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INTRODUCTION

The behaviour of particulate materials is directly
affected by their fabric, the imposed state of stress
and the inherent characteristics of particles, for
example mineralogy, size, material strength and
stiffness, angularity and surface characteristics. In
general, the characteristics of individual particles
have limited effect on the large-strain macrobeha-
viour of soils. However, experimental results ob-
tained by the authors and other researchers show
that the properties of particles do affect small-
strain parameters.

The purpose of this note is to review the effect
of surface characteristics on soil phenomena, and
to report experimental results on the role of surface
roughness on wave propagation parameters.

LITERATURE REVIEW

Small compared with large strain
Slade & Walton (1993) derived relations based

on Mindlin contact and found that the longitudinal
wave velocity in a random packing of spheres is a
non-linear function of the interparticle friction co-
ef®cient. However, surface conditions affect the
behaviour of granular materials in complex ways,
sometimes causing opposite trends at different
strain levels. In general, the more pronounced as-
perities are, the lower the small-strain stiffness of
the medium (ã, � 10ÿ4), although surface rough-
ness increases peak and residual strengths, even
when particle rolling occurs.

Effective stress and shear strength
Skempton (1960) reassessed Terzaghi's effective

stress principle and suggested two alternative inter-

pretations, one related to compressibility and the
other to strength. Skempton's de®nition of effective
stress ó 9 for shear strength depends on the intrinsic
angle of interparticle friction öu and on the angle
of shear resistance ö:

ó 9 � ó ÿ 1ÿ a
tanöu

tanö

� �
u (1)

where ó is the total stress, u is the pore pressure
and a is the contact area between particles per unit
gross area. For volume change, the effective stress
ó 9 relates to the compressibility C of the particu-
late material (which is affected by surface rough-
ness and contact response) and the compressibility
Cs of the material comprising the particles:

ó 9 � ó ÿ 1ÿ Cs

C

� �
u (2)

Different rearrangement mechanisms affect the re-
sidual angle of shear resistance rolling shear, tran-
sitional shear and sliding shear (Mitchell, 1993).
Experimental evidence shows that the angle of
residual shear resistance in sands decreases with
clay content, while the difference between the peak
and the residual angles of shear resistance in-
creases. Considering that clay particles `coat' sand
particles, smoothing their surface, these observa-
tions suggest that surface roughness alters the par-
ticle rearrangement mechanism at high shear
deformations.

Bishop (1954) derived an approximate expres-
sion for the constant-volume angle of shear resis-
tance öcv for triaxial compression, in terms of the
interparticle friction angle öu:

sinöcv � 15 tanöu

10� 3 tanöu

(3)

Relations between ömax and öu have been pro-
posed for regular packings of monosized spheres
and for isotropic random packings (Horne, 1965);
for example,

tan2 ð

4
� ömax

2

� �
� 2 tan

ð

4
� öu

� �
(4)
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Finally, ömax and öcv are related through the
dilatancy ø of the material (e.g. Bolton, 1986):

ömax � öcv � 0:8ømax (5)

In contrast to these analytical predictions, experi-
mental results by Skinner (1969) showed no effect
of the intrinsic angle of interparticle friction öu on
öcv. He concluded that particle rolling explained
the differences (see Bishop, 1971; Rowe, 1971).
He modi®ed the friction coef®cient ì by wetting,
rather than by changing surface roughness.

Water, surface layers and öu

Water has no effect on the coef®cient of friction
ì on chemically clean quartz surfaces. However, ì
increases in the presence of water when surfaces
are not clean, owing to the disruption of adsorbed
®lms that serve as lubricants for dry surfaces. This
effect is observed when the surface roughness
varies between 50 and 1500 nm (Feda, 1982). The
effect of water as an anti-lubricant diminishes for
rougher surfaces (Procter & Barton, 1974). Other
studies have also shown that different chemical
¯uids and material molecular structures affect öu

(Rowe, 1971; Mitchell, 1993). In general, adsorbed
layers reduce ì in mineral granular materials be-
cause they reduce the effective area of solid con-
tact between particles (the adhesion theory of
friction, Bowden & Tabor, 1982).

Skinner (1969) found an increase in the coef®-
cient of friction ì by a factor of ten when glass
spheres were water-¯ooded in comparison with
when they were dry (ì � 0:08 to ì � 0:79; the
text indicates potential changes between 3´5 and 30
times); no details were given about surface con-
ditions. Ishibashi et al. (1994) found an increase in
ì by almost a factor of two when glass spheres
were ¯ooded (ì � 0:162 to ì � 0:277).

Contact force and öu

Feda (1982) reported that the friction coef®cient
ì of dry glass spheres differs from that in ¯ooded
conditions when the normal contact load f n is less
than 10 N. Rowe (1971) argued that the interparti-
cle friction angle öu should be inversely propor-
tional to the cube root of the load fn in a Hertzian
contact, since the contact area is proportional to
the contact load raised to the power 2

3
. Thus, he

justi®ed a decrease of öu with an increase in
particle size. (Note that for the same average
coordination number, the larger the particle size,
the higher the force at contacts fn � 4ó R2:) Pub-
lished data both support and contradict this pre-
diction. Procter & Barton (1974) found no
apparent variation in öu for normal forces in the
range 0:1 , fn , 0:6 N whereas Skinner (1969) ob-
served a signi®cant increase in öu with normal

force in the range 0:06 , f n , 1:1 N, for glass
spheres, steel spheres and lead shot (diameters
1 mm and 3 mm).

Numerical micromechanics
Micromechanical simulations of random arrays

of monosized spheres by Cambou (1993) predicted
the angle of internal shear strength ö to be
strongly dependent on the interparticle friction
angle öu when öu is low, with ö remaining con-
stant when öu exceeds 208±308. Thornton & Sun
(1993) found that ö and stress-induced anisotropy
increase with öu in three-dimensional simulations
of axisymmetric compression loading of monosized
spheres.

Absorbed layers and small-strain parameters
The presence of absorbed layers determines the

nature of the loss mechanism in small-strain wave
propagation and has some effect on the exponent
of the velocity±stress power relationship, especially
at low contact forces. Duffy & Mindlin (1957)
cleaned steel spheres in successive baths of carbon
tetrachloride, toluol and acetone to avoid the effect
of absorbed layers. In addition, capillary forces
produced by ¯uid menisci in partially saturated
particulate media affect the effective stress, the
shear strength and small-strain parameters such as
wave velocity (Biarez et al., 1993; Aitchison &
Donald, 1956; Chang et al., 1990, 1991).

Summary
Studies on the effect of surface characteristics

and interparticle friction on small- and large-strain
phenomena are limited and results are often contra-
dictory. Such contradictions may re¯ect the com-
plex effects of wetting and contact forces on öu,
and the effects of dilation and particle rotation.

RELATIONS FOR VELOCITY AND ATTENUATION

Empirical expressions for the small-strain shear
modulus Gmax in soils under isotropic loading ó0

are of the following form:

Gmax � Af (e)ó 2b
0 (6)

Given that Vs � p(G=r), then

Vs � aó b
0 (7)

where A, a and b are constants, and f (e) is a
function of void ratio (e.g. Hardin & Drnevich,
1972; Stokoe et al., 1985; Saxena et al., 1988).
This empirical equation is remarkably similar to
micromechanics-based equations for random pack-
ings of spheres (Chang et al., 1991; Santamarina
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& Cascante, 1997). The exponent b re¯ects the
nature of the contact and fabric changes. At con-
stant fabric, b � 1

6
for Hertzian contact and b � 1

4
for conical contact.

Expressions for attenuation under different con-
tact laws are scarce. Considering frictional attenua-
tion and regular packings (FCC and SC), the
damping at small strain D decreases with con®ne-
ment ó0 as

D � Có k0 (8)

where C is a constant. The exponent for Mindlin
contacts is k � ÿ2

3
(Duffy & Mindlin, 1957;

Petrakis & Dobry, 1987). The attenuation á of a
plane wave can be calculated from D using

á � 2ð
D

ë
(9)

where ë is the wavelength. The variation of damp-
ing with con®nement and strain can be modelled
with hyperbolic models (Ishihara, 1986). Experi-
mental evidence shows that the contribution of
frictional loss diminishes at small strains ã, 10ÿ5,
and other loss mechanisms are involved. Hyper-
bolic models must be modi®ed to account for these
losses at small strains (Santamarina & Cascante,
1996).

SPECIMEN PREPARATION

The effect of surface roughness on wave propa-
gation parameters was studied experimentally with
high-tolerance steel spheres, diameter d � 3:18
� 0:00254 mm, speci®c gravity Gs � 7:81. The
approximate number of particles in each sample
was 19 000. Surface roughness was altered by
successive cleaning and corrosion stages imposed
on the same batch of steel spheres. `As received'
ball bearings were ®rst washed with acetone and
dried with a lint-free cloth.

The ®rst specimen, `mild rust', was obtained by
washing steel spheres with detergent (Alconox).
Afterwards, the spheres were cleaned with acetone,
dried with a lint-free cloth and tested 24 h later.
Rust pitting could be seen by eye, even though the
spheres remained shiny.

The second specimen, `rusted', was obtained by
immersing the spheres in Alconox detergent. The
spheres were then washed with acetone and sub-
merged for 24 h in Okaite (a hydrochloric acid
solution). Finally, they were rinsed in water and
left in air overnight for further rusting. The spheres
lost all lustre.

Scanning electron microscope (SEM) pictures of
the two specimens tested are presented in Figs 1
and 2. Magni®cations of 1000 and 10 000 times
cover the scale of expected contact areas. Assum-
ing a simple cubic array and the elastic properties
of steel (G � 82:74 MPa, í � 0:21), Hertz's theory

predicts the radii of contact to be 14 ìm and
25 ìm for 50 kPa and 250 kPa con®nement respec-
tively. On the other hand, if a uniform stress distri-
bution is assumed at a yielding contact (ó � óã),
the computed radii of contact are 26 ìm and
57 ìm, for the same con®ning loads. SEM pictures
show that the increase in surface roughness has a
noticeable effect on the size of the asperities at the
scale of the contact area. It is informative to com-
pare these photographs with each other, and with
the theoretical assumptions made in contact mod-
els, for example smooth spherical surface in Hert-
zian contact and conical surface in cone-to-plane
contact.

Cylindrical specimens were prepared within a
resonant column device with load-control devia-
toric loading capability (Cascante & Santamarina,
1996). A standard split mould and latex membrane
were used. Gypsum paste was added to the end

Fig. 1. Specimen 1 (mild rust): SEM photographs of
surface features; width of area shown (a) 100 ìm;
(b) 10 ìm
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plates to enhance coupling. Ball bearings were
slowly rained through a funnel and densi®ed by
light tamping. Gypsum penetrated the specimen by
approximately 10 mm at the top and 6 mm at the
bottom and after setting, a vacuum was applied to
remove the split mould (ÿ94 kPa). The sample was
kept under constant con®nement of ó0 � 50 kPa
for approximately 2 h until the gypsum hardened.
Afterwards, isotropic con®nement was increased in
stages until the maximum stress of ó0 � 250 kPa
was reached. This maximum load was selected to
avoid signi®cant plastic deformation at contacts.
Resonant column testing was performed at each
load level.

Similar specimens were tested under axial com-
pression loading within the same device, to deter-
mine the large-strain load±deformation response
(ó0 � 200 kPa; no gypsum coupling was used in
these tests).

The initial void ratio for all samples was
e � 0:60, which is close to the general value for a
random assembly of smooth monosized spheres
(Scott et al., 1964). The main characteristics of
specimens 1 and 2 are summarized in Table 1.

EXPERIMENTAL RESULTS

Large-strain load±deformation data are plotted
in Fig. 3. A third specimen is included, made with
the steel spheres as received. The angle of shear
resistance ö increases with surface roughness (Fig.
3(a), equation (4)); however, the small-strain stiff-
ness decreases (Fig. 3(b)).

Resonant column test results for specimen 1
during isotropic loading are presented in Fig. 4.
The ó0ÿåz curve shows a maximum axial strain
åmax � 250 ìs and a residual axial strain år �

Fig. 2. Specimen 2 (rusted): SEM photographs of
surface features; width of area shown (a) 100 ìm;
(b) 10 ìm

Table 1. Summary of test results

As received Mild rust Rusted
(specimen 1) (specimen 2)

Void ratio 0´60 0´61 0´62
Friction angle ö (no gypsum) 19´6 19´6 22´2
Maximum axial strain: % Ð 0´025 0´041
Residual strain: % Ð 0´005 0´018
Exponent b, load (unload) Ð 0´14 (0´15) 0´16 (0´22)
Constant log (a), load (unload) Ð 2´17 (2´15) 2´01 (1´89)
Exponent k, load (unload) Ð ÿ0´41 (ÿ0´45) �0 (�0)
log (ãmax) range Ð ÿ5´8 to ÿ5´9 ÿ5´4 to ÿ5´7
Velocity range: m=s Ð 230 to 315 150 to 250
Damping range: (310ÿ3) Ð 45 to 17 18 to 14

� Elastic spherical contact (Hertz) b � 1
6

Elastic cone±plane contact b � 1
4

Plastic spherical contact b � 1
4

Hysteretic loss (Mindlin) k � ÿ2
3
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50 ìs (Fig. 4(a)). The velocity±stress exponent
b � 0:14ÿ0:15 (loading±unloading) approaches the
theoretical value b � 1

6
(Fig. 4(b)). The damping

coef®cient D showed a similar trend during loading
and unloading with k � ÿ0:41 to ÿ0:45 (equation
(8)).

The isotropic ó0ÿåz response during the loading
of specimen 2, made from spheres with a rougher
surface, is clearly different from that of specimen
1 (Fig. 5(a)). At the end of loading, this specimen
was left overnight under ó0 � 250 kPa, increasing
the permanent deformation by 40 ìs (åmax �
410 ìs, år � 180 ìs). The shear wave velocity was
lower for specimen 2, and the velocity±stress
exponent is b � 0:22 during loading and b � 0:16
during unloading (Fig. 5(b)). Damping showed low
sensitivity to con®nement, with k � 0 (Fig. 5(c)).
The dependence of wave velocity and damping on
strain level is shown in Fig. 6 for an isotropic
con®nement ó0 � 254 kPa.

DISCUSSION

Deviatoric loading
The initial tangential stiffness decreases with the

increase of rust because of the softening effect of
asperities: spikes and protuberances have low long-
itudinal and ¯exural stiffness and restrict the num-

ber of asperities touching per contact. Therefore,
while the total area of contact may be the same in
both specimens, the deformation of asperities leads
to a reduction in global stiffness.

The angle of internal shear strength ö increases
with surface roughness. There are two main com-
ponents in ö: dilatancy and interparticle friction.
The lower the void ratio, the higher the angle of
dilatancy. At the same time, as the void ratio
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Fig. 3. Large-strain deviatoric loading (ó2 � ó3)

Fig. 4. Specimen 1 (mild rust) under isotropic con®ne-
ment: variation of low-strain velocity and damping
with con®nement

EFFECT OF SURFACE ROUGHNESS 133



decreases, the higher coordination between parti-
cles increases the probability of particle rotational
frustration, which must be overcome by slippage at
contacts. Slippage is controlled by surface rough-
ness, that is, öu. Therefore, the effect of surface
roughness on the peak angle of internal shear
strength should be more pronounced for dense
materials.

Small-strain velocity
The decrease in velocity with the increase in

surface roughness is in agreement with the ob-
served behaviour in the stress±strain plot at low
axial strains. As corrosion advances, the velocity±
stress exponent b increases, re¯ecting not only the
changes from spherical to conical contact geome-
try but also the higher susceptibility of rusted
spheres to fabric changes with changes in con®ne-
ment. During loading, the exponent is higher at
low stress; it is possible to conceive situations
where early loading will break asperities, and
thereafter the stiffness of the contact will be
controlled by the global geometry of the contact.

Small-strain damping
The decrease in damping with increased rough-

ness may re¯ect the ability of asperities to pene-
trate adsorbed layers more easily than curved
surfaces (Feda, 1982). Then, the probability of
slippage decreases with the improved adhesion and
interlocking between surfaces.

As surface roughness increased from specimen 1
to specimen 2, damping became stress-independent,
as in an ideal cemented continuum (Fig. 5(c)). This
demonstrates a signi®cant change in the role of
friction in energy dissipation when the contact
changes from smooth Hertzian to rough-conical
(changes in chemical composition affect adhesion).
Asperities on a rusted surface may also alter the
pressure distribution at contacts with non-zero val-
ues at the border of the contact area (compared
with the parabolic distribution for a smooth sur-
face). The annulus of slippage in a Mindlin contact
is then reduced, decreasing frictional losses. When
the strain level of the excitation in increased,
asperity adhesion is overcome and friction prevails
again, generating the typical strain-dependent
losses for particulate media (Fig. 6).

CONCLUSIONS

Surface roughness decreases contact stiffness
and increases the interparticle friction. The effect
of these parameters on the macrobehaviour of a
particulate medium must be analysed, distinguish-
ing between small-strain, constant fabric excitation
and large-strain phenomena.

As surface roughness increases, shear wave
velocity decreases (ã � 10ÿ6), re¯ecting the lower
stiffness of asperities. This is also noticed in the
tangential modulus in triaxial tests (å � 10ÿ4). The
velocity±stress exponent b increases with surface
roughness.

Damping becomes stress-independent as surface
roughness increases. This is a marked deviation
from the standard friction loss model (Mindlin
contact). The presence of rust asperities may

Fig. 5. Specimen 2 (rusted) under isotropic con®ne-
ment: variation of low-strain velocity and damping
with con®nement
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affect adhesion and change the distribution of
normal forces at the edge of contacts, diminishing
the formation of the annulus of slippage. Never-
theless, the strain dependency of attenuation still
follows the typical trend expected for hysteretic
behaviour.

While small-strain stiffness decreases with sur-
face roughness, large-strain stiffness and the angle
of shear resistance increase with surface roughness.
It is hypothesized that the contribution of surface
roughness to large-strain parameters is more pro-
nounced in dense materials where the probability
of particle `rotational frustration' increases.
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