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Abstract

It is well known that pre-existing buildings are often inadequate to resist strong ground
motions, and that their seismic rehabilitation is not an easy task. Several studies available in
the to-date literature have shown that seismic isolation is a cost-effective and efficient method
that can be employed to protect existing structures from earthquakes. A new class of
performance-based seismic isolators has been proposed in recent studies, making use of
pentamode lattices confined between stiffening plates. The present work illustrates
experimental results concerned with shear and compression tests on physical (reduced-scale)
models of pentamode bearings, and discusses the use of such systems for the base isolation of
existing buildings. Given results highlight the special ability of such systems to behave as
tension-capable and performance-based systems, whose mechanical properties are driven
largely by the geometry of the lattice microstructure (i.e, such systems behave as mechanical
metamaterials), and can be finely adjusted to the properties of the structure to be protected.
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1. INTRODUCTION

Extremal materials that are receiving increasing interest are the so-called pentamode lattices,
which consist of diamond-like lattices featuring five soft modes of deformation (unit cell with
four rods meeting at a point) [1]. Such lattices exhibit very low shear moduli (theoretically
equal to zero) [1], and may be able to stop or dramatically attenuate shear waves [2]. Physical
models of pentamode materials have been fabricated through additive manufacturing (AM)
techniques over the last few years, both at the macro- [3] and at the micro-scale [3]. Schittny et
al. [3] have studied the experimental behavior of macroscopic, polymeric samples of pentamode
lattices in the elastic regime: the results obtained by such authors prove that the elastic moduli
of pentamode materials are strongly related to the geometry of the lattice micro-structure, being
markedly affected by the dimensions of the rods forming the lattice, and particularly sensitive
to the ratio between the diameter ¢ of the connections between the rods and the lattice constant
a . The experimental Young’s modulus E of the lattice has been found approximately three
times stiffer than the experimental shear modulus G . The results presented in [3] also show that
the ratio between the bulk modulus B and the shear modulus G strongly increases by reducing
the contact area between the rods. Similar results have been found at the microscale by Kadic
et al. [3]. Polymeric samples of pentamode lattices have been fabricated by such authors using
dip-in direct-laser-writing (DLW) optical lithography, a technique well suited to build three-
dimensional structures across a range of scales from micro to small [5]. Experimental and
numerical results given in [3] and [3] demonstrate that the mechanical behavior of pentamode
lattices replicates that of fluids in the limit of 4 — 0, when the shear modulus G tends to zero.
For finite, nonzero values of d , it has been found that the B/G ratio is extremely high, even if

G 1s positive and nonzero [3][3]. Because of their unusual mechanical features, pentamode
materials have been proposed for transformation acoustics and elasto-mechanical cloak (refer,
e.g., to the recent paper [6] and the references therein), but their potential in different
engineering fields is still only partially explored.

The present study investigates the elastic and post-elastic responses of additively manufactured
pentamode lattices confined between stiffening plates. We analyze metallic samples obtained
through additive manufacturing by Electron Beam Melting (EBM) of a powder of the titanium
alloy Ti-6Al1-4V [7][8][9], for different aspect ratios of the unit-cell, and two macroscale aspect
ratios (slender and thick samples). We find that the confinement of pentamode lattices between
stiffening plates greatly affects the elastic response of the overall structure, compared with the
case of unconfined, infinite pentamode lattices [10]. The obtained results highlight several
similarities between the elastic response of confined pentamode materials and the analogous
response of elastomeric bearings composed of rigid steel or fiber-reinforced composite layers
and soft layers of natural or synthetic rubber [11]-[17]. Concerning the post-elastic response,
we observe that the examined pentamode materials feature acceptable energy dissipation
capacity, and ranges of supplemental damping in line with values of common isolation devices.
Their use for the base isolation of existing buildings is discussed.

2. MATERIALS AND METHODS

2.1 Physical models of confined pentamode materials

We manufactured pentamode lattices confined by stiffening plates and made by the titanium
alloy Ti-6Al-4V (hereafter simply denoted by Ti6Al4V) through the Arcam S12 EBM facility
at the Department of Materials Science and Engineering, University of Sheffield. Such an
additive manufacturing (AM) technology allows the manufacture of features with size down to
0.4 mm by progressively depositing, heating and melting layers of Ti6Al4V powder, with the
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melted regions in each layer defined according to a CAD model of the specimen to be
manufactured [7][8]. It is worth noting that the size of the specimen designed by CAD does
not correspond perfectly to the built object. The beam scan strategies and the surface roughness
will result in larger (in diameter) printed members [9]. The main properties of the employed
titanium alloy, when in the fully dense state, are given in Table 1 [18].

mass density [g/cm’] 4.42
yield strength [MPa] 910.00
Young’s modulus [GPa] | 120.00
Poisson’s ratio 0.342

Table 1. Main physical and mechanical properties of the fully dense isotropic polycrystalline Ti6Al4V
titanium alloy [18].

Figure 1 shows the extended face-centered-cubic (fcc) unit cell of a pentamode lattice formed
by sixteen rods that are composed of two truncated bi-cones featuring large diameter D at the
mid-span and small diameter ¢ at the extremities [2][3][3][5][6]. Upon selecting the lattice
constant @ = 30 mm and D =2.72 mm (D/a~9%), we manufactured pentamode specimens

with the unit cell shown in Figure 1, using three different values of d: d, =0.49 mm
(d,/a=1.6%); d,=1.04mm (d,/a=3.5%); and d; =1.43mm (d,/a=4.8%,cf. Table 2). It is
worth remarking that the limit d/a — 0 corresponds to a perfectly pin-jointed lattice
(stretching-dominated response), while the case with d/a > 0 corresponds to a lattice featuring

nonzero bending rigidities of nodal junctions and rods, which deforms through both stretching
of rods and bending of rods and nodes [10].

Figure 1. Extended fcc unit cell of the pentamode lattices analyzed in the present study.

‘ a [mm] ‘ D [mm] ‘ d; [mm] ‘ ds [mm] ‘ d; [mm]

30 ‘ 2.72 ‘ 0.49 ‘ 1.04 ‘ 1.43
(30) | (2.71) | (0.45) | (0.90) | (1.35)

Built size
(CAD size)

Table 2. Geometrical parameters of the EBM built pentamode materials (CAD sizes in brackets).
We additively manufactured two different sets of pentamode specimens:

(a) “Slender Pentamode Materials” (SPM): obtained by replicating the extended fcc
unit cell of Figure 1 2x2 times in the horizontal plane , 4 times along the vertical
axis, and confining the 2x2x4 lattice between Ti6Al4V plates with 80 mm edge and
¢, =1 mm thickness (see Figure 2);
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(b) “Thick Pentamode Materials” (TPM): obtained by replicating the extended fcc unit
cell of Figure 1 2x2 times in the horizontal plane, 2 times along the vertical axis, and
confining the 2x2x2 lattice between the above mentioned plates (see Figure 3).

(a) (b)

Figure 3. CAD (a) and EBM (b) models of thick (TPM) specimens (2x2x2 extended unit cells).

Hereafter, we name SPM1, SPM2 and SPM3 the SPM-specimens with d =d,, d =d,, and
d =d,, respectively. Similarly, TPM1, TPM2 and TPM3 d =d,, d=d,, and d =d,,

respectively. We built three different SPM specimens and one TPM specimen for each
analyzed d/aratio. It is well known that the EBM manufacturing process creates solid

material with some level of porosity (typically below 0.2% if suitable parameters for the
alloy are used in the machine) instead of fully dense materials for both solid structures [9]
and those intended to contain free space [8]. Based on a recent, detailed study of porosity
in EBM titanium made with the same conditions used for the current material [9], we
hereafter assume the internal porosity of such a material is of the order of 0.2%, and its
Young modulus E,, is therefore approximately equal to that of the fully dense Ti6Al4V

alloy (Table 1).

2.2 Experimental setup

An in-house experimental setup was assembled to apply lateral force-displacement histories
under constant vertical load on the pentamode specimens described in the previous section
(Figure 4).
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Figure 4. Left: overall view of the experimental setup. Right: counter balancing system introduced to remove
platen self-weight.

An L-shaped plate, sliding vertically over linear bearings, allows the application of the vertical
load through calibrated weights. The selfweight of the plate is removed with a counter balancing
system of pulley and weights (Figure 4). The top base of the specimen is firmly connected to
the plate by clamping strips located all around the base edges. The same clamping mechanism
is applied to the bottom base of the specimen that is connected to the horizontally sliding table
(Figure 5). Horizontal displacements are applied through an actuator connected to the sliding
table and reacting against a solid metal block. The force rating of the actuator is 300 1b (1.3
kN), with a displacement range of +/-100 mm. Forces are acquired by a load cell installed
between the back of the actuator and the reaction block. Vertical and lateral displacements are
measured with rotary motion sensors.

Figure 5. Connection of the specimen to the sliding table.

The same setup allows the application of the vertical load through calibrated weights while no
horizontal motion is applied. With this procedure compression tests were completed by manual
application of weights and automatic recording of vertical displacements of the plate.
Preliminary to any actual test, the setup was subjected to a shakedown phase to assess the
frictional force components and to verify alignments and parallelisms. The test data were
consistently processed with the removal of friction from the testing equipment.
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3. EXPERIMENTAL RESULTS

The present section illustrates the results of the laboratory tests that we conducted to
characterize the mechanical response of the pentamode materials illustrated in Sect. 2.1. We
begin by estimating the elastic moduli of slender and thick pentamode materials through cyclic
lateral force-displacement tests at constant vertical loading, and monotonic vertical force-
displacement tests under zero horizontal force. Next, we investigate the inelastic response of
the analyzed materials via (cyclic and monotonic) lateral force-displacement tests conducted up
to specimen’s failure. Figure 6 illustrates pictures of selected slender and thick specimens
extracted from in-situ videos of lateral force-displacement tests.

We investigated the post-elastic response of SPM and TPM specimens by conducting cyclic
lateral force - displacement tests in displacement control up to specimen’s failure (under the

vertical load F, =44.45N, and the strain rate 0» =0.8 mm/sec, cf. Figure 7-Figure 8). In the
case of SPM specimens, we also performed monotonic lateral force-displacement tests up to
specimen’s failure (Figure 7). All such tests were carried out starting from the virgin state, for
a single specimen of each microstructure aspect ratio d/a (cf. Sect. 2.1). Figure 7 shows the
measured envelope force— displacement F;- 3, curves, where the labels a,b and ¢ indicate the

final point of the initial linear branch, the peak of horizontal force and the failure point,
respectively. For these specimens, point ¢ corresponds to the ultimate vertical bearing capacity.

The actual F, -0, curves of the monotonic tests on SPM specimens showed marked oscillations
in the unstable phase characterized by a decrease of F, for increasing values of o,, due to

progressive joint failure. The final collapse of the specimen occurred due to the rupture of
several terminal nodes placed along the stretched diagonals (Figure 9).
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(d): TPM1 (e): TPM2 (f): TPM3

Figure 6. Frames from in-situ videos of lateral displacement tests on SPM and TPM specimens.

The results in Figure 7 highlight an initial hardening branch of the post-elastic response of each
examined specimen. Such a branch is followed by a second post-elastic branch with negative
tangent stiffness, which progressively leads the specimen to collapse. The coordinates of the
above a-b-c points are provided in Table 3, together with the ductility values computed as
follows

_ % O 6)

y2
5h,el
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where ¢, is the current value of the lateral displacement, and &, , is the lateral displacement
in correspondence to point a.

Fn [N] Fn [N]
600 1200

\ —TPM1 - cyclic 900

\ —TPM2 - cyclic

1Y —TPM3 - cyclic

40 60 -20 -15 15 20

-40

- --SPM1 - monotonic G (mm] Oh [emm]
—SPML1 - cyclic
---SPM2 - monotonic

-400 4 —SPM2 - cyclic
—SPM3 - cyclic -900
---SPM3 - monotonic

-600 -1200

Figure 7. Measured envelops of cyclic (solid lines) and monotonic (dashed lines) lateral force-displacement tests.

F, o, M, F, O Hy F, 0, H,
[N]  [mm] [N]  [mm] [N] [mm]
SPMI monotonic 15.92 5.85 1.00 3293 26.74 4.57 16.20 32.67 5.58
cyclic 12.70 5.02 1.00 20.19 10.29 2.06 17.67 12.35 2.47
SPM2 monotonic  152.38  10.98 1.00 206.83 2297 2.09 | 100.01 35.03 3.19
cyclic 143.10 10.23 1.00 195.12 1575 1.54 | 157.03 21.26 2.07
SPM3 monotonic  485.01 15.79 1.00 54556 2992 1.89 | 2685 40.64 2.57

cyclic 480.12 15.70 1.00 514.00 21.70 138 | 280.00 28.65 1.82
TPM1 cyclic 25.22 2.00 1.00 40.20 4.17  2.08 | 40.20 4.17  2.08
TPM2 cyclic 262.18  4.11 1.00 40734 853 2.07 | 35745 976 237
TPM3 cyclic 46793  4.55 1.00 899.02 16.88 2.70 | 899.02 16.88 2.70

Table 3. Coordinates and ductility values of noticeable points of the curves in Figure 7.

The cyclic tests in Figure 8 where performed at controlled ductility on a SPM1 and a TPM3
specimen, by letting the maximum lateral displacement to grow progressively in such a way that it
results 4 =0.25 in the first cycle; x grows with step 0.25 in the next cycles up to x=1.00; and,

finally, u grows with step 0.50 in the post-elastic cycles up to specimen’s failure. Figure 7-left

shows a comparison between the measured envelopes of cyclic tests and monotonic tests on SPM
specimens, which highlights the fact that the envelopes of the monotonic tests always lie above
those of the cyclic tests in the post-elastic range, due to (low-cycle) fatigue-damage [13].

Post-yield stiffness degradation is a common observation in a range of different tests and lattice
designs of EBM manufactured Ti6Al4V porous structures (e.g [8][9]), due to progressive brittle
fracture of individual struts of the lattice from the point of first macroscopic yield [7].
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Fy [N] Fn [N]
25— 1200

5 _
— cyclic response - — cyclic response 15 2
—e— meas. envelope : —e— meas. envelope |
-15 15 -18
(5h [mm] (Sh [mm]
2 2 1.5 i
.25 A -1200 -
(a) (b)

Figure 8. Lateral force - displacement responses of a SPM1 (a) and a TPM3 (b) specimen under cyclic tests at constant

vertical load £, =45.34 N (solid curves: measured envelope curves; numbers indicate ductility).

(a) SPM1 — 3 elastic cycle (b) SPM1 - I* inelastic cycle (c) SPM1 - 2" inelastic cycle
5, =>5.12mm,yu =1.0 0, =640mm, ;=15 0,=1029, u=2.0

(d) TPM3 - 4" elastic cycle (e) TPM3 - I* inelastic cycle (f) TPM3 - 2" inelastic cycle
0,=625mm, 4 =1.0 0, =874mm, ;=15 0,=1145mm, 4 = 2.0

Figure 9. Frames from in-situ videos of lateral displacement tests on a SPM1 (a-b-c) and a TPM3 (d-e-f) specimen.
The circled struts are affected by fracture damage.

Table 7 shows the Energy Dissipated per Cycle EDC the effective viscous damping &, ; the

post-yield (K ,) vs. elastic (K,) stiffness ratio |K P —Ke| / K,; and characteristic strength Q,
defined as force at zero horizontal displacement (cf. point 8.2.1.2.2 of [24]).
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3EDC ge_}f |Kd _Ke /Ke Q/
(10°kN -mm) | (o) (%) (N)

Moo =1.5 191.44 25.11 25.73 1.52
SPM1

Moo =2.0 406.27 31.12 57.44 5.27

Mooy =1.5 12.97-10° 28.02 10.07 93.12
TPM3

Mooy =2.0 18.86+ 10° 30.12 88.73 95.01

Table 4. Energy dissipation per cycle ( E ;, ); effective viscous damping (& of ); post-yield vs. elastic stiffness
ratio (|Kd -K,

/ K, ); and characteristic strength ( Q) at different post-elastic cycles of lateral force —
displacement test on SPM1 and TPM3 specimens.

The effective damping in Table 7 is defined in line with the European standard on anti-seismic
devices EN 15129:2009 [24], and corresponds to the energy dissipated E,, through the

following formula

E diss

feff B 27[Kh,eff 5}%,max (5)

where K, is the effective secant stiffness, and &, ,, 1s the maximum lateral displacement of

max

the current cycle (see point 3.1.10 of [24]). The results in Table 7 highlight progressive

increases of &, , ‘K . K, / K,, and O, with the amplitude of the maximum lateral

displacement (i.e., with z . ), due to progressive fracture of lattice struts [8] (cf. Figure 9). The

results in terms of energy dissipated per cycle (and effective damping) while indicating a
progressive increase with displacement show also values of supplemental damping (25% to
30%) that are suitable for seismic isolation applications. The failure mechanisms in Figure 9
indicate a quite symmetric pattern of broken elements between top and bottom of the specimen.
It was also observed that during the tests the failure of struts happened in a rather smooth
progression and in expected locations. This performance new configurations that can
significantly increase the required structural ductility to be forseen.

3 CONCLUDING REMARKS

We have experimentally investigated the response of EBM printed Ti6Al4V specimens of
pentamode materials confined between stiffening plates, under lateral and vertical force-
displacement tests. The examined tests were aimed at researching the effective shear and
compression properties of such systems, and their inelastic response under cyclic and
monotonic loading histories. We have examined a collection of specimens that differ in
microstructural and macrostructural aspect ratios, which are related to the size of the nodal
junctions (microstructure aspect ratio) and the ratio between the number of unit cells placed in
the vertical and horizontal directions (macrostructure aspect ratio).

Several results of the present study highlight analogies between the mechanical response of the
analyzed systems and that of elastomeric bearings consisting of alternating layers of synthetic
or natural rubber and stiffening layers made of steel plates or fiber-reinforced composites,
which are commonly used as bridge support devices or seismic or vibration isolators for
buildings [11]-[17]. We have observed that the ratio between the effective compression
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[1]

2]

modulus £, and the effective shear modulus G, of the analyzed pentamode materials is

markedly affected by the presence of the stiffening plates, as compared to available theoretical
predictions of the E/Gratio of unconfined pentamode lattices [10] (£/G~1.0). Such a

stiffening effect is larger in the case of slender specimens and large-size nodal junctions, since
the E,; / G,y ratio varies between 7.93, in case of the SPM3 specimen, and 2.96, in case of the

TPM1 specimen. It replicates the stiffening role played by steel layers in elastomeric bearings.
It is worth noting, however, that the absolute vertical and lateral stiffness coefficients of the
examined pentamode materials increase when passing from slender to thick specimens.

Despite the very preliminary nature of this study on feasibility for base isolation applications,
some observations support the potential of pentamode structures for use in anti-seismic system
development and/or as shear-wave band gap systems [2], with special attention to the isolation
of existing buildings. The strict dependency of the response by the geometry of the lattice
allows the design of structures of controlled performance. The ranges of supplemental damping
observed for the specimens are well in line with values of common isolation devices. The levels
of energy dissipated is acceptable and could be significantly improved by reducing material
porosity, using different construction techniques, materials, and/or through the insertion of
dissipative lead-cores within the pentamode isolator [11][14]. Additional horizontal ductility
and vertical stiffness is expected to be developed also using different configurations that will
provide more confinement to the single layers of the pentamode structure.

We address the design and modeling of highly dissipative pentamode bearings and impact
mitigation devices to future work, on employing either manual assembling procedures [26],
layered structures showing different materials and/or lattice geometries in different layers, and
additive manufacturing techniques in polymeric and metallic materials [3][3][7]. We also
address researches on the use of pentamode lattices within a large variety of materials and
structures to future studies [58]-[60].
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