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Abstract 
The paper explores the key 
metamaterials (consisting of multiple unit cells in the soil
masses) nonlinear structure on nonlinear soil. Elastic  of 
system, representing the structure, is  for s. Employing the Real-

, a  a parametric 
analysis, ing the influence of key parameters on the efficiency of resonant 
metamaterials. tion, 
through the soil as H), employing  
mechanisms a The first one is 

: out-of-phase resonant oscillation of internal masses  
structure. structural response is 

larger than  
of the structure. mechanism is the kinematic interaction 

: the presence of empty unit cells ( ) in the soil next to the structure 
creates zone. This kinematic interaction mechanism 

 es is to the , 
, the structure. When 

 ,  their 
structures. 

1. Introduction 
 

in 1962 [1]  - for 
seismic protection of structures, pointing out the on 
seismic To fill this gap [2] 
[3] ten years later,  numerical   the 
efficiency of trench    Both h

to other 
 (e.g.,  shape). The increase of the tr impr

ss. [4] t
for elastic seismic , t 
eight times the pile 
metamaterials, they mainly 
                                                            
1  
2 ,  



. arge 
  (on seismic )  

r   seismic . Thus, 
-  

 
- -  stress  

. [ ] the control of 
such as optics [6] 

acoustics [7],  
  [8]. 

s mainly focus  on resonant metamaterials to mitigate the effects 
- e  Resonant metamaterials are usually 

, multiple masses 
, 

es. A   
 i et al. [9].  numerically as 

resonators) , creating 
 (trees in a  of  

  range of 
A large-scale physical experiment [11]  pine-tree forest, 

a -  
t  

(a) installing them at the (meta-
; or  (meta-  A on 

meta-
horizontal [12–14]   , using  locally resonant meta-
The influence of soil-structure ir efficiency   [16], 

 such a 
 to   

meta- , next to the structure to form an 
array of unit .  [17–19], 
such meta-structures  
a significant part  

-mass metamaterial concepts  (i.e.,   
 [ ,21]  to 

offer  meta-
 [22]. that in the more realistic case of 

 - - surface 
 

 
uring structures. most use  surf

most :   
[21] 

elastic 
 [23]. The so-

 - to the soil, cap  
of ing a significant part of the energy . 



seismic energy is  
it 

mechanism of such systems.  
  

such can 
the effect of the on metamaterial 

efficiency; ; the response of 
seismic . In this context, this 

explores the seismic performance of horizontally- resonant metamaterials, in protecting 
-  response of the 

s of the structure. A numerical parametric analyses , 
ing of for seismic protection of structures 

using metamaterials, to the effect of each parameter on the efficiency of the 
seismic risk  

2. Description of the Finite Element Model 
s (such as the Fig. 1) ar  

resonant unit , - -of-
 that represents the structure. a

the open source mesh generator [24]. The simulations are per -
] (http://real-essi.info),  package, specifically 

ealistic m l simulation of e soils, s   
interactions in the .  

2.1 The Domain Reduction Method (DRM) 

ne of the most  approaches to insert the 
 (comprising  into a . Initially 

Bielak et al. [26] the imura et al. [27] , is 
- . Although the  in practice, lately it has 

gain  in the research community [28–32]. As implie , 
a  seismic source, 

 of interest) 
  

ess computational cost. T   
teps, a large auxiliary free-  

all components (seismic soil layers) 
of the structure(s) of interest, t one focusing on the main 

 (s) of interest.  
The purpose of the first ste in the  as input 

  
that lie on the elements at the (so- Fig. 1) are 

K se time histories makes -  
, that the exact same  as in 

. It is important to clarify that t  exactly the case  
is a free-  If a structure is present, . The extra 



 from the oscillation of the structure   interfere 
 the results.  an extra layer of so- (Fig. 1), 

. a constant for all 
, as it 

As afore s for seismic this 
not fall in the scope of this preliminary key mechanisms 

amaterial–soil–structure interaction (meta– ). T
H  

To generate such  
  step  that 

the target acceleration time history is at the  Fig. 1), the motion 
- first 

 of interest (i.e., 
elements) the   Both 

-  a
[33,34]. This -
et al. . time history at 

the  surface in th he soil 
layers. 

 
Fig. 1.  

 

 



2.2. Soil, Structure and Metamaterial properties 

 Fig. 1, a uniform elastic/inelastic of thickness   
   = 3,  for the elastic/inelastic case, 

)  or  or inelastic cases), resting on top of a uniform 
elastic rock layer ( ,  = ,  3  ) 

 8-  -type elements (namely, 
. 

in  8 th (8-
  Fig. 2, t  using linear 

elastic response is of interest), fi  -column 
elements  linear elastic-plastic response flexural   
response is of interest). The resulting small-strain (elastic) is 

  

 
Fig. 2. E o s: resulting monotonic  

he uniaxial non
& Pinto [36] [37] , using the 

 parameters of Table 1     the 
strain- - , ,  are 
parameters controlling the transition from elastic to plastic regime a , a , a , a  are isotropic 

 

Table 1. . 

 



of   columns at the left- 
right-  structure  from the 
unit cell is a ,   elastic shell elements  

   Pa, thickness   ,    3   . 
unit cell   ,  

. The latter ar  -  of stiffness   
. The resulting metamaterial unit    

 Table 2 summarizes the main parameters of interest. Their effect on the efficiency of the 
 risk . Each 

parameter i  , keeping the rest of the parameters 
 

Table 2. .  

 

2.3 Boundary conditions and interfaces 

To meet the plain strain analysis assumptions, the out-of- . 
This also applies to ,  in 
plane, ing . he unit cell masses are  
oscillate 

. T  
length is Although the 

for much smaller computational r
  

(structure-soil, metamaterials- s.  

2.4 Input motions 

Table 3, a [38] (Fig. 3a) (Fig. 4)                
(3 pulse- non-pulse-like , 

) 
reason for selecting the , is that i

 target nsform) 
a Fig. 3b).  



 
Fig. 3. The : (a) acceleration time history;  s ). 

 
Fig. 4. motions : (a) pulse- non-pulse-like 
(right)  their p -acceleration response spectra ( ). The EC-8 [39]  elastic 

response  

Table 3.  

 



3.  The principal seismic response reduction mechanism 
 resonant metamaterials for 

in this section. 
metamaterials on free- soil response, t  (     horizontal 

 . Figure 5 compares the maximum accelerations 
 on the  surface (point A) for -state response, (  ) 

 (  = – 1 s). A  is close to  (  in Fig. 5).  

 
Fig. 5. The effect of resonant metamaterials on free- maximum accelerations  

(  = ) resonant metamaterials, in function of .  

    maximum acceleration  ,   (the 
maximum acceleration metamaterials), it that the maximum 
( / , < 1)   / 1 less than 1
small—yet non- —amplification takes place (Fig. 6a). The

 n the   
cell mass (Fig. 6b). / = 1 at their natural 

, maximum = /2 respect to . Exactly  such out-of-phase oscillation, the resonant 
metamaterials the 

 soil, ing its acceleration.  =  ,  
. But as   from /2 to , the 

metamaterial mass 0 < <  /2 metamaterial masses are oscillating in-
response of the latter  since the metamaterial masses are 

 , their oscillation s are . As a result, th  
free- amplification is less  than the free-  they 
can offer. T of Fig. 6a. are not lies in 
of the soil.  for  s, the larger appears at / = 1 

 also  
s), the resonant metamaterials to larger input excitation, results in larger 

of their masses.  



 
Fig. 6. The effect of resonant metamaterials on free- (a) maximum accelerations / ,  at point A for  = s, in function of /  

point A on the  n an oscillating unit cell mass for  = s, in function 
of / . The inset the acceleration time histories of points  s.  

, complete 
metamaterial , masses 
the same results as the free-  (no metamaterials) resonant mechanism 

 the -
s it  on, this is not the case . 

4.  Elastic structure on elastic soil 
linear-elast , structure ( ), Fig. 7 

t time histories of the structure
 surface using  

metamaterials. The reference parameters of Table 2 or  = s (,  s, so that -of-phase 
excitation that reaches ). The 



resonant metamaterials 
excitation cycles to start oscillating), thereafter increasing their efficiency. 

 
Fig. 7. Elastic structure on elastic soil (Table 2 reference parameters, except for  s) 

. Time histories of: (a) acceleration  ;  ( horizontal ) of the 
  resonant metamaterials.  

I  
there is a  single can reflect most of the information 

ies of response. The maximum acceleration or the maximum 
of resonant metamaterials for the entire time history analysis. A 

 energy-
-structure systems –42].   energy-

 is the [41], 
reflects the  of the structure (not only its peak response). The plastic energy 

  Yang et 
al. [42], the  

 plastic free energy 
lastic material  may total  

Thus, for the inelastic  , the 
rials. 

energy alternatingly is means that no 
accumulation of energy ( ) 

-hoc solution is 
The strain energy  of ystem may 

.  
Figure 8 gy time histories , 

 
 potential structural of the  larger 

for an inelastic structure
normalizing  case  

 structure), . The smaller than 1 this ratio, the more 
 the resonant metamaterial nor  strain energy ratio greater 

than 1 s that  of 



resonant metamaterials. Fig. 8 the 

Henceforth, for the linear elastic parametric analyses,  
E train Energy Ratio ( ). 

 
Fig. 8. Elastic structure on elastic soil (Table 2 reference parameters, except for  s) 

. Comparison of  strain energy time histories 
may e as an 

potential structural .  

 Figure 9 summarizes The 
parameter of interest , ly 

 (notice that the thick horizontal line at  = 1, is the result of normalizing the 
case itself). — —
the resonant metamaterials ( ), it is of  occurs 
for  =  (slightly higher than ,  main reason is the out-of-phase oscillation of 
the unit cell masses to the oscillation of the surr , at  close to the 
resonant  of the structure  for larger oscillation 

 cell masses. 
to the -acceleration 
response spectrum of the  
s (Fig. 9),  a peak  close to = Fig. 4b  1941 N. California 

r of all other excitations, 
trough close to = Fig. 4b). Interestingly, the maximum  1941 N. California 

is for  , ,  Fig. 4b), force the metamaterial unit cell masses to oscillate at this 
of the 1941 N. California seismic  motion c all 

other excitations, its results are  .  
Keeping Tm c
system ( ), it can again of  takes place for < 
s (= , -of-  of Fig. 9. noting that the amplification takes place 
for  > -  metamaterial masses -phase 

 masses are not oscillating at 
s (i.e.,   

or  for elastic systems).  



 
Fig. 9. Elastic structure on elastic soil parametric analysis: effect of each parameter on .                         

 s  > 1 to effect. 



The total oscillating mass of the resonant metamaterials ,  is also affecting the response 
Fig. 9, the of    of ,  , at least up 

to  ,    
mass  of the entire system ; this scenario 

, empty unit cells), the  of  
the kinematic interac , the 

so-  as the 
approaches the  (reminiscent of [2–4]). 

as  (approaching the 
metamaterials size), such kinematic interaction effect  

T  of the resonant metamaterials is  the results of Fig. 9, 
an optimal  . Higher s 
metamaterial masses, ness -of-    infinite) oscillations of the unit cell masses, 

tion of their efficiency.  
Another key  of the resonant metamaterials from the structure. As 

structure. 
, is the amplification of  for large . This 

that are : propagating through the soil, they are 
at the soil- interface, ing  amplifying its response. 

s icity is   
The last metamaterial parameter in is the geometric configuration of the resonant 

metamaterial unit cells, i.e.,  , of the unit cells, 
Keeping the total unit cell mass constant ( ), Fig. 9 

, the 3x3 
configuration 2x2; the er than the 3x3, 

; . This s 
response s 

.  
f resonant metamaterials in mitigating the 

seismic risk  of the soil (soil stiffness). Figure 9 
the increase of  

of the efficiency of the resonant metamaterials (for  1
The  

for = 
. 

increase  energy to the metamaterials, increasing the  cell masses, 
larger .  

.  
for  = at the soil- interface, 

excite opposite phase,  This effect 
-

 

of Fig. 9 s 
the , seismic  
artificial motion. 

 



5.  Nonlinear structure on elastic soil 
Elastic analysis is useful to key mechanisms  
resonant metamaterial–soil–structure system strong seismic 

it nonlinear response. In this section, the impact of structural inelasticity is 
. The nonlinear response of the structure elongate 

its the resonant 
metamaterials, - .  

Fig. 2) -elastic–plastic. 
, the u  of the fi  -column 

elements is  (Table 1). In the same figure, notice ers in the 
cross section of the fi   , so that all 

ers     the 
EC8 [39], assuming a  e same motions as in the elastic 

 to 1941 N. 
California  the 1986  
structure its inelastic regime. 

pation Ratio ( )
, 

. The latter is no to a horizontal straight line at = 1. 
 is 

Fig. 10 (the remaining s, Table 2). 
that the increase of  (i.e., the increase of structural inelasticity) 4, the presence of resonant metamaterials  amplification of response ( > 1). This confirms the concern 

longer ing for the 
elongation of the structure, partially  

 
Fig. 10. s (left) 
The effect of structural inelasticity, he , on the 

 ( ). The effect of metamaterials < 1.  



 in Fig. 11 summarizes the results of the parametric analysis for  = 4.  
in examine the effect of , the presence of resonant 

for   
,  ; for ,  < exception of the 199  ,  ( ,  s

on purpose, to expose amplification effects
me 

 -of- the 
elo  role -phase). The 
last 

of   the soil stiffness. 
 are 

elastic case. I that the 
increasing  ce the results of the real seismic  . 

6.  Nonlinear structure on nonlinear soil 
 elastic in reality soil nonlinear response 

uring strong can affect 
to a great extent [43– . It is therefore its 

of resonant metamaterials. a oplastic -
k nonlinear kin  [46] . is a fairly 

si such as  [47]. 
for the reference case are  in Table 4  is 

t,  is  is ,  is  ( controls 
the size of the elastic region),    that control the post- ning 
[38], strength    is the post- /  ratio    
The  to strength ratio /  

 = 36 kPa ( EC8 
[39]). Fig. 12, t secant – s ( /  ) 
is in re [48] for   (

 ). plastic energy 
energy 

 [47,49].  

Table 4. o -
 

 



 
Fig. 11. Nonlinear structure on elastic soil parametric analysis: effect of each on . 

 s  > 1 to a effect. 



 
Fig. 12. - , for  /     

( = 36 kPa for the reference case): /    to the experimental 
of  (1991). The inset plots the shear stress-strain (   ) response for   

4 of  6 real seismic  are 
in the parametric analysis. time history results are initially s on 

system response. Figure 13 compares the  ase shear(  ) response   
1986 Kalamata . The presence of the resonant metamaterials small 

tion  (Fig. 13a). T Fig. 13b, 
Figure 14a plots the incremental 

column Although 
imply 

summing up ,  elements 
can  (Fig. 14b). The latter to present the parametric analysis results, as the 

- the 
 

 

 
Fig. 13. Nonlinear structure on nonlinear soil (a of Table 2, except 

for  = s). Comparison of 
Kalamata (a)  time histories; ase shear (  ) response.  



 
Fig. 14. Nonlinear structure on nonlinear soil (a  of Table 2, except 

for  = s). Comparison of 
Kalamata incremental plastic energy ; a

energy .  

Figs. 15a,b. 
, of  are  in Fig. 15a; the first one is close to   

one close to  more ese 
 . significant   that occurs at  =  s 

  =  for the 1986 
. T explain  of the top 

for  the 1986 T xcitations in Figs. 16 17, 
Figure 16a 

“ ) for the s its 
main response peak close to 2.4 Hz (  ,  = 
peaks; one at 2.4 smaller peak at 
1.6 Hz  ). 
the inelastic analysis, the 

  .  

is more important to target for tion: the peak at 1.6 Hz (  
 , Fig. 16b), or the peak close to 2.4 Hz (  2 s   

, Fig. 16b)?  for this specific example, since for the 
excitation,   plastic  ratio than  Fig. 15a
this is its inelastic regime 

Fig. 18a). Thus, targeting 
 larger of the  

ratio. for the 1986 T  Fig. 15a), 
the  of the reference has a significant 
(    s , Fig. 17b). This is close to the 

, again, resonant 
 Fig. 18b 
1986 T . mainly energy 

 
 Fig. 15a, in 

 plots, of  occurs close to ,   
 



 

 
Fig. 15. (a) Nonlinear structure on nonlinear soil on . 

 s  > 1 to a effect. 



 

 
Fig. 16. (b) Nonlinear structure on nonlinear soil on . 

 s  > 1 to a effect.  



 

 
Fig. 17.  of the P

. Comparison of: (a) “ ) reference case;  inelastic 
 (“ ) reference case to t “ ) cases (  s). 

 

 
Fig. 18.  of the  

. Comparison of: (a) “ ) reference case;  inelastic 
 (“ ) reference case to t “ ) cases (  s). 

 
mass , . or ,  

 minor significance, at least 
as the main resonance-  mechanism (i.e., the out-of-phase oscillation of the internal 
masses  

ust the mere presence of stiff , right next to the structure, 
to a tion of its response up to some extent. The reason this kinematic-interaction-

s 
soil response

smaller 
thus kinematic interaction.   

 



 
Fig. 19. Base shear ( ) response of the  ; the 

1986  
 s  s for the 1986 s,  

lly explain this interesting outcome, the 
for the ) case (Fig. 19a) for metamaterials of ,  i.e., empty 

s, Fig. 19b) for the 1986 Kalamata excitation. 

. hanks to the kinematic interaction, th f empty unit cells can 
 zone structure,  it from incoming 

.   s 
sh  cell. Figure 19c 

that: the 2x4 arrangement of empty unit 
the 3x3 case. In terms of , the results are   s, .  It 

note , though, that the empty unit 
shear (

not structure response.  
 

  Fig. 20a
 for ,  .  A

empty unit cells  is 
. 

; the fact that the 
the shorter  (  s) structures , 
the only marginal. The long  (that match the natural 

) also long ( = / ). As a result, the size of the empty 
comes too small to affect the longer inciting   

Fig. 20b   , for ,  
(empty unit  cells,   
concrete), there is practically no influence on the results, suggesting 

 as the construction material of the unit cells. 



 
Fig. 20. Contours of tot  (t=4s) 1986 Kalamata 

: (a) reference case; , empty unit cells; , empty unit cells. 

 

 
Fig. 20. Nonlinear structure on nonlinear soil ,  . The effect on  of: 
(a) the n   of the structure;   . 

The effect of the small-strain stiffness of the soil, or , is 
 (Fig. 15a) s are hose 

suggesting that the metamaterials are for softer soil. Thus, the 
expectation that the  stiffer 

 The increase of stiff
strength (   ), 

, this implies 
. 

of r increase for larger /  ratios. 

T  of the resonant metamaterials  (Fig. 15b)
most of the excitations, the results are more or less  in 



cases, the t  for elastic the resonant 
meta . 

Looking at the effect of the   
Fig. 15b, as 

Another important conclusion 
on structural response only 

 I  the  (Fig. 15a), 
, this  that resonant metamaterials pose no threat to 

. 
The next  Fig. 15b, a

of the ratio  = m, then from  m, 
in-  of the input motion target on the 

, oil inelasticity. It is r  in the 
 s 

inelasticity, es are , resulting —
— inelasticity. Thus, if the 

resulting hat encompasses the 
resonant 

, for   m
at 

optimally , 
(e.g., for   m). 

The la  
 ). as  increases (from 2x2 to 3x3 to 

 their size approach the ,  more 
 to .  

7. Conclusions 
A thorough  parametric analysis  
efficiency of resonant metamaterials (multiple unit  the soil
internal masses) as a seismic risk nonlinear structures

propagating through nonlinear soil. Linear-  structure 
) key 

interactions the resonant metamaterials. The key conclusions : 

 structure 
The first one 

. The the acceleration response of the 
structure, -of-phase oscillation of the resonating unit cell 

masses for ce 
of the  system. , the greater the -
of-phase oscillation, the larger  structural response. mechanism (the so-

  
,  to its full extent in the analysis of empty unit cells (zero oscillating 

masses).  this mechanism e , 



simultaneously: (a) the  to the 
 of the incoming  s (to ; 

structure.   
 

the resonant metamaterials   , so as to 
ensure the out-of-   

Therefore, in the 

 
 In the case of  structural inelasticity, no response 

 the effect of resonant metamaterials on structural 
e from the structure. This  

es that resonant meta to 
seismic protection.  

 he efficiency of resonant metamaterials increases  a rational increase of the 
oscillating masses (up to  

 
soils (  , s of resonant metamateri    

 , , 

seismic motions. 
 Potential 

 stiff soils (  
structural response.   
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