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ABSTRACT: Soil is a multiphase material and inherently heterogeneous. The coexistence of water and air in the pores introduces 
capillarity and increases the heterogeneity in soils. Mechanical behaviors of unsaturated soils are largely affected by the volume 
fraction and spatial distribution of pore water. This study investigates the impacts of pore water distribution on elastic wave 
propagation in unsaturated fine sands. Specimens are prepared using F110 quartzitic sands mixed with the same amount of water 
but various water distribution patterns – homogeneous, layered, and patchy. Both p- and s-wave signatures in these specimens are 
obtained at various stress states. Results show that water distribution has evident impacts on not only soil stiffness (i.e., wave 
velocity) but also the wave amplitude and peak frequency. In particular, the homogeneous specimen has faster p- and s-wave 
velocities than the other two specimens. P- and s-waves in the patchy specimen have larger amplitudes than that in the other two 
specimens. Stress has marginal effects on the peak frequency of p-waves in all specimens; while the peak frequency of s-waves 
increases with stress in all specimens. Results can also provide insight into wave scattering in soils and enhanced interpretation of 
seismic data.      

RÉSUMÉ : Le sol est un matériau polyphasique et intrinsèquement hétérogène. La coexistence d’eau et d’air dans les pores 
introduit de la capillarité et augmente l'hétérogénéité des sols. Le comportement mécanique des sols non saturés est largement 
affecté par la fraction volumique et la répartition spatiale de l'eau interstitielle. Cette étude porte sur les impacts de la distribution 
de l’eau interstitielle sur la propagation des ondes élastiques dans les sables fins non saturés. Les spécimens sont préparés en 
utilisant des sables quartzitiques F110 mélangés avec la même teneur en eau mais avec différents schémas de répartition de l'eau – 
répartition homogène, éparse, stratifiée. Les signatures des ondes p et s dans ces échantillons sont obtenues à différents états de 
contrainte. Les résultats montrent de façon évidente que la distribution de l'eau influence non seulement la rigidité du sol (c'est-à-
dire la vitesse de l'onde), mais également sur l'amplitude et la fréquence pic des ondes. En particulier, la vitesse esondes p et s est 
plus élevée dans l’échantillon homogène que dans les deux autres spécimens. Les ondes p et s reçues dans le spécimen à répartition 
éparse ont des amplitudes plus grandes que dans les deux autres échantillons. La fréquence pic des ondes p reçues dans tous les 
spécimens est quasiment indépendante des contraintes; en revanche la fréquence pic des ondes s augmente avec la contrainte dans 
tous les spécimens. Les résultats peuvent également informer sur la diffusion des ondes dans les sols et donner une meilleure 
interprétation des données sismiques. 
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1  INTRODUCTION  

Soil is a multi-phase material and consists of solid particles, 
fluids, gases, and in some cases biological and organic matters. 
The mechanical properties of saturated soils depend on the 
characteristics of both soil skeleton and pore constituents. The 
mechanical behavior of dry soils, however, mainly depends on 
soil skeleton since the impacts of low density and stiffness of 
air can be ignored in most geotechnical practices. The 
coexistence of water and air in the pore spaces, i.e., unsaturated 
condition, increases heterogeneity and introduces capillary 
forces in soils. Thus, the mechanical behavior of unsaturated 
soil is largely affected by the volume fraction and distribution 
of pore water. 

Elastic wave propagation in soils reflect soil density and 
stiffness (shear modulus for s-wave and constraint modulus for 
p-wave). Waves with wavelength longer than soil grain size can 
propagate in discrete particulate medium as in a continuum. The 
shear modulus of soils mainly depends on the shear stiffness of 
soil skeleton, as water and air have virtually no shear resistance, 
unless at very low water saturation where water-air menisci add 
capillary forces at grain contacts to increase skeleton shear 
stiffness (Cho and Santamarina 2001). On the other hand, the p-
wave propagation in soils is governed by the constraint 
modulus of the soil mass, including both soil skeleton and pore 
constituents. In fully saturated soils, the p-wave velocity 
typically varies between ~1500m/s (p-wave velocity in water) 
and ~2000m/s depending on packing; while in unsaturated 

condition, the bulk stiffness of pore constituents is low as air is 
relatively very compressible and thus measured p-wave velocity 
across a wide range of water saturation (0-99%) show similar 
velocity as dried specimen (Bardet and Sayed 1993; Emerson 
and Foray 2006; Naesgaard et al. 2007; Yang 2002). However, 
when the presence of air in unsaturated soils is in very small 
bubbles (<0.005mm), the p-wave velocity can be significantly 
higher than that of dried condition (Tamura et al. 2002), as the 
air bubbles have significantly increased bulk stiffness caused by 
capillarity.               

According to Biot’s theory, the attenuation of fast wave is 
reduced at fully saturation [see also experimental results for p-
wave in (Emerson and Foray 2006)]. Compared with fully 
saturated condition, the attenuation of p-wave in soils increases 
rapidly with decreased water saturation (Bardet and Sayed 1993; 
Bourbié et al. 1986). The p-wave attenuation is strongly 
affected by the differences in density of relative mobility of the 
air and water phases (Lo et al. 2005). In addition, higher stress 
decreases attenuation of p-wave but only at low stress regime 
for s-wave (Bardet and Sayed 1993). Studies on wave 
propagation in unsaturated soils are very limited, particularly on 
wave properties like amplitude and frequency other than wave 
velocity.  

This study investigates the impacts of water distribution on 
the wave propagation in unsaturated fine sands. Both p-and s-
wave signatures in specimens with identical water content but 
different distribution patterns are obtained. Besides wave 
velocities, the characteristic changes in maximum wave 
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amplitude and peak frequency in soils under various stress are 
also analyzed. Results can be used for process monitoring in 
porous media and provide insight into enhanced understanding 
of wave characterization of soils based on not only wave 
velocity but also wave amplitude decay and peak frequency 
changes. 

 
2  EXPERIMENTAL STUDY  

2 .1  Experimental configuration 

Figure 1 illustrates the experimental configuration. An 
oedometer cell with inner diameter and height both are 76.2 mm 
is used in this study. The top and bottom pedestals of the cell 
are equipped with piezo disks and bender elements for p- and s-
wave measurements. Wave signals controlled using a function 
generator (Agilent 34970A) propagate through specimens 
within the cell, are filtered (high pass =500Hz, low pass =1MHz) 
and amplified (gain =20dB) by a filter-amplifier (Krohn-Hie 
3361), and eventually displayed and recorded by an 
oscilloscope (Agilent DSOX2004A). 
 

Figure 1. Schematic illustration of the experimental configuration. PDE 
=piezo disk element for p-wave measurement, and BE = bender 
elements for s-wave measurement. 

2 .2  Specimen preparation 

Specimens are prepared using F110 quartzitic fine sands (mean 
grain size d50 =120μm, coefficient of uniformity Cu =1.7, 
packing emax =0.848 and emin =0.545). All specimens are mixed 
with the same amount of water but different preparation 
methodologies to result in three water distribution patterns, i.e., 
homogeneous, layered, and patchy. Specifically, the 
homogeneous specimen is prepared by uniformly mixing the 
sands with water in a plastic bag before being packed into the 
oedometer cell. The layered specimen starts from a well-packed 
fully saturated specimen in the oedometer cell and then be 
exposed to blowing air on the top for evaporation until desired 
water saturation is reached. The patchy specimen is made of 
water-saturated sand patches embedded within dry sands. All 
specimens have identical water saturation of S = 30% and void 
ratio of e=0.726. 

2 .3  Experimental procedures 

After the specimens are prepared in the oedometer cell, a 
vertical stress of 40kPa is applied and the p- and s-wave 
signatures are measured and stored. This is repeated under 90, 
140, 230, and 480kPa applied vertical stress and corresponding 
p- and s-waves are measured at each stress state. All three 
specimens undergo identical procedures.  

2 .4  Typical wave signatures 

As an illustration, Figure 2 shows the obtained p- and s-wave 
signatures in the three specimens all under a vertical stress of 
230kPa. Although in specimens with identical void ratio and 
water content, different water distribution result in evident 
differences in wave velocity, amplitude, and frequency. This is 
also correct for other tested stress conditions. 

Figure 2. Obtained p- and s-wave signatures in the three specimens all 
under a vertical stress σv�  =230kPa. H, L, and P represent 
homogeneous, layered, and patchy water distributions. 

 
 
3  RESULTS AND ANALYSIS  

Received waves in the three specimens are analyzed and 
compared in terms of velocity, maximum amplitude, and peak 
frequency.  

3 .1  Wave velocity  

Wave velocities are calculated from the wave traveling distance 
(i.e., tip-to-tip sensors distance) divided by the first arrival time 
in received wave signatures. Figure 3 summarizes the obtained 
p- and s-wave velocities in the three specimens under different 
applied vertical stress.  

Figure 3. Measured p- and s-wave velocities under different loading for 
the three tested specimens. 
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  Water distribution has an impact on measured wave 
velocities. The homogeneous specimen result in higher p- and 
s-wave velocities than the patchy and layered specimens under 
identical stress condition. This may attribute to two main 
reasons. Firstly, lower velocity in the layered and patchy 
specimens may be caused by impedance mismatch between the 
water-saturated soils and dry soils. The wavelength in this study 
is in centimeter scale (note: velocity in hundreds of meters per 
second, and characteristic frequency in kilo Hertz). Thus, water 
distribution caused heterogeneity in the homogeneous specimen 
is at the pore scale (~0.1mm) and wave propagates in this 
specimen as in a continuum without detecting its discrete nature; 
while the heterogeneity in the patchy and layered specimens are 
in decimeter scale which is larger than the characteristic wave 
length. And secondly, capillarity is prevailing in the 
homogeneous specimen as water tends to reside on grain 
contacts and enhance contact stiffness; while the other two 
specimens do not have the unsaturated nature at contacts but 
rather saturated sands embedded in dried sands.    

The stress dependent wave velocity V in soils can be 
empirically characterized by 

 
 'aV      (1) 

 
where, empirical parameters α corresponds to the wave velocity 
at a minimal stress state and β captures the sensitivity of wave 
velocity change on stress change which inherently reflects 
contact characteristics (Santamarina et al. 2001). The best-fit 
parameters of the stress-dependent wave velocities based on 
Equation 1 are summarized in Table 1. 
 
Table 1. Empirical parameters for stress dependent wave velocities. H, 
L, and P represent homogeneous, layered, and patchy water 
distributions. 

Parameters 
p-wave s-wave

H L P H L P

α (m/s) 141.8 136.0 104.2 88.8 69.7 59.7

β (-) 0.19 0.19 0.20 0.21 0.22 0.23

 
The β values are 0.19-0.20 for p-waves and 0.21-0.23 for s-
waves in the three specimens. Thus, the impacts of water 
distribution caused difference in wave velocity are not 
amplified nor suppressed by stress state. There is a tendency 
that the s-wave velocities in the three tested specimens will 
merge at a higher stress, reflecting the influence of capillarity 
on shear modulus at low stress conditions. This suggests that 
water distribution caused velocity difference can be suppressed 
by higher stress.           

3 .2  Maximum amplitude 

The maximum amplitude of received wave signatures is chosen 
to illustrate the impacts of water distribution on the wave 
attenuation characteristics. Results of p- and s-waves in the 
three tested specimens are shown in Figure 4.  

In general, the patchy specimen results in much higher 
maximum amplitude than that in the homogenous and layered 
specimens for both p- and s-waves. This may attribute to strong 
wave scattering by heterogeneities with similar scales as the 
wave length (~cm) in the patchy specimen.    

Results also show that the maximum amplitude of p-waves 
is amplified by increased stress, but that of s-waves is nearly 
constant at various applied stress states. Particle movement in 
p-wave is in align with wave propagation direction, which is 
also the direction of vertically applied load; while the particle 
movement in s-wave is perpendicular to the direction of applied 
load. This may partially explain the less sensitive of amplitude 

change in s-waves to applied vertical stress. Additionally, the 
stress dependent increase in the maximum amplitude of p-
waves is the most evident in the patchy specimen. This implies 
heterogeneity in soils with equivalent scales as wave length can 
be amplified by the state of stress.   

 

Figure 4. Maximum amplitude of received p- and s-waves in the three 
specimens under various stress. 

3 .3  Peak frequency 

All received wave signals are transformed into frequency 
domain using fast Fourier transform. The peak frequency, i.e., 
the maximum power frequency of the frequency spectrum, is 
chosen to illustrate the changes in wave frequency caused by 
different water distribution. Results are shown in Figure 5.   

Figure 5. Peak frequency of received p- and s-wave signatures in the 
three tested specimens subjected to various stress. 

 
The peak frequency in obtained p-wave signatures does not 

evidently vary with increasing stress. In particular, the patchy 
specimen results in much lower peak frequency than the other 
two specimens under the same stress condition. This suggests 
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that p-wave scattering the patchy specimen is mainly through 
dried sands, as dry sands attenuate high frequency p-waves 
more pronouncedly than saturated sands (Emerson and Foray 
2006).   

In contrast, the peak frequency in obtained s-wave signatures 
increases logarithmically with stress. This applies to specimens 
with all three different water distribution. Results suggest that 
the effects of water distribution on peak frequency of received 
s-waves can amplified at higher stress levels. Particularly, the 
patchy specimen results in the highest peak frequency in 
received s-waves at high stress.  

The peak frequency of received p-waves reflects the 
resonant frequency of the piezo disk elements glued on the top 
and bottom pedestals; while the peak frequency of bender 
elements (for s-wave measurement) buried in soils is a 
combined results of the stiffness of the benders and the stiffness 
and density of surrounding soils (Lee and Santamarina 2005). 
Both the soil stiffness and density increase with applied stress 
and thus lead to increased peak frequency in received s-waves.   
 
 
4  SUMMARY AND CONCLUSION  

Wave propagation in unsaturated fine sands soils is affected by 
the volume fraction and spatial distribution of pore water. This 
study experimentally investigates how pore water distribution 
affects the characteristics of received p- and s-waves. Results of 
elastic wave propagation in three specimens with identical 
water content but different distribution patterns, i.e., 
homogeneous, layered, and patchy, suggest:  
 Water distribution has an evident impact on measured 

wave velocities. The homogeneous specimen has higher 
p- and s-wave velocities than the layered and patchy 
specimens, possibly due to combined effects of capillarity 
and the heterogeneity scale relative to wave length. In the 
case of fine sands with 30% water content, homogenous 
water distribution can result in 1.5 times of wave speed 
than layered specimen.  

 Maximum amplitude of received waves is found in the 
patchy specimen. This may attribute to strong wave 
scattering by heterogeneities with similar scales as the 
wave length (~cm in this study). 

 The peak frequency of received p-wave signatures is 
stress independent; while that of s-waves increase with 
log-scale of stress. The resonance is mainly governed by 
the coupled stiffness of the piezo disk elements and the 
pedestals for p-waves, but by the benders stiffness and 
the stiffness and density of surrounding soils for s-waves.      

 Increased stress can amplify the impacts of water 
distribution on the maximum amplitude of p-waves and 
the peak frequency of s-waves.  

 Heterogeneity in soils with comparable scales as wave 
length can on one hand slow the wave velocity as wave 
propagation detects the discreteness caused by the 
inclusions, but on the other hand amplify the amplitude of 
received wave signatures due to scattering.  

 
 
5  ACKNOWLEDGEMENTS 

Support of this study is provided by US Department of Energy 
gas hydrate program.  
 
 
 
 
 
 
 
 

6  REFERENCES  

Bardet, J.-P., and Sayed, H. (1993). "Velocity and attenuation of 
compressional waves in nearly saturated soils." Soil dynamics and 
earthquake engineering, 12(7), 391-401. 

Bourbié, T., Coussy, O., and Zinszner, B. (1986). Acoustique des 
milieux poreux, Éditions Technip. 

Cho, G. C., and Santamarina, J. C. (2001). "Unsaturated Particulate 
Materials---Particle-Level Studies." Journal of Geotechnical and 
Geoenvironmental Engineering, 127(1), 84-96. 

Emerson, M., and Foray, P. (2006). "Laboratory P-wave measurements 
in dry and saturated sand." Acta Geotechnica, 1(3), 167-177. 

Lee, J.-S., and Santamarina, J. C. (2005). "Bender elements: 
performance and signal interpretation." Journal of geotechnical 
and geoenvironmental engineering, 131(9), 1063-1070. 

Lo, W. C., Sposito, G., and Majer, E. (2005). "Wave propagation 
through elastic porous media containing two immiscible fluids." 
Water Resources Research, 41(2). 

Naesgaard, E., Byrne, P. M., and Wijewickreme, D. (2007). "Is P-wave 
velocity an indicator of saturation in sand with viscous pore 
fluid?" International Journal of Geomechanics, 7(6), 437-443. 

Santamarina, J. C., Klein, A., and Fam, M. (2001). Soils and waves, 
John Wiley & Sons, New York. 

Tamura, S., Tokimatsu, K., Abe, A., and Sato, M. (2002). "Effects of air 
bubbles on B-value and P-wave elocity of a partly saturated sand." 
Soils & Foundations, 42(1), 121-129. 

Yang, J. (2002). "Liquefaction resistance of sand in relation to P-wave 
velocity." Geotechnique, 52(4), 295-298. 

 

- 1182 -


	Return
	Print

