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ABSTRACT* 

A rough surface formed by regularly spaced acoustically 
hard parallel strips or grooves gives rise to non-specular 
diffracted modes and surface waves. Surface waves result in 
values greater than +6 dB in spectra of the sound field 
relative to the direct field (excess attenuation). As well as 
surface wave generation, measurements of excess 
attenuation over regularly spaced parallel strips show 
effects of the finite array dimensions. Numerical predictions 
of pressure contours at the frequency of main surface wave 
energy show that the surface waves are created by 
overlapping, interacting, quarter wavelength resonances in 
the gaps between roughness elements or within grooves. 
Additional peaks in EA spectra result from interference 
between surface waves and diffracted components 
travelling towards the source. Surface waves are reduced if 
roughness elements resonate at surface wave frequencies. 
Predictions over periodic rectangular grooves with the same 
width but depths varied to create a phase change of 2π over 
each period show non-specular behaviour associated with 
surface wave generation and diversion of energy into 
diffracted modes. Useful traffic noise insertion loss due to a 
periodic surface consisting of rectangular grooves with 
different depths is predicted. 

Keywords: surface waves, periodic roughness, quarter 
wavelength resonance, excess attenuation. 
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1. INTRODUCTION 

The solution for the sound field due to a point source in air 
over a rough acoustically hard boundary, for which the 
roughness height and spacing are small compared with the 
incident wavelength, includes an airborne surface wave 
which spreads cylindrically but attenuates exponentially 
both away from and along the surface [1]. Surface waves of 
this kind have been observed in laboratory experiments 
over rectangular grooves at ultrasonic frequencies [2], and, 
at audio-frequencies, over rectangular lattices [3,4], 
regularly spaced parallel cylinders [5], triangular wedges 
[6,7], and square and rectangular strips [7,8]. Outdoor 
measurements have indicated airborne surface waves over 
regularly spaced, parallel rows of bricks [9,10]. Surface 
waves can be detected in either frequency or time domains. 
Point-to-point propagation near a surface can be represented 
by the excess attenuation (EA) spectrum defined by,  

                         (1) 

Over an acoustically hard smooth surface the excess 
attenuation spectrum has a maximum of +6 dB which 
represents pressure doubling due to constructive 
interference between direct and ground-reflected sound 
pressure fields. Effectively, a rough hard boundary has a 
finite impedance and thereby causes a dip in the EA 
spectrum associated with destructive interference between 
the direct wave and the specular component of the reflected 
wave at a lower frequency than over a smooth hard surface. 
If a surface wave is generated, then the maximum exceeds 
+6 dB around the frequency of maximum surface wave 
energy. A roughness-induced surface wave appears in the 
time domain as a wave train following the direct and 
reflected wave component arrivals.  
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Surface waves over periodically-rough boundaries have 
been predicted numerically either by full discretization of 
the surface or via an effective impedance [11]. This paper 
reports measured EA spectra for regular and random strip 
arrangements, and measurements and predictions of finite 
array effects, the influences of quarter wavelength 
resonances and of resonant roughness elements. Also, a 
modal theory [12,13] is used to investigate traffic noise 
reduction through surface wave creation and the scattering 
of incident sound into non-specular diffracted modes by 
periodically grooved surfaces. 
 

2. ARRAY SIZE AND BRAGG DIFFRACTION 
EFFECTS 

Figure 1 compares anechoic laboratory measurements of 
EA spectra over surfaces composed of 15 parallel identical 
strips with triangular cross sections (base on a glass sheet 
either randomly or regularly spaced with (mean) centre-to-
centre spacing of 0.05 m. The curve corresponding to 
random placement is the result of averaging EA spectra 
from five random distributions. 
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Figure 1. EA spectra measured with source and 
receiver at 0.07 m height separated by 0.7 m over an 
array of 15 triangular cross section strips on a glass 
sheet either regularly spaced (continuous line) or 
randomly distributed with a mean centre-to-centre 
spacing of 0.05 m (broken line) [10]. 

Regular spacing enhances the surface wave near 1.8 kHz 
and causes a narrowing and deepening of the first 
roughness-induced destructive interference between the 
direct and reflected waves which appears as a broad dip in 
the averaged EA spectrum for random arrangements. The 
first order Bragg diffraction at 3.5 kHz coincides with the 

first roughness induced EA dip. The 2nd order diffraction at 
7 kHz is responsible for the second dip whereas the 2nd 
order roughness-induced EA dip for random arrangements 
is near 10 kHz and weaker. 
Figure 2 shows the laboratory arrangement and Figure 3 
compares measured EA spectra and Boundary Element 
Method (BEM) predictions with point source and receiver 
at heights of 0.05 m and 0.04 m respectively 0.7 m apart 
over an array of 30 parallel identical rectangular aluminium 
strips on a comparatively acoustically hard medium density 
fiberboard (MDF) without and with felt being placed along 
edges of the array parallel to the source-receiver axis [8]. 

 

Figure 2. Laboratory arrangement of an array of 30 × 
1 m long parallel aluminium strips (height 0.025 m, 
width 0.0122 m) on MDF with felt along the array 
edges parallel to the source-receiver axis. 

 

Figure 3. EA spectra measured with 0.05 m high 
source and 0.04 m high receiver separated by 0.7 m 
over an array of 30 identical parallel rectangular 
(0.025 m ×  0.0122 m) strips with uniform edge to 
edge spacing of 0.015 m without and with felt along 
the edges parallel to the source-receiver axis on MDF. 
Also shown is a 2D BEM prediction (full 
discretization). 
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As well as the surface wave peak near 1.6 kHz, the peak 
near 2.5 kHz in the measured spectrum without the felt at 
the edges of the strip array is much reduced in the spectrum 
measured with felt present, indicating that it results from 
reflections at the ends of the strips. This effect is not 
predicted by a two-dimensional (2D) BEM used which 
assumes infinitely long strips. 
If the gap width  between parallel rectangular strips of 
width  is sufficiently small, then the effective impedance 
of the array surface is that due to a hard-backed porous 
layer in which the pores are vertical slits (tortuosity = 1) and 
the porosity  and flow resistivity are given by [7,8,10] 

,  .   (2) 

Figure 4 compares EA spectra predicted using such a hard 
backed slit pore layer surface impedance and a BEM 
simulation for a fully discretized 2D array of 23 parallel 
identical rectangular (0.025 m × 0.0122 m) strips with edge 
to edge spacing of 0.0534 m. While both predictions show a 
surface wave at about 1.1 kHz, the BEM simulation shows 
additional peaks above this frequency, a deeper first 
minimum and extra minima at higher frequencies. 

 

 Figure 4. A comparison of EA spectra predicted by 
the slit pore model for 23 parallel identical rectangular 
strips separated by 0.0534 m (see inset) and predicted 
using a 2D BEM with full discretization. 

Pressure contour plots obtained using a ContourBEM code 
developed at the Open University [8] at the frequencies 
corresponding to the arrows in Figure 4 are shown in Figure 
5. At a frequency of 1.132 kHz, which corresponds to the 
lowest frequency peaks in the spectra predicted by both 
BEM calculations and the slit pore model, Fig. 6(a) shows a 
pattern of resonances within the gaps which can be 

considered to contribute to a surface wave. Stronger 
patterns of gap resonances are predicted at 1.45 kHz (Fig. 
6(b)), 1.68 kHz (Fig.6(c)) and 1.86 kHz (Fig. 6(d)), which 
correspond to the second, third and fourth BEM-predicted 
peaks respectively. The 23-strip array length is 1.45 m and 
the standing wave pattern in Fig. 5(d) at 1.86 kHz is 
consistent with interference between a roughness-generated 
surface wave travelling at 273 m s-1 and a diffracted wave 
component travelling towards the source at a speed of 343 
m s-1 [8]. The more complicated patterns in Fig.5 may 
involve interference with waves diffracted at angles other 
than grazing. 
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Figure 5. ContourBEM-predicted total pressure field 
over 23 periodically-spaced strips at (a) 1.132 kHz (b) 
1.45 kHz, (c) 1.68 kHz, and (d) 1.86 kHz [8]. 

The influence of Helmholtz resonances on point-to-point 
propagation have been measured and predicted over hollow 
rectangular roughness elements with slits [14] and over a 
square array of tube-in-sphere resonators [15]. Figures 6 
and 7 show measured EA spectra due to arrays of 20 × 0.5 
m long PVC pipes with 0.04 m outer diameter (OD) 
without (Figure 6) and with (Figure 7) a single line of 
0.00263 m wide 0.08 m long slots parallel to the axis. The 
slots cause a Helmholtz type of resonance in the cylinders 
and a corresponding dip in the EA spectrum at 680 Hz 
thereby reducing the roughness-induced surface wave 
contribution.  
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Figure 6. Measured EA spectra with 0.015 m high 
source and receiver separated by 2.0 m over MDF on 
which are placed arrays of 20 × 0.04 m OD PVC 
pipes centre-to-centre spacing of 0.1 m (no slots) [10]. 

 

Figure 7. Measured EA spectra with 0.015 m high 
source and receiver separated by 2.0 m over MDF on 
which are placed arrays of 20 × 0.04 m OD PVC 
pipes with slots centre-to-centre spacing of 0.1 m [10]. 

Figure 8 (a) shows FEM-predicted total pressure contour 
plots, above the array of pipes without slots, at 700 Hz, 
which is near the roughness-generated surface wave peak, 
at 1 kHz. which corresponds to the peak resulting from the 
interference between surface and a backward propagating 
component, and at 1.1 kHz, which is the frequency of the 
dip in the EA spectrum caused by the first destructive 
interference associated with roughness-induced ground 
effect. 
The pressure contour predictions in Fig. 8(b) above pipes 
with slots are at 600 Hz, which is slightly above the surface 
wave peak in the corresponding EA spectrum (Figure 7), at 

700 Hz, just above the frequency of the slotted pipe 
Helmholtz resonance-induced EA dip and at 1 kHz, the 
frequency of the EA peak due to interference between the 
surface and a non-specular wave component travelling 
towards the source. Interaction between resonant roughness 
elements has been predicted for a surface consisting of 
adjacent identical slotted cylinders above an acoustically 
hard plane [16]. The pressure contour plots at 600 Hz and 1 
kHz in Figure 8(b) show that the gap resonances and slotted 
pipe resonances merge and interact to strengthen and lower 
the frequency of the surface wave and cause an additional 
dip in the EA spectrum. 

 

 

Figure 8. FEM (COMSOL®) predictions of total 
pressure field contours (a) at 0.7, 1 and 1.1 kHz over 
PVC pipes without slots and (b) at 0.6, 0.7 and 1 kHz 
over PVC pipes with slots. 
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3. QUARTER WAVE RESONANCES 

The total pressure contour plots in Figures 5 and 8 show 
resonances in the gaps between strips and cylinders. 
Those in Figure 8(a) appear to merge to generate the 
surface wave. The impedance at the aperture to each gap 
dominates the effective impedance of a periodically 
rough surface. When the height of the gap is an odd 
multiple of one quarter of the incident wavelength ( ) 
the phase shift between downward and upward pressure 
components is , so there is pressure cancelling at the 
aperture and significant energy is trapped in the gap. The 

 resonance phenomenon is modified by end effects at 
the apertures.  
Using a modal model to predict the effective surface 
impedance, it is possible to show that, for parallel 
identical grooves, the frequencies of the minima in the 
spectrum of the magnitude of the effective impedance 
are related to the depth of the grooves and thereby, in 
turn, to the minima and maxima in the EA spectrum for 
point-to-point propagation across the grooves [17].  
Interactions between quarter wave resonances in grooves 
are seen clearly in modal model predictions of point-to-
point propagation over a periodically grooved surface 
where the period consists of two grooves with different 
depths (see Figure 9).  

 

Figure 9. A two-groove period in a periodic surface 
with alternating groove depths. 

The effective surface impedance for such a surface with 
d = 0.05 m, a = 0.04 m, h0 = 0.086 m and h1 = 0.057 m 
has been calculated using the modal model [12,20]. This 
effective impedance has been used to predict the EA 
spectrum shown in Figure 10 corresponding to source 
and receiver at 0.03 m height and separated by 2 m. The 
spectrum has peaks indicating surface waves at 700 Hz 
and 1030 Hz. 
 

 

Figure 10. EA spectrum predicted for source and 
receiver at a height of 0.03 m and separated by 2 m 
over a periodically grooved surface with each two-
groove period as shown in Figure 9 [20]. 
 
Figure 11 shows pressure contours calculated using 
BEM with full discretization of the periodically grooved 
surface, each period being composed of two grooves as 
shown in Figure 9.  The upper plot is for a frequency of 
752 Hz and the lower plot for 1006 Hz. These indicate 
that the EA spectrum peak at 752 Hz corresponds to a 
surface wave created by interacting resonances in the 
deeper grooves and the EA spectrum peak at 1006 Hz is 
associated with surface wave involving interacting 
resonances in the shallower grooves. Both plots show 
patterns associated with interference between the surface 
waves and backward propagating diffracted modes. 

 

 

Figure 11. Pressure contours predicted by 
ContourBEM for 752 Hz and 1006 Hz 
corresponding to the surface wave peaks in the EA 
spectrum in Figure 10. 
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4. BLAZING 

In Optics, the phenomenon by which incident energy is 
scattered or diffracted away from the specular reflection is 
known as blazing. It is possible to design optical gratings 
such that no energy is reflected in the specular direction 
[18]. Blazing by a periodically rough surface is aided by 
arranging for a phase change of 2   over each period [19]. 
The modal model has been used to design a variable depth 
grooved surface to exploit this and give broadband excess 
attenuation near grazing incidence. Figure 12 shows a 5-
groove period with depths between 0.03 m and 0.1 m.  
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Figure 12. A five-groove period in a periodically 
grooved surface with varying depths and porous infill.  

The slower sound speed in the porous infill (modelled as a 
slit pore medium with flow resistivity 1.74 kPa s m-2) yields 
the target phase gradient with smaller depths and reduces 
the surface wave component. This design has been used, 
together with the effective impedance predicted by the 
modal model, to predict the influence on road traffic noise 
of a 5 m wide periodic variable depth groove assuming the 
arrangement shown in Figure 13. The source powers are 
calculated according to HARMONOISE [21]. 
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Figure 13. Schematic of assumed locations of road 
traffic sources, grooves and 1.5 m high receiver at 50 
m from the nearest source. 
 

In Figure 14 the predicted insertion loss (IL) spectrum for 
periodic variable depth grooved surface, with each period 
consisting of five grooves (see Figure 12), starting 1.5 m 
from the nearest assumed source locations is given by the 
broken line. That predicted with twice the groove depths but 
the same porous infill, is represented by the dotted line and 
shows an increase in IL below 300 Hz. The predicted IL 
spectrum for the Figure 12 design in which the porous infill 
has twice the original flow resistivity is given by the dash-
dot line and shows a decrease in the influence of the surface 
wave. 
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Figure 14. Modal Model Predictions of insertion loss 
spectra with respect to an acoustically hard smooth 
surface at a 1.5 m high receiver 50 m from an urban 
road due to a 5 m wide surface with 5-groove periods 
located 2.5 m from the nearest source (see Figure 13). 

5. CONCLUDING REMARKS 

Periodic rough surfaces, in which the roughness dimensions 
are small compared with the shortest wavelength of interest, 
give rise to surface waves of greater strength than randomly 
rough surfaces involving the same roughness heights and 
areal density. Several other aspects of point-to-point 
propagation over periodic rough surfaces have been 
investigated through laboratory measurements and 
numerical simulations. The finite size of the array results in 
extra peaks in the EA spectra. Quarter wavelength 
resonances interact in creating surface waves and there is  
interference between roughness-generated surface waves 
and diffracted waves travelling towards the source. 
Roughness element resonance can be used to reduce 
roughness-induced surface waves which otherwise would 
have adverse consequences, if using periodically rough 
surfaces for traffic noise reduction in situations where there 
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is enough space and conventional noise barriers are not 
desirable. Non-specular reflection, assisted by creating a 
piecewise linear phase gradient of  over each period of 
the surface, reduces specular reflection and, thereby, 
improves the excess attenuation due to such surfaces. 
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