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Abstract 33 

The multiple modes of Rayleigh waves (R-waves) or leaky Lamb waves 34 

(L-waves) may be present in the activated and/or the back-scattered wave-fields. The 35 

presence of these waves in the wave-fields is related to the source and the cavity 36 

depths. Two types of layered media are used to investigate the influences of the source 37 

and the cavity depths. One is the layered half space where the half space is stiffer than 38 

all the overlying layers; the other is the pavement system where there is significant 39 

velocity contrast between layers and the shear velocity of layers decreases with the 40 

layer depth. The discrete displacement expressions developed for spherical point 41 

sources are used to study the effects of the source depth on the excitability and the 42 

propagation behavior of R-waves or leaky L-waves. In layered half spaces, the 43 

multiple modes of R-waves can be activated by the sources within a certain depth. 44 

The effective phase velocity of these activated modes is derived. In pavement systems, 45 

the leaky L-waves can be activated by the sources at any depth. The discrete 46 

displacement expressions of the scattered waves are derived and used to evaluate the 47 

effects of the cavity depth on the presence of R-waves or the leaky L-waves in the 48 

back-scattered wave-field.  49 

1. Introduction 50 

In horizontally layered half spaces, there are the multiple modes of R-waves 51 

covering a wide range of frequency (Foti, 2000; Lu and Zhang, 2004; Strobbia, 2003; 52 

Tokimatsu et al., 1992b). When the stiffness of layer increases with layer depth, the 53 

first (fundamental) mode of R-waves dominates the surface-wave field over the 54 
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majority of frequency range. However, when softer layers or stiffer layers are trapped 55 

in the shallow soil, the higher modes play an important role in the surface-wave field 56 

(Gucunski and Woods, 1992; Tokimatsu et al., 1992b). 57 

R-waves activated by the surface sources dominate the surface wave-field (i.e. 58 

full wave field at the surface). The energy of R-waves is confined to a shallow depth. 59 

The extent of this depth depends on the frequency of R-waves. It increases with 60 

decreasing frequency. An anomalous feature that locates within the depth where 61 

R-waves pass through will scatter the R-waves. The surface-wave field will be 62 

disturbed by these scattered waves both in time and frequency domains (António and 63 

Tadeu, 2001; Boström and Kristensson, 1983; Chai et al., 2012a; Ganji et al., 1997; 64 

Gelis et al., 2005; Höllinger and Ziegler, 1979; Tadeu et al., 2002, 2006) and these 65 

disturbances can be used to characterize the anomalous feature (Vallamsundar, 2007; 66 

Vogelaar, 2001; Grandjean and Leparoux, 2004; Nasseri-Moghaddam et al., 2007; 67 

Park et al., 1998, 1999; Xia et al., 2007). Although the detectable depth (depth in 68 

which the energy of the R-waves is confined) can be increased by decreasing the 69 

dominant frequency of sources, the generation of R-waves at very low frequencies is 70 

quite difficult using the active sources. Passive waves, which are induced by 71 

microtremors of the earth or vibrations of the background, comprise very low 72 

frequency components (<10 Hz) (Morikawa et al., 2004; Nasseri-Moghaddam et al., 73 

2007; Park et al., 2005; Tokimatsu et al., 1992a). However, the detection layout and 74 

the analysis methods are not well developed for these passive waves. It is more 75 

promising to detect deep anomalous features using the body waves. Since R-waves 76 
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activated by the surface sources are relatively strong in the surface wave-field, the 77 

presence of R-waves may severely mask the reflections of the body waves. Buried 78 

sources are often used to strengthen the reflections of the body waves and to suppress 79 

R-waves. Because the buried sources are important for detection of deep anomalous 80 

features, it is helpful to investigate effects of the buried sources and the anomalous 81 

features on the excitability of R-waves and the presence of R-waves in the 82 

back-scattered wave-field, respectively. 83 

The surface response of a homogeneous, elastic half space to impulsive internal 84 

P-wave and S-wave point sources was investigated by Pinney (1954). The integral 85 

displacement equation for R-waves for point sources in simple structural models was 86 

presented by Anderson (2011). There is one non-dispersive normal mode of R-waves 87 

in homogenous half spaces. However, effects of the buried sources on the excitability 88 

of this mode are not easily analyzed from the implicit integral expressions presented 89 

by these studies. To simplify the analyses, effects of the source and the cavity depths 90 

on the wave-field in homogeneous half spaces are investigated using the discrete 91 

method (Chai et al., 2013). In comparison with R-waves in homogenous half spaces, 92 

there are multiple modes of R-waves and the leaky L-waves in the layered half spaces 93 

and the pavement systems, respectively. These modes are dispersive. The excitability 94 

and the propagation behavior of R-waves and the leaky L-waves generated by the 95 

surface sources were investigated by Gucunski and Woods (1992), Tokimatsu et al. 96 

(1992b) and Ryden and Lowe (2004), respectively. To our best knowledge, 97 

comparable work for the buried sources and the anomalous features has not been 98 
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conducted in layered media. The main contribution of this paper is to apply the thin 99 

layer method to analyze the excitability of R-waves or leaky L-waves and the 100 

presence of R-waves or leaky L-waves in the back-scattered wave-fields in layered 101 

media. Based on these analyses, the wave components in the activated and the 102 

back-scattered wave-fields can be effectively analyzed and an appropriate source 103 

depth can be found to suppress R-waves. 104 

The objectives of this paper work are as follows: (i) investigate effects of the 105 

source depth on the excitability and the propagation behavior of R-waves or leaky 106 

L-waves in two types of layered media, and (ii) investigate effects of the cavity depth 107 

on the presence of R-waves or the leaky L-waves in the back-scattered wave-field. To 108 

achieve the above goals, the displacement expressions of the activated R-waves and 109 

the generalized body waves (including the leaky L-waves) are first presented based on 110 

the work proposed by Kausel (1999) for the spherical point source. The displacements 111 

of these waves are related to the variations of the modal amplitudes with depth. The 112 

excitability of R-waves or leaky L-waves is then investigated by analyzing the 113 

variations of modal amplitudes with depth. The effective phase velocity of the 114 

activated R-waves is derived from the displacement expression of R-waves. When a 115 

cavity is present in the layered media, the displacement of the waves scattered from 116 

one point is also proposed in the discrete form and divided into two terms 117 

corresponding to R-waves and the generalized body waves, respectively. By doing so, 118 

the method for the buried sources can be applied to analyze effects of the cavity depth 119 
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on the presence of R-waves or the leaky L-waves in the back-scattered wave-field. 120 

Some numerical results are presented to verify these analyses.  121 

2. Wave-field activated by buried spherical point source  122 

2.1 Discrete displacement expression  123 

Consider a horizontally homogeneous, elastic layered medium containing a small 124 

spherical cavity of radius a with center located at ( sz,0,0 ) in the cylindrical 125 

coordinates r ,  and z, and a harmonically oscillating pressure with amplitude p 126 

acting on the spherical inner surface, as shown in Fig. 1. When 0a , the vertical 127 

discrete displacement can be approximately expressed as (Kausel, 1999) 128 
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 , (1) 129 

where pap 3

3

4
  is the source strength;  and  are Lamé’s constants of the layer 130 

containing the spherical source; )(zl

x , )(zl

z  and lk  are the functions of the 131 

horizontal and the vertical shapes and the wavenumber of the l-th mode, respectively; 132 

)()2(

0 rkH l  is the second kind Hankel functions of the zero order; N is the number of 133 

thin layers. There are 2N modes. These modes can be classified into two parts: one 134 

part corresponds to R-waves; the second part corresponds to the generalized body 135 

waves. By rearranging these modes according to the wave types, Eq. (1) can be 136 

regrouped as 137 
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The subscripts α and R denote parameters corresponding to the generalized body 140 

waves and R-waves, respectively. The sum of the modes for generalized body waves 141 

and R-waves is equal to 2N, i.e. NML R 2)()(   . The number of modes for each 142 

wave type, )(L  or )(RM , is related to the soil profile and frequency. The 143 

vertical displacements of R-waves and the generalized body waves zRu and zu  in 144 

Eq. (2) can be rewritten as  145 
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2.2 Propagation behavior of the activated R-waves  151 

The mode in the natural state (i.e. no source) is often termed as “normal mode” 152 

(Kausel, 1999; Ryden and Park, 2004) or “natural mode” (Chai et al., 2012a). The 153 

term “activated mode” is here used to denote the mode activated by the sources. The 154 

multiple activated modes constructively or destructively interfere with each other. The 155 

superposed R-waves travel at so-called “effective” or “apparent” phase velocity (Chai 156 

et al, 2011, 2012b; Foti, 2000; Strobbia, 2003; Tokimatsu et al., 1992b). If the material 157 

damping can be ignored, the modal amplitudes and wavenumbers of R-waves are real. 158 

Under such conditions, the effective phase velocity can be derived following the 159 

method used by Chai et al. (2012b) as 160 
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 , (5) 161 

where ),,(),,(ˆ
ˆˆ  smsmmm zzzzB  ; )( rkJ Rn  (n=0, 1) and )( rkY Rn are the first and 162 

the second kind Bessel functions of the nth order.                  163 

In the far field where the offset is large relative to the maximum wavelength of 164 

R-waves, i.e. 1rkR , the expression in Eq. (5) can be simplified to 165 
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 , (6) 166 

where mmmRRmmm BkkB ˆ

2/1

ˆˆ
ˆ)(  , Rmc  is the phase velocity of the m-th normal mode. 167 

2.3 Propagation behavior of the leaky Lamb waves 168 

There are symmetrical (S) and anti-symmetrical (A) L-waves in free plates. In a 169 

plate overlying soft soils, the waves in the plate will radiate into the underlying soils. 170 

These waves are not the real L-waves and often called as leaky L-waves (or 171 

quasi-Lamb waves). The characteristics of the normal leaky modes, such as the 172 

dispersion, the attenuation, the variation of modal amplitude with depth and the 173 

excitability, were investigated by Ryden and Lowe (2004), Ryden and Park (2004) and 174 

Ryden et al. (2004). For a given pavement, the number and the excitability of the 175 

leaky modes are related to the frequency components and the depth of the sources.  176 

The number of activated leaky modes increases with frequency. The excitability of the 177 

mode increases with the modal amplitude at the source depth. The pavement profile 178 

adopted by Ryden and Lowe (2004), as shown in Fig. 1(b) is used to investigate the 179 

leaky L-waves. The densities and Poisson’s ratios of layers and the half space base are 180 
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assumed to be 2000 kg/m
3
 and 0.35. The zero-phase wavelets of the source can 181 

simplify resolution because traces containing zero-phase wavelets will have seismic 182 

interfaces located in general at the centers of the peaks and troughs of the trace. 183 

Ricker wavelet is one of the zero-phase wavelets, which is widely used in synthetic 184 

seismograms (Kallweit and Wood, 1982). The expressions in the time and the 185 

frequency domains are as follows: 186 

222

)21()( 222 tf

M
Metfts
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2

2

3

22
)( Mf

f

M

e
f

f
fS






,            (7) 187 

where fM is the peak (or center) frequency. The small radius and the peak frequency of 188 

the spherical point source in the following axisymmetrical finite element simulations 189 

are assumed to be 0.1 m and 100 Hz, respectively. The spectra contour of the surface 190 

responses of the pavement system for the source at depth = 1.5 m is given in Fig. 2. 191 

The effective phase velocities of the activated leaky modes can be obtained from the 192 

amplitude peaks in the spectra (see the white dashed line). Comparing the effective 193 

velocities and the dispersion curve of the first anti-symmetrical mode (A0) of Lamb 194 

waves in the first free layer of the pavement, it can be found that the trend of the 195 

effective phase velocity is similar to the dispersion of the A0 mode.  196 

3. Effects of source depth in layered media  197 

3.1 Layered half spaces 198 

It can be seen from Eq. (3) that the component of the m-th activated R-wave 199 

mode in the surface wave-field at a given offset r is related to the modal 200 

parameters )0(m

zR , )( s

m

xR z , z

m

zR ,)0( and )( s

m

zR z . Thus, Eq. (3) can be used to analyze 201 
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effects of the source depth zs on the surface-wave field. The layered half spaces where 202 

a softer layer is sandwiched between two stiff layers, as shown in Fig. 1(a), are used 203 

to study effects of source depth on the modal excitability of R-waves. The densities 204 

and Poisson’s ratios of the layers and the half space are assumed to be 1800 kg/m
3
 and 205 

0.3 for two different layer thicknesses.  206 

The dispersions and the vertical surface amplitudes of the normal modes over the 207 

frequency range of interest (less than 500 Hz) are given in Figs. 3(a) and 3(b) for the 208 

case of thinner layers (Case I). The spectrum of the Ricker wavelet source with the 209 

peak frequency of 100Hz is also plotted in Fig. 3(a). It can be seen that only the first 210 

normal mode exists in the major part of the frequency range of the source. It implies 211 

that the higher modes can be ignored in the activated wave-field. The modal shapes 212 

)(zxR and )(zzR  are related to the soil profile and frequency. The first modal shape 213 

at the peak frequency of 100 Hz is given in Fig. 3(c). In the soil with thicker layers 214 

(Case II), there are 16 modes within the frequency range of interest. The dispersions 215 

and the vertical surface amplitudes of the first four normal modes are presented in 216 

Figs. 4(a) and 4(b) to illustrate the behavior of the higher modes. It can be found from 217 

Fig. 4(a) that there are multiple modes within the frequency range of the source. 218 

These modes may be activated by the source. The vertical shapes )(zm

zR ( 4,,1m ) 219 

of the first four modes at 100 Hz are given in Fig. 4(c). It can be seen that the modal 220 

shapes )(zm

zR  attenuate exponentially in the half space, but vary erratically within 221 

the overlying layers. The similar characteristics can be found for the horizontal 222 

shapes )(zm

xR . Thus, the energy of the activated R-waves will decay and can be 223 
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ignored if the source depth in the half space is sufficiently deep. When the source is 224 

located in the overlying layers, the energy may be strengthened or weakened 225 

according to the modal shapes. The depths over which energy concentrates are deeper 226 

for the higher normal modes at a given frequency. Thus, the source may be located 227 

beyond the depth where energy concentrates for low modes, but within the depths 228 

where concentrates for higher modes. In this scenario, the energy of the low modes is 229 

weak while energy of the higher modes may be relatively strong in the surface-wave 230 

field. When the source is located far beyond the depths where energy concentrates for 231 

the normal modes, R-waves can be ignored and the body waves will dominate the 232 

surface wave-field. Since the characteristics of modal shapes, such as attenuating 233 

exponentially in the half space, varying erratically within the overlying layers and 234 

deeper energy concentrating depths for higher modes, are same for all types of layered 235 

half spaces, the conclusions drawn also hold for other types of layered half spaces. 236 

In the following, some finite element simulations are presented and the wave 237 

components are analyzed using the afore-mentioned method. The wave components 238 

activated by buried sources are illustrated in Fig. 5. We first pay attention to the 239 

activated wave-field. The wave scattering due to the presence of the cavities will be 240 

discussed in Section 4. The contour plot of the surface responses activated by the 241 

source at depth = 1.2 m is shown in Fig. 6(a). Since R-waves are confined in shallow 242 

depths, the activated R-waves can be easily identified in the snapshot of the particle 243 

velocity field given in Fig. 6(b), where the symbol P stands for P-waves radiated from 244 

the source; PP0 and PS0 denote the dilatational and transverse components of the 245 
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reflections of the P-waves at the free surface. It can be seen in Fig. 6(a) that R-waves 246 

travel in a dispersive way due to the dispersive behavior of the first normal mode. For 247 

Case II, the contour plot of the surface responses to the source at depth = 0.8 m is 248 

given in Fig. 7(a). The different types of waves are identified in the particle velocity 249 

contour presented in Fig. 7(b). The R-waves superposed by the multiple activated 250 

modes nearly travel at the effective velocity of 167 m/s, which is approximately equal 251 

to the phase velocity of R-waves in the half space with the properties of the first layer 252 

(Chai et al., 2012a). Since the activated modes in the surface-wave field are 253 

influenced by the source depth, the effective phase velocity of the activated R-waves 254 

is not only related to the frequency and soil stiffness profile, but also to the source 255 

depth [see Eq. (5)].  256 

3.2 Pavement systems  257 

Since R-waves are only present at very low frequencies in the pavement systems 258 

(Jones, 1962), the leaky L-waves play an important role in the surface wave-field over 259 

most frequencies. The pavement profile is given in Fig. 1(b). The contour plot of the 260 

surface responses is shown in Fig. 8 for the source at depth = 1.5 m. The waves 261 

travelling at average phase velocities of 390 m/s and 228 m/s correspond to the leaky 262 

L-waves (the dispersion is shown in Fig. 2) and the direct P-waves from the source, 263 

respectively. Increasing the source depth, the contour plot of the surface responses 264 

and a snapshot of particle velocity field for the source at depth = 6 m are given in Figs. 265 

9(a) and (b), respectively. The leakage of the leaky L-waves into the underlying soils 266 

can be identified in Fig. 9(b). The leaky L-waves are still strongly energetic in the 267 
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surface wave-field shown in Figs. 9(a) and 9(b) for such a deep source. This can be 268 

explained from the fact that the modal shapes )( s

l

x z and )( s

l

z z  related to the 269 

leaky L-waves do not attenuate with depth in the half space base like those of 270 

R-waves. The leaky L-waves can be activated by the buried source at any depth. 271 

4. Effect of cavity depth on wave scattering 272 

4.1 Scattered wave field  273 

For layered media with anomalies acted by a source at the position vector sx , 274 

the i-th (i=1, 2, 3) component of the full displacement ),( siu xx at the position vector 275 

x can be divided into two parts as (Campman, 2005; Riyanti, 2005)  276 

  ),(),(),( s

sc

is

inc

isi uuu xxxxxx   ,                 (8) 277 

where ),( s

inc

iu xx denotes the displacement of the direct wave field generated by the 278 

source at the position sx in the layered media without any anomaly and ),( s

sc

iu xx  279 

represents the displacement of the scattered wave field in the presence of the 280 

anomalies with volume = D. 281 

),()(),( s

G

iks

inc

i uWu xxxx  ,                     (9) 282 

where ω is angular frequency; )(W  denotes the source function in the frequency 283 

domain; ),( s

G

iku xx  is the i-th component of Green's functions at the position x  due 284 

to a point pulse source directed in the k-th direction (k=1, 2, 3, corresponding to x, y 285 

and z coordinates, respectively) at the position sx . The displacements of the scattered 286 

waves can be simplified as  287 

dVuuu sk

G

ik
D

s

sc

i ),(),()(),( 2
xxxxxxx

x
  

 ,           (10) 288 

where )(x is the density changes due to the presence of anomalies. Using the 289 
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discrete Green’s functions and rearranging the modes according to the wave types, the 290 

integrand of Eq. (10) can be rewritten as (Chai et al., 2012a) 291 
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 ,       293 

(11) 294 

where )()2(

1 rkH l  is the second kind Hankel functions of the first order; r̂  and ̂  as 295 

shown in Fig. 10 are the local cylindrical coordinates. It can be seen from Eq. (11) 296 

that the displacement of the R-waves or the leaky L-waves in the scattered wave-field 297 

is related to both the vertical and the horizontal modal amplitudes at the scattering 298 

position 'z . Thus, the effect of the cavity depth on the presence of the R-waves or the 299 

leaky L-waves in the back-scattered surface wave-field can be analyzed from Eq. (11).   300 

4.2 Rectangular cavities in layered half spaces   301 

The descriptions of a rectangular cavity are given in Fig. 5. As mentioned above, 302 

R-waves can be activated by a shallow source. The activated R-waves are scattered at 303 

a shallow cavity (Chai et al., 2012a). The scattered R-waves may obscure the 304 

scattering of P-waves radiated from the source. A deep source is set at depth of 6 m so 305 

that the source is far beyond the depth over which energy concentrates for the first 306 

normal mode. Thus, the components of the incident waves ),'( siu xx (i=1, 2, 3) are 307 

mainly the body waves. The presence of R-waves in the back-scattered wave-field due 308 

to the direct R-waves can be excluded. For Case I, a shallow rectangular cavity is set 309 

at: rn=15 m, rf=19 m, ht= 0.8 m and hb=1.8 m. The cavity is located within the depth 310 
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over which energy concentrates for the first normal mode (see Fig. 3), i.e. the modal 311 

amplitudes within that depth are relatively large. When the direct waves encounter the 312 

cavity, each scattering point at the cavity can be regarded as a new source. R-waves 313 

are obviously observed in the back-scattered surface wave-field, as shown in Fig. 11, 314 

where P-P and P-S waves denote the dilatational and transverse components of 315 

P-waves scattered at the cavity, respectively. This phenomenon is consistent with the 316 

prediction from Eq. (11). The same cavity is set in Case II and the source is located at 317 

depth = 7 m. A similar phenomenon can be observed in the back-scattered surface 318 

wave-field, as shown in Fig. 12. To examine the influence of the deep cavity, two 319 

cavities are set at locations where the modal amplitudes are small [see the modal 320 

shapes in Figs. 3(c) and 4 (c)]. One cavity is set at locations of rn=15 m, rf=19 m, ht= 321 

4 m, hb=5 m for Case I; the other is located at rn=15 m, rf=19 m, ht= 7 m, hb=8 m for 322 

Case II. It can be inferred from Eq. (11) that R-waves in the back-scattered wave-field 323 

are weak and can be ignored, as shown in Figs. 6 and 7. The above analyses show that 324 

the component of R-waves in the back-scattered wave-field is strengthened or 325 

weakened when the cavity is located within the depth over which energy concentrates 326 

for the normal modes; when the cavity is located far beyond this depth, R-waves in 327 

the back-scattered wave-field can be ignored.  328 

4.3 Rectangular cavities in pavement systems  329 

Since the modal shapes )(zl

x and )(zl

z  corresponding to the leaky L-waves 330 

do not attenuate with depth, it is not surprising that the leaky L-waves may be present 331 

in the back-scattered wave-field for cavities at any depth [see Eq. (11)]. This can be 332 
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verified by numerical results. The contour plot of the surface responses is given in Fig. 333 

13 for the shallow cavity at locations of rn=15 m, rf=19 m, ht=1 m and hb=2 m and 334 

the source at depth = 6 m. It can be seen that the back scattered wave-field is 335 

dominated by the back leaky L-waves. When a deep cavity is located at rn=15 m, 336 

rf=19 m, ht=4 m and hb=5 m, the leaky L-waves is still obvious in the back-scattered 337 

wave-field, as shown in Fig. 9(a).  338 

5. Conclusions  339 

The effects of the source and the cavity depths on the presence of R-waves or the 340 

leaky L-waves can be analyzed from variations of the modal amplitudes with depth. 341 

The discrete displacement expressions are derived for this purpose. 342 

In the layered half spaces, the number and the excitability of R-wave modes 343 

depend on the frequency components and the depth of sources. The activated modes 344 

interfere with each other. For a given soil profile, the effective (or apparent) phase 345 

velocity of the superposed R-waves is frequency and source depth dependent. Since 346 

the modal amplitudes attenuate exponentially with the depth in the half spaces, the 347 

activated R-waves will correspondingly decay with the depth of sources located in the 348 

half spaces. Thus, from the soil profile and the frequency components of the source, 349 

an appropriate depth can be estimated for the buried sources to suppress the activated 350 

R-waves. 351 

When a cavity is present in the layered half spaces, the presence of R-waves in 352 

the back-scattered wave-field is mainly controlled by the ratio of the cavity depth to 353 

the energy concentrating depth of R-waves. The conclusions drawn for the source 354 
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depth hold for the cavity depth.  355 

In pavement systems, the number and the excitability of the leaky modes are also 356 

related to the frequency components and the depth of sources. Since the modal shapes 357 

oscillate with depth, some modes of the leaky L-waves with low attenuation can 358 

appear in the activated and/or the back-scattered wave-fields for deep sources and/or 359 

deep cavities.  360 
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Fig. 1 Illustration of layer media, source and coordinate system: (a) layered half space; 507 

and (b) pavement. 508 
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Fig. 2. Comparison of velocities of A0 mode and the leaky L-waves.  510 
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(c)  517 

Fig. 3. Behavior of the normal R-wave modes in Case I: (a) dispersions; (b) surface 518 

modal amplitude )0(zR ; and (c) horizontal and vertical modal shapes )(zxR and 519 

)(zzR  at frequency of 100Hz.  520 
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(c) 528 

Fig. 4. Behavior of the first four normal modes of R-waves in Case II: (a) dispersions; 529 

(b) surface modal amplitude )0(zR ; and (c) vertical modal shape )(zzR  at frequency 530 

of 100Hz.   531 
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Fig. 5. Illustration of the wave types activated by a buried source and description of a 533 
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(b) 539 

Fig. 6. Wave-field in Case I for the source at depth of 1.2 m: (a) contour plot of the 540 

surface responses; and (b) snapshot of particle velocity field. 541 
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(b) 545 

Fig. 7. Wave-field in Case II for the source at depth of 0.8 m: (a) contour plot of the 546 

surface responses; and (b) snapshot of particle velocity field. 547 
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Fig. 8. Contour plot of the surface responses of the pavement system for the source at 549 

depth of 1.5 m.  550 
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(b) 554 

Fig. 9. Wave-field in the pavement system for the source at depth of 6 m: (a) contour 555 

plot of the surface responses; and (b) snapshot of particle velocity field. 556 
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 558 

Fig. 10. Global and local coordinate systems (S: scattering point; P: observation 559 

point). 560 
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 562 

Fig. 11. Contour plot of the surface responses of Case I for the source at depth of 6 m 563 

and the rectangular cavity at rn=15 m, rf=19 m, ht= 0.8 m and hb=1.8 m.  564 
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 565 

Fig. 12. Contour plot of the surface responses of Case II for the source at depth of 7 m 566 

and the rectangular cavity at rn=15 m, rf=19 m, ht= 0.8 m and hb=1.8 m. 567 
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 568 

Fig. 13. Contour plot of the surface responses of the pavement system for the source 569 

at depth of 6 m and the rectangular cavity at rn=15 m, rf=19 m, ht= 1 m and hb=2 m. 570 


