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Highlights

e The non-linear mechanics of buckling-enabled composite bracings (BECB)

with circular-arc shaped cross-section are explored.

e A rigorous numerical simulation strategy for BECB elements is established

and validated.

e A parametric study on the buckling behaviour of BECB members made

of GFRP is performed.
e A case study of a steel rocking frame equipped with BECB is presented.

e The inclusion of BECB is successful in stabilizing the non-linear dynamic

response of damageavoidance rocking frames.
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Abstract

Post-tensioned rocking frames have been proposed as damage-free seismic-resistant
structures. However, currently available load resisting systems for rocking frames
rely on sacrificial yielding components that accumulate damage during strong
dynamic action. To address this shortcoming, this study proposes a novel thor-
oughly damage-avoidance solution by means of bracing elements with carefully
controlled buckling behaviour. To this end, a proof-of-concept study is pre-
sented, whereby the elastic buckling response of buckling-enabled composite
bracing (BECB) elements with circular-arc shaped cross-section is numerically
investigated. Varying geometric properties are considered and validated against
analytical approximations. Besides, a finite element study of a single-storey
steel post-tensioned frame under static and dynamic actions is performed. The
case study incorporates BECB elements made from glass-fibre reinforced poly-
mer (GFRP). It is demonstrated that BECB enhances the non-linear static
and dynamic response of rocking frames by providing stability and significantly
reducing storey drifts and accelerations without accumulating damage.
Keywords: buckling-enabled bracing; damage-avoidance; rocking frame;
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1. Introduction

In response to the severe social and economic impacts of recent earthquakes,
there has been a growing interest in smart structural systems [1]. In particular,
rocking self-centring frames that employ elastic gap-opening mechanisms at the
column-foundation and beam-column interfaces have been proposed as damage-

s limiting alternatives. These systems utilise unbonded post-tensioned tendons
to tie members together as well as to provide the required moment resistance
and restoring forces necessary to re-centre the structure to its plumb position
after strong motion. This configuration effectively prevents yielding of primary
structural members, but can lead to large storey drifts and accelerations. More-

10 over, in order to stabilize the rocking response, sacrificial elements that dissipate
modest amounts of energy through yielding (damage) are typically provided.

Research devising various methods of enhancing earthquake resilience for
different classes of rocking structures has spanned over the last decade [2, 3, 4,
5,6,7,8,9, 10, 11]. In particular, in the case of self-centring frames, the use

15 of yielding thin steel plate infill walls [12, 13, 14], buckling-restrained braces
[15], yielding seat angles [16, 17], short axial yielding devices [18], yielding web
hourglass pins [19], or beam web/flange friction devices [20, 21, 22] have been
explored. Although these technologies are very effective in reducing peak re-
sponse quantities, they all comprise of sacrificial and /or replaceable components.

2 This results in a system with limited durability, and a requirement for frequent
inspections and maintenance. Furthermore, the structures often experience per-
manent post-earthquake damage and require significant repair or replacement.
Therefore, there is a need for alternate thoroughly damage-avoidance solutions
for rocking frames.

2 In principle, shell elements with material properties that allow substantial
global buckling while remaining largely elastic, can be employed to improve the

seismic performance of self-centring rocking frames. A curvature in the cross-
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section can be further introduced to increase the section’s buckling capacity.
A curved geometry combined with the elastic buckling motion would also pro-
3 vide some energy-dissipation to the structural system through sound and heat.
Hence, buckling-enabled bracing, given suitable material properties, can provide
stability, reduce the peak responses, and considerably improve the lateral-load
resistance of self-centring rocking frames while avoiding damage.
In this context, fibre reinforced polymers (FRPs) represent an attractive
s material solution due to their high strength and fatigue life. FRPs are a
class of composite materials made of a polymer matrix reinforced with fibres.
Both GFRPs (glass-fibre reinforced polymers) and CFRPs (carbon-fibre rein-
forced polymers) are currently being widely researched for strengthening and
retrofitting steel structures [23, 24, 25, 26, 27, 28, 29, 30, 31]. Besides its strength
w0 and fatigue-life advantages, GFRP is lightweight, durable, and non-conductive
to electricity /heat [32]. Additionally, shells made of GFRP have the ability to
undergo considerable elastic buckling. Therefore, they constitute an excellent
material choice for the buckling-enabled composite bracing (BECB) system.
This paper investigates for the first time the use of carefully designed braces
s with new circular-arc cross-section in combination with rocking post-tensioned
frames for the provision of truly damage-avoidance earthquake resilient struc-
tures. First, a finite element simulation strategy for the buckling members is
developed and validated against analytical approximations. Next, these proce-
dures are applied to perform a comprehensive parametric study on the buckling,
so0 post-buckling, and cyclic behaviour of GFRP elements with varying geometric
properties. A significant interaction between the geometric parameters of the
bracing members is identified, and their influence is shown to increase with
decreasing element length. This findings are applied to the design and imple-
mentation of BECB into a prototype steel rocking frame as compression-only
ss  elements. It is demonstrated that BECB enhances the static and dynamic per-
formance of rocking frames by significantly reducing the storey drifts and accel-
erations without any damage accumulation. Numerically-generated frequency

response functions (FRFs) of rocking frames with and without BECB are ex-
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amined and the bracing system is shown to greatly improve the stability of the
s rocking frame response. This proof-of-concept study forms a strong foundation
towards the provision of truly damage-avoidance solutions and supplies the tools

for further investigations into practical design methods.

2. Numerical Modelling of Buckling-Enabled Composite Braces

2.1. Geometric Specifications

6 The geometric and section properties of the BECB elements are defined in
Equations 1 to 6. Figure 1 illustrates a circular arc with uniform thickness
't’, outer radius '1’, chord ’c’, sector angle '2a’/curvature 'o’, height 'h’, arc
length ’I’, brace length ’L’; distance to the centroid from the top fibre ’y.’, and
moment of inertia 'I’. In this paper, the cross-sectional geometric dimensions

7 are defined in an orthogonal cylindrical coordinate system with an additional

thickness variable (rxtxa, L).

h
!
Figure 1: Geometric parameters of the bracing element
h 2
r=2y (1)
2 8h
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[
2a = 2 arcsin (%) (2)

l=2ar (3)

A=a(r?—(r—1t)?% (4)

=50 (- (4 627 g

I=atr® (1 - 2(Sin O‘))z + Sin(M) (6)

2.2. Finite Element Modelling

The finite element package ABAQUS [33] was used to simulate the buckling
behaviour of the BECB members. The 4-node doubly curved general-purpose

75 shell element (designated S4R), with reduced integration and six degrees of
freedom per node was selected for the models. Fixed boundary conditions were
applied on one end and the other end was restrained against all movement except
axial displacement (Figure 2a). Compression loads were applied to the shell by
imposing uniform displacement or force along its arc length I, as illustrated in

s Figure 2b. An isotropic elastic material model with an elastic modulus 'E’ of
18 GPa and Poisson's ratio ’u’ of 0.3 was used to simulate the GFRP material
[34]. Four different types of analyses [35] were performed: Eigenvalue analysis,
Non-linear Riks method, Static (general), and Dynamic (explicit). It is noted

that the eigenvalue analysis performed does not take into account the effect of
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s initial imperfections and geometric non-linearity, which typically act to reduce
the buckling load.

First, an eigenvalue study was performed to obtain mode shapes and linear
buckling capacities (the bifurcation point). These capacities were used to val-
idate the modelling approach adopted. The critical loads obtained from these

o analyses informed the subsequent non-linear analyses. The impact of vary-
ing modelling characteristics on the buckling resistances were investigated in
order to form a baseline modelling methodology for the BECB. These charac-
teristics included varying load-application techniques, meshing, and boundary
conditions. The accuracy of the buckling load prediction by eigenvalue analysis

s was highly dependent on the mesh resolution, as expected. A mesh sensitiv-
ity study was carried out with a decreasing mesh size for elements of different
geometric proportions to study the convergence in the buckling loads. The re-
sults indicated that a mesh size of two times the element thickness 2t” in both
the axial and radial directions provided sufficient accuracy and stability in the

w0  results where the critical loads approached asymptotic behaviour and became

relatively constant for finer meshes.

Fixed end
U1=U2=U3=0
UR1=UR2=UR3=0

Shell edge load
Free end (U3#0) (Uniform distribution)
U1=U2=0

URI1=UR2=UR3=0

(a) Boundary conditions (b) Load application

Figure 2: Finite element model of BECB member in ABAQUS

Similarly, the application of uniformly distributed and concentrated loads

was investigated via a comparative study. The concentrated load was simulated
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in two ways: firstly, by connecting the nodes along the arc length '’ to a mas-
s ter node (at y.) via rigid links, with the load applied at the master node; and
secondly, by applying the point-load directly at the centre of arc length 'I’. The
uniformly distributed load was multiplied by arc length ’’ to obtain equiva-
lent concentrated loads. It was observed that these alternative load-application
techniques influenced the mode shapes, in particular for aspect ratios % < 6.
w0 Nevertheless, for members with aspect ratios greater than 6, the buckling ca-
pacities obtained using uniform and concentrated loads ‘were within +2% of
each other. Hence, for % > 6 the load application technique did not have a
significant impact on the global buckling behaviour. These observations led to
a baseline modelling strategy which included the load application technique,
us  boundary conditions and mesh selection.

Following this, geometric properties for the parametric analyses were se-
lected in accordance with reasonable archetype dimensions and practical ma-
terial thicknesses. A mnon-linear buckling analysis was performed using the
modified Riks method, which simultaneously solves for loads and displace-

2o ments, mapping the response quantities in relation to the arc-length of the
load-displacement curve [35, 36]. This method was utilised to study the post-
buckling behaviour and carry out an imperfection sensitivity study. The linear
critical load multipliers obtained from the eigenvalue analyses were applied to
the shell edge (arc length ') at the axially free support. Axisymmetric global

s imperfections were introduced as scale factors for the dominant mode in both
out-of-plane buckling modes. Considering the axis illustrated in Figure 1 where
the cross-section is in the xy plane and the element length 'L’ lies along the z
axis, buckling mode A would be in the positive y direction and buckling mode
B in the negative y direction. This was specified in the program by changing

130 the sign of the imperfection multipliers.

Furthermore, the BECB members were subjected to uniaxial loading and
un-loading compression cycles using displacement control, in the static (gen-
eral) and dynamic (explicit) analyses. A general static analysis was performed

using consecutive loading/unloading steps (for example Step 1: 0-50mm, Step
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s 2: 50-0mm). The cyclic axial displacements were applied using the amplitude
versus time input available. Lateral displacements were recorded at the point of
maximum out-of-plane deflection (buckle). It is noted that initial global imper-
fections were necessary for convergence and hence included in the general static
and dynamic analyses. The buckling capacities and post-buckling behaviour

1w obtained from the general static and Riks analyses were used to provide an
indicator for the cyclic buckling .

Subsequently, buckling was investigated using a dynamic (explicit) analysis
to simulate slow compression tests allowing for the investigation of the associ-
ated force-displacement response. ABAQUS performs dynamic analysis, using a

us Lagrangian formulation and integrating the equations of motion in time explic-
itly by means of central differences [33]. An implicit integration operator was
also utilised to evaluate critical buckling loads, however, the results from both
operators were nearly identical, and the explicit scheme was selected for the re-
maining investigations to reduce processing time. Moreover, the displacements

10 were applied in a quasi-static manner.

3. Model Validation

The results obtained from eigenvalue analyses were compared with the crit-

ical buckling loads estimated through the analytical model developed in [37]

for deployable structures which has been itself experimentally validated. The

155 purpose of this was to validate the numerical modelling strategy developed for
buckling-enabled braces in the preceding section. In particular, equations 7 and

8 were used to estimate the critical buckling loads, for a range of element lengths

[37].
Et
Ucr = 067 (7)
1 e?
O = Py (A + W‘) (8)
Icos
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where o, is the critical stress for a cylindrical panel under compressive load and
o e is the eccentricity or the distance from the neutral axis (y.). The remaining
variables have been previously defined in Section 2.

Steel material properties, as presented in [37], were applied for both models
with an elastic modulus ’E’ of 210 GPa. The cross-sectional dimensions used
were 19 mm x 0.1 mm x 0.65 rad (rxtxa). Two point-loads were applied on each

s end at the center of arc length ', and all degrees of freedoms were restrained
except axial displacement at both ends. This method of load application was
adopted directly from [37]. It is important to note that buckling-enabled bracing
is not limited to the use of GFRP. Conceptually, any material which permits the
required elastic buckling behaviour can be employed to achieve similar results,

o hence the choice of material properties mentioned above.

The analytical and numerical results are compared in Figure 3. The critical

buckling loads are calculated using equation 9

PL?
A= B ®

and the lengths were normalized using the chord ¢ (£). All dimensional quanti-
ties are presented in millimetres and radians in Figure 3. It is evident from this
s figure that the results from both analyses are in good agreement, with the nu-
merical values being approximately 3% higher than the analytical predictions.
Hence, the numerical modelling protocol presented herein was demonstrated
to be reliable for investigating the behaviour of shell BECB elements. Follow-

ing validation, these numerical procedures were further applied to perform an

180 in-depth parametric study in the following sections.

4. Buckling, Post-buckling and Cyclic Response

4.1. Buckling Response

A detailed parametric study was devised in order to achieve a complete

understanding of the influence of geometric design parameters on the overall

10
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Figure 3: Comparison of the buckling behaviour of buckling elements represented using nu-

merical and analytical predictions

15 buckling behaviour of BECB. The insights gained from this process will facil-
itate the design of BECB sections for implementation in steel rocking frames
presented later in this paper.

The first three buckling modes for a GFRP element with o = 50°, % = 10,
and % = 20% are presented in Figure 4. These were obtained using an eigenvalue

1o analysis, as detailed in Section 2. The material experiences axisymmetric out-
of-plane buckling when subjected to uniform in-plane compression, with axial
waves increasing in number for higher modes, as expected. It can be observed
that the modal shapes achieved using the aforementioned geometric proportions
are similar to the typical buckling modes of a flat rectangular plate, as discussed

15 further below.

The mode shapes were notably dependent on the thickness and curvature of
the elements. Members with % < 10, % < 10%, or a < 40° exhibited in-plane
deformation as their primary eigen-mode. For members with % < 3, the out-

of-plane buckling mode (Figure 4a) was between the 4-7th modes. Moreover,

11
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7S

(a) First mode (b) Second mode ) Third mode

Figure 4: Modal shapes for a GFRP element with % = 10, a = 50°, and % = 20%

members with increasing curvature and decreasing thickness experienced higher
levels of in-plane deformations, or local buckling in the circumferential plane. It
was also noted that elements with % < 10 and % < 10% did not exhibit axially
symmetric buckling, and the maximum point of deflection was observed at ap-
proximately 0.6L-0.7L from the fixed end, rather than at 0.5L. In contrast, the
curvature did not have a major impact on the buckling symmetry. This implies
that for the previously mentioned proportional limits of % > 10, % > 10%, or
a > 40° (e.g. Figure 4), the member behaves similar to a flat rectangular plate
with roller-fixed end boundary conditions. Consequently, the linear buckling
loads were compared to values estimated through the analytical formulations
presented in Section 3. Compared with the analytical predictions, maximum
differences of less than 5% in the critical load magnitudes were obtained. These
conclusions were further applied to formulate an in-depth parametric study for

the BECB members.

4.2. Imperfection Sensitivity and Post-Buckling Response

Imperfection sensitivity analysis can be used to provide an indication of
the stability behaviour of an element. An imperfection sensitivity analysis was
first performed on elements of varying lengths and constant thicknesses 't’ and
curvatures ’a’. The imperfection effects were characterized by means of the
knockdown factor [38], obtained by dividing the buckling load of the imperfect

system (P) by the buckling load of the perfect system (Pp,qz). Figure 5 illus-
Priaa

trates knockdown curves with the knockdown factors (=) plotted against the

out-of-plane displacement (Ajuterar) €xpressed as a percentage of the member

12
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length (L). Similarly, the magnitude of imperfections is presented as a multiple

of the relevant member thickness. The imperfection behaviour of the elements

s was evaluated for two possible bucking modes for an element with % =12, a =
40°, and % = 10%.

It can be noted from Figure 5 that the element appears to be sensitive to

large imperfections, with a 20% reduction in the critical buckling load ’P,,.” with

)

every 't’ increase in the imperfection amplitude. Nevertheless, this sensitivity
20 is reduced for imperfections of the order of 't’ to ’3t’ and markedly minor for
magnitudes lower than ’t’. A 5% decrease in the buckling capacity with each
0.2t increase in the imperfection magnitude was observed. Comparing Figures
5a and 5b, it can be observed that buckling mode A exhibits a drop in the buck-
ling strength at % = 7%. This was due to the snap-transition of the top
25 curved fibre to a flat section, with increasing applied force. Similarly, a small
instantaneous drop was observed at % = 15% for buckling mode B. How-
ever, it is noted that mode B follows a more stable deformation path, exhibiting
a gradual reduction in the buckling resistance as the out-of-plane deflection in-
creases. Moreover, the buckling resistances for buckling mode B were found to
20 be 2% higher than those recorded for mode A. Following these observations, and
considering the advantages of GFRP manufacturing, imperfections that facili-
tate mode B buckling were applied for all analyses presented in the remainder
of this article. It was concluded that initial imperfections with amplitudes less
than ’'t” did not have a remarkable effect on the buckling capacity of the BECB

s elements.

4.8 Parametric Study of Buckling Behaviour

Figures 6 to 8 illustrate the results of the parametric study. The geometric
properties were systematically changed, and their effect on the buckling response

of BECB was studied. Figure 6 presents the buckling resistance for variable

b

0 values of thickness 't’, plotted for a range of aspect ratios (%) and constant

curvature ‘a’. Figure 7 illustrates the buckling resistance with variable curvature
L

‘a’, presented for a range of aspect ratios (¢) and constant thickness parameter

13
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(a) Buckling mode A
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(b) Buckling mode B

Figure 5: Imperfection sensitivity analysis for different buckling modes for a GFRP element

with £ =12, @ = 40°, and £ = 10%
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't’. Figure 8 presents the buckling resistances for variable values of thickness
't’, plotted for a range of thickness-to-radius ratios (%) and constant length

parameter 'L’

60

sor " l e
6
40 ‘
B /
A 30¢ ]
20 1]
Increasing
10 - length-
Increasing T
0 / | ‘ thickness — >
0 10 20 30 40

t o
1, (%)

Figure 6: Relationship between the buckling resistance and thickness for GFRP BECB ele-

ments of varying lengths and constant curvature

A clear increase in buckling resistance ’P,,.” with increasing member thickness
’t” for a constant curvature ‘o’ is apparent from Figure 6. Moreover, the change
in curvature ‘o’ has a greater impact on elements with lower aspect ratios (%)

Hence, it is evidenced that there is a strong interaction between the aspect ratio

(%) and thickness 't’ parameters. For % < 5, it is observed that every 1 mm
increase in thickness leads to a 25% higher buckling resistance. For % > 3,

the corresponding buckling resistance is 40% higher for every 1 mm thickness
’t” increment. The changing slope of the buckling curves at % = 7% indicates
that the moment of inertia I’ increases more rapidly with increasing thickness
’t’ than the corresponding critical buckling loads "P.,’. This leads to a change

in the slope of the buckling curve. These observations provide a fundamental

15
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Figure 7: Relationship between the buckling resistance and curvature for GFRP BECB ele-

ments of varying lengths and constant thickness
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Figure 8: Relationship between the buckling resistance and curvature for GFRP BECB ele-

ments of varying thickness and constant length

16
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guideline for selecting optimal design thickness 't’ of BECB elements.
Figure 7 demonstrates that the buckling load factor A’ increases with in-
creasing curvature ’o’, given constant thickness ’t’, until maximum values are
oo reached at a = 40°. This trend is followed by a declining buckling curve.
Additionally, for o > 60°, the GFRP BECB member exhibited large in-plane
deflections and significant local buckling. The negative slope occurs due to the
rapidly ascending magnitudes of moment of inertia 'I” whose rate of increase
is relatively higher than the increase in the buckling strength 'P.,.’, which re-
a5 sults in a negative slope in the buckling curve. In dimensional terms, every +6°
curvature increment resulted in an approximately 25% greater critical buckling
load ’P..’. This response is usually observed when flat rectangular plates are
morphed into a curved cross-section, which leads to an increase in the moment
of inertia and hence the buckling resistance. Following these observations, the
20 curvature of a specific element can be selected, with the optimal angle found

to be between 30° to 60° for the majority of cases. Similar to the interaction

s Lo

=, the curvature ’a’ was found to

between the thickness 't’ and aspect ratio
be more effective in increasing the buckling strength for elements with lower
aspect ratios.

285 In consideration of the complex interaction between the curvature ’a’ and

s L

-, the variation of curvature 'a’ was further evaluated in combi-

aspect ratios

nation with variable thickness ’t’ and constant length ’L’. To this end, Figure 8

shows that the resulting buckling curves follow a curved path. It is noted that

the ’f’ ratio changes with each curvature amplitude and therefore the curves

20 are labelled using the ’%’ ratios for the maximum possible curvature for each

element (at «=90°). In contrast to the previous figures, the transition between

’%’ ratios is constant, with a reduction in the critical buckling load of 30% for
each 10% decrease in thickness 't’.

The previously presented figures are also reproduced as surfaces tin Figure

25 9 to provide a more integral appreciation of the interaction between different

parameters along a broader data range. To this end, the surfaces were esti-

mated using a cubic interpolation function in MATLAB and the goodness-of-fit

17
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parameters were verified using the curve fitting toolbox [39]. It is evident from
Figure 9 that the curvature of the cross-section o’ is particularly effective in
a0 altering the fundamental mode shapes of the BECB elements, whereas the thick-
ness 't’ significantly impacts their buckling strength. It should be emphasized
that this cross-section has not been studied in this context previously. Hence,
it is important to examine the influential geometric characteristics in order to
design an effective structural system. A design guideline can therefore be es-
ss  tablished in order to select suitable geometric proportions for BECB members
for application in damage-avoidance rocking frames. The first step would be to
determine the section length and the required buckling strength of the element.
Next, a chord dimension should be selected. It is recommended to select a %
ratio between 8-10 as an initial design configuration as the buckling capacities
s tend to stabilize for these ratios. Another advantage of these proposed ratios
is to start with a minimized material requirement (Higher % means a Narrower
cross-section, given a constant L). Figures 6 or 9a would then be used to de-
termine the required member thickness. Consequently, a combination of these
parameters can be employed to select a curvature o using the data presented in
a5 Figures 7 and 8, or 9b and 9c. This method was followed to design the bracing

elements for the steel rocking frame presented in the subsequent sections.

4.4. Unloading Response

Figure 10 compares buckling curves obtained using both linear and non-

linear analysis options available in ABAQUS [33]. An imperfection amplitude

20 equal to the element thickness ’t’ was considered in the static and dynamic

analyses. Different types of analyses (Riks, static and dynamic) were performed

to trace the loading-unloading paths under cyclic uni-axial compression. The

numerical predictions of the buckling strengths experienced differences of less

than 2% between the Riks method (with imperfections), Static and Dynamic

s analyses. Also, the critical loads P, obtained from the eigenvalue analyses and
Riks method (without imperfections) are virtually identical.

During unloading, the BECB member follows the shortest linear distance

18
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Figure 9: Surfaces formed by combining the data presented in Figures 6 to 8 using cubic

interpolation

to return to its original plumb position. Hence, all deformations were fully
recovered. This is a key behavioural characteristic of the type of cross-section
s examined in this paper and one that plays a crucial role in the damage-avoidance
applications explored herein. For smaller displacements, prior to reaching the
critical-buckling load 'P.,’, the loading and unloading slopes were equal. Af-
ter 'P,,’, the element experiences a snap-back motion during unloading. The
member is unstable at the point of unloading and deforms instantaneously back
s to its initial stable state. In cases where the element is unloaded gradually,
the snap-back occurs along the shortest path to reach each increment of the
applied displacement. This means that for infinitesimal unloading increments,
the path can be inferred to follow the original loading slope. It is highlighted

that buckling of the bracing elements will provide some energy-dissipation due

19
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Figure 10: Buckling behaviour obtained using various solution methods in the finite element

program ABAQUS

uo  to the generation of heat and sound. Nevertheless, this is extremely difficult
to quantify using conventional FE tools. Therefore, the material is assumed to
exhibit negligible energy-dissipation in the following stages of this investigation.
It is also worth noting that the BECB elements do not exhibit any plastic be-
haviour. Since the buckling of the members is bi-stable elastic, it is expected
us  that the system will not accumulate damage. This allows us to proceed with

the application of BECB to steel rocking frames.

5. Application of BECB to Steel Rocking Frames

5.1. Proposed Structures

The structural model employed as a case study is a one-storey full-scale

0 single-bay planar steel frame, comprising of moment-resisting rocking connec-
tions at the beam-to-column and column-to-foundation interfaces. Figure 11
presents a schematic of the proposed frame. The frame has a storey height of

3.5 m and bay width of 5 m. These values correspond to an aspect ratio of

0.8. The floor beam was designed at a centreline of 0.35 m from the base. RHS

20



Journal Pre-proof

s section 250 x 150 x 16 (mm) are selected for the floor beam, and RHS 350 x 250
x 16 (mm) for the remaining beam and column elements. A tendon cross section
of 150 mm? is incorporated. S275 steel with an elastic modulus of 210 GPa is
employed for the steel members. The applied mass on the frame is 15 tonnes.
This frame is representative of the rocking behaviour of self-centring structures

w0 and is consistent with prototypical models previously employed to explore the
fundamental non-linear dynamics of rocking frames [40]. The interested reader

is referred to [40] for a comprehensive validation of the numerical model against

experiments.
5000
B- -
) §
S - ||
 RHS 350x250x16
\\
* Post-tensioning
S 150mm? (typ.)
hal
- b
RHS 350x250x16 D
\
t h
RHS 250x150x16
ol s g Section B-B
QL ks (Typ.)

Figure 11: One-storey, single bay steel rocking frame

The proposed configurations for the BECB are presented in Figure 12. For

35 configuration 1, two sizes of BECB (8 elements in total) are incorporated, in-
cluding shorter members with dimensions of L = 1.9 m, = 50°, t = 6 mm, r

= 100 mm and longer members with L = 3.8 m, = 49°, t = 7 mm, r = 180
mm. For configuration 2, BECB elements (4 in total) are incorporated, with

dimensions of L = 1.9 m, a = 46°, t = 15 mm, r = 200 mm.

s 5.2. Finite Element Modelling and Analysis Parameters

The finite element programme OpenSEES (Open System for Earthquake En-
gineering Simulation, [41]), was utilised for all numerical analyses. The rocking

frame was simulated using the numerical modelling procedures for both static
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Figure 12: Configurations of GFRP bracing elements incorporated into a steel rocking frame

and dynamic analyses proposed in [40]. Planar frames with three-degrees-of-
freedom per node were defined. All degrees of freedom were constrained at
the foundation level to simulate a fixed base beneath the rocking interface.
Nodal masses were defined in the horizontal and vertical degrees of freedom,
and lumped at the top of each column element.

The columns and tendons were modelled as continuous elements along the
frame height. The post-tensioning tendons were modelled using Corotational
Truss Elements with an initial stress uniaxial material (Steel02 material in
OpenSees [41]). S275 steel with an elastic modulus of 210 GPa was used for
the beam and column members. Elastic beam-column elements were used for
modelling the beams and columns since plastic deformations are not expected
in these members. Zero-length gap elements (springs) were used to simulate
the rocking surfaces. Elastic Perfectly Plastic material with no tension stiffness
was defined for the gap element. The Lobatto integration scheme introduced in
[42], was used to determine the distribution of the gap elements along member
edges.

Figure 13 illustrates the application of the Elastic Perfectly Plastic uniaxial
material used to represent the pre to post-buckling behaviour of BECB. The

material properties were callibrated to the buckling response obtained from
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ABAQUS [33]. The critical load (A) represents the point of transition from
an unbuckled state to a buckled state. Subsequently, the bracing members were
35 represented as truss compression-only elements in the frame models. Beam
gravity loads were applied as nodal loads on the columns. The static lateral
loads were also applied at the nodes assuming linear first-mode distribution. A

displacement control strategy was used to perform the non-linear static analysis.

__ Nonlinear buckling curve
(ABAQUS)
.. Idealized buckling behaviour using
Elastic-P.Plastic Material (OpenSees)

Post-buckling Pre-buckling

e

Buckling Mode B

cr

AL )

Figure 13: OpenSEES material model calibrated to ABAQUS buckling curve

Frequency response functions (FRFs) were selected to evaluate the benefits

wo of applying BECB to rocking steel frames since they provide insight into the
complex and unconventional dynamic behaviour of non-linear structural sys-
tems {40, 43]. Although they are regularly obtained from numerical searches of
periodic stable solutions along the spectrum [43], in the present case FRFs were
generated using discrete sine-sweep input ground motions as originally proposed

ws in [40]. To this end, the frequency was incremented by discrete amounts, giving
the structure time to reach a steady-state response. MATLAB [39] was used

to generate input harmonic base motions. The response-history obtained from

the discrete sine-sweep analyses comprised of a transient and a steady-state
dynamic response. The steady-state response for each excitation frequency in-

a0 crement was isolated and the time was converted to the frequency domain, to
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generate the FRF's.

6. Structural Response of Steel Rocking Frames Equipped with BECB

6.1. Static Analysis and Monotonic Response
The results of the static analysis for the two configurations of the single-
a5 storey frame under consideration, are illustrated in Figure 14. This figure plots
the base shear 'V’ against roof drift (%) The base shear 'V’ was normalised
using the total weight of the frame "W’.

3

Configuration 1 Configuration 2
4 v
/.0 /.0
w without BECB w —without BECB
—with BECB . —with BECB

-1 -

2 AN 2 aM

3 -3

-8 6 4 -2 0 2 4 6 8 -8 -6 -4 -2 0 2 4 6 8
A A
Iy () Ty (%)
(a) Configuration 1 (b) Configuration 2

Figure 14: Comparison of static responses of steel rocking frames with and without GFRP

bracing elements

Each frame configuration was subjected to a series of four horizontal cy-

cles. The resulting data is presented in Figure 14 comparing the roof drifts of

a0 the rocking frame with and without BECB. The figures demonstrate that the
bracing elements significantly increase the lateral load carrying capacity of both
structural configurations. Frame configuration 1 exhibits a 30% increase in the
lateral load resistance whereas configuration 2 shows a 15% increase. Addition-
ally, Figure 14 demonstrates that the frames experiences zero residual drifts and

w25 damage accumulation.
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6.2. Dynamic Analysis and Frequency Response Functions (FRFs)

A series of dynamic analyses were performed for low, medium, and high forc-
ing amplitudes. FRF's were formulated using the methods described in section
5.2, and are presented in Figures 15 and 16. The frequencies are normalised

w0 against the natural frequencies of the corresponding finite element models. The
FRFs are plotted in terms of roof drifts and accelerations since these response
parameters are widely used as indicators of structural and non-structural dam-
age [44, 45]. By plotting the FRF's for a range of forcing amplitudes, a backbone
curve is constructed. Moreover, the FRFs were utilised to identify the funda-
s mental frequencies of the building models using the maximum inflection points
of the low-amplitude curves. It is noted that the rocking joints do not open
during the low-amplitude FRFs (0.005g), and the frame behaves linearly. For
these low-amplitude FRFSs, the inclusion of BECB did not have a significant

impact on the response quantities, as expected.

, Backbone curve - zi::ogéggCB
w, = 4Hz
1 12 1.4
(a) Rocking Frame without BECB (b) Rocking Frame with BECB

Figure 15: Comparison of frequency response functions (FRFs) storey drifts responses for

steel rocking frames with and without Buckling-Enabled Composite Bracing

440 It can be observed from Figures 15 and 16 that the natural frequency of the
frame with BECB is approximately 4Hz and the frame without BECB has a
natural frequency of 3Hz. Therefore, it is apparent that the buckling-enabled

braced frame is stiffer than its pure rocking frame counterpart. More impor-
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tantly, Figure 15 demonstrates that for all excitation levels (0.005g-0.30g), the
ws inclusion of BECB members reduces the roof drifts by upto 40%. In the case
of frame configuration 2, the drifts experience a reduction of upto 25%. Figure
16 further compares the roof accelerations of both systems. It is evident that
the roof accelerations for medium and high amplitude excitations (0.20g-0.30g)
show a substantial reduction of upto 50% due to the introduction of BECB.
s0 Similarly, the accelerations obtained using low amplitude excitation (0.005g-
0.10g) experience a 15% reduction. Likewise, for frame configuration 2, the
BECB rocking frame system resulted in 35% lower magnitudes under medium
to high amplitude excitations (0.20g-0.30g). The decrease in the accelerations
for frame configuration 2 was determined to be 10% for low excitation ampli-

s tudes (0.005g-0.10g).

0.10g ooég\\
e T —

0.6 0.8 1 1.2 1.4

w
/
w
n

(a) Rocking Frame without BECB (b) Rocking Frame with BECB

Figure 16: Comparison of frequency response functions (FRFSs) roof acceleration responses for

steel rocking frames with and without Buckling-Enabled Composite Bracing

From the foregoing it is evident that steel rocking frames equipped with
BECB result in significantly lower peak response quantities. Besides, BECB
was also observed to enhance the overall stability of the rocking structure. The
time for the rocking frame to reach steady-state (processing time) during each

w0 frequency step, decreased by 40% with the addition of BECB. Numerical conver-

gence during the analyses was also achieved significantly quicker. Interestingly,
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for high amplitude excitations, both structures (with and without BECB) expe-
rienced sub-harmonic frequencies occurring at a lower than resonant frequency.
The rocking frames with BECB exhibited these sub-harmonics very close to (al-
ws most overlapping) the resonant frequencies (Figure 16). In contrast, the rocking
frames without BECB exhibited more prominent sub-harmonics at 1/2 resonant
frequency of the particular excitation amplitude. This indicates that the im-
plementation of BECB also reduces the dynamic non-linearities in the rocking

frame while providing outstanding stability.

a0 6.3. Practical Considerations

The newly proposed BECB system relies on the controlled elastic buckling of

GFRP members that do not accumulate plastic strains. Therefore, it is crucial

that a compression-only response is ensured. Figure 17 proposes a connection

between the BECB and the steel members. This connection was designed to

a5 prevent tensile strains in the BECB while ensuring a robust compression-only

behaviour. The curved BECB members are first bolted to steel blocks. The

edges of the block are then bolted to an angle, which in turn is welded to the

column. The brace end of the angle is provided with slotted bolt holes parallel

to the BECB axis in order to permit the frames movement while the beam-to-

w0 BECB interface is fixed. During the lateral movement of the frame, the fixed

beam-end of the brace moves in the direction of the frame. This causes the free

column-<end of the brace on one side to move diagonally upwards because of

the angled slots. This motion in turn relieves any axial forces in the brace and

prevents tension. Meanwhile, the corresponding brace in the opposite direction

w5 remains at the bottom of the slot. The detail presented in Figure 17 allows

a transfer of compressive forces during lateral movement, causing the brace to
buckle, but prevents tension stresses to be developed in the BECB

Another practical consideration is that the proposed system is expected to

remain elastic for typical recurrent lateral loads such as winds. The BECB mem-

w0 bers can be tuned to allow activation of the buckling response leading to a change

in the dynamic behaviour only during periods of high demand. It is further em-
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Figure 17: Proposed connection detail for BECB to steel frame

phasized that this paper introduces a new cross-section and material application.
It presents the proof-of-concept by applying the BECB to steel rocking frames
and comparing the resulting behaviour. It is clear that the proposed BECB sys-

w5 tem significantly improves the performance of steel rocking frames under lateral
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loads. Moreover, energy-dissipation of the system can be improved by exploring
different assemblies and cross-sections of GFRP or the use of other composite
materials [46] if required. The findings presented herein will allow future in-
vestigations dedicated to the advancement of this proposal, including life-cycle

s cost assessment and numerical testing under earthquake ground motions.

7. Conclusions

Currently available lateral-load resisting systems for rocking frames comprise
of replaceable yielding components that are damaged after strong motion lead-
ing to non-negligible maintenance costs and downtime. By applying the recov-

ss erable elastic buckling properties of the newly proposed bracing elements with
circular-arc shaped cross-section this paper has demonstrated that a thoroughly
damage-avoidance rocking system can be realized. First, a numerical simulation
strategy was established for the BECB and validated using analytical approxi-
mations. Next, the procedures were applied to perform an extensive parametric
si0 study on the buckling behaviour of BECB elements made of GFRP for different
combinations of geometric parameters. Finally, the knowledge gained through
these analyses was applied to design and implement BECB into a prototype
steel rocking frame. The main research findings of this study are summarized

below.

515 Non-linear mechanics of BECB

s The buckling modes of the BECB elements with circular-arc shaped cross-
section resemble those of a typical flat rectangular plate, however, mem-
bers with % < 10, % < 10%, or a < 40° exhibited severe in-plane defor-
mation.

520 e For imperfections lower than a thickness amplitude t, the BECB is less

sensitive to imperfections, with a 5% decrease in the buckling capacity for

each 0.2t increase in the imperfection amplitude.
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e For aspect ratios of % < 5, every +1 mm increase in thickness leads to
a 25% higher buckling resistance. This value increases to 40% for aspect

525 ratios % > 5.

e Every 6° curvature 'a’ increment results in an approximately 25% higher

critical buckling load ’P,,. .

e A reduction in critical buckling loads 'P,.,.’ of 30% are obtained for each

10% decrease in the thickness t’.

b )

530 e The values of the critical buckling loads ’P,,’ obtained using the Eigen-
value, Riks, Static, and Dynamic analyses were withina maximum of +3%

of each other.

e The curvature o’ of the BECB sections is particularly effective in changing
their fundamental mode shapes, whereas the thickness 't’ can significantly

535 increase their buckling strengths:
Non-linear mechanics of rocking frames equipped with BECB

e The structural system with 8 BECB members exhibited a 30% increase in

the lateral load resistance compared to the frame without BECB.

e The frame with 4 short BECB elements designed with a larger curvature

540 and thickness, exhibited a 15% increase in the buckling resistance.

o A 40% reduction in drifts was observed in the rocking frame with BECB

when subjected to harmonic sweep motions.

o A 50% reduction in roof accelerations was observed in the braced steel

rocking frame, for medium to high amplitude excitations.

545 e For low amplitude excitations, a 15% reduction in accelerations was ob-

served due to the inclusion of BECB.

e The inclusion of BECB reduced the time required to reach steady-state

response by 40% and stabilized the full non-linear dynamic response.
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e The rocking frames with BECB exhibited less prominent sub-harmonics
550 that were closer to the resonant frequency of the FRF than the frames

without BECB.

Overall, it has been demonstrated that the proposed damage-avoidance
structural system can significantly improve the non-linear dynamic response of
self-centring rocking frames. Moreover, important insight has been gained into

sss the buckling and post-buckling response of elements with circular-arc shaped
cross-section, a configuration that has not been explored in preceding litera-
ture. The findings and tools developed herein constitute an important step

towards the provision of truly damage-avoidance structures.
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