza + for ©)

where f. and f., are defined as the compressive strength and critical
stress of the AFRP CRuC, respectively [45] (see Figure C1 in Appendix
Q).

Consequently, the ultimate strain, &.., was also reduced at a ratio
that maintains the second linear stiffness of the AFRP CRuC stress-strain
relationship (Table 1). The material properties of the vertical elements
of the SCME (AD and BC in Fig. 9a) were not reduced. The same
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Fig. 14. Numerical lateral strains at centre of AFRP jacket in directions parallel
(X) and perpendicular (Y) to loading direction, results obtained from Abaqus®.
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boundary conditions and dimensions of the SCME with conventional
concrete were also used for the AFRP CRuC SCME.

5.2.1. Results and analysis of the AFRP CRuC SCME simulations

Fig. 13 compares the load vs displacement curves of frames 1L, 2L
and 3L with the AFRP CRuC SCME obtained from OpenSees. The results
show that the transition Phase II was slightly softer in OpenSees than in
Abaqus®. However, up to the peak strength of the RuC, the OpenSees
results agreed well with those from the more advanced analysis in
Abaqus®. The elastic stiffness for all three frames was around 77 kN/
mm, whereas the stiffness of the linear hardening Phase III was 4.4, 5.2,
and 5.6 kN/mm for frames 1L, 2L and 3L, respectively. At a lateral frame
displacement of 16.8 mm, the steel at the bottom of the unrestrained
column yielded for all three frame models, thus indicating the start of
Phase IV. Frame models 1L and 2L failed when the strut reached its
maximum strength, corresponding to the theoretical rupture of the
AFRP jacket at a lateral displacement of 37 mm (3.0% drift ratio) and
52 mm (4.2% drift ratio), respectively. These results indicate that the
use of FRP CRuC in the short column was very effective at increasing the
deformation capacity of the building. Indeed, whilst the tested building
failed at a small displacement of 5.4 mm (0.43% drift ratio), the use of
FRP CRuC short columns with minimal confinement (one layer of AFRP
only) increased the building’s displacement by almost seven times to
37 mm (3.0% drift ratio).

On the other hand, frame model 3L failed due to the formation of a
plastic hinge mechanism (which is consistent with the Abaqus® results)
at a displacement of 57 mm and a lateral load of 295 kN. The results in
Fig. 13 also confirm that the SCME in OpenSees simulated accurately the
four-phase load-displacement behaviour observed in shear tests on
rectangular prisms confined with FRP CRuC [16]. This provides further
confidence on the suitability of the new SCME at predicting the
behaviour of short columns made of FRP CRuC. The ductility of the
frames was assessed based on the bilinear idealisation of the
force-displacement curve according to FEMA 356 [46]. The displace-
ment ductility values obtained from OpenSees were 18.9, 22.9, and 22.3
for the frame models 1L, 2L and 3L, respectively, which are somehow
similar to those obtained from the analyses in Abaqus®.

Whilst the AFRP jacket was not explicitly modelled in the SCME in
OpenSees, it was possible to estimate the lateral strain of the jacket using
the uniaxial compressive strain levels of the strut obtained from the
OpenSees results, and the equation of the adopted constitutive model for
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Fig. 15. Lateral strain in AFRP jackets for frame models with AFRP CRuC short
columns, results from Abaqus® and OpenSees with new SCME.
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AFRP CRuC [45,47]. Fig. 15 compares the AFRP strains obtained from
the SCME in OpenSees and those obtained from Abaqus®. The results in
the figure show that the two curves are very similar up to the theoretical
rupture strain of the AFRP jacket. This confirms that the new SCME is
very effective at capturing the confining effect of the AFRP jacket.

5.3. Comparison between frame models with CC and CRuC short columns

The results in previous sections proved that short columns made of
FRP CRuC can develop higher deformability than CC counterparts. This
in turn led to a better utilisation of materials in the frame models since
damage distributed more unfirmly among other structural elements,
rather than being concentrated only in the short columns. For instance,
while using CC in the short column limited the deformability of the
frame model and prevented yielding of the longitudinal reinforcement,
yielding occurred in the longitudinal bars of column C1B for all three
models 1L, 2L and 3L. The higher ductility of the three AFRP CRuC frame
models can be attributed to the unique mechanical properties of FRP
CRuC, which enabled large shear deformations in the short column [16].

Fig. 16 shows the shear-flexure displacement decomposition of the
AFRP CRuC short column for model 3L. Both results from Abaqus® and
OpenSees with the new SCME are included. It is shown that the shear
deformation of the short column accounts for 80-90% of the total frame
deformations after a global displacement > 5 mm (0.4% drift ratio), i.e.
once the frame model enters the transition Phase II that activates the
AFRP jackets.

The numerical investigation presented in this article confirms that
FRP CRuC can be used in high shear demand regions of buildings, which
in turn can lead to a more ductile behaviour when compared to con-
ventional concrete (CC) counterparts. However, since the proposed
model SCME was calibrated with CC short columns, further research
should verify experimentally the applicability of the new SCME to RuC
and FRP CRuC. Moreover, research on FRP CRuC elements subjected to
shear is scarce in the literature, and therefore future research should
validate the accuracy of the model using other experimental datasets
that include different types of FRP materials (such as Glass or Basalt
FRP). A thorough parametric analysis is also necessary to assess the
validity of the proposed numerical models in relation to the assumed
modelling parameters.

It should be finally mentioned that the authors have also carried out
shake table tests on buildings with short columns made of conventional
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Fig. 16. Decomposition of the shear-flexural displacement of short column
(CRuC-3L up to 30 mm lateral displacement of the frame).
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concrete or FRP CruC [48]. The geometry, detailing, material properties
and number of AFRP jackets examined in these tests were similar to
those of frame model 3 L, discussed in Section 5 of this study. The results
from these shake table tests confirmed that the use of highly deformable
AFRP CRuC increased the drift capacity of the short columns by a factor
of 3 over a counterpart frame with conventional short concrete columns.
These experimental results are thus fully aligned with the numerical
findings discussed in Section 5 of this study. Due to space limitations, the
results of these shake table tests will be reported in a forthcoming article.

6. Summary and conclusions

This article proposed a new and practical Short Column Macro
Element (SCME) that predicts accurately the behaviour of short concrete
columns. A 1/3-scale one-storey building with short columns made of
conventional concrete was subjected to lateral loading tests until failure.
The experimental results from the building are then used to calibrate a
numerical model in Abaqus®. The experimental crack patterns and
stress distribution from Abaqus® were used to determine the load path
within the short column. Based on this information, a new strut-and-tie
SCME was proposed and implemented in OpenSees. Subsequently, the
frame models calibrated in OpenSees and Abaqus® were modified to
examine numerically the effectiveness of highly deformable FRP CRuC
at increasing the deformability of short columns with different levels of
FRP confinement (1, 2 or 3 layers). Based on the results of this study, the
following conclusions can be drawn:

e Failure of the tested building made of conventional concrete was
dominated by the brittle shear failure of the short columns. Failure
occurred at a small displacement of only 5.4 mm (0.43% drift ratio)
for the unrestrained column. The building did not develop any
ductility as the longitudinal reinforcement of all elements remained
withing the elastic range.

The 2D model of the building in Abaqus® was effective at providing
details of the evolution of the main load transfer mechanism within
the short columns. The analytical stress distribution obtained from
the numerical analyses agreed very well with the experimental
cracking pattern. It also provided insight into the evolution of the
main load transfer mechanism within the short columns.

The new SCME captured accurately the behaviour of the short col-
umns of the tested building modelled in OpenSees. For the tested
building, the OpenSees results predicted accurately the load-
displacement behaviour of short columns throughout the entire
load history (elastic behaviour, first cracking, peak capacity, and
post-peak softening up to failure). Compared to Abaqus®, the load-
displacement curve obtained from the OpenSees model matched
better the experimental envelope of the building. Moreover, the
adoption of the SCME in OpenSees significantly reduced computa-
tional time to minutes rather than hours for the analysed building.
The new SCME also predicted well the results from short columns
with different geometries and materials reported in the literature.
The proposed SCME was modified to account for the use of highly
deformable FRP CRuC in short columns. The numerical results show
that FRP CRuC short columns have a four-phase load-displacement
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behaviour consistent with previous shear tests on FRP CRuC prisms.
This confirmed the suitability of the new SCME at predicting the
behaviour of short columns made of FRP CRuC.

The use of highly deformable FRP CRuC in short columns signifi-
cantly improved the performance of the frame models analysed in
OpenSees. Whilst the tested building failed at a small displacement of
5.4 mm (0.43% drift ratio), the numerical analysis showed that use
of FRP CRuC short columns with minimal confinement (one layer of
AFRP only) increased the building’s displacement by almost seven
times to 37 mm (3.0% drift ratio). This also enabled more redistri-
bution of forces to other structural members.
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Appendix A. Calibration of the shape factor r, in Chang and Mander’s concrete stress-strain model

Eq. A1, developed by Tsai and implemented in Chang and Mander’s model, gives the stress-strain relation for unconfined concrete:

nx

y:
1+ <n - n"il)x+ "
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Oc
y=-— (A3)
f;'m
where ¢, and o, are the compressive strain and stress, respectively; e is the compressive strain at peak stress; n and r, are parameters that control the
shape of the stress-strain curve and are defined by Chang and Mander as follows:

7.2
. :?-2 —19 (A5)

Eqs. A1-A5 provide the full stress-strain curve of a concrete cylinder as a function of the peak strength and strain.
Palmquist and Jansen developed Egs. A6 - A8 to calculate the post-peak strain taking into account the aspect ratio of the element under
compression:

_ Oc 7fnm HB 1 ﬁ'm MHD
Hy =H—H)p (A7)
O,
Hp = W(Z*—) (A8)

where H is the height of the specimen; Hp, is the height of the damage zone in the specimen; and Hgis the height of the bulk zone beyond the damage
zone (see Figure A1). Likewise, M, N and V in Eq. A6 are empirical constants calibrated for each type of concrete based on the full stress-strain curve.

A
Hy/2 «—1 Bulk zone
P
H Hp| feeveceeonienngt  Damage zone
PR
Hg/2
v

Fig. Al. Definition of the compression damage zone according to Palmquist and Jansen. [37].

Palmquist and Jansen’s post-peak strain model was calibrated to fit the stress-strain curve of Chang and Mander for a standard 100 x 200 mm
cylinder tested in compression (see Figure A2, for an initial shape factor r. = 5.2). The empirical constants were found to be equal to 0.145, 0.992, and
225 for M, N and V, respectively.
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ConcreteCM (rc=5.2) ~  ====- Post Peak Curve (Cylinder)
ConcreteCM (re=10) — = = Post Peak Curve (Strut)

Compressive stress (Mpa)
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p—
>

N

0 0.002 0.004 0.006 0.008 0.01
Compressive strain (mm/mm)

Fig. A2. Calibration of the Shape Factor r, in Chang and Mander’s compressive stress-strain model to account for the slenderness ratio of a concrete strut [40].

The post-peak behaviour was then modified according to the aspect ratio of the strut, which was calculated based on the equivalent diameter of the
rectangular area (equal to 97 mm) and an element length of 358 mm. The shape factor r, was then calibrated to fit the new post-peak behaviour for the
strut (see Figure A2), which resulted in a shape factor r. = 10.

Appendix B. Validation of new SCME

The validation was done using Specimens 1 and 7 tested by Moretti and Tassios [18]. The experimental programme involved columns of same
cross-section but varying length. Specimen 1 had an aspect ratio equal to 1 (width of 250 mm, length of 500 mm) and somehow similar to the short
column in the scaled-down building presented in this article. Specimen 7 had an aspect ratio equal to 2 (with of 250 mm, length of 1000 mm). The
columns were reinforced with eight 14 mm longitudinal bars (Figure Bla) which had yield and ultimate strengths of f;, = 480 MPa and f;, = 740 MPa,
respectively. The shear reinforcement consisted of one tie and two cross-ties at a spacing of 50 mm, having a yield strength of f;, = 300 MPa. The
columns were tested in a double curvature as shown in Figure Blb.

_SOOmm
/
]
|

500 mm
1500 mm
@

L
L
w

E < double action
§ W
=&____ ,,ml'tl//
o "l in /%‘
e 1500 mm
l‘ I cul5 mm
E ~___ bidiogonal
ﬁ " reinforcement
}— @ 80%0
» reaction floor
(a) W section B-B r

Fig. B1. (a) Specimen cross-section and reinforcement, and (b) test setup [18].

Using the same topology described in Section 4.2 (as shown in Figure B2), the geometry of the SCME for the validation on OpenSees was obtained
as described below.
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Fig. B2. SCME topology and boundary conditions used to model Specimens 1 and 7 in OpenSees.

The width of the node face wy, g at node B was chosen to be equal to the neutral axis depth (calculated to be 67 mm) at the yielding moment of the
column, based on the centre of gravity of the compressive stress of the section. The neutral axis was calculated using a moment-curvature analysis. Due
to symmetry of the cross-section, the following values were taken wp, 3 =wpa =wpp =Wy c. In the case of double curvature bending tests, there are no
vertical nodes or strut supports, which simplifies the dimensioning of the struts, as mentioned in the main text. The width of the diagonal struts is
simply taken as the width of the nodes (67 mm). The depth of all SCME elements was equal to the column depth of 250 mm.

The diagonal struts AC and BD were modelled as truss elements made of plain concrete, using ConcreteCM material in OpenSees. The effective
concrete compressive strength in the strut was calculated to be 18.5 and 19.3 MPa for Specimens 1 and 7, respectively. Based on Mander et al.’s
confinement model, the confined strength ratio ¢ was 1.4. The effective strength of the confined strut was 26 and 27 MPa for Specimens 1 and 7,
respectively. The shape factor r. was calibrated to be 12.

The two vertical elements AD and BC of the SCME were modelled as truss elements made of reinforced concrete with material definitions as given
by Moretti and Tassios [18].

The model boundary conditions were set to force a double curvature, and a monotonic increasing displacement was applied to reach failure. The
results from the validation are discussed in Section 4.4.3 of the article.

Appendix C. Axial, lateral, and shear stress-strain behaviour of FRP CRuC

Figure C1 shows the stress-strain model adopted for the analysis of FRP CRuC concrete. The constitutive model was extensively calibrated with
results from cylinders confined with Carbon and Aramid FRP CRuC under uniaxial compression [3,23,45].

fe
fe
cre C
Lateral Axial
B
fcr A
sC
Eccl 0 &r Ecre

Fig. C1. Schematic axial and lateral stress-strain behavior of CRuC.
Figure C2 shows the shear stress-strain model adopted from Wang
et al. [16]. The three phases of the shear stress-strain documented by
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Wang match the results obtained in the short column lateral behaviour. The additional fourth phase shown in the figure describes the case of
no-rupture of FRP and yielding of the structure that would exhibit a ductile yielding.

Shear stress 7

1w

Vi 1 yiii
Tee [— T —— —— ~ —
T [ -
Tp B //
Ter //
/[ |
/
{ G,
/NG 7 ’
/
/ |
7

Yer Vp Ve

Shear strain y

Fig. C2. Schematic shear stress-strain behavior of CRuC adopted from Wang et al. [16].
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