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Abstract: This paper reports on a proposed novel 3D-printed sandwich lattice model using a triply
periodic minimal surface (TPMS) structure for meta-functional composite bridge bearings (MFCBBs).
It could be implemented in bridge systems, including buildings and railway bridges. A TMPS
structure offers a high performance to density ratio under different loading. Compared to typical
elastomeric bridge bearings with any reinforcements, the use of 3D-printed TPMS sandwich lattices
could potentially lead to a substantial reduction in both manufacturing cost and weight, but also to
a significant increase in recyclability with their better mechanical properties (compressive, crushing,
energy absorption, vibration, and sound attenuation). This paper shows predictions from a numerical
study performed to examine the behaviour of a TPMS sandwich lattice model under two different
loading conditions for bridge bearing applications. The validation of the modelling is compared
with experimental results to ensure the possibility of designing and fabricating a 3D-printed TPMS
sandwich lattice for practical use. In general, the compressive experimental and numerical load-
displacement behaviour of the TPMS unit cell are in excellent agreement within the elastic limit region.
Moreover, its failure mode for bridge bearing applications has been identified as an elastic—plastic
and hysteretic failure behaviour under uniaxial compression and combined compression—shear
loading, respectively.

Keywords: triply periodic minimal surface (TPMS); meta-functional composite bridge bearings
(MFCBBs); 3D-printed TPMS sandwich lattice

1. Introduction

Bridge bearings play an important role in bridge systems as their main functions are
to accommodate/transfer the deformations/forces between the superstructure and the
substructure of a bridge whilst supporting the bridge weight. As such, if bearings are used
for buildings, the compressive and shear behaviour are considered [1]. However, these
bearings can undergo rotational displacements when they are utilised as bridge /railway
bearings. [2,3]. It is important to investigate these displacements for bridge bearing appli-
cations. Based on a critical review [4-6], bridge bearings should provide proper vertical
stiffness to withstand the weight of a bridge superstructure and be able to transfer dead
and live loads to the substructure. Additionally, these bridge bearings should be flexible in
the horizontal direction to be able to facilitate rotational or lateral displacements occurring
by girders. The failure of bridge bearings caused by these concerns possibly results in
damage to the bridge structure or accelerated bridge deterioration [7].

Typical bridge bearings can be classified as either elastomeric or high load multi-
rotational bridge bearings, including spherical, disc, and pot ones [8]. It is important to note
that, in this paper, we focus on the development of a 3D-printed TPMS sandwich lattice
model for meta-functional composite bridge bearings compared to conventional elastomeric
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bridge bearings without/with any reinforcements. A key part of an elastomeric bridge bear-
ing is the elastomeric layers which are also known as rubber ones layers [9]. Rubber layers
are combined with alternate reinforcement layers (steel plates or fibre sheets), which provide
a high modulus in order to increase the stiffness of the bearings in the vertical direction by
resisting the bugling of the rubber as shown in Figure 1b. Additionally, elastomeric layers
are able to be directly utilised without being reinforced (plain bridge bearings).
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Figure 1. (a) Unloaded, (b) compressive, (c) lateral, and (d) rotational deformation patterns of a non-

reinforced elastomeric bridge bearing and an unbonded fibre/steel-reinforced elastomeric bridge
bearing, respectively.

Elastomeric bridge bearings (EBBs), which are basically laminated with steel plates
(steel-laminated elastomeric bridge bearings, SLEBBs), can alternatively be replaced with
fibre sheets (unboned fibre-laminated elastomeric bridge bearings, UFLEBBs) as another
reinforced material. The main benefit of using fibre sheets in bridge bearings instead of the
other ones is that they are easily installed under the girders. However, UFLEBBs have no
rigid end plates leading to a lack of mechanical connections between the superstructure
and the substructure of a bridge. This causes these bearings with the fibre reinforcement to
experience a particular rollover behaviour under shear and a lift-off behaviour under high
rotational displacements due to the lack of flexural rigidity in the fibre reinforcement [10],
as presented in Figure 1c,d, respectively.

According to reviews in [11-14], it has been found that these behaviours can eliminate
the circumstance of large tensile stresses in the UFLEBBs when they are subjected to shear
or rotational loading. As such, higher tensile stresses can occur in the SLEBBs under lateral
and rotational deformations due to their fastening to top and bottom contact supports,
which can initially accelerate bearing deterioration. However, both steel /unbonded fibre-
laminated elastomeric bridge bearings are still heavy, costly, and non-recyclable due to
rigid steel end plates, steel-reinforced plates, and rubber block layers. Furthermore, in
order to afford to eliminate the failure patterns of both SLEBBs and UFLEBBs as previously
mentioned, the development of a proposed novel bridge bearing model has been considered
in this paper.

Nowadays, the use of 3D-printed complex structural components using lattice struc-
tures applied in civil engineering is rapidly becoming attractive [15]. Among the various lat-
tice structures presented in Figure 2, the triply periodical minimal surface (TPMS) structures
which are among those lattice structures have received considerable attention with potential
advantages throughout struct-based lattices (also known as TPMS lattices such as schwarz
primitive (SP), gyroid, etc.), because of their low weight to strength ratios and weight to
cost ratios, good crashworthiness performance, and high-energy absorption [16-20].
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Figure 2. Various lattice structures used for many applications in engineering.

At the same time, additive manufacturing (3D printing) approaches provide the op-
portunity to realise TPMS parts with complicated designs and features. TPMSs are minimal
surfaces which are periodic in three-coordinate directions with zero mean curvatures, free
of self-intersections. Moreover, they show superior 3D printing material properties as
continuous curves. This means that previous layers support the following layers without
support [21-23]. Compared to other lattice structures, they need support or are limited by
their angle [24].

Another benefit of using TPMS structures is that these structures exhibit a uniform
stress distribution, whilst struct-based structures can undergo stress concentrations close
to the joints of the structs [24-27]. In the same way, from our previous work [6,15], local
failures of struct-based structures are likely to occur before yielding under compression. Lei
Zhang et al. [27] found that TPMS structures exhibited a better stiffness, plateau stress, and
energy-absorption ability to struct-based body-centred cubic (BCC) lattices. Additionally,
TPMS structures performed better than face-centred-cubic (FCC) lattices [28]. Moreover,
other studies have exhibited that the excellent properties of TPMS structures in terms of
vibration, acoustic attenuation, and thermal management are better than that of typical
lattices [29,30].

Triggered by this point, many studies have recently considered the TPMS geometric
design and finite element analysis (FEA), showing that TPMS geometries play an important
role in their mechanical response [31-36]. TPMS mechanical performances (compressive,
crushing, energy absorption, vibration, and sound attenuation, etc.) are not dominated by
structure geometry, but also certainly based on material properties [37].

In terms of their performances for bridge bearing applications, they could provide
multiple geometry and superior properties, for example, a lightweight structure due to
a high vertical/horizontal stiffness to weight ratio and an energy absorber due to its
high specific strength and energy absorption per volume, respectively. Nowadays, TMPS
structures have been investigated under either compression or impact loading for other
civil engineering applications, and extending the use of TMPS sandwich lattices to bridge
bearing applications requires the comprehension of their behaviour under compression—
shear deformation. Nevertheless, there are currently no studies that have investigated
the behaviours of a 3D-printed TPMS structure for bridge bearing applications under
compression—shear loading.

In the present study, we present a proposed novel 3D-printed TPMS sandwich lat-
tice model for meta-functional composite bridge bearing applications using a parametric
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computational and experimental approach. The predictions of the mechanical behaviours
of both the load—displacement/stress—strain curves of a TPMS unit cell model and the
sandwich lattice model with 3 x 2 x 1 unit cell models, compared to an elastomeric block
unit cell model under combined compression-shear loading, could be obtained. In ad-
dition, a TPMS structure used in both TPMS models is schwarz primitive (SP) without
thickness, because this TPMS structure is likely to own its symmetry in geometry subjected
to both two loading conditions. To realise the proposed novel 3D-printed TPMS sandwich
model, the validation of the SP unit cell model under uniaxial compression was carried
out by comparing the numerical predictions with experimental measurements. Then, the
stress—strain relationships of the mechanical behaviours of the proposed novel sandwich
lattice model are employed to determine their mechanical properties, for example, elastic
modulus (E), shear modulus (G), and Poisson’s ratio (V). These parameters can be adjusted
for the further design of novel composite bridge bearings using a sheet-based or double
TPMS sandwich lattice subjected to different loading conditions.

2. Methodology Strategy
2.1. Gibson—Ashby Model of Cell Structures

In reference [38], Ashby exhibited the correlation between the mechanical proper-
ties of the lattice structure and the relative density (modulus of elasticity, plateau stress,
and densification strain), which is categorised into two groups of lattice structures with
diverse mechanical behaviours. Figure 3a,b demonstrate the typical compressive bending-
dominated behaviour and stretch-dominated behaviour of a lattice structure, respectively.
It is attributed to these mechanical properties which are based on three factors (lattice
geometry, material, and volume fraction). These three factors affect the load—displacement
of a lattice structure under any loading. The correlations are referred to the Ashby model:

k
M (D
i =5(o) 0
0Ly @
Y. 2\Ds)’
_ Dy
E;=1 A(Ds>, 3)

where Mg, Y5, and Dy determine the Young’ s modulus, yield strength, and density of a base
solid material, respectively, whilst, Mj, Y;, and D; denote the Young’s modulus, yield
strength, and density of a lattice structure, respectively. E; is the initial densification strain
of the lattice structure where the densification point appears. In terms of energy absorption
applications, E; can alternatively be used as the effective limit. Beyond this limit point,
the structure will sustain its energy absorption, but the occurrence of transmitted stress
is observed over the structure. Additionally, the rest of certain parameters (B, By, k, j,
and A) is calculated by fitting the result of the compressive experiment in a review [38].
In this paper, the energy absorption capacity of a lattice structure is determined using
numerical integration, which provides the region below the stress—strain curve under
uniaxial compression. The following equation expresses the energy absorption per unit
volume, Sy:

E
S”:/o Y(E)dE )
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Figure 3. Typical stress—strain curves of (a) a bending-dominated lattice structure and (b) a stretch-
dominated lattice structure under uniaxial compression.

2.2. Schwarz Primitive (SP) Unit Cell Design

The aim of this paper was to exhibit the mechanical behaviour of a proposed novel
3D-printed TPMS sandwich lattice model under uniaxial compression and combined
compression-shear loading and to replace a common elastomeric bridge bearing structure
with it. Regarding the design of a lattice unit cell model, two key methods can be used to
create a solid schwarz primitive (SP). The first method can be used to generate a network
struct, known as a skeletal schwarz primitive for a SP unit cell model without thickness.
This method is based on one of the subdomains divided by the surface as a solid. Another
method is to create a termed sheet-based or double schwarz primitive for a schwarz
primitive unit cell model with a thickness, obtained by plotting two minimal surfaces with
two variant level sets of the constant k together, leading to an offset from a hypothetical
surface at the average of the two level-set surfaces. The TPMS schwarz primitive with
a thickness can be approximately generated using the equation of the implicated surface as
seen in Equation (5):

c052ﬂ+c052ﬂ+coszﬂ—k:H(x,y,z), )

b b b

where b denotes the unit cell size of a lattice (Figure 4) and k is the volume fraction of
the areas which is divided by the surface [39]. The volume fraction of a lattice describes
the relative density of its components. It can also be used to adjust the thickness of the
model and to compare models with an identical volume. It is important to note that, in this
research, we only use the first method for generating a skeletal SP unit cell model. Figure 4
illustrates the schwarz primitive unit cell CAD model for all simulations in this paper.

Figure 4. Schwarz primitive unit cell CAD model.
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2.3. Finite Element Modelling of a Schwarz Primitive and Elastomeric Block Unit Cell
2.3.1. Design, Material, and Geometric Parameters

In this section, the uniaxial compression and combined compression—shear analysis
of a 50 mm X 50 mm x 50 mm schwarz primitive unit cell model and an elastomeric
block model with the same dimensions for bridge bearing applications are modelled
within an elastic—plastic region using the FEA software Abaqus Static 2017 [40]. These
two models possess a quasi-isotropic material behaviour with isotropic properties, but
only in-plane, which have three certainly independent parameters including the equivalent
Young’s modulus (Ex = Ey = E;), Poisson ratio (Vyx = Vxy = Vy; = Vy; = V55 = V), and
shear modulus (ny =Gyy = Gyz). A proposed 3D-printing resin material, also known as
photosensitive resin (UV resin), is considered as a model material for all simulations. The
designed dimensions of the two models are based on the full-scale dimensions of common
bridge bearings used in highway bridge systems in Thailand [41]. This parametric study
using a proposed material covers the bridge bearing applications of this paper. Figure 5a,b
present the finite element models of a schwarz primitive unit cell and an elastomeric block
unit cell in Abaqus, respectively.

a b

Figure 5. Finite element models of (a) a schwarz primitive unit cell and (b) elastomeric block unit cell
in Abaqus.

2.3.2. Mesh Generation

The schwarz primitive unit cell model and elastomeric block one are designed and
meshed utilising tetrahedral mesh (element type C3D4R) generation from software Abaqus.
In order to obtain correct FEA results with high performance from all models in this paper,
the mesh sensitivity investigation is considered by observing the vertical stiffness (K)
against the whole number of elements. The mesh sensitivity of a schwarz primitive unit
cell model is presented as a curve shown in Figure 6. This curve demonstrates that when
the mesh size reduces from 5 mm to 0.75 mm, the percentage error of the vertical stiffness
is within 3%.

2.3.3. Boundary Conditions and an Applied Force

In this step, the proper selection of boundary conditions is important to observe the
behaviour of the schwarz primitive unit cell model and the elastomeric block unit cell
model under uniaxial compression and combined compression-shear loading, shown in
Figure 7a,b, respectively. For combined compression—shear simulation, each model is
located between two thin rigid plates, therefore both the top and bottom faces are tied
to those rigid plates. Firstly, a concentrated force is applied to the reference point on
the top face of each model. After that, a shear displacement with a periodic sinusoidal
amplitude is applied parallel to the same reference point, whilst their bottom surfaces are
fixed. Furthermore, the rest of all translational and all rotational degrees of freedom on their
reference point and bottom surfaces are fixed to prevent rigid body motion. Additionally,
the fronts and sides of the two models are not considered with these boundary conditions.
Moreover, the concentrated load and shear displacement for both models are applied by
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employing the static FEA model on Abaqus. Whilst boundary conditions for uniaxial
compression are applied in the same manner, an enforced displacement is applied to the
upper reference point moving forwards the bottom of each model instead.

12

—
o

®

Vertical Stiffness K (kN/mm)
(o)}

0 50,000 100,000 150,000 200,000 250,000 300,000 350,000 400,000 450,000 500,000

Number of the elements

Figure 6. Mesh sensitivity of a schwarz primitive unit cell (50 x 50 x 50) mm, for a mesh size from
5 (coarse) to 0.75 (fine) mm.

Fixed rigid plate Fixed rigid plate

Figure 7. Boundary conditions of (a) a schwarz primitive unit cell FEA model and (b) an elastomeric
block unit cell FEA model under combined compression—shear loading.

2.3.4. Material Properties

In this research, the proposed photosensitive resin (UV resin) material model is em-
ployed for all FEA simulations due to its availability on the 3D printing market and in
elastomeric-like material properties. Figure 8 presents the stress—strain curve for a UV resin
material used in the simulations of the elastomeric block and schwarz primitive unit cell
model. It is important to mention that the stress—strain relationships from the curve are
calibrated from experimental data in Abaqus to obtain correct results when simulating.

2.3.5. Data Collection

All finite element simulations for both models are run and their stress—strain curves
are obtained. Using a reaction force as an enforced displacement applied to the reference
point on the upper rigid plate can give a load and stress can be evaluated by dividing the
load with the area of a unit cell. Additionally, strain is obtained from the applied enforced
displacement divided by cell height. The force-displacement curves of the uniaxial com-
pression and combined compression-shear behaviours of the SP unit cell and elastomeric
block FE model for the simulations are shown in Figures 9 and 10, respectively.
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Figure 8. Proposed material properties from compressive stress—strain relationships used in
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Figure 9. Comparative force-displacement curves of both the SP unit cell FE model and elastomeric
block unit cell FE model under uniaxial compression loading.
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Figure 10. Comparative force-displacement curves of both the SP unit cell FE model and elastomeric
block unit cell FE model under combined compression—shear loading.
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2.4. Mechanical Testing

In order to validate the FEA results of the SP unit cell model, three 50 mm x 50 mm x 50 mm
SP unit cell samples were manufactured and tested under uniaxial compression. The SP
unit cell model was first designed using the CAD software Solidworks, and then exported
as the STL format for the sample preparation of additive manufacturing. Then, three
compression samples were manufactured for the same model using a stereolithography
(SLA)-based 3D printer. Figure 11 shows one of the final specimens for compression testing.
The tests on these three specimens were performed in the build direction to prevent the
build orientation effect using a universal testing machine, as shown Figure 11c. During
the tests, the load—displacement data were collected by the testing machine and plotted in
Excel. Furthermore, photographs are periodically captured to observe the failure behaviour
at a displacement of 9.3 mm.

a b C

Figure 11. Experimental procedures: (a) a prepared specimen; (b) uniaxial compression test within
the elastic—plastic region; and (c) uniaxial compression test at the failure.

3. Model Validation of the SP Unit Cell Model

Before designing a proposed novel SP lattice model, it is important to first validate
the SP unit cell model. Thus, the validation of the SP unit cell model subjected to uniaxial
compression is conducted by comparing its numerical predictions with experimental mea-
surements. To mimic the experimental boundary conditions, entire degrees of freedom of
the upper and bottom faces are constrained by tying them to rigid plates in the compressive
simulation. Figure 12 illustrates representative the force-displacement curves of the com-
pression behaviours of the SP unit cell between the FEA predictions and the experimental
results. The results between numerical and experimental data are in excellent agreement
within the elastic region. Nevertheless, there is a slight difference in the plastic region. This
might be an influence of specimen defects during manufacturing, which leads to a certain
time interval for laying the next layer causing the change of properties. It is important to
mention that, in this paper, the result of the third experiment is not available because of
data errors which might be environmental disturbances during the testing.

T L - L IEEEE I
30 : e .
25 .
l:‘.:.
A « First experiment
Z 20 o
& )
o .
- -
LS 15 o * Second experiment
.0
<
.
10 o
< . . .
o + Numerical analysis
5 ‘l.'
§
0¥
0 1 2 3 4 5 6 7 8 9 10

Displacement (mm)

Figure 12. Comparison of force—displacement curves of the SP unit cell between numerical and
experimental results.
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4. Finite Element Modelling of a Proposed Novel SP Sandwich Lattice

Based on the previous results, it is likely to use a SP unit cell for a TPMS sand-
wich lattice for bridge bearing applications. As a result, the proposed novel model of
a 150 mm x 100 mm x 50 mm SP sandwich lattice with at least six unit cell models was
modelled (Figure 13) and analysed for its mechanical behaviour compared to both be-
haviours of the SP and elastomeric block unit cell model. To obtain the mechanical prop-
erties of the SP lattice model, the Young’s modulus (Esp) and shear modulus (Gsp) of the
schwarz primitive sandwich lattice model were obtained from the slopes of stress—strain
relationships for uniaxial compression and combined compression-shear, respectively. In
terms of Poisson’s ratio (Vp), longitudinal and transverse displacement were obtained
from the compression sandwich lattice model. Additionally, the computation time required
to run a simulation for the SP sandwich lattice model is more than that required for the SP
unit cell one due to its greater number of FE meshes. The results of the SP lattice model
simulations are discussed in the following section.

Figure 13. Full-FEA simulations of the proposed novel sandwich lattice model under uniaxial
compression and combined compression—shear loading.

5. Results and Discussion

Considering the high performance to weight ratio of the schwarz primitive (SP) unit
cell model, the mechanical behaviours of the proposed SP unit cell model under uniaxial
compression and combined compression—shear loading were observed and compared to
that of the elastomeric block unit cell model, which is commonly known as a rubber unit
cell block structure used for a rubber layer. The data collection section shows the compar-
ison of the mechanical responses between a SP unit cell model and an elastomeric block
unit cell model as force—displacement curves under uniaxial compression and combined
compression—shear loading. It was found that the SP unit cell model appears preferable
for use as a sandwich lattice for bridge bearing applications. This is because it can better
perform in the horizontal direction, as presented in Figure 10. However, this SP unit cell
model has less stiffness in the vertical direction when compared to the other model due to
its low stiffness to volume fraction ratio. The combination of at least six unit cells used as
a SP lattice can eliminate this drawback by increasing the vertical stiffness discussed in the
following part.

To validate the design and manufacturing of a proposed novel SP lattice, a unit cell
FEA model was developed for specimens for uniaxial compression. This unit cell model
was compared with experimental measurements. The force-displacement relationships
obtained from the SP unit cell model (red solid circles) and the two 3D-printed SP specimens
(blue and green solid circles) are together in Figure 12. Additionally, it was found that the
compressive failure of the SP unit cell is likely to be elastic—plastic due to the geometries,
relative density, and material properties. It is clear that the model validation of the SP unit
cell model under uniaxial compression observed is excellent within the elastic region and
good within the plastic region until the failure point of the structure. It is attributed to
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this unit cell model that its proposed material model developed in this research for a SP
lattice used as bridge bearing is acceptable under uniaxial compression. It is important to
mention that in this paper the only compression tests for model validation were conducted
because a SP unit cell model using any material or composite material properties first needs
to be considered on the compressive behaviour as a bridge bearing to support the weight
of a bridge superstructure. This means that this unit cell model is needed to be further
developed either in its geometry design or alternative material properties.

In addition, the stress distribution of the SP unit cell model is better than that of
the elastomeric block one. As such, the uniform stress distribution of the SP unit cell
model occurs rather than random stress distribution in the other one, which can avoid
the concentrated stresses shown in Figure 14. Therefore, the finite element analysis of
a large-scale model for a SP lattice structure is able to capture the mechanical response and
energy abruption of a lattice structure under combined compression—shear loading and
uniaxial compression, respectively. Then, as previously mentioned, the proposed novel
SP sandwich lattice model under the two loading conditions is run for determining its
mechanical properties and energy absorption.

a b

Figure 14. (a) Uniform and (b) random stress distribution of the combined compression—shear
behaviours of the SP unit cell model and the elastomeric block unit cell model, respectively.

In terms of the performance of the proposed novel SP sandwich lattice model with
at least six SP unit cell models under both the identical loading conditions for bridge
bearing applications, Figures 15 and 16 present the comparative force—displacement curves
of the uniaxial compression and combined compression—-shear behaviour of the SP unit
cell model, the SP sandwich lattice model, and the elastomeric block unit cell model,
respectively. Furthermore, the comparative specific energy absorption per volume curves
of all three models are shown in Figure 17. The maximum compressive force of the SP unit
cell model is 33 kN at a displacement of 9.3 mm, whilst under combined compression—shear
loading, the maximum shear force is 6.6 kN at a displacement of 10 mm. Its failure modes
under both loading conditions are elastic—plastic and hysteretic.

It is obvious that the SP sandwich lattice model with at least six SP unit cell models
provides more vertical stiffness and shows flexible behaviour under both uniaxial compres-
sion and combined compression—shear loading condition, respectively. Additionally, the
compression force of the SP sandwich lattice model at the yield point is more than 1.5 and
6 times higher than that of the elastomeric block unit cell model and the SP unit cell model,
respectively. However, the maximum shear force of the SP sandwich lattice model at the
10 mm combined compression-shear displacement is more than 1.4 and 18 than that of the
elastomeric block unit cell model and the SP unit cell model, respectively. Moreover, among
these three structure models, the SP sandwich lattice model exhibits the highest energy
absorption per volume after a strain of 0.04 due to the highest strength per weight ratio.
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With regard to the mechanical properties of the SP sandwich lattice, its stress—strain
curves under uniaxial compression and combined compression—shear loading are ob-
tained from the FEA simulations and the properties are calculated from the slopes of the
curves. Table 1 gives the three mechanical properties of the SP sandwich lattice model and
Figure 18a,b show its stress—strain curves under compression and combined compression—
shear loading, respectively. The Young’s modulus of the SP sandwich lattice model
is 1.4 times higher than the shear modulus—and the design requirements of a typical
bridge bearing have less shear modulus—but a high Young’s modulus needs to experi-
ence/facilitate lateral displacements. Additionally, Figure 19 presents the uniform stress
distribution of the combined compression—shear behaviour of the SP sandwich lattice
model. Surprisingly, the compressive behaviour is likely to be typically bending-dominated
according to [38].

Table 1. Mechanical properties of the proposed novel SP sandwich lattice model subjected to
combined compression—shear loading.

. Young’s Modulus, Shear Modulus, . , . Total Absorption
Proposed Material Esp (MPa) Gsp (MPa) Poisson’s Ratio, Vsp Energy ()
UV resin 213.56 153.33 0.36 2153.97
a b
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Figure 18. Representative stress—strain curves of the proposed novel SP sandwich lattice model
subjected to (a) uniaxial compression and (b) combined compression—shear loading, respectively.

Figure 19. Uniform stress distribution of the combined compression-shear behaviour of the proposed
novel SP sandwich lattice model.
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As previously mentioned, it is attributed to the proposed novel 3D-printed SP sand-
wich lattice model that it is the best performer used as an unbonded bridge bearing under
both uniaxial compression and combined compress-shear loading. This novel lattice must
be a combination of at least six SP unit cell models in order to improve its mechanical
properties and replace the elastomeric layers used in common bride bearing.

6. Conclusions

In this research, a proposed novel TPMS sandwich lattice model with schwarz prim-
itive (SP) unit cell models using a 3D-printed material (UV resin) for meta-functional
composite bridge bearing (MFCBB) applications was developed to define its mechani-
cal material properties and the failure modes of the uniaxial compression and combined
compression—shear behaviour with the help of the SP and elastomeric block unit cell model.
Firstly, three samples of the SP unit cell were designed and fabricated using SLA; then,
an elastomeric block unit cell model was designed for the comparative numerical results
between both two-unit cell models. These were investigated for their behaviours under
uniaxial compression and combined compression—shear loading. Subsequently, the model
validation of the numerical predictions of a SP unit cell compared to the experimental
results was conducted under conditions of uniaxial compression. The results of the model
validation are in excellent agreement within the elastic region.

In addition to the experimental results recorded herein, the compressive mechanical
behaviour of the SP unit cell using the UV resin begins with a linear stress—strain dominated
by the bending of structs, followed by a long collapse plateau related to the formation
of being based on the plastic hinges, brittle crushing, or materials, and ending with the
opposing structs touching each other and resulting in densification. The effect of the layer
collapse is not observed because its geometry has only one layer as the total height of
a typical bridge bearing for Thailand, and highway bridges should not be higher than
45 mm in height [41]. Unlike the SP lattice model, the whole height of the model is slightly
more than that of the conventional Thailand bridge bearing, but this can be ignored as
its volume fraction sufficiently high to obtain more vertical stiffness under compression.
A proposed novel SP sandwich lattice FEA model is then considered to determine its
mechanical material properties. Finally, the major conclusions are as follows:

e  The mechanical response of a SP unit cell model under combined compression—shear
loading is superior to that of an elastomeric block unit cell model, but it needs an
increase in vertical stiffness under uniaxial compression by combining at least six SP
unit cell models used as a SP sandwich lattice.

e  During the testing, the three SP unit cell specimens fail in compression at a displace-
ment of 9.3 mm and their failure behaviour is elastic—plastic due to the geometries,
relative density, and material properties.

e  The failure mode of the SP unit cell model under combined compression-shear loading
is identified as a hysteretic behaviour at a displacement of 10 mm.

e  The proposed novel SP sandwich lattice model exhibits the highest peak force and
specific energy absorption under uniaxial compression at a displacement of 9.3 mm.
However, under combined compression—shear loading, it still performs well with the
highest peak shear force at a displacement of 10 mm.

e  The stress—strain curve of this proposed lattice model under uniaxial compression loading
condition is likely a typical bending-dominated one based on a Gibson—-Ashby model.

e  For bridge bearing applications, this proposed novel lattice model under compression-
shear loading is likely to be stiff in the vertical direction and flexible in the horizontal
one, in order to support the superstructure weight and accommodate horizontal
displacements, respectively.

The findings in this paper show that a proposed novel schwarz primitive (SP) sandwich
lattice model with at least six SP unit cell models can meet the mechanical responses
and specific energy absorption under combined compression and uniaxial compression,
respectively, as a common elastomeric unit cell requires these properties for bridge bearing
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applications. Additionally, it was found that the computational time and simulation speed
of a SP sandwich lattice model can be significantly reduced from several hours to a couple
of minutes. According to the results of this paper, this proposed novel SP sandwich
lattice model can be considered a promising alternative for meta-functional composite
bridge bearings with a high-performance to density ratio. In future work, we will further
investigate the mechanical responses and energy absorption of sheet-based or double TPMS
sandwich lattice models, in order to determine their material properties and stress—strain
curves under the same loading conditions.
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