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Dual-energy synchrotron X ray measurements of rapid soil
density and water content changes in swelling soils
during infiltration
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and Philippe Baveye4
Abstract. Understanding soil swelling is hampered by the difficulty of simultaneously
measuring water content and bulk density. A number of studies have used dual-energy
gamma rays to investigate soil swelling. The long counting time of this technique makes it
impracticable for studying the rapid changes in moisture content and soil swelling shortly
after infiltration is initiated. In this paper, we use the dual-energy synchrotron X ray to
measure, for the first time, the water content and bulk density changes during the fast,
initial phase of the swelling process. Ponded infiltration experiments were performed with
two soils: a bentonite-sand mixture and a vertisol. Swelling curves and hydraulic diffusivity
were determined. Deformation was very rapid immediately after water application and
then became progressively slower. The hydraulic diffusivity decreased with time, which can
partially explain the very rapid decrease in infiltration rates observed in the field.

1.

Introduction

The understanding of transport processes in swelling soils
and materials is hampered by the difficulty of accurately measuring both the water content and the dry bulk density during
the swelling process. Dual-energy gamma rays [Nofziger and
Swartzendruber, 1974; Angulo-Jaramillo, 1989; Barataud et al.,
1996; Garnier et al., 1997a] that are currently being used have
a relatively low energy intensity and counting times that are too
long for the characterization of the rapid swelling and decreasing infiltration rates shortly after the start of the rain [Favre et
al., 1997].
Compared with conventional gamma rays, synchrotron X
rays have a high intensity and brightness [Batterman and Ashcroft, 1979] and can make measurements up to 200 times faster
with the same accuracy [Angulo-Jaramillo, 1989; DiCarlo et al.,
1997]. Several studies have used single-energy synchrotron X
rays: Liu et al. [1993] and DiCarlo et al. [1997] made rapid
measurements of fluid contents for fingered flow in oil-water
systems. Charlie et al. [1997] studied deformation of a saturated
clay soil by consolidation using single-energy synchrotron X
rays.
Dual-energy synchrotron X rays can measure two properties
of the porous medium simultaneously. DiCarlo et al. [1997]
simultaneously measured the oil and water contents of unstable fingered flow in oil-water-air systems. In this paper, we will
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use dual-energy synchrotron X rays to characterize, for the first
time, the bulk density and the moisture content for two soils
during the initial, fast phase of the swelling. These measurements are then used to derive the hydrological properties of
the two soils.

2.

Materials and Methods

2.1. Determination of Dry Bulk Density and Volumetric
Water Content
The attenuation of radiation is linearly related to the
amount of material within its path. In the case of a water-soil
system, the attenuation A is [e.g., DiCarlo et al., 1997]
A 5 U Su sx 2 U Wu Wx 1 A 0

(1)

where the subscripts S and W denote the solid and water
phases, respectively, U is the attenuation constant, u is the
volumetric content, x is the thickness of the column, and A 0 is
the attenuation due to the column walls and air between the
detectors.
To study the movement of solid particles and water, two
independent measurements are needed. They can be obtained
from (1) by the attenuation measurements of radiation with
two different energies: the high-energy attenuation A H and the
low-energy attenuation A L . The volumetric solid and water
contents can then be determined as [DiCarlo et al., 1997]

uS 5

U WH~ A L 2 A L0! 2 U WL~ A H 2 A H0!
~U WLU SH 2 U WHU SL! x

(2a)

U SL~ A H 2 A H0! 2 U SH~ A L 2 A L0!
~U WLU SH 2 U WHU SL! x

(2b)

uW 5

where the subscripts H and L denote the high and low energies, respectively.
The variance of the volumetric contents can be calculated
following the technique described by Oostrom et al. [1995] and
DiCarlo et al. [1997]:
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Table 1. Measured Attenuation Constants of the Water,
Bentonite-Sand Mixture, and Vertisol
Attenuation Coefficients, cm21
Phase

35-keV U L

70-keV U H

Water
Bentonite and sand
Vertisol

0.115
0.305
0.378

0.186
1.190
1.644

S
S

2
SH

2
SL

U
1 U
Var ~ u W! 5
1
t RL
RH

DS
DS

1 U 2WH U 2WL
1
Var ~ u S! 5
t RL
RH

1
~U WLU SH 2 U WHU SL! x

D
D

1
~U WLU SH 2 U WHU SL! x

The swelling curve and hydraulic diffusivity can be calculated from the profiles of solid particle content u S and volumetric water content u W at different times. The swelling curve
e( q ) relates the moisture ratio q (water volume/solid volume)
to the void ratio e (void volume/solid volume), and it can be
obtained from the dry bulk density r d (mass of solid particles
per total volume of soil) and the volumetric water content u W
as

rS
rd

(4a)

rS
21
rd

(4b)

r d 5 r Su S

(5)

q 5 uw
(3a)
e5

2

(3b)

Experimental Setup

A series of infiltration experiments was carried out in a 4 cm
by 4 cm rectangular plexiglass chamber with two swelling materials: a mixture of fine sand and 8% (by weight) bentonite
and a vertisol from Podor in the Senegal River Valley. The dry
bentonite-sand mixture was wetted with distilled water until it
reached a water content of 3.7% by weight. It was packed layer
by layer (of ;1 cm) into the plexiglass column to a height of 3.6
cm, at a mean dry bulk density of 1.54 kg cm23, resulting in a
mean volumetric water content of 0.057 cm3 cm23. The soil
layers were packed by tamping the soil 20 times. The vertisol
was the same as that used by Garnier et al. [1997b] and was
composed of 10% sand, 24% silt, and 66% clay. The clay
fraction consisted of 60% smectite, 30% kaolinite, 5% illite,
and 5% chlorite. The soil was sieved through a 200-mm screen
and packed in the column to a height of 6.1 cm. The mean dry
bulk density was 1.45 kg cm23.
After packing, the column was transported to the synchrotron facility and mounted on a movable platform that had a
horizontal and vertical range of 25 and 50 cm, respectively, and
a position repeatability of 0.1 mm. Measurements of bulk density and water content were monitored at 1-mm intervals by
measuring the attenuation of the X rays. In 5 s, 5 cm of distilled
water was ponded on the soil using a peristaltic pump. The
experiments were continued for a duration of 300 min for the
bentonite-sand mixture and 500 min for the vertisol.
2.3.

Determination of the Hydraulic Properties

2

where R L and R H are the photon intensities incident on the
detectors (photons per second) and t is the counting time.
2.2.

2.4.

X Ray Detection

The low and high energies used in the experiments were 35
and 70 kv, respectively. The flux of photons incident on the
detectors was ;12,000 photons per second for the low-energy
beam and 22,000 photons per second for the high-energy beam
(R L and R H , respectively, in (3a) and (3b)). The counting time
was 1 s for the bentonite-sand mixture and 5 s for the vertisol.
Attenuation constants for the two soils and water were obtained by measuring the X ray attenuation of different widths
of each material. Attenuation constants are the slopes of the
curve of the attenuation ( A in our notation) versus u s x (to
calculate the attenuation constant of solid) or u w x (to calculate
the attenuation constant of water) using (1). Table 1 gives the
attenuation constants for both materials and both energies.
Attenuations of the empty columns ( A H0 and A L0 in (2a) and
(2b)) were determined before each experiment.

where

where r S is the specific density of the solid soil particles.
In swelling soils the water flux q W/S is often expressed in a
coordinate system that is associated with the solid phase (the
Lagrangian coordinate frame) [Smiles and Rosenthal, 1968;
Philip, 1969; Garnier et al., 1997a; Gérard-Marchant et al.,
1997]. It can be calculated from the knowledge of the water
and solid fluxes, q W/0 and q S/0 , respectively, expressed in a
fixed coordinate system (the Eulerian coordinate frame) from
the following equation [Angulo-Jaramillo, 1989]:
q W/S 5 q W/0 2 ~ u W/ u S!q S/0

(6)

Neglecting gravity, the fluxes q S/0 , q W/0 , and q W/S are given
from Darcy’s law by the following equations:
q S/0 5 2D S/0~ u S/ z!

(7a)

q W/0 5 2D W/0~ u W/ z!

(7b)

q W/S 5 2D W/S~ u W/ z!

(7c)

where D S/0 and D W/0 are the apparent diffusivities of solid
particles and water, respectively, in the Eulerian coordinate
system and D W/S is the diffusivity of water in the Lagrangian
coordinate system.
Substituting (7a)–(7c) into (6), one obtains the hydraulic
diffusivity relative to the solid phase, D W/S , as
D W/S 5 D W/0 2 ~ u W/ u S!~d u S/d u W! D S/0

(8)

Thus the hydraulic diffusivity in the Lagrangian coordinate
system is obtained by adding a term to the hydraulic diffusivity
in the Eulerian system, D W/0 , that depends on both the apparent solid diffusivity D S/0 and the relationship u W ( u S ) that
is obtained from the swelling curve e( q ). As expected for rigid
soils, this second term vanishes.
The apparent diffusivities D W/0 and D S/0 were calculated
using the instantaneous profile method [Watson, 1966] according to (7a) and (7b) from the experimental volumetric content
profiles. The fluxes of solid particles, q S/0 , and water, q W/0 , are
evaluated on the basis of the water content and solid particle
content profiles at time t and t 1 Dt (Dt is a small time
increment) using the following equations [Vachaud et al.,
1978]:
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q S/0 5

q W/0 5

E

z

u S~ z# , t! dz# 2

L

E

z

u S~ z# , t 1 Dt! dz#

L

(9a)

Dt

E

z

L

u W~ z# , t! dz# 2
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E

z

L

Dt

u S~ z# , t 1 Dt! dz#
(9b)

where z is an arbitrary height and L is the height where the
water and solid fluxes are equal to zero. The hydraulic diffusivity relative to the solid phase at a given time (equation (8))
was then calculated only from the knowledge of the experimental profiles u S and u W at that time.

3.
3.1.

Results and Discussion
Dry Bulk Density and Volumetric Water Content Profiles

The standard deviations of the solid particle content and the
water content are calculated from the variances of (3a) and
(3b) with the parameters given in section 2.3. For counting
times of 5 s or less the standard deviations of the dry bulk
density (related to the solid particle content with (5)) are 0.007
and 0.003 g cm23 for the bentonite-sand mixture and vertisol,
respectively. The values compare well with those obtained by
Angulo-Jaramillo [1989] (0.01– 0.03 g cm23) for the dual
gamma ray system for counting times of 200 s. The volumetric
water content standard deviations are 0.03 and 0.02 cm cm23
for the bentonite-sand mixture and vertisol, respectively, for
the synchrotron X ray, which is of the same order as the dual
gamma ray measurements (0.01– 0.04 cm cm23). The synchrotron X ray values of the bentonite-sand mixture are higher than
those of the vertisol, owing to the longer counting time for the
vertisol than for the bentonite-sand mixture. Moreover, bulk
density measurements are more precise than the volumetric
water content.
In both soils the initial dry bulk density was less for the first
centimeter of the sample (Figures 1a and 2a). Increase with
depth of the dry bulk density was also observed in the field
[Talsma and van der Lelij, 1976] on cracked swelling soils.
For the bentonite-sand mixture (Figures 1a and 1b) the
infiltration was very fast at the beginning of the experiment.
After 2.6 min the infiltration front was almost 2 cm below the
initial surface of the sample, and the soil heave was 0.4 cm.
Infiltration decreased sharply after 14.9 min. Then the profiles
changed very little. The profile at 278 min was close to the one
at 14.9 min.
The total soil heave for the vertisol, 0.6 cm (Figures 2a and
2b), was less than that for the bentonite-sand mixture (1.4 cm).
Both profiles show that the first top-centimeter of the soil
behaves differently than the lower parts. The saturated volumetric water content of the first centimeter of the soil was 0.63
cm3 cm23, whereas it was around 0.35 cm3 cm23 for the lower
part, which can be explained by both the lower initial dry bulk
density of the first centimeter and the dispersion of the surface
clays. Indeed, we observed that the water just above the soil
surface was cloudy owing to the presence of soil particles.
The changes in the dry bulk density of the vertisol were less
important (except for the first centimeter) than those in the
bentonite-sand mixture. Also, the infiltration front of the vertisol has a double-S shape that is more abrupt than that in the
bentonite-sand mixture.

Figure 1. Observed profiles of (a) dry bulk density and (b)
volumetric water content in the bentonite-sand mixture.
3.2.

Swelling Heave and Cumulative Infiltration

The cumulative water infiltration was obtained from the
integral of the volumetric water content profiles. The soil
heave was determined from the soil surface level at different
times measured by the X ray attenuation contrast at the border
between soil and water (Figures 3a and 3b). For the bentonitesand mix (Figure 3a), during the first 10 min, both cumulative
infiltration and soil heave increased linearly with squared root
of time followed by a slower increase. Soil heave, as expected,
was less than the amount of infiltrated water.
For the vertisol (Figure 3b) both cumulative infiltration and
soil heave increased more gradually than that for the bentonite-sand mixture. At the end of the experiment, water continued infiltrating whereas swelling rate decreased.
3.3.

Kinetics of Swelling

Both materials were divided into three layers. The top two
layers were, initially, 1 cm each. The initial height of the third
layer was 1.6 cm for the bentonite-sand mix and 4.1 cm for the
vertisol. The layer thicknesses changed with time because of
the soil swelling. Each layer contained the same amount of dry
material during the experiment. The contribution of each layer
to the total rise of the soil (Figures 4a and 4b) was calculated
from the dry bulk density profiles.
For the bentonite-sand mix (Figure 4a), swelling was impor-
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ancy could indicate the presence of some empty pores where
the water could not enter and that characterizes the unsaturated swelling. For the bentonite-sand mix this discrepancy is
not significant for the high moisture ratios. Both materials have
very similar swelling characteristics in spite of different water
content and dry bulk density profiles.
3.4.2. The diffusivity curve. Hydraulic diffusivities of water relative to the solid particles were calculated for both materials according to (8) from the experimental content profiles
(Figures 6a and 6b). The hydraulic diffusivity curves versus
moisture ratio were different at successive times. At a given
moisture ratio the hydraulic diffusivity decreased with time.
For the mixture of sand and bentonite the curves were translated by less than two log cycles between the beginning of the
experiment and 19 min and by one log cycle between 19 min
and the end of the experiment (193.5 min). Therefore it seems
that the decrease of diffusivity with time is important at the
beginning of the experiment and less important at the end.
For the vertisol the hydraulic diffusivity of the first top centimeter of the column behaved differently than the rest, which
is caused by the difference of the initial bulk density and by a
bigger diffusion of the clay particles in contact with the water.

Figure 2. Observed profiles of (a) dry bulk density and (b)
volumetric water content in the vertisol.

tant primarily during the first 15 min. The contribution of the
initial first top layer to the total rise was 43%. The second and
third layers contributed to 36 and 21%, respectively.
For the vertisol (Figure 4b) the soil swelled 0.4 cm during
the first 100 min and 0.2 cm thereafter. The first centimeter of
the soil contributed to 80% of the total rise. The two remaining
layers contributed only 10% each.
In both cases, the swelling was greater in the beginning of
the infiltration and occurred mostly by the expansion of the
first layer. In the vertisol the swelling process was slower than
that in the bentonite-sand mix.
3.4.

Hydraulic Properties

3.4.1. The swelling curve. Swelling curves (Figures 5a
and 5b) were obtained with (4a) and (4b) from the experimental measurements. Each curve, obtained at different elevations,
covers a different water content interval, but combination of all
the swelling curves allows us to determine a global swelling
characteristic. In both materials the swelling curves show two
parts, called residual and normal domains in the direction of
higher water contents [Giraldez et al., 1983]. In the residual
domain the change of the void ratio is smaller than the change
of the moisture ratio. In the normal domain the change of the
void ratio is equal to the change of the moisture ratio. In both
materials the normal domain is a little higher than the saturated line, especially for the vertisol. This noticeable discrep-

Figure 3. Swelling heave and cumulative infiltration for (a)
the bentonite-sand mixture and (b) the vertisol.
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The hydraulic diffusivity curves corresponding to the low moisture ratio (from 0.1 to 0.6 cm3 cm23) increased sharply (Figure
6a). The other part of the curve, from 0.6 to 1.5 or 2 cm3 cm23
of moisture ratio, was nearly constant and corresponds to the
first centimeters of the soil, which swelled more than the
deeper layers.
The observed decrease of the hydraulic diffusivity with time
was more important for the bentonite-sand mixture than for
the vertisol. The values of diffusivities obtained at the beginning of the infiltration experiments in both materials were from
1 to 0.1 cm2 min21. The hydraulic diffusivity was from 1022 to
1025 cm2 min21 for bentonite after 193.5 min and around
1022–1023 cm2 min21 for the vertisol after 458 min.
The decrease in the hydraulic diffusivity was caused by a
decrease in pore space and connectivity due to aggregate swelling. At the beginning the water moved in the pores between
the aggregates. Little by little, the water diffused into the
aggregates, which then swelled, and progressively the volume
of the interaggregate pores decreased. Guerrini and Swartzendruber [1992] also observed a similar phenomenon on some
types of dry nonswelling soils that they attributed to a microlevel rearrangement of soil aggregates.
The high initial hydraulic diffusivity observed in Figure 6 is
related to the very rapid expansion of the first centimeter of
the soil observed in Figure 4. The decrease of diffusivity that

Figure 5. Experimental swelling characteristics of (a) a bentonite-sand mixture and (b) a vertisol at different heights in the
samples.

followed is consecutive to a slower swelling of the soil. This
phenomenon is in good agreement with the study of Favre et al.
[1997], who observed, in a field, a very fast closure of the cracks
immediately after the rain event followed by a decrease of the
water infiltration.

4.

Figure 4. Height of the sample versus time and contribution
of the different layers for (a) the bentonite-sand mixture and
(b) the vertisol.

Conclusion

Apparently for the first time, a dual-energy synchrotron X
ray technique was used to monitor water content and bulk
density changes in swelling soils. Because of their high intensity
and brightness, synchrotron X rays should, in principle, allow
measurements in swelling systems, even during the very fast,
initial phase of the swelling, immediately after the onset of
infiltration. Experimental results obtained with a bentonitesand mix and with a vertisol confirm the potential of the dualenergy X ray technique. These results demonstrate that the
swelling rate is very high at the beginning of infiltration experiments and that it decreases markedly afterwards. These observations are in general agreement with the well-documented
rapid closure of cracks in desiccated vertisols when they are
moistened (e.g., during a rainfall event). This swelling pattern,
with an initially fast kinetics followed by an appreciably slower
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Figure 6. Hydraulic diffusivity of (a) the bentonite-sand mixture and (b) the vertisol, versus moisture ratio at different
times during the infiltration experiments.

one, may be linked with the evolution of the hydraulic diffusivity of the soil. Hydraulic diffusivity decreases sharply, by
several orders of magnitude, immediately after water application, which could be due to aggregate swelling and the resulting changes on the pore size.
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