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Research paper

Exploring the potential: auxetic metamaterials as core
elements in buckling restrained braces

Hamza Basri1, Abdelouahab Ras2, Karim Hamdaoui3, Piotr Wielgos4

Abstract: Buckling restrained braces (BRBs) are now widely used in different seismic zones as lateral
resisting systems due to their quasi-symmetric and stable cyclic behavior. These systems are capable of
dissipating the energy of severe lateral loads while protecting the integrity of other components of the
structure. The material selection for these damper components as the inner core element requires high
ductility, low strength increase, and high energy dissipation ability. Therefore, designing BRB steel cores
using auxetic metamaterials has been recently investigated and suggested in the field of structure protection.
The behavior of these metamaterials is characterized by a negative Poisson’s ratio (NPR) and unique
mechanical characteristics, including their shear resistance and high ability for energy absorption. In this
paper, we seek to investigate the effect of auxetic behavior on the dissipative performance of BRB under cyclic
loading. Two different types of BRB were numerically designed and modeled using the finite element program
Abaqus. The numerical analysis results show stable hysteresis behavior in both specimens and good stress
distribution along the inner auxetic core. In addition, a parametric study was conducted to further investigate
the effect of the gap size between the auxetic core and the concrete encasement. The cyclic performance of
a buckling restrained brace with an auxetic perforated core was assessed, and the outcomes of this numerical
analysis provide a reasonable basis for applying an auxetic core in the field of structure protection.
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1. Introduction

The field of materials science has unveiled a novel category of materials known as Auxetic
Metamaterials, often referred to as ‘auxetics’ by Evens [1,2], due to their unique characteristics
of negative Poisson’s ratio (NPR). These materials exhibit a peculiar and counterintuitive
property: when stretched, they expand laterally rather than contracting, making them unique
among their conventional materials [3–5]. This inherent property endows Auxetic Metamaterials
with extraordinary mechanical characteristics, rendering them highly promising for a multitude
of applications, including structural engineering. Auxetic meta-structures have been reported to
be generated by the NPR, with a variety of enhanced mechanical features in shear, indentation,
crushing, fatigue, and energy absorption [6–10]. Therefore, there are many potential applications
for auxetic meta-structures in a variety of domains, such as biomedicine [11], aerospace [12],
textiles [13], military [14], as well as some tools needed in our daily life [15].

Recent advancements in auxetics metamaterials have led to a deeper understanding of
their underlying principles and the development of novel structures and applications [16, 17].
Researchers have been focusing on creating intricate designs, with a particular emphasis
on re-entrant structures such as the re-entrant honeycomb, which have garnered significant
attention due to their exceptional properties [18, 19]. Numerous research papers have been
made to develop and further investigate the re-entrant honeycomb and their applications in
various fields. The possibility of auxetic metamaterials to absorb energy and protect structures
from massive seismic events has been studied [20]. Xiao et al [21] created two different types
of graded auxetic reentrant hexagonal honeycombs to examine the impact of the gradient
distribution on the deformation mode. A modified re-entrant honeycomb auxetic structure
is presented by Mustahsan et al [22], in order to improve the structure’s overall regulation,
a third horizontal member is inserted between the vertical and re-entrant members of the
semi-reentrant honeycomb type to increase the negative Poisson’s ratio’s (NPR) values. When
subjected to static loads, these structures exhibit good auxetic behavior and load-carrying
ability [23, 24]. Considering their ability for absorbing energy and fracture resistance capacity,
auxetic materials and structures have great potential to protect infrastructure from earthquake
disasters [25]. However, very few studies have been reported to date on the use of these
metamaterials on the field of seismic protection systems.

A perforated all-steel BRB with an auxetic core was first proposed for exploring the seismic
behaviour of these modern meta-materials and their ability to dissipate energy [26]. A new
design of all-steel BRB with a negative Poisson’s ratio perforated core (NP-BRB) was proposed
and experimentally studied. The results showed the advantages of using an auxetic perforated
core instead of a solid steel core, including stable hysteresis performance and better energy
dissipation. Numerical analysis shows that both out-of-plane and in-plane deformations can be
enhanced due to the improved auxetic behaviour. Zhang et al [27] modeled and tested a novel
buckling-induced planner isotropic auxetic meta-structure by arraying orthogonal tri-dumbbell
holes into a sheet structure. The proposed model exhibits better aseismic performance with
excellent auxeticity in relatively significant deformations. Zhu et al [28] develop new types of
BRB using two forms of perforated auxetic structures, including ellipse and peanut-shaped
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structures. Hamed et al [29], Wang et al [30] proposed novel steel plate shear wall SPWS
with auxetic perforated core plates, The results improve and support the use of auxetic-shaped
SPSWs as effective energy dissipation devices due to their good hysteretic behavior and
light weights. More research is needed to fully understand the effects of auxetics on the
cyclic behavior and the dissipative performance of various seismic devices. However, the
available evidence suggests that auxetic metamaterials have the potential to revolutionize
seismic protection systems.

Buckling Restrained Brace (BRB), a seismic retrofitting and structural engineering
innovation, has emerged as a critical element in enhancing the resilience and safety of buildings
and infrastructure subjected to earthquake forces [31,32]. Extensive study has been done on such
systems to improve the BRB’s aseismic performance due to its stable hysteretic performance [33–
35]. Unlike conventional braces, which may experience local buckling and exhibit brittle
behavior under extreme loading conditions, BRBs incorporate an ingenious restraint system that
prevents premature buckling. A series of works have been conducted for further understanding
of the BRBs mechanism at the component level including the steel core length variation [36],
different core widths [37], buckling restrained mechanisms [38], unbounding material [39],
stoppers [40], lateral thrust [41], discontinuous restraint [42]. Despite the fact that conventional
BRBs have several benefits, their substantial weight makes transporting and installation
difficult [43]. As a result, numerous studies on BRBs were done, and various materials and
techniques were suggested for improving some of these concerns with the brace [44, 45].

The primary force-carrying component of BRBs is the core brace. Some studies attempt to
introduce steel plates with perforated holes as BRB brace to enter the plastic state more rapidly
and undergo rapid yielding to achieve increased energy dissipation capacity [46, 47]. A unique
BRB with NPR perforated core was designed by Zhang et al. [26] using a bulking-induced
auxetic meta-structure, which is proven to have stable hysteretic curves and a small compression
strength adjustment factor. Piedrafita et al [48] tested a new perforated core BRB with stable
hysteretic properties, high ductility, and increased energy dissipation capacity. Furthermore, by
incorporating innovative materials such as shape memory alloy into BRBs to enhance the energy
dissipation and centering capabilities [49, 50]. Fiber-reinforced polymers (FRPs) are also used
into BRBs due to their ability to increase the ductility, and load-bearing capacity, and enhance
the seismic behavior of members [51, 52]. Fang et al. [53] analyze the seismic performance of
various BRBs with different cross-section types and different gaps using quasi-static tests. The
study reveals that all BRB types demonstrate good hysteretic performance, with cross-type
configurations showing higher load-bearing capacity and energy consumption. Carbon fiber
specimens exhibited breakage under lateral thrust, indicating the need for additional restraints
like steel hoops or stirrups for better performance. The aforementioned findings demonstrate
that high-performance BRBs have been extensively researched for their seismic resistance,
although the auxetic structure and traditional BRBs are still in the early stages of experiments.
Inspired by the recent research, in this paper, we aim to investigate the dissipative behavior of
two types of BRB with a re-entrant auxetic core. A numerical analysis was conducted using
a finite element program, both BRB types are equipped with the same auxetic characteristics,
and test results were compared and discussed.
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2. FEM modeling
Two numerical models of Buckling Restrained Brace with auxetic steel core were modeled

and analyzed using the finite element method. The perforated steel core with re-entrant
honeycomb unit cells was controlled by regarding three geometrical parameters, hole ratio,
length and the corner angle of the unit cells. As shown in Fig. 1, two different concepts were
presented and will be used for a numerical investigation of energy dissipation capacity and
hysteresis behavior. Each BRB featuring an identical steel inner core but differing in their
encasing systems. One BRB utilizes an entirely steel encasing, providing a more compact and
potentially lighter solution. In contrast, the other BRB employs a concrete encasing, adding
mass and stiffness to enhance energy dissipation.to compare the impact of casing system on
the hysteresis behavior of the inner auxetic core.

Fig. 1. Members and Assembly of AC-BRB-1 and AC-BRB-2

The auxetic core characteristics were kept the same for the two models, including the
same steel core thickness of 10 mm, the same length of perforated area of 540 mm. The two
models have the same cross section value of 320 mm², and the re-entrant honeycomb were set
perpendicularly to the cyclic loading direction. The geometrical dimensions of the re-entrant
honeycomb cells are shown in Fig. 2, along with the detailed dimensions of all buckling
restrained brace components in Fig. 3.

The assembly of the auxetic core-buckling restrained braces AC-BRB was designed with
the consideration of the overall buckling prevention design condition using the safety factor 𝜈𝐹
which is given by the following equation [54]:

𝜈𝐹 =
1

𝑃𝑦

𝑃𝑅
𝐸

+
(
𝑃𝑦𝐿

𝑀𝑅
𝑦

· 𝑎 + 𝑑 + 𝑒
𝐿

) ≥ 3.0(2.1)

𝑃𝑦 = 𝐹𝑦 · 𝐴𝑠(2.2)

𝑃𝑅
𝐸 =

𝜋2𝐸𝑅 𝐼𝑅

𝐿2(2.3)

where, 𝑃𝑦 is the yield load of the inner core and 𝑃𝑅
𝐸

is the Euler buckling load of the restraining
members which could be calculated by Eq. (2.2), and Eq. (2.3), respectively, 𝐿 is the length of
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(a)

(b)

Fig. 2. Details of AC-BRB auxetic core: (a) Auxetic perforated cores, (b) Geometric details of the
re-entrant honeycomb structure

(a)

(b)

Fig. 3. Details of AC-BRBs restraining components: (a) AC-BRB-1, (b) AC-BRB-2

the yielding segment of the steel core, 𝑀𝑅
𝑦 is the yield moment of the restraining plates, 𝑑

represents the gap between the steel core and the restraining plates, 𝑎 is the initial imperfection
at mid-length of the BRB; and 𝑒 is the eccentricity of axial load, 𝑎 and 𝑒 are considered as
𝐿/1000 in this study. 𝐹𝑦 is the yield stress of the core material and 𝐴𝑠 is the area of cross
section, 𝐸𝑅and 𝐼𝑅are young’s modulus and the inertial moment, respectively.

The two steel components material was utilized for the numerical analysis, with both the
steel core and steel tube fabricated from the same steel grade, Q235b. The mass density, elastic
properties, and plastic characteristics of this material is detailed in Table 1. The Chaboche
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model, which accounts for the Bauschinger effect, describes the material behavior under cyclic
loading, with necessary factors such as 𝛾 and 𝐶 provided in Table 2. Unlike the steel core
material, the steel tube material is not expected to exhibit plasticity.

Table 1. Mechanical Properties of Q235b

Material Young modulus
(GPa)

Yield stress
(MPa)

Yield strain
(MPa)

Ultimate stress
(MPa)

Ultimate strain
(MPa)

Q235b 208.4 284 0.0013 416 0.39

Table 2. The Chaboche model properties of Q235b

Material 𝝈y Q∞ b C1 𝜸1 C2 𝜸2 C3 𝜸3

Q235b 284 10 1.2 100000 2500 7500 100 500 0

The contact between the auxetic core and the concrete encasement was assumed to have
high stiffness in the transvers direction and tangential coulomb frictional behaviour with
a friction coefficient of 0.3. The contact model allowed the auxetic core to move freely during
the loading and unloading, which enabled higher buckling modes. Moreover, tie constraints
were added between the concrete and the steel tube to ensure that they behave as unique part
during the loading process.

All the model components are made using 3D solid elements. Eight-node elements with
reduced integration (C3D8R) was selected regarding that this element type improves its analysis
precision and computational efficiency at highly nonlinear demand. To achieve more accurate
structural discretization, the partitions tool was used. The model’s components were meshed
using 10 mm mesh. To capture the significant deformation predicted along the steel core, three
elements were applied in the thickness direction. In term of the boundary conditions applied,
the brace was fixed at the left end, and then loaded at the right end using a coupling reference
point. The loading procedure in this case is considered as nonlinear static general applied to
the right end of the brace as cyclic loading. Fig. 4, shows the loading protocol consists of
4 different amplitudes, each amplitude was repeated 3times which are 𝐿/300, 𝐿/200, 𝐿/150,
and 𝐿/100, respectively.

3. FEM results
Figure 5 depicts the axial force-displacement curve of the both models AC-BRB-1 and

AC-BRB-2. Both models exhibit stable, symmetrical and smooth hysteresis loops during the
four amplitudes cycles loading, except for the last loading cycles, when the auxetic core shows
a rippling under compression loads, leading to a sharp degradation in stiffness especially for the
specimen AC-BRB-2. The stiffness degradation in the last cycles resulted from a large friction
force that develops at the gap zone between the auxetic core and its surrounded restraining
elements. The skeleton curve of both models is also illustrated, which is obtained by collecting
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Fig. 4. Loading Protocol

the maximum force and displacement values in every loading cycle. Based on the results, the
maximum force of AC-BRB-1 and AC-BRB-2 were 145.06 kN and 138.353 kN in tension,
and 154.54 kN and 140.204 kN in compression, respectively (Fig. 5).

Fig. 5. Hysteresis curve and skeleton curve of AC-BRB models

Through the analysis of the hysteresis behavior of AC-BRB specimens, different per-
formance indices can be obtained such as the equivalent viscous damping factor 𝜉eq, the
compression strength adjustment factor 𝛽, and the stiffness degradation 𝐾𝑖 . An equivalent
viscous damping ratio 𝜉eq is used to evaluate the ability of the two specimens to dissipate
energy, calculated based on Fig. 6c, and Eq. (3.1):

(3.1) 𝜉eq =
1

2𝜋
𝑆AFDEA

𝑆ΔOAB + 𝑆ΔOCD
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where, 𝑆FDEA is the area enclosed per hysteresis loop representing the entire dissipated energy,
and 𝑆ΔOAB 𝑆ΔOCD represent the area of elastic strain energy.

The variation in the equivalent viscous damping ratio 𝜉eq is shown in Fig. 6a, the values of
𝜉eq for AC-BRB-1 and AC-BRB-2 increase with the increase of deformation. The 𝜉eq values
decrease greatly during the last two cycles to 0.32 and 0.30 for AC-BRB-1 and AC-BRB-2
respectively. The reason is that the auxetic core exhibits local buckling due to a large friction
force at the contact zone for the two specimens under the last amplitude corresponds to the
pinching effect in the hysteresis curves in Fig. 5. The values of secant stiffness 𝐾𝑖of both
models are also extracted from the hysteresis curves using the Eq. (3.2):

(3.2) 𝐾𝑖 =
|𝐹𝑖+ | + |𝐹𝑖− |
|Δ𝑖+ | + |Δ𝑖− |

where, Fi and Δ𝑖 are the maximum load and deformation in each 𝑖−th loop cycle. 𝐴𝑠 illustrated
in Fig. 6b, there is a slight difference in the secant stiffness of the AC-BRB-1 and AC-BRB-2,
and the stiffness values of the two specimens are degrading up to 12.4 and 11.27 for AC-BRB-1
and AC-BRB-2 respectively.

(a) (b) (c)

Fig. 6. Energy dissipation capacity of AC-BRB models: (a) Equivalent viscous damping ratio 𝜉eq, (b)
Secant stiffness 𝐾𝑖 , (c) Calculation of the dissipated energy

Table 3 summarized the main computational numerical results of the two tested AC-BRB
specimens. These mechanical properties including maximum values of tension and compression,
the compression strength adjustment factor 𝛽, the strain hardening adjustment factor 𝜔, the
maximum displacement ductility µ, and Cumulative plastic deformation factor (CPD).

AC-BRB-1 shows the maximum value of the displacement ductility µ of 9.94, whilst the
value of µ for AC-BRB-2 is slightly less but still exceeds the value of 9. For the CPD values,
both specimens exceed the required cumulative ductility value of 200, which conforms to the
code design specification [55]. Thus, all the tested specimens indicating favourable ductility
and good energy dissipation performance.

Figure 7 represent the von mises stresses of the AC-BRB components. The failure process
of AC-BRB-1 and AC-BRB-2 occurred in the right side of the perforated segment under
the last compression half cycle. The high frictional forces, generated at the zone auxetic
core-restraints, could cause this phenomenon. This might explain the sudden decrease in the
force-displacement values of the two specimens, AC-BRB-1 and AC-BRB-2, in the hysteresis
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Table 3. Numerical results of the tested AC-BRB models

Specimens Cmax Tmax B(Cmax/ Tmax) Δmax Py Δy 𝜔(Tmax/ Py) µ(Δmax/ Δy) CPD

AC-BRB-1 -154.45 144.67 1.06 11.24 98.15 1.13 1.47 9.94 245.66

AC-BRB-2 -140.20 138.35 1.01 11.29 100.25 1.24 1.38 9.11 221.67

curves shown in the Figure 5. The numerical results of AC-BRB-1 and AC-BRB-2 show
that the stress concentration located at the horizontal perforated segments of the re-entrant
honeycomb unit cells. This is most pronounced at the necking regions between the re-entrant
honeycomb unit edges and the edge end of the auxetic core, due to the smallest cross-section
in this region. The deformation of the restraining elements was also captured. As the loading
continuous on the last cycles, the Von-Mises stress values for both BRB restraining mechanisms
and the brace ends are significantly lower than the steel core’s yielding strength, except for
regions that exhibit sharp friction with the auxetic core, more clearly for the AC-BRB-2. This
means that the connection zones and most regions of the restraining parts are in an elastic state
and possess sufficient margin to prevent the local buckling.

Fig. 7. The von Mises stress distribution of AC-BRB components (auxetic core and restraining parts)

In a parametric study, the gap size between the auxetic core and the concrete encasement
was investigated. Three specimens with 1mm, 2 mm, and, 2.5 mm were modeled and analyzed.
The hysteresis curves are given in Fig. 8, it is observed from the hysteresis loops that the
pinching effect increases as the gap size increases particularly for the compression regions. It
should be mentioned that when the gap size is 3mm or more, the model calculation fails to
achieve convergence. The phenomenon is caused by the fact that when the gap increases, this
would result in more visible local buckling of the inner core, hence, a stiffness degradation of the
core is developed. On the other, an excessively reduced gap would result in the Poisson effect,
meaning the lateral deformation of the core unit as a direct result of its vertical displacement.
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Fig. 8. The hysteresis curve comparison of AC-BRB with different gap size

4. Conclusions

In the present study, two different specimens of buckling restrained braces with an auxetic
core (AC-BRB) were modeled and investigated. The re-entrant honeycomb configuration was
modeled and analyzed based on the finite element method to investigate the hysteresis behavior
and explore the performance dissipative of the auxetic core under cyclic loading. The study
results could be summed up as follows:

– Based on the numerical test results, both specimens exhibit stable, symmetrical, and
smooth hysteresis behavior during the first three amplitudes without overall buckling,
which was observed at the second half of the last amplitude cycle for the AC-BRB-2;

– All the specimens show excellent and stable performance in terms of the strength,
ductility and energy dissipation ability;

– The respective CPD values of AC-BRB1, AC-BRB2 are 245, 221. Both meet the
AISC341-10 requirement;

– The failure modes of AC-BRB are caused by local buckling located in the perforated
segment at the second half of the last cyclic loading, resulting from stress concentration
around the re-entrant honeycomb unit cells;

– According to the parametric study for the gap size, it was found that a gap size of 2.5 mm
had the highest effect on the hysteresis behavior of the BRB system. However, Increasing
the gap between auxetic core and restraining parts would make the pinch and fluctuation
of hysteretic curves more obvious, especially for the compression parts of the curves.
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Odkrywanie potencjału: metamateriały auksetyczne jako elementy
rdzenia w stężeniach z ograniczonym wyboczeniem

Słowa kluczowe: rdzeń auksetyczny, stężenia, próba cykliczna, absorpcja energii, pętla histerezy

Streszczenie:

Stężenia z ograniczonym wyboczeniem (Buckling Restrained Braces BRB) są obecnie szeroko
stosowane w różnych strefach sejsmicznych jako boczne systemy nośne ze względu na ich quasi-
symetryczne i stabilne zachowanie cykliczne. Systemy te są w stanie rozproszyć energię dużych obciążeń
poprzecznych, chroniąc jednocześnie integralność innych elementów konstrukcji. Wybór materiału
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na te elementy tłumika jako element rdzenia wewnętrznego wymaga wysokiej ciągliwości, niskiego
wzrostu wytrzymałości i dużej zdolności rozpraszania energii. Dlatego też w ostatnim czasie badano i
sugerowano projektowanie rdzeni stalowych BRB z wykorzystaniem metamateriałów auksetycznych
w dziedzinie ochrony konstrukcji. Zachowanie tych metamateriałów charakteryzuje się ujemnym
współczynnikiem Poissona (negative Poisson’s ratio NPR) i unikalnymi właściwościami mechanicznymi,
w tym odpornością na ścinanie i dużą zdolnością do pochłaniania energii. W tym artykule staramy się
zbadać wpływ zachowania rdzenia auksetycznego na wydajność rozpraszającą BRB pod obciążeniem
cyklicznym. Zaprojektowano numerycznie i zamodelowano dwa różne typy BRB przy użyciu programu
elementów skończonych Abaqus. Wyniki analizy numerycznej wskazują na stabilne zachowanie histerezy
w obu próbkach i dobry rozkład naprężeń wzdłuż wewnętrznego rdzenia auksetycznego. Ponadto
przeprowadzono badanie parametryczne w celu dalszego zbadania wpływu rozmiaru szczeliny pomiędzy
rdzeniem auksetycznym a obudową betonową. Oceniono cykliczną wydajność stężenia z ograniczonym
wyboczeniem z auksetycznym perforowanym rdzeniem, a wyniki tej analizy numerycznej stanowią
uzasadnioną podstawę do zastosowania rdzenia auksetycznego w dziedzinie ochrony konstrukcji.
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