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Abstract 
 
We studied effects of material anisotropy on impact mitigation in single column woodpile structures. Local vibrations and nonlinear 

contacts of cylindrical members are key mechanisms of wave modulation in woodpile structures. We numerically obtained wave propa-
gations in single column woodpile structures by changing longitudinal and/or transverse stiffness different from stiffness along the stack-
ing direction. We found that changes in longitudinal and/or transverse stiffness altered wave propagation tendency as well as impact 
mitigation rate. We observed compact and wide waves propagated through single column woodpile structures with small stiffness ratio, 
while disintegrated but narrow waves with large stiffness ratio. According to dynamic behavior under impact loadings and frequency 
responses of woodpiles, bending vibration changed from 3rd to 1st mode and low energy band moved to relatively low frequency region 
when the single column woodpile structures had small stiffness ratio. This leads to increase impact mitigation characteristics of single 
column woodpile structures.  
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1. Introduction 

Phononic crystals (PCs) are an interesting research topic for 
manipulating elastic and acoustic waves, since their character-
istics of wave propagation can be easily tailored by changing 
properties of unit cells, boundary conditions, and structural 
architectures [1-3].  

 In particular, woodpile PCs have been studied in various 
applications due to simple architecture and enhanced degree 
of freedom. There are several studies on modulation of elastic 
waves and tunable band gaps of single column woodpile PCs. 
Kim and Yang [4] demonstrated tunable band gaps in single 
column woodpile PCs and revealed that multiple tunable band 
gaps were created due to local resonances and nonlinear con-
tacts of cylindrical members. They reported effects of length 
of cylindrical members as well as pre-compression on band 
gap formation of single column PCs. Highly nonlinear wave 
propagation was observed in single column woodpile PCs, 
and waves could be perfectly transmitted, modulated and at-
tenuated depending on cylinder length and contact angle [5, 6]. 

Chaunsali et al. [7] reported cylinder-based nonlinear PCs 
could control elastic wave propagation by adjusting two alter-
nating stacking angles in single column PCs. Kim et al. [8] 
optimized single column woodpile PCs by adjusting lengths of 
cylindrical members for each layer under impact loading. 
They considered ballistic impacts and found that suggested 
PCs could absorb more than 90 % of ballistic impacts. Hwang 
et al. [9] suggested sandwich-structured woodpile metamateri-
als for the structural application since PCs considered in pre-
vious researches were only acceptable optics, magnetic or 
electrical applications due to their structural limitation. Sand-
wich-structured woodpile metamaterials could be used as 
mechanical structures and mitigate about 85 % of impact load-
ings. However, these researches considered only isotropic 
materials for cylindrical members and have limitation of ap-
plications to mechanical systems with anisotropic materials. 

Several studies about the effect of material anisotropy were 
conducted to investigate their abilities of tuning band gaps in 
acoustic or electromagnetic waves. 2D anisotropic phononic 
crystals, consisting of 2D lattices of cylinders with anisotropy 
in material dielectricity, could improve band gaps [10]. Sev-
eral researchers reported PCs with anisotropic cylinders in an 
isotropic host could open, modulate, and close band gaps of 
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acoustic and electromagnetic waves [11-16]. Anisotropic PCs 
considered in these studies were arrayed on the 2D or 3D 
spaces or embedded in other isotropic materials and used un-
der acoustic or electromagnetic waves. 

In this study, we suggest single column woodpile structures 
with anisotropy in mechanical moduli to modulate elastic 
waves and investigate effects of material anisotropy on impact 
mitigation of single column woodpile structures for enlarging 
their tailoring ability. We experimentally measured transmit-
ted forces of single column woodpile structures made of 
quartz cylinders under impact load, and numerically simulated 
the wave propagation with finite element method. The finite 
element model was validated based on the experiment data. 
Using this model, we calculated wave propagation in single 
column woodpile structures with respect to ratio of longitudi-
nal and/or transverse moduli to that of the propagating direc-
tion. 

 
2. Numerical model and experimental setup 

Previous research [5] established a simple model with 
masses connected by nonlinear springs governed by Hertzian 
contact law. However, contact behavior between anisotropic 
materials is not fully understood, and there is no analytic equa-
tion to model contacts as a simple spring. With this limitation, 
by using a commercial software program (ABAQUS 6.13, 
Dassault systems, France) for calculating dynamic responses 
of single column woodpile structures as shown in Fig. 1. 8-
node continuum elements (C3D8R) were used and total num-
bers of nodes and elements were 1208853 and 1065536, re-
spectively. Global element size was 0.2 mm, but ultra-fine 
mesh of 0.01 mm near the contact location was applied to 
simulate accurate contact behavior. Diameter and length of 
cylindrical members are 5 mm and 100 mm, respectively. To 
model ball drop impact tests, we applied 1.98 m/s of initial 
velocity to the steel ball with 9.5 mm of diameter rather than 
dropping at 200 mm height. To calculate transmitted forces, 
sensor part was also modeled. Lower surface of the sensor 
was fixed, and contact forces between the cylindrical member 
and sensor were obtained. In this manner, we could obtain 
wave propagation tendency with respect to number of layers. 

For investigating the effect of material anisotropy, we 
changed longitudinal stiffness (E1) and transverse stiffness 
(E2) in the range of 1/10 to 10 times of the stiffness of wave 
propagating direction (E3 = E). For easy configuration, two 
stiffness ratios are defined as follows: 

 
1 1 1 2 3/ when and ,k E E E E E E= = =   (1) 

1
2 2 3when .Ek E E E

E
= = =  (2) 

 
For comparing previous research [5], we selected quartz 

material (Young’s modulus E = 72 GPa, Poisson’s ratio v = 
0.17, and density r = 2200 kg/m3) for the reference model. 

We conducted experimental verification of single column 
woodpile structures made of quartz since we could not test all 
considered anisotropy. Fig. 2 shows the experimental setup of 
single column woodpile structures of Fig. 1. Impact was ap-
plied by striking the center of uppermost cylinder with a steel 
ball with 9.5 mm diameter at the height of 200 mm. We 
measured transmitted forces using a piezoelectric force trans-
ducer (PCB208C02, Piezoelectronics Inc., USA) and recorded 
via an oscilloscope (MDO3022, Tektronix Electronic Compo-
nents, USA) for 2 ms with a sampling rate of 100 MHz. Simi-
lar to previous studies [4], we attached an ultra-small piezo-
electric sensor on the surface of the uppermost cylinder to 
synchronize measured signals with respect to number of 
stacked cylinders. 

 
3. Results and discussion 

Fig. 3 represents image maps of numerically and experi-
mentally obtained transmitted forces of single column wood-
pile structures made of quartz cylinders. Relatively strong 
impact waves were attenuated rapidly in both numerical and 
experimental results. This is because of dispersion of wave 
energy due to local resonance, which agrees well with previ-
ous studies [5], although amplitudes of transmitted forces are 
different due to different striker weight and cylinder length. 
Wave propagation tendencies such as transmitted force ampli-
tude and propagating wave speed in the numerical analysis are 
comparable with those of experimental one, and so we could 

 
 
Fig. 1. Finite element model of single column woodpile structures. 

 

 
 
Fig. 2. Schematic configuration (left) and image of the experimental 
setup of the single column woodpile structures (right). 
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verify our finite element model is valid. 
If we changed longitudinal stiffness (E1) and transverse 

stiffness (E2) artificially, wave propagation showed totally 
different trend with respect to stiffness ratio (Figs. 4(a)-(e)), 
while propagated waves were dispersed in temporal and spa-
tial domains, thereby attenuated for all considered cases. 
When cylinders were isotropic (E1 = E2 = E3 = E), the impact 
wave divided into two compact waveforms with relatively 
large time delay within the given time and space domain. This 
is because the wave dispersed by a low frequency local reso-
nance in each cylinder. Moreover, each compact wave shows 
modulated pattern with high frequency, because the compact 
wave dispersed again by a high frequency local resonance in 
each cylinder (Fig. 4(c)). If stiffness ratio (k1) decreased, com-
pact waves were divided to two or three waves and divided 
waves became wider (Figs. 4(a) and (b)). However, three or 
more narrow waves were observed (Figs. 4(d) and (e)) when 
k1 increased.  

If we changed only longitudinal stiffness (E1) artificially, 
wave propagating tendency (Figs. 4(f)-(i)) was like previous 
results (Figs. 4(a)-(e)). Difference was observed in amplitude 
of transmitted forces, and was slightly lower when k2 was 
changed. From this, we could conclude that the change of 
transverse stiffness (E2) is rarely effective on force transmit-
ting of single column woodpile structures. The modulated 
wave pattern significantly depends on the resonance fre-
quency of vibration modes in each cylinder, as shown in Table 
1. Note that when cylinders contact in its center, only symmet-
ric vibration modes are coupled with the propagating waves 
[5]. 

We compared impact and transmitted forces in Fig. 5. There 
was no difference between single column woodpile structures 
by changing k1 and k2. Impact forces applied by the steel 
striker on woodpiles became larger from 140 N to 260 N, but 
narrower as stiffness ratio increased (Figs. 5(a) and (b)), even 
though stiffness of wave propagating direction (E3) was the 
same for all cases. In addition, maximum transmitted forces 
felt at the end the cylinder increased from 14 N to 150 N, 
while impact waves propagated slowly as stiffness ratio in-
creased (Figs. 5(c) and (d)). Based on FE results, transmitting 
rates of the impact force significantly changed from 10.0 % to 
57.7 % as stiffness ratio varied from 1/10 to 10. 

 
              (a)                      (b) 
 
Fig. 3. Image maps of transmitted forces of single column woodpile 
structures made of quartz cylinders by (a) experimental; (b) numerical 
analyses. 
 

 
(a) 

 
(f) 

 

 
(b) 

 

 
(g) 

 

 
(c) 

 

 
(d) 

 

 
(h) 

 

(e) 
 

 
(i) 

 
Fig. 4. Image maps of transmitted forces of single column woodpile 
structures by changing (a)-(e) k1; (f)-(i) k2 (0 layer depicts the impact 
force). 
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Dynamic behavior of single column woodpile structures 
under impact was plotted to understand the effects of material 
anisotropy (Fig. 6). When k1 was 1/10 (Fig. 6(a)), transition of 
third to first bending motions of cylindrical members was 
observed. Notably, only single bending motion had relatively 
large displacement until impact was reached at the end cylin-
der. This characteristic behavior appeared in woodpiles with 
k1 of 1/2. If k1 increased to 1 (isotropic materials), first bend-
ing motions were mainly observed, but displacement was 
slightly less than the previous two cases. (Fig. 6(c)). However, 
there were three or more small vibrations of the first bending 
mode (Figs. 6(d) and (e)). This observation could explain that 
local resonance as well as nonlinear contacts contributed to 
impact mitigation characteristics of single column woodpile 
structures, and the effect of local resonance becomes signifi-
cant when the stiffness ratios (k1, k2) are low. 

Since impact-induced vibrations are in low frequency re-
gion (Fig. 7), frequency responses of single column woodpile 
structures at low frequency are significant. Fundamental natu-
ral frequencies of first five bending modes of cylinders with 
respect to stiffness ratio (k1, k2) are summarized in Table 1. As 
expected, fundamental natural frequencies with small k1 or k2 
were lower than those with large k1 or k2. Also, fundamental 
natural frequencies were almost the same for both changing k1 
or k2. Because wave energies in periodic structures such as 
single column woodpile structures disperse and become sparse 
in specific frequency band [8] and onset frequencies of pass 
band is matched with natural frequencies of the cylindrical rod 
[4], we can estimate that more band gaps of single column 
woodpile structures with low stiffness ratio appear in low 
frequency region, which plays the key role of impact mitiga-
tion. To check this, we calculated frequency spectra of propa-
gating waves by rapid Fourier transformation of FE results in 
Figs. 4(a)-(e) with varying k1 (Fig. 8). To help understanding, 
red arrows depicting natural frequencies of cylinders were 
marked. We observed low-energy bands (band gaps) in ultra-
low frequencies near 0.8, 2.2 and 4.4 kHz in Fig. 8(a) but in 
relatively high frequencies near 8, 20 and 36 kHz in Fig. 8(e). 
Low-energy bands in low frequencies of single column wood-

Table 1. Fundamental natural frequencies of bending modes of cylin-
ders with respect to the stiffness ratio (units in kHz). 
 

Mode number 1 2 3 4 5 

1/10 0.8 2.2 4.4 7.2 10.6 

1/2 1.8 5.0 9.7 15.8 23.2 

1 2.6 7.0 13.6 21.9 32.0 

2 5.7 15.1 28 43.4 60.3 

k1 

10 8.0 20.4 36.5 54.4 73.2 

1/10 0.8 2.2 4.4 7.2 10.6 

1/2 1.8 5.0 9.7 15.8 23.2 

1 2.6 70 13.6 21.9 32 

2 5.7 15.1 28 43.4 60.3 

k2 

10 8.0 20.4 36.5 54.4 73.2 
 

 

 
(a) 

 

 
(b) 

 

(c) 
 

 
(d) 

 
Fig. 5. Image maps of (a) and (b) incident; (c) and (d) transmitted 
forces of single column woodpile structures with respect to the stiff-
ness ratio ((a) and (c): k1 was changed; (b) and (d): k2 was changed). 

 
 

 
(a) 

 

 
(b) 

 

 
(c) 

 

 
(d) 

 

 
(e) 

 
Fig. 6. Mechanical behavior of single column woodpile structures with 
respect to the stiffness ratio (k1) of (a) 1/10; (b) 1/2; (c) 1; (d) 2; (e) 10 
obtained by finite element analyses (deformation was magnified by 50 
times for higher visibility). 
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pile structures with low stiffness ratio could attenuate impact 
that has low frequency content (Fig. 7), and that made trans-
mitted forces with relatively low intensity. 

To summarize FE results and analyses, material anisotropy 
such as different stiffness of longitudinal and wave propagat-
ing direction had various effects on wave propagating in sin-
gle column woodpile structures. This can provide more degree 
of freedom to the design of woodpile structures like changing 
length and stacking angle of cylinders [4-6]. Anisotropic ma-
terials can be realized by adopting fiber reinforced composite 

materials, resulting in superior mitigation characteristics of 
woodpile structures due to local resonance and nonlinear con-
tacts as well as high material damping of composites. 

 
4. Conclusions 

We investigated the effects of material anisotropy on impact 
mitigation in single column woodpile structures. With varia-
tion of longitudinal and/or transverse stiffness, we calculated 
wave propagations in single column woodpile structures. 
Wide and compact waves were observed in structures with 
small stiffness ratio but several divided waves with narrow 
width propagated through woodpile structures with large stiff-
ness ratio. In addition, impact mitigation much depended on 
changes in longitudinal stiffness rather than transverse stiff-
ness. From frequency spectra, we found that relatively low 
natural frequencies of bending modes for single column 
woodpile structures with small stiffness ratio made low-
energy bands in low frequency region and mitigated effi-
ciently impact loading that has low frequency content. There-
fore, material anisotropy could alter impact mitigation charac-
teristics without design modification of structures such as 
length or stacking angles of cylinders. 
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