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On the imaging of stress changes in particulate media: an experimental study
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The stiffness of soils depends on the state of stress. Therefore, the velocity of wave propagation can be used to
assess the state of stress and its changes. Indeed, given sufficient data, measurements can be inverted to produce a
tomographic image of the stress field. A preliminary study of this approach was conducted with simulated data
and is summarized briefly. Results of an experimental study are then presented. Three common geotechnical systems
were tested: a footing, a moving surface load, and a retaining wall. Calculated velocity changes are compared with
predicted velocity changes, with stress changes being estimated by classical analytical solutions. Good agreement is
found in the three cases. The need for accuracy in travel-time measurements, difficulties in tomographic imaging,
and the propagation of uncertainty from inverted velocities to stresses are discussed.

Key words: geophysical methods, tomography, wave propagation, stress, retaining wall, footings.

La rigidité du sol dépend de I’état de contrainte. En conséquence, la vitesse de propagation des ondes peut étre utilisée
pour évaluer I’état de contrainte et ses changements. En effet, avec une quantit¢ suffisante de données, les mesures
peuvent étre inversées pour produire une image tomographique du champ de contrainte. Une étude préliminaire de
cette approche conduite avec des données simulées est brievement résumée. Les résultats d’une étude expérimentale
sont alors présentés. Trois sysiémes géotechniques courants ont été testés : une semelle, une charge mobile en sur-
face, et un mur de souténement. Les changements de vitesse calculés sont comparés aux changments de vitesse
prédits au moyen de changements de contraintes qui sont évalués avec les solutions analytiques classiques. L'on trouve
une bonne concordance dans les trois cas. Le besoin de précision dans les mesures du temps de parcours, les difficultés
de I’imagerie tomographique, et la propagation de I’incertitude des vitesses inversées aux contraintes sont discutées.

Mots clés : méthodes géophygiques, tomographie, propagation des ondes, contrainte, mur de souténement, scmelles.
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Introduction

"The field of stress controls the performance of geotechnical
ystems. Yet stresses are usually estimated, and very sel-
dom monitored. For example, stresses induced during con-
struction around a single pile or groups of piles, the changes
ihat take place during loading and mobilization of negative
kin friction, and the relaxation of stresses with time are
ull major parameters in the design of pile foundations; how-
ever, little information is available on these phenomena.
Other examples include monitoring the evolution of stresses
iround structures buried in saturated soils during earth-
yuakes and determining the field of stress within the moving
wedge prior to a landslide to properly compute its stability.

Monitoring interparticle forces or average stresses in a
medium is difficult. The combined effects of relative stiff-
ness and soil arching around transducers alter measurements,
producing uncertain results. In addition, these are local mea-
surements, and little can be inferred about the global field of
stress in the medium.

Particulate media are governed by the effective state of
stress. The higher the effective mean normal stress, the higher
the strength according to Coulomb’s failure criterion, and
the higher the stiffness as predicted by Hertz’s theory (White
1983). The propagation of mechanical waves depends on the
stiffness of the medium, and its mass density. Hence, varia-
lions in stresses can be detected by wave-propagation tech-
niques. In fact, if propagation data are obtained in different
directions, i.e., illumination angles, it is possible to invert
houndary measurements to obtain tomograms of the change
in medium velocity. This picture can be further converted,
by means of constitutive equations for the medium, to produce
an image of the change in the field of stress.

ivinted in Canada / Imprimé au Canada

[Traduit par la rédaction]

Santamarina et al. (1993) presented results of a simulation
study used to demonstrate the feasibility of using travel
time of mechanical waves to generate a tomographic image
of the state of stress in a medium. Three cases were con-
sidered, namely footing on a semi-infinite half space, plate
load on a two-layer medium, and excavation within an infi-
nite space. Induced stresses were computed with close-form
solutions (Boussinesq, multilayer, and Kirsch), and local
velocities were estimated by means of velocity—stress rela-
tionships, similar to those proposed by Roesler (1979).
Tomographic travel-time data were artificially generated
with a line integration algorithm assuming straight rays
between sources and receivers. Finally, travel times were
inverted with a tomographic program based on the ART
algorithm. In the case of the Boussinesq problem, the image
obtained after load application was subtracted, pixel by
pixel, from the image obtained for the in situ state of stress.
The resulting variation image clearly resembled the field
of induced stress, as indicated in classical stress-bulb dia-
grams (Fig. 1) (after Santamarina et al. 1993).

The authors recognized several difficulties in the pro-
posed methodology:

(1) Uneven distribution of information content within the
imaged region. Some source-receiver configurations pro-
duce underdetermined regions. The worst case is the cross-
hole configuration (see also Santamarina and Tallin 1993).

(2) Inherent anisotropy and vertical heterogeneity in wave
velocities, which is the consequence of the anisotropic and
heterogeneous field of stress in soils. In such a medium,
paths of shortest travel time are not straight but curved.

(3) Diffraction of wave fronts when the wavelength A is in
the order of magnitude of the size of the velocity anom-
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FiG. 1. Tomographic image of velocity variation under strip
footing (simulated data, after Santamarina et al. 1993).

aly D,. This is often the case for typical impact sources and
geometry conditions involved in geotechnical studies. Under
these conditions, ray assumptions lose validity, and dif-
fraction must be taken into consideration. Furthermore, “dif-
fraction healing” gradually restores the signal behind the
anomaly to the free-field condition, making anomaly detec-
tion increasingly more difficult as the line of receivers moves
farther away from the anomaly (Wielandt 1987; Potts and
Santamarina 1993).

This paper reports results of an experimental study
designed to gain further insight into the potential use of
mechanical waves to assess the state of stress and the change
in stresses in particulate media. Three geotechnical systems
were modeled, namely a shallow foundation, a moving sur-
face load, and a retaining wall. In the three cases, the loca-
tion of instrumentation was selected to obtain “local” infor-
mation, therefore minimizing difficulties listed above. Test
conditions, materials, and instrumentation are described,
followed by a discussion of observations.

General information

Sand

The experimental studies were conducted within a labo-
ratory setting. Rounded quartz sand was used in all stud-
ies; its index properties are as follows: specific gravity G, =
2.65, Si0, content 99.6%, median particle diameter Dy, =
0.44 mm, coefficient of uniformity C, = 1.5, coefficient of
curvature C, = 0.96, minimum void ratio ¢_,, = 0.5, and
maximum void ratio e, = 0.74. Sand was placed by the
dry-pluviation method; the opening size of the screen was
fixed to control the rate of flow. A relative density of D, 0.72
was obtained and had little or no variation between the rain-
ing heights A, = 180 mm and A, = 320 mm. This range

rain Tain

of raining heights was used in all tests.

Constitutive equation
The nonlinear constitutive equation that relates velocity of
compressional P waves to the state of effective stress for

this sand was determined using a 27-L cubical triaxial. The
device consists of six neoprene bladders connected in pairs
to a three-channel control panel used to control pressurc
and to monitor volume changes in the three principal direc
tions. The selected quartz sand was placed in the cubical
triaxial by dry pluviation with a hopper, at the same relative
density as used in the models. The regression analysis
between the velocity (in m/s) of P waves, V,, and the statc
of stress resulted in the following equations for loading

- 022
[ v,=359 ——%| , R2=0989

Uatm
and unloading

0.19

 prop
(2] vV, =421 , R? =0.926

Uatm
where o, i the normal stress in the direction of wave prop

agation and o, is the atmospheric pressure, i.e., 1 atmos-

atm

phere. Normal stresses perpendicular to the direction ol

propagation have no effect on the velocity of the propagal
ing P wave (exponent less than +0.01). The difference
between the loading and unloading cycles characterizes the
effect of prestraining and it is most significant at low preload
ratios. Unloading data deviate from the straight line in
log-log plots, i.e., lower coefficient of correlation.
Constitutive equations for shear waves relate velocity V
to the stresses in the direction of propagation and in the
direction of polarization. Thus, the combined use of P and

S waves provides additional information about the state of

stress, enhancing the potential of inversion algorithms.
S waves must be used in the case of saturated media. Only
P waves were monitored in this study.

Scale effects

The characteristic sizes of the tested systems were as fol-
lows: diameter of footing D = 0.228 m, diameter of movin
load D = 0.228 m, and height of retaining wall H,,,
0.80 m. The scale of these tests can be considered real size
such as the imprint of car wheels, or reduced scale modc
in the case of footings and retaining walls. Following gen
eral guidelines in geotechnical modeling (balance between
scale effects, stress history, and load-path difficulties), these
one-gravity tests are appropriate models for structures within
an order of magnitude larger scale. No scale effect is expected

related to the ratio between the characteristic dimension ol

models and the size of sand grains (D ,./Dsy = 500.
H,./Ds, > 1600). Boundary effects were present and arc
discussed in the text. Wherever possible, results are pre-
sented in dimensionless terms.

Instrumentation

The instrumentation used to measure wave velocities was
similar in all tests. Small piezoelectric transducers were
used as sensors (12 mm diameter and 1 mm thickness); they
were buried in the sand during pluviation, and their loca-
tion was carefully corroborated before sand pluviation con-
tinued. Small “hammer and plate” impact sources were uscd
from the surface of sand beds, as well as from the sides of
sand boxes. Given the small size of models, the uncertainty
in the location of sources and receivers can account for
<5% error in measured velocities.

Signatures were recorded with a PC-based multichannc!
digital storage oscilloscope sampling at 500 kHz per chan-
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FI1G. 2. Experimental settings. All dimensions are given in millimetres.
nel. Travel times were manually determined from the screen 5 =5
as the difference between the initiation of the signature a = /0
detected at consecutive receivers. Measured travel times < 4 o
varicd between 0.2 and 3 ms. The frequency of first arrivals 9 B o/
remained between 3000 and 5000 Hz, allowing for a pre- Az 3 jo/
ision in the determination of first arrivals in the order of L X, 2
{0 ps. Therefore, the estimated error on measured travel E
times is 5% for short distances and less than 1% for long * 1 ’— (a)
ones. Finally, although sensors were accurately located dur- & o
ing, construction, no correction for the variation in the posi- ottt L L L g
tion of sensors during testing was done; given the observed 3.0 R=0 770
houndary deformations and assuming typical strain influ- o 25 _r/ — ®0.58[91.36[~2.14
cuce diagrams, it is estimated that changes in the relative Wy ©0.97 |a1.75] 2.53
location of two consecutive transducers is less than 3% of the E 8 2.0+ L]
distance between them, in all cases. This error is compara- <o g 8 g ¢
ble with other measurement errors in this study. 5 o 1.50% o ¢ a
¢ A
SRR LE B 8
Experiment 1: shallow foundations = (b &
‘The computation of the settlement of footings on sands 0.5 et
fuces several difficulties, including the immediate change 3.0
in (he field of stiffness in the sand upon the application of the A 25 ;/_Efgﬁ‘ _
load (this is not the case in the immediate settlement of Wy — ®
footings on saturated clays). The purpose of this experi- '3 E 20"
iment is to measure, by means of wave propagation, the <3 L ® 2
change in the field of stiffness and therefore the field of 2o 'Ohg ¢ § 3 :
stress underneath footings. g > 1.0 Fﬁ - o N
Two plate load tests were conducted in a 1 m?® cubical (¢) 4
(eel box, constructed from bolted channel sections with 0.5 e s e e
smooth internal walls. Vertical velocities were measured in 0.0 0.01 002 0.03 0.04 005

iest 1 (set up similar to that shown in Fig. 2a) and hori-
sontal velocities in test 2 (set up shown in Fig. 2b). Load was
applied with a hydraulic jack bolted to a reaction frame
attached to the box. The pressure gauge on the jack was
vilibrated using a standardized load cell. The footing was
loaded to failure in both tests. All necessary measurements
were taken at convenient stable intervals.

The instrumentation was similar in both tests and consisted
sl two vertical lines of piezoelectric sensors buried in the
sind bed during pluviation. In test 1, the plate was centred
dircctly over one column of sensors (r/R = 0, where r is the
rudial distance from the centre of the plate, and R is the radius
ol the plate); the second column was offset radially by 87 mm

NORMALIZED SETTLEMENT s/D

Fic. 3. Plate load test. Vertical velocity vs. settlement.

(r/R = 0.76). Piezoelectric transducers were placed every
87 mm in depth starting 87 mm beneath the initial surface
of the sand. The closest boundary was 225 mm from the edge
of the plate. In test 2, the two columns of receivers strad-
dled the centre line of the footing. Spacing of the receivers was
at 100 mm, and the closest boundary was 305 mm from the
plate. A bulkhead was placed in the sand box, 150 mm away
from one wall; horizontal impact sources were mounted on the
bulkhead and buried in the sand during pluviation.
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F1G. 4. Plate load test. Measured and predicted vertical velocity vs. depth.
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F1G. 5. Plate load test. Measured and predicted horizontal
velocity vs. depth.

Figure 3 shows results from test 1. The applied load and
normalized vertical velocity under the centre line and at
r/R = 0.76 are plotted as a function of the settlement s nor-
malized with respect to the plate diameter D, s/D. Figure 3a
shows the load-displacement curve for the test, Fig. 34
shows normalized velocity under the centre line for six dif-
ferent values of z/D (where z is depth measured from the
initial surface), and Fig. 3¢ presents similar data for the
off-centre location at #/R = 0.76. All trends are similar: ver-
tical velocity increases with applied load in all cases; and the

shallower the observation depth, the higher the velocity
increase.

Figure 4 shows measured and predicted values of vertical
velocity with depth. Velocities are normalized with respect
to the initial velocity before load application; depth is nor-
malized with respect to the plate diameter (z/D). Figure 4a
shows values of velocity computed with [1], taking into
consideration the in situ stress and the induced state of
stress. Induced stresses were calculated with Boussinesq’s
solution for circular plates. Figures 46 and 4¢ show nor-
malized measured values for the two lines of receivers (¥/R -
0 and #/R = 0.76). The normalization velocity was taken
when a nominal load was applied on the footing.

There is good agreement between measured vertical veloc
ities and those predicted with stresses estimated from theory
of elasticity; this is true even when the applied load
approaches failure. The normalization with measured veloc
ities before loading V_ enhances the effect of discrepancics
and errors at shallow depths where V_ is very low. Measurcd
velocities are average values of velocities between the loca-
tion of sensors, and in the case of vertical propagation this
results in overestimation of the velocity at shallow depths.
High normalized velocities at z/D = 2.2 and #/R = 0.76 arc
likely the result of a low initial velocity used for normal-
ization, and therefore would not have any phenomenologi
cal implication. A similar justification could explain nor
malized velocities less than 1.

The agreement between measured and predicted veloci
ties is better for the off-centre measurements (/R = 0.76).
The most significant difference between measured and pre-
dicted velocities takes place under the centre line, for depths
shallower than z/D = 1.0, and for loads ¢ that exceed ¢ =
1.56 kN. It is observed that the velocity does not continue
increasing, indicating a constant stress level. From Fig. 3, g =
1.56 kN corresponds to a factor of safety against bearing
capacity FS,_ = 3. Finite element solutions with elastoplas-
tic models predict the beginning of significant yielding under
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Fi16. 6. Moving load. Velocity at different relative positions.

the centre line at z/D = 0.5, and at factor of safety FS < 3.
In addition, it is known that the distribution of contact pres-
sure underneath footings on granular materials is a func-
tion of the load (Terzaghi 1943; Ranganatham et al. 1973;
Iartikainen 1973).

Figure 5 shows measured and predicted values of nor-
malized horizontal velocity with depth. Figure 5a shows
values computed from theory of elasticity, and Fig. 5b shows
measured values under the centre line, normalized with
respect to horizontal velocities obtained with a nominal load
on the footing. Horizontal velocities are in agreement for
the lowest load. Differences between predicted and mea-
sured velocities increase for higher loads and for depths in
excess of z/D = 0.5. This is in agreement with results by
Ahtchi Ali (1992), who studied the effect of boundaries on
ihe deformation and ultimate capacity of model footings in
2 sand box and observed that the effect of boundaries
increases with the load, or normalized settlement. The veloc-
ity data show that the low ratio between the size of the
box L and the size of the plate D, L/D = 4.4, leads to sig-
nificant increase in horizontal stress at high normalized
settlement. Horizontal velocities estimated from the hori-
sontal stress at no-lateral strain (e, = 0) are in good agree-
ment at z/D = 1.36.

Experiment 2: quasi-static moving loads

Ray bending is one of the most significant difficulties in
peotechnical tomography. This is predominant in soils because
of their inherent heterogeneity and anisotropy. In the case of
moving loads, travel times can be measured along a line of
scnsors for different locations of the moving load. This is
identical to the case of a static plate and multiple lines of
receivers. The result is local values of velocity at different
depths and at multiple relative distances from the load.
A pixel image can then be created by coloring pixels with the

measured values. Although this image resembles a tomo-
gram, it is generated without inversion, requires a small
number of receivers, and involves minimum uncertainty
related to ray-path linearity. The proposed approach is applic-
able in space-invariant cases where changes in space keep a
strong correlation with changes in time; stresses induced
by vehicular load are a classical civil engineering example
(first suggested by K. Stokoe, University of Texas at Austin).

This test was conducted on a sand bed deposited in the
same steel box used in experiment 1, with identical loca-
tion of receivers (Fig. 2a). The circular plate, diameter D =
0.228 m, was placed on the soil surface and loaded with a
hydraulic system to a preselected load g = 2.22 kN (load
fluctuations of 10% were observed during the test). Vertical
travel times were measured along the two vertical lines of
sensors. The footing was then unloaded and moved to a
new position aligned with the previous one and the loca-
tion of the receivers.

The footing was positioned in six different locations, and
a total of three different passes were made; the data became
increasingly more consistent with each pass. It is expected
that the position of shallow sensors was altered in subse-
quent passes; however, final locations were not determined.
The most significant change was the densification of the
upper layers, which leads to a reduction of the distance
between the plate and the first receiver. On the basis of
theory of elasticity, a maximum error of 12% is expected
in the state of stress for a change in distance of approxi-
mately 2 cm.

Computed local velocities between contiguous receivers i
and i + 1 were normalized with respect to measured veloc-
ities before load application (i.e., footing “far” from instru-
mented plane). Normalized velocities are plotted at the inter-
mediate depth z = (z; + z;,)/2, and at distance x which
corresponds to the horizontal distance between the centre
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FiG. 7. Retaining wall. Load and deformation.

of the plate and the line of receivers. The compilation of
data for all locations of the plate yields a complete picture
of the field of vertical velocity (Fig. 6). Velocities com-
puted with induced stress assuming theory of elasticity are
shown as lines (continuous line for the original elevation
of the sand surface, and broken line for the observed ele-
vation at the beginning of the third pass).

These data are less consistent than values presented in
previous figures. However, it is important to recognize that
data from multiple load—unload—move cycles are super-
imposed on the same figure, and that the normalization
of measured velocities accentuates experimental errors.
Measured velocities follow trends similar to those of veloc-
ities predicted assuming theory of elasticity. The most sig-
nificant deviation from theoretical trends takes place at shal-
low layers and low horizontal offset (z/D < 1 and x/D <
0.5), where measured velocities are significantly higher than
predicted velocities. Unfortunately, there is no assurance as
to the alignment of the source and the receivers when the
footing is placed on top of the strings of receivers. Mis-
alignment leads to late triggering of the oscilloscope and
shorter measured travel times, which particularly affect the
shallower receivers.

Experiment 3: retaining wall

The purpose of this study was to evaluate the potential
use of mechanical waves in the investigation of the state
of stress in retained fills. This study was conducted with a
rectangular sand box built within a reaction frame. The side
acting as the retaining wall was H = 0.8 m high and B =
1.6 m wide. This ratio B/H = 2 is referred to as the Terzaghi
criterion and was adopted in early geotechnical work to
minimize the effect of side boundaries on measurements
conducted on the central plane. Later experimental and
numerical work showed B/H = 2 insufficient (Azzouz and
Baligh 1975; Lyndon and Schofield 1978; Santamarina and
Goodings 1989). For the purpose of this study, boundary
effects are not critical; in fact, the study of boundary effects
is an application of the proposed approach.

The front wall was vertically supported on rollers and
horizontally restrained by four calibrated load cells that
were mounted on the reaction frame, at the one-third points

of the wall panel. Millimetric adjustment screws on the load
cells were used to control the movement of the wall; the
horizontal displacement was also monitored on both bound
aries by means of dial gauges. The displacement of the top
surface was monitored with four dial gauges. Styrofoam
sheets, 12 mm in thickness, were placed immediately behind
the retaining wall and on the base of the box to minimize the
effects of refraction on the measurement of travel times
along the “A” and “4” lines in Fig. 2¢ (refracted signals
were not observed).

Impact sources were activated on the top surface and on
the retaining wall, and wave arrivals were detected by means
of 16 piezoelectric sensing elements mounted on the central
plane during sand pluviation (Fig. 2¢). The horizontal spacing
of sensors was selected to gain insight into velocity varia
tions across the hypothetical active failure plane, while main
taining definition behind the wall. The vertical spacing was
constant. The positioning of sensors was within 2 mm accuracy.

After construction and instrumentation, a complete set ol
initial readings were conducted. The test consisted of three
stages: (1) gradual movement of the wall away from the
retained fill, mobilizing active resistance; (2) movement
against the fill, partially mobilizing the passive resistance; and
(3) outward movement. Stage 3 was conducted 72 h after
the completion of stage 2. The passive cycle was not intended
to fully mobilize passive resistance, as the size of the box was
not designed to accommodate the formation of the passive
wedge; instead, the objective was to provide further infor
mation on the sensitivity of travel-time measurements (o
the changes in effective stresses.

The evolution of boundary parameters (i.e., surface defor
mations and loads) and internal parameters (i.e., velocity)
was monitored at multiple stages. Figure 7a shows the dis
placement of the top surface as a function of the horizontal
wall displacement 8,/H. The surface displacement is sig-

0.21), decreases towards position C (x/H = 0.41), and iy
minimum at position D (x/H = 0.61). Volume computations
at the end of the first active phase show an average net dila
tency of AV/V, = 0.4% for the active wedge.

Figure 7b shows the total horizontal force measured by
the four load cells as a function of the horizontal wall dis
placement 8#/H. Data are also presented in dimensionless
form on the secondary y axis; this 1 ratio is equivalent to the
average coefficient of earth pressure. The initial load is sig-

nificantly lower than the value expected for a condition of

no lateral strain (for ¢ = 41°, k, = 0.34, where ¢ is the
angle of internal friction, and k, is the ratio of horizontal
to vertical effective stress at no lateral strain). Given that
minimum side and base boundary effects are expected al
no lateral displacement of the wall (Vargin 1967; Lazebnik
and Chernysheva 1968), it is concluded that the low measured
value results from the relaxation during construction of the
12 mm styrofoam sheet placed behind the wall. The most
significant observation during the first four stages of wall
movement was the extreme sensitivity of measured loads
in each load cell with the deformation pattern imposed on the
wall during displacement. Horizontal velocities also
denounced this effect, indicating stress changes as high as
100%. The parallel, even movement of the wall was carefully
implemented in all subsequent stages.

Figure 8 shows the variation of average vertical velocities
between sensors at elevations 1 and 4, at locations A-D.
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Fic. 8. Retaining wall. Average vertical velocity between sen-
sors at locations 1 and 4, at all four locations (a—d).

‘T'here is no conclusive trend during the first active stage.
During the passive stage, the “average” vertical velocity
decreases at locations B, C, and D (at x/H = 0.21, 0.41,
and 0.61, respectively), indicating a significant reduction
in the average vertical stresses. At the same locations, the
average vertical velocity increases during the last active
{age, but not as significantly as before.

The vertical velocity increases at all locations during the
72 h delay between the passive phase and the second active
phase. The effect of time-dependent processes may be
twofold: it may have a direct effect on the propagation of
waves (certainly on attenuation) at constant stress, and it
may alter the field of stress, indirectly affecting wave prop-
apation. We have observed time effects on wave propagation
in clays during secondary compression. The discrimination
of the two components listed above is under study.

Average horizontal velocities between A and D receivers
at all four elevations are presented in Fig. 9 (same veloc-
ity scale as Fig. 8). These data show significant changes in
lorizontal velocities, and therefore horizontal stresses behind
the retained fill. Nonstable measurements are observed in
the earlier stages of wall movement, in agreement with load-
cell measurements as explained before. The highest sensitivity
(o wall displacement is observed at z/H = 0.4 (elevation 2).
‘I'his trend is similar to the horizontal load measured with load
cells (Fig. 7b). At this elevation, the decrease in horizon-
(al velocity during the first active stage indicates stress
changes twice as high as those predicted by the k /k, ratio
(where k, is the ratio of horizontal to vertical eifective stress
at no lateral strain, and k, is Rankine’s active earth pres-
sure coefficient). During the passive stage, the horizontal
velocity increases significantly, from 85 to 175 m/s. Accord-
g to [1], this increase in velocity indicates an increase in
horizontal stress by a factor of 26. For reference, the ratio of
horizontal stress between the passive and the active Rankine
states can be estimated as k,/k, = k> (since k, = 1/k,); this

P

ratio is 21 for ¢ = 40° and 28 for ¢ = 43°. This variation in

Z/H=0.2
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Fic. 9. Retaining wall. Average horizontal velocity between
sensors at locations a and d, at all four elevations (1-4).

angle of internal friction corresponds to changes in dila-
tency at shallow depths. Boundary effects along side and
back walls favor higher stresses than the ideal Rankine pas-
sive case; however, the amount of wall displacement (8/H =
0.4%) and the load—deformation diagram in Fig. 7 indicate
that full mobilization of passive resistance was not achieved.
Measurements with the lowest string of receivers, Z/H =
0.8, shows little sensitivity to wall displacement. It is known
that the effect of friction along the lower boundary resiricts
changes in the state of stress in this region. This effect has
been recognized in retaining-wall design and is often taken
into consideration as a reduction of pressure on the wall.

From velocity to stress

Constitutive equations

When significant shear planes form, the interpretation of
velocity data may need further evaluation (egs. [1] and [2]
are valid for stress ratios between 1:3 and 3:1). Furthermore,
significant attenuation takes place in regions that approach
failure, and the detection of first arrivals becomes difficult;
then, measured travel times reflect unwanted combinations
of attenuation and velocity fields.

Variations in void ratio that accompany contractive and
dilative processes have second-order effects on the veloc-
ity of propagation in particulate media. These effects are
partially incorporated in constitutive relations, such as [1]
and [2]. The monitoring of porosity changes as an indicator
of stress changes is relevant in X-ray tomographic studies,
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or in the geophysical exploration of deep sediments in ref-
erence to petroleum geomechanics.

Propagation of uncertainty

Constitutive equations [1] and [2] are of the form V =
bo where b and ¢ are constants. If the distribution of veloc-
ity and stress are both considered log normal, then the stan-
dard deviation S of the logarithm of the estimated stress,
log o, is related to the standard deviation of the logarithm of
the measured velocity, log V, as

1
Bl Sooger = Sa0em
Given that typical ¢ values are about 0.20-0.25, the propa-
gation of uncertainty from measured velocities to stresses
is considerable and must not be overlooked. High-frequency
sources, proper triggering, and adequate determination of
arrivals are required. Results presented in this study were

compared in terms of velocity.

Conclusions

The dependency of wave velocity on the state of stress
in particulate media permits monitoring stress changes by
wave-propagation techniques. Adequate constitutive equations
can be determined in the laboratory. Because of the form
of these equations, the uncertainty in measured velocities
is magnified on the inverted stresses. Therefore, accurate
determination of travel times is required; the use of high-
frequency sources is recommended.

Experimental data were presented for three geotechnical
systems, namely footing, moving surface load, and retaining
wall. In all cases, results show good agreement with pre-
dictions based on classical close-form solutions. Measure-
ments detected yielding and the effect of boundaries.

Given sufficient boundary measurements, the tomographic
image of the state of stress in the enclosed region can be
reconstructed. Inversion algorithms based on nonlinear rays
are required, and the position of sources and receivers must
be properly selected to optimize the distribution of infor-
mation content within the region under study.
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