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Summary Two large-scale field experiments were conducted to track water flow through
unsaturated stratified loess deposits. In the experiments, a trench was flooded with
water, and water infiltration was allowed until full saturation of the sediment column,
to a depth of 20 m, was achieved. The water penetrated through a sequence of alternating
silty-sand and sandy-clay loess deposits. The changes in water content over time were
monitored at 28 points beneath the trench, using time domain reflectometry (TDR) probes
placed in four boreholes. Detailed records were obtained from a 21-day-period of wetting,
followed by a 3-month-period of drying, and finally followed by a second 14-day-period of
re-wetting. These processes were simulated using a two-dimensional numerical code that
solves the flow equation. The model was calibrated using PEST. The simulations demon-
strate that the propagation of the wetting front is hampered due to alternating silty-sand
and sandy-clay loess layers. Moreover, wetting front propagation is further hampered by
the extremely low values of the initial, unsaturated, hydraulic conductivity; thereby
increasing the water content within the onion-shaped wetted zone up to full saturation.
Numerical simulations indicate that above-hydrostatic pressure is developed within inter-
mediate saturated layers, enhancing wetting front propagation.
ª 2007 Elsevier B.V. All rights reserved.
7 Elsevier B.V. All rights reserved

2 2 6584912; fax: +972 2

.ac.il (H. Gvirtzman), eyal@
il.bgu.ac.il (O. Dahan), hat-
Introduction

Although subsurface water flow processes have been studied
actively for several decades, relatively few studies have
incorporated large-scale field experiments, especially within
the vadose zone. The main reasons for this include the prac-
tical difficulties often encountered during data collection
.
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such as extreme variability of the subsurface, the time-con-
suming nature of many field experiments, and the elaborate
resources and skilled labor which are required. Even fewer
studies yet exist in which numerical simulations have been
used to estimatewater flowparameters by utilizing data from
large-scale field experiments,most probably because numer-
ical difficulties hamper accurate simulations. Although
numerical models are increasingly being used for predicting
or analyzingwater flow in soils, and a large number of approx-
imate solutions have been published, a number of numerical
and conceptual difficulties still remain to be solved, espe-
cially for large-scale transient, multi-dimensional field appli-
cations (Yeh and Harvey, 1990; Abbasi et al., 2004).
Nevertheless, a few controlled large-scale infiltration exper-
iments that have been numerically simulated were reported
in the literature (e.g., Wierenga et al., 1986; Gee and Ward,
2001;Wanget al., 2003;Glass et al., 2005; Yehet al., 2005; Ye
et al., 2005).

We present here results of simple but unique large-scale
infiltration experiments and compare the field results with
illustrative numerical simulations. Our objective is to mon-
itor spatial and temporal variations in moisture content
along the unsaturated zone and to understand the process
of water infiltration through stratified loess sediments down
to a relatively large depth, more than 20 m below ground
surface. In particular, we want to evaluate the effect of
stratigraphic soil layering on water infiltration, as the stud-
ied soil column includes several layers, each with a different
value of saturated hydraulic conductivity and each with a
different retention curve. Furthermore, in a thick stratified
unsaturated zone that is flooded by water, some large satu-
rated pockets may form in which the atmospheric pressure
may not be continuous, thus illustrative simulations are pos-
sible only by using a numerical code that allows coupling be-
tween saturated and unsaturated conditions.

In order to simulate vadose zone processes and their
dynamics, it is essential to monitor the spatial and temporal
variations in the hydraulic properties; especially the water
content variations (Kowalsky et al., 2004; Cassiani and Bin-
ley, 2005). A common method for measuring soil water con-
tent in unsaturated field soils is time domain reflectometry
(TDR) (Topp et al., 1980; Ledieu et al., 1986; Herkelrath
et al., 1991; Vereecken et al., 2004). The TDR technique
involves measurements of the propagation velocity of a
high-frequency signal transmitted along a waveguide. The
dielectric constant of water (�80) is significantly higher
than that of most soils (2–7); therefore, propagation veloc-
ity measurements can be used to determine the volumetric
soil water content. Latest advances in TDR monitoring in-
clude improved waveform analyses (Heimovaara et al.,
2004) and new probe designs (Persson et al., 2004; Oswald
et al., 2004; Al-Jarbi et al., 2006). Furthermore, monitoring
deep vadose zone horizons (down to 25 m) has been made
possible using flexible waveguides that are pressed against
the borehole walls using a sleeve filled with liquid resin
(Dahan et al., 2003; Rimon et al., 2007). The TDR-obtained
information is usually used with Richards equation to simu-
late flow processes and to estimate hydraulic conductivity
values of the key lithological units.

This study is the first stage of a multidisciplinary project
that is focused on blast-induced liquefaction within the va-
dose zone. Soil liquefaction is the transformation of a gran-
ular material from a solid to a liquefied state as a
consequence of increased pore-water pressure. Since lique-
faction is feasible only under 100% pore-water saturation, it
is critically important to achieve full saturation prior to
inducing liquefaction. The quantitative description of water
flow in the vadose zone and the saturation distribution pro-
file, which are the topics of this paper, are the basis for the
second stage, geomechanical study, the results of which are
published elsewhere (Hatzor et al., 2007). Furthermore, it is
important to note that due to the relatively large burying
depth needed for the charge detonation, and due to the
large distance needed for placing the monitoring equip-
ment, the dimensions of the water infiltration experiments
were actually huge.
Materials and methods

The studied area

The studied area is located at Nahal HaBesor, northwestern
Negev, Israel, where a semi-arid climate prevails. The area
is covered by late Pleistocene eolian loess deposits (Ginz-
burg, 1979). Loess deposits have been accumulating in this
area throughout the last 100,000 years (Issar et al., 1984).
Within the loess profile, several calcic horizons were recog-
nized (Magaritz, 1986; Magaritz et al., 1988), representing
wet periods, during which salts that have accumulated dur-
ing previous drier periods leached and washed downward.
Average properties of loessial soil material at the nearby
Be’er Sheva basin are as follows: 30% sand fraction, 40% silt
fraction, and 30% clay fraction; out of the clay fraction: 70%
montmorillonite and illite, and 30% kaolinite; the loess cal-
careous fraction is 20%; and the bulk density is 1.4 g cm�3

(Ginzburg and Yaalon, 1963).
The study area is located 30 km west of Be’er Sheva,

where the loess exhibits slightly different material proper-
ties. The sediment profile includes a sequence of alternat-
ing silty-sand and sandy-clay loess units, having different
compositions of sand, silt, and clay content (Fig. 1). These
layers are highly variable in thickness and lateral extent.
The differences between the units reflect changes in the lo-
cal depositional environment, origin of the sediments, eo-
lian processes, or subsequent superposition of pedogenic
processes (Glass et al., 2005).
Field test setup: trench and boreholes

A trapezoid-shape trench 2.5-m-deep was excavated
(Figs. 2 and 3). The trench width and length were 3 m ·
17 m at its bottom, and 11 m · 25 m at its top (ground
surface), respectively. The side slopes were excavated at
an angle of 30� from the horizontal. The trench was used
later for water ponding (Fig. 4).

Four boreholes, each 10 cm in diameter and 22 m long,
were drilled across the trench (Fig. 2; side view). The first
and second boreholes were drilled on one of the trench
shoulders, at distances of 2.75 m (‘A’) and 0.75 m (‘B’) from
the trench edge, the third borehole was drilled inside the
trench, at its center (‘C’), and the fourth one on the other
shoulder, at a distance of 1.25 m (‘D’) from the trench
edge. Boreholes ‘A’ and ‘D’ were drilled vertically, borehole
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Figure 1 A columnar section of borehole ‘C’. The division
into units was based on laboratory analyses of 20 soil samples
(Table 1) and on continuous inspection while drilling. The unit
classification is based on the ASTM terminology: SM, silty-sand;
CL, low-plasticity clay; SC, clayey sand. The percentage of fines
is shown on the right-hand side.
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‘B’ was drilled at an angle of 20� from the vertical, and
borehole ‘C’ at an angle of 30� from the vertical (but paral-
lel to the trench axis). The length of each borehole was
22 m, while their absolute depths obviously depended on
their reference level (the trench bottom was 2.5 m below
ground surface) and on their drilling angle.

The boreholes were drilled using the dry rotary method.
Soil samples were collected at 2-m-depth intervals for lab-
oratory measurements. In addition, continuous cores of soil
were collected at each of the sampled depths for geo-
mechanical analyses (Hatzor et al., 2007), which provided
a continuous representation of the sediment column
(Fig. 1).

Laboratory measurements

At each 2-m depth interval, a small soil sample was col-
lected in pre-weighed vials. The moisture content was cal-
culated by comparing the pre-drying and post-drying
sample weights. The undisturbed cores were used to deter-
mine the porosity and bulk density by calculating the vol-
ume and the dry weight of the samples. The weighted
fraction of the fines (clay and silt particles smaller than
0.075 mm) was determined using the standard sieve #200
(Mitchell, 1993).

TDR probes

We followed the TDR setup and monitoring procedure de-
scribed by Dahan et al. (2003). The following is a short
description of this method. Four flexible polyethylene
sleeves, each 10-cm-diameter and 22-m-long, were pre-
pared for the four boreholes. Eight TDR probes (waveguides)
were glued to each sleeve, at a distance of about 2 m from
each other. The probes were made of two stainless steel foil
strips, each 30-cm-long and 2-cm-wide, glued parallel to
each other, at a spacing of 5 cm. The sleeves were perfectly
sealed to prevent future liquid leakage. Shielded coaxial
cables were connected to the probes to allow in situ, real-
time readings.

Prior to inserting the sleeve into a borehole, a 7.5-cm-
diameter PVC pipe was placed inside the sleeve to add rigid-
ity during installation. The sleeve assembly was inserted
into the borehole, rotated, and aligned to ensure that the
waveguides faced the topmost part of the borehole. The
PVC pipe was filled with dry sand, and the space between
the PVC casing and the sleeve was filled with a two-part
low viscosity liquid urethane. As the liquid urethane was
poured into the sleeve, it generated hydrostatic pressure
that expanded the sleeve to fill the irregular shape of the
borehole wall.

All individual waveguides were connected to a digital
cable tester (model 1502C, Tektronix, Beaverton, OR)
through a multiplexer (model SDM50, Campbell Scientific,
Inc. Logan, UT), and the entire system was connected to a
data logger (model CR10X, Campbell Scientific, Inc. Logan,
UT) for data collection. The probes were checked for TDR
readings before the trench was flooded with water. Out of
the 32 pairs of probes, 28 were functional after installation.
The four damaged probes were those at the bottom of bore-
holes A and B.

Water flooding

Prior to flooding, the trench side-walls were sealed using
polyethylene sheets (Fig. 4), so that water infiltration took
place only through the trench floor, whose dimensions were
3 m · 17 m. On March 29th, 2004, the water tap was opened
and the average water discharge rate was 45 m3/h. We reg-
ulated the water discharge manually to provide a constant
ponding depth of about 1 m. In fact, during the 17 days of
ponding, water depth varied within the range of 0.8–
1.2 m. The water discharge and the water level in the



Figure 2 The field setup includes a trench whose side-walls were sealed (covered with plastic sheets) and whose bottom was
uncovered, allowing water to penetrate downward. TDR probes were placed along four boreholes for water content monitoring. The
four boreholes are designated A, B, C and D as shown in the ‘side-view’, providing a vertical two-dimensional water flow image. At
the second flooding experiment, the trench was elongated by additional 31 m – not seen.

Figure 3 The drilling rig at borehole ‘B’, adjacent to the trench edge. The trench is trapezoid-shaped.
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trench were monitored continuously for further water mass
balance calculations. The total amount of water used during
the 17-flooding-days was 1400 m3. The evaporation rate was
measured and found to be negligible. TDR readings (Fig. 5)
were taken every 1–2 h during the first and second day,
every 4–6 h during the following 2 days, once a day during
the following 5 days, and at least twice a week afterwards.
The total monitoring period was 21 days, because water



Figure 4 The flooded trench, whose side-walls were covered and sealed by plastic sheets, allowing water infiltration through the
trench bottom only (the three boreholes in the center were used for seismic velocity experiments).

Figure 5 Typical examples of TDR signal (reflection vs. apparent length) at probes (a) C1, (b) B1, (c) C2 and (d) D6. Time of
reading and the corresponding water content is written on each curve.
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percolation continued after the 17 day flooding period. TDR
signals were read once a month during the subsequent 3
months to track the drying process.

The objective of this flooding experiment was not only to
track the infiltration rate and its temporal and spatial pat-
terns, but also for conducting in situ seismic velocity survey.
Before and after this flooding experiment, seismic velocity
tests were performed inside boreholes drilled along the axis
of the infiltration trench (Fig. 4). Both down-hole and cross-
hole methods were employed to determine the vertical pro-
file of sheer and pressure wave velocities before and after
the infiltration phase. The trench dimensions at that stage
were relatively small. For the second flooding experiment,
after which the blast test was conducted, the trench was
enlarged by additional 31 m (from 17 m long to 48 m long)
to allow for a geophone vertical array to be positioned at
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a radial distance of 30 m from the blast borehole (for fur-
ther details of the blast experiment see Hatzor et al., 2007).

On July 25th, 2004, the elongated trench was flooded
again for a period of 25 days, with an average water dis-
charge rate of 45 m3/h. Again, we have regulated the water
discharge to provide a constant ponding depth of about
1.25 m (slightly higher than the first flooding). The total
amount of water used during this flooding period was
10,300 m3. The wetting process at this time was faster.
The TDR readings were taken every 3–4 days.

Results

Properties of loess sediments

The loess sediment column was found to be stratified,
including an alternating sequence of silty-sand and sandy-
clay units (Fig. 1). The transition between these units is
actually made of a clayey-sand unit. The mean and standard
deviation of the ‘fines’ content (silt and clay particles
whose size is smaller than 0.075 mm) in the silty-sand units
were 26.5% and 7.0%, respectively, and those of the clayey-
sand units were 61.4% and 4.7%, respectively. Detailed val-
ues are summarized in Table 1. According to the Unified Soil
Classification System (e.g., Mitchell, 1993), these values
correspond to soil classification symbols ‘SM’ and ‘CL’,
respectively, with the transition unit of ‘SC’.

The mean and standard deviation of the initial water con-
tents (moisture at dried field conditions) were 5.4% and
2.2%, respectively, for the silty-sand units, and 10.1%
and 2.2%, respectively, for the sandy-clay units. The mean
and standard deviation of total porosity (equal to saturated
water content) were 39.0% and 2.1%, respectively, for the
silty-sand units, and 34.9% and 2.9%, respectively, for the
sandy-clay units. These properties, as well as the bulk den-
sity values, are also summarized in Table 1.

The TDR signals

During the experiment, numerous TDR readings were col-
lected and stored on a laptop. The volumetric water con-
tent was calculated by the standard technique of
waveform analysis (Herkelrath et al., 1991). Following are
Table 1 Laboratory-determined properties of soil samples colle

Depth (m) Classificationa Finesb (%) Mo

2 SM 30.5 3
4 CL 56.7 8
6 CL 61.9 10
8 CL 59.1 8
10 SM 16.3 3
12 CL 67.7 12
14 SC 35.8 8
16 SM 31.6 8
18 SM 27.6 6
20 SC 35.4 6
a USCS classification: SM, silty-sand; CL, low-plasticity clay; SC, clay
b Grains whose size is smaller than 0.075 mm.
short descriptions of typical waveform interpretations
(Fig. 5).

The signals at probe C1 (the letter defines the borehole
name and the number defines the probe number) showed
a dramatic change in water content during the first few
hours after flooding initiation (Fig. 5a). The tap was opened
at 13:00 and no changes were noticed during the first few
hours; all readings had the same form (as that measured
at 17:00), which represents the initial value of 5% water
content. Subsequently, at 18:15, 19:00, and 20:00, the
waveform changed gradually; representing 8%, 12%, and
25% water content, respectively (with uncertainty of ±2%).
From 22:00 the signal became stable in its final form, which
represents 40% water content, i.e., full saturation.

The signals at probe B1, another typical example, dem-
onstrated a much slower change in water content
(Fig. 5b), despite the fact that it is located within the same
silty-sand unit. All waveforms collected during the first 3
days were identical (to that collected on the 3rd day,
08:45), representing the initial conditions of 5% water con-
tent. The subsequent readings taken on the 5th day 12:30,
6th day 08:45, and 7th day 16:19 have shown a gradual
change of waveform, representing 10%, 25%, and 40% water
content, respectively (with uncertainty of ±2%). The latter
waveform remained stable until the end of the flooding
experiment, representing full saturation. In any case, com-
pared to probe C1 that illustrated a rapid change of water
content, probe B1 has exhibited a very slow change.

Another example is probe C2 (Fig. 5c), located within the
lower sandy-clay unit. The change in water content from its
initial condition of 10% to full saturation of 35% spanned
over 6 h (starting on the 1st day, 19:45; ending on the 2nd
day, 02:15). This probe demonstrated a typical problem of
waveform analysis. Although, the probe functioned nor-
mally during most stages of the wetting process (three first
readings in Fig. 5c), the final waveform demonstrated a loss
of signal. The same phenomenon is shown also at probe D6
(Fig. 5d). The four different curves represent four different
stages of the wetting process, but none can be resolved into
volumetric water content due to signal loss. Nevertheless,
the upper waveform was obtained repeatedly during the
first 12 days, before the arrival of the wetting front, and
the lower waveform was obtained repeatedly from the
cted in borehole ‘C’

isture (%) Porosity (%) Bulk density (kg/m3)

.8 42.0 1520

.1 35.6 1706

.5 36.4 1684

.7 36.9 1672

.5 37.3 1642

.9 30.6 1837

.9 35.3 1693

.2 37.8 1629

.1 38.7 1606

.5 34.0 1729

ey sand.
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20th day onward. Therefore, these changes reflect the
change in water content from its initial value of 5% to its fi-
nal value of 40%. However, determination of the precise
water content at the intermediate stages is impossible.
Such signals are not optimal for water content analysis,
but they supply important and sometimes critical informa-
tion about the arrival time of the wetting front. Signal loss
in these examples is attributed to pore-water salinity, which
is relatively high in such semi-arid climates.

Finally, it is worth noting that due to temporal and spa-
tial changes in moisture salinity (due to flooding and salt
washing), and due to spatial variability in the porous media
properties, the relationship between TDR signal and mois-
ture content was not unique, and therefore the results have
some inherent degree of uncertainty. Although the algo-
rithm for TDR waveform analysis yields smooth estimates
of moisture content, there is no guarantee that it has pro-
duced the best unbiased estimates. Obviously, there is no
meaningful way to quantify the uncertainty associated with
the spatial variability.

Wetting front propagation

Defining the ‘wetting front’ as the thin transition zone
where the water content is extremely changed from its ini-
tial low value to almost a final higher value, we were able to
track the wetting front propagation. These fronts were out-
Figure 6 Movement of the wetting front during the 21 days of the
four boreholes in which TDR probes were placed. The vadose zone is
lined during the first and the second flooding events by the
in situ TDR readings, and the results are summarized in Figs.
6 and 7, respectively. For example, at a depth of 8 m below
ground surface (5.5 m below base of the trench), on the 6th
day of the first flooding event (Fig. 6), a significant increase
in water saturation was detected by probe C3, located just
below the trench, but not by probes A2, B3, and D3, located
at about the same depth but displaced sideways. On the 7th
monitoring day the water front has passed probe B3, but not
probes A2 and D3. Probes A2 and D3 became saturated only
on the 9th day. As suggested by this example, as well as by
many others, the process of water penetration creates an
onion-shaped wetting front that slowly propagates, verti-
cally and horizontally.

Fig. 7 shows that the same phenomenon took place dur-
ing the second flooding experiment as well. Based on the
first experiment and the apparent vertical water flow rate,
we took TDR readings at relatively longer time-intervals.
The most important feature observed was that the wetting
front reached the deepest probe after only 14 days, much
faster than with first wetting process which lasted 21 days.
The reason is clearly the larger initial moisture content dur-
ing the second infiltration experiment, which in turn is asso-
ciated with much higher initial hydraulic conductivity. The
elapsed time between the two infiltration experiments (3
months) was not sufficient for the water to completely drain
from the wetted zone and for the natural moisture content
first flooding experiment. Monitoring was conducted using the
stratified, containing silty-sand and sandy-clay loess sediments.



Figure 7 Movement of the wetting front through the vadose stratified loess sediments during the second flooding experiment. The
wetting front moves faster due to the higher ‘initial’ moisture content.
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to return to its original value in the studied soil column
(Table 1).

By comparing Figs. 6 and 7, it seems that the onion-
shaped wetting front of the second flooding is similar in
its geometry to that of the first flooding. In other words,
the sediment space that got wet during the second wetting
traced that of the first wetting. Again, the reason is the
higher hydraulic conductivity associated with higher initial
water content.

The difference between vertical and horizontal spread-
ing of the wetting front is illustrated by probes C1 and B1
(Fig. 5a and b). Both are located within the upper silty-sand
unit, at a similar depth, but at a horizontal distance of 5 m
apart (Fig. 6). Probe C1 is located right below the center of
the trench, while probe B1 at about 3.5 m aside from the
infiltration area (the base of the trapezoid cross-section of
the trench). The increase in water content from 5% to 40%
spanned over about 4 h at probe C1, but over at least 3 days
at probe B1. This phenomenon is probably caused by the
type of head gradient that induced these wettings. The wet-
ting of probe B1 was achieved just by horizontal water
movement, which is by the gradient in capillary tension
only; while the wetting of probe C1 was achieved by vertical
water movement, which is by both gravity and the gradient
in capillary tension. Another possible reason for this differ-
ence is the inherent anisotropy in hydraulic conductivity
that characterizes natural materials.
Numerical simulations

Model formulation

The governing equation for saturated-unsaturated flow is
conservation of fluid mass. The flow equation derived from
the conservation of fluid mass for isothermal conditions is
(Voss and Provost, 2002)

r � ðKðwÞrhÞ ¼ SSs þ /
oS

oh

� �
oh

ot
; ð1Þ

where K(w) [LT�1] is the hydraulic conductivity tensor as a
function of the capillary tension, w [L]; h = P/(qg) + z [L]
is the hydraulic head, P [ML�1T�2] is the pressure under sat-
urated conditions or the capillary tension under unsaturated
ones, q [ML�3] is the water density, and g [LT�2] is the grav-
ity acceleration; / [dimensionless] is the porosity; S = h// is
the saturation degree, h is water content [L3L�3]; Ss [L

�1] is
the specific storage coefficient; and t [T] is time.

The moisture release curve, h(w), and the unsaturated
hydraulic conductivity curve, K(w), for the homogeneous
medium were taken to follow the Mualem–van Genuchten
model (van Genuchten, 1980):

hðwÞ ¼ ðhs � hrÞ½1þ ðajwjÞn��m þ hr; ð2Þ

KðwÞ ¼ Ks
f1� ðajwjÞðn�1Þ½1þ ðajwjÞn��mg2

½1þ ðajwjÞn�ðm=2Þ
; ð3Þ



Figure 8 Two-dimensional mesh (of 24,174 elements) of the
modeled domain, representing the vertical stratified section
across the flooded trench.

Table 2 Parameters of the Mualem–van Genuchten model
(van Genuchten, 1980) for retention and unsaturated
hydraulic characteristics

Parameter Units Silty-sand Sandy-clay

hr m3/m3 0.054 0.101
hs m3/m3 0.390 0.349
a m�1 0.84 0.80
n – 3 3
Ks m/year 4027 1915
Ss m�1 10�3 10�3

222 H. Gvirtzman et al.
where hs and hr are the saturated and residual moisture con-
tents, respectively, Ks is the saturated hydraulic conductiv-
ity, and a [L�1] and n [dimensionless] are shape factors,
with m = 1 � 1/n.

Eq. (1) is solved using modified CPFLOW compute pro-
gram (Raffensperger, 1996), a Galerkin finite element tech-
nique with linear shape functions applied over triangular
elements for two dimensional cross-sections. The following
modifications have been added to CPFLOW to account for
unsaturated flow: Water saturation is calculated in every
element using Eq. (2), form which K(w) is calculated by
Eq. (3), and updated in Eq. (1) at every time step. Because
the water saturation is changing in a stationary Cartesian
coordinate plane (Eulerian formulation), the relative con-
ductivity varies within elements, so that it is necessary to
describe water saturation within the elements. Therefore,
every element is numerically integrated over seven Gauss
points at which the pressure and the water saturation are
calculated. A constant time step of 0.1 day is applied.

The modeled domain

Theoretical and experimental studies show that flow and
transport processes are affected by the inherently hetero-
geneous hydraulic characteristics of field soils (Nielsen
et al., 1973; Mualem, 1984a). Because of the large size of
our field study, we could not completely neglect the strati-
fication of the loess sediments. Therefore, we divided the
sediment column into a sequence of two fundamental sedi-
ment types (silty-sand and sandy-clay; Figs. 1, 6 and 7),
each of which was treated as an equivalent homogeneous
anisotropic medium. A similar approach has recently
adopted by others (e.g., Wierenga et al., 1991; Wildenschild
and Jensen, 1999).

The dimensions of the trench base, through which infil-
tration took place, during the first and second flooding
experiments, were 17 m · 3 m (Fig. 2) and 48 m · 3 m (not
shown in figure), respectively. In both experiments, the
base width was significantly shorter than its length. There-
fore, the spatial expansion of the anion-shaped water
saturated zone may be adequately represented by a two-
dimensional vertical section across the trench. Regardless,
focusing at the central part of the trench, a two-dimen-
sional approximation is valid. Therefore, the infiltration
process is adequately represented on the x–z plane (where
x and z are the horizontal and vertical axes, respectively),
and no changes were assumed along the y axis (parallel to
the trench axis). The two-dimensional simulation domain
was 35 m in the horizontal direction and 30 m in the vertical
(Fig. 8), reflecting the actual size of the field experiment.
This domain was discretized into 153 · 79 pairs of triangle
elements (24,174 elements), whose mean size was
0.2 m · 0.4 m each. The grid was adjusted to precisely fit
the locations of the TDR probes. The bottom of the domain
was assumed to be under a unit gradient condition; the left-
and right-hand sides and the top of the domain, except for
the center zone corresponding to the infiltrating trench,
were assumed to be no-flow boundaries. A constant head
boundary of 1 m was assumed for the base of the trape-
zoid-shape trench of the top boundary, reflecting the pond
head. The initial capillary tension distribution was assumed
uniform at �3.0 m, reflecting the natural moisture content.
Estimation of effective parameters

During the last decades, a number of methods have been
developed for estimating hydrologic model parameters.
One frequently used and relatively simple algorithm is the
statistically-based automatic optimization code, PEST (Doh-
erty, 2004). This code minimizes an objective function re-
lated to the difference between model-calculated
variables and observations of these variables. This code
has proved useful in the calibration of environmental mod-
els of all kinds, and numerous examples of its application
can be found in the literature (e.g., Doherty and Johnston,
2003; Zyvolosky et al., 2003; Keating et al., 2003; Govender
and Everson, 2005).

In this study, we applied the unsaturated-saturated flow
code, the modified CPFLOW, in conjunction with PEST.
Thereby, we calibrated six model parameters: a, n and Ks

of the characteristic w(h) and K(h) curves, for both, the
silty-sand and the sandy-clay sediment units. The calibrated
parameters are summarized in Table 2. Note that several
parameters, which have not been calibrated, are based on
solid field data. The field data include the measured 5.4%
and 10.1% initial moisture contents for the silty-sand and



Table 3 Comparison between simulated and measured
times of wetting front arrival using PEST

Probe no. Modeled arrival
time (days)

Experimental arrival
timea (days)

A1 6.85 7.0 ± 1.2
A2 8.5 8.7 ± 0.5
A3 10.95 10.4 ± 1.3
A4 13.8 13.4 ± 1.7
A5 16.55 16.0 ± 0.8
B1 2.85 3.9 ± 1.1
B2 4.7 3.9 ± 1.1
B3 5.3 7.0 ± 1.2
B4 7.7 8.7 ± 0.5
B5 10.45 10.4 ± 1.3
B6 12.95 13.4 ± 1.7
C1 0.4 0.27 ± 0.02
C2 2.5 1.36 ± 0.03
C3 4.7 3.9 ± 1.1
C4 7.6 7.0 ± 1.1
C6 14.1 14.3 ± 2.5
C8 20.6 18.3 ± 1.5
D1 4.85 3.9 ± 1.1
D3 7.75 7.5 ± 1.7
D4 10.4 10.5 ± 1.3
D5 13.05 13.4 ± 1.7
D7 18.95 18.3 ± 1.5

Time zero is defined at tap opening (13:00 PM on March 29th,
2004).
a Based on the time-span between two monitoring times,

between which wetting front arrival has been detected.

Large-scale infiltration experiments into unsaturated stratified loess sediments: Monitoring and modeling 223
sandy-clay units, respectively, and the measured total
porosities of 39% and 34.9%, respectively.

Fig. 9 shows the calibrated functions w(h), K(h), and the
resulting K(w) of both, the silty-sand and the sandy-clay
units. These curves were plotted by Eqs. (2) and (3), using
the calibrated parameters of the Mualem–van Genuchten
model (van Genuchten, 1980), as summarized in Table 2.

Through the calibration process, we compared the ob-
served and computed wetting-front arrival time at 22
TDR-probe locations as summarized in Table 3. The ob-
served arrival-time equals to the mean time between two
monitoring events, between which the TDR signal has chan-
ged significantly. The uncertainty value of the observed ar-
rival-time equals to half of the time-difference between the
two measurements. The weight of each observation, for
PEST calibration purpose, was defined as a reciprocal func-
tion of the uncertainty value. The overall fitting between
observed and computed values seems to be satisfactory.

Finally, it should be noted that PEST provides quantita-
tive information about the calibration uncertainty (e.g.,
Said et al., 2007; Bahremand and De Smedt, 2007). Param-
eter sensitivity is an indication of the importance a param-
eter has on the model outcome. Small changes in the values
of highly sensitive parameters produce large changes in
model predictions and, conversely, large changes in insensi-
tive parameters have little effect on the model results. Rel-
ative sensitivities are adjusted for the magnitude of the
parameter value so that parameters with small values may
be compared to parameters with large values. We found
that the Ks parameters of both loess units, which control
the actual moisture expansion within the saturated zone,
and parameter a of the more permeable silty-sand unit,
which controls the retention curve form (or in other words,
the moisture expansion within the unsaturated envelope
surrounding the saturated zone), have higher relative sensi-
tivities (0.15, 0.15, and 0.2, respectively). Relative sensitiv-
ities of the other parameters are less than 0.01.

Wetting and re-wetting simulations

Fig. 10 shows the best-fit simulation of the infiltration and
wetting process at the first flooding experiment. The spatial
distribution of moisture content is shown at four different
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Figure 10 Numerical simulation of moisture distribution (percentage of saturation degree) at four distinct time-steps of the first
flooding experiment, demonstrating the process of water penetration and spreading beneath the flooded trench.
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were carried out at the Las Cruces trench site (Wierenga
et al., 1986) to investigate the effects of spatial variability
on water flow and contaminant transport in unsaturated
soils. As expected, a high level of spatial variability in satu-
rated hydraulic conductivity was reported at the site. In
subsequent modeling efforts, Wierenga et al. (1991) found
that simple deterministic models were able to predict ade-
quately the overall movement of the wetting front through
the soil during infiltration, but they gave poor predictions of
point values of the water content due to the spatial variabil-
ity of the soil.

The stratification causes differential flow rate through-
out the profile and thus, inside the onion-shaped saturated
zone there can be pressure buildup (Stephens et al.,
1987). The simulation shows (Fig. 11) that a head of up to
4.5 m is developed, especially within the central silty-sand
unit that is bonded at its top and at its bottom by the
less-permeable sandy-clay units.

The second wetting process was also simulated with the
same set of parameters (Fig. 9 and Table 2), but with
slightly different initial conditions. During the 3 months that
passed between the two flooding events, the water contin-
ued its downward penetration and the sediments drained,
but they did not return to the water content that existed
in the sediments prior to the first wetting. The calibrated
initial conditions of capillary tension throughout the cross-
section prior to the second flooding event are shown in
Fig. 12. We have assumed a capillary tension of �3.0 m in
the space that had not been wetted previously (first flood-
ing), while within the previous wetted zone, we have as-
sumed a gradual decrease from �3.0 m at the top to
�1.4 m at the bottom (27.5 m below the trench base).
The best-fit simulation of the second infiltration and wetting
process is shown in Fig. 13. This process is also character-
ized by the spreading of the onion-shaped wetting-front.
Water percolation through the profile was faster, as ex-
plained previously.

Water mass balance

Based on the numerical simulations, the steady water infil-
tration rate through the trench floor during the first exper-
iment was 1.9 m/day. Therefore, the total amount of
downward water infiltration through the trench base, with
area of 3 m · 17 m, during 17 days of flooding was about
1650 m3. The measured amount of water was 1400 m3. This
discrepancy probably relates to the permeability heteroge-
neity of the loess deposit. Another reason is that the model
assumes a constant head of 1 m at the trench floor from
time zero, while actually it has been developed gradually.



Figure 11 Numerical simulation of the pressure buildup process within the anion-shaped saturated zone, and especially within the
intermediate silty-sand layer in between the two sandy-clay layers. The head (in meters) distributions at four distinct time steps are
shown.

Figure 12 Initial conditions of capillary tension distribution
prior to the second flooding.
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In the second flooding experiment, the average water
head was 1.25 m above the trench base, compared to
1.0 m during the first experiment; thus the infiltration rate
was higher. Indeed, numerical simulations show that the
steady water infiltration rate was 2.7 m/day. In the second
experiment, water penetration took place through the base
of the extended trench, 48 m long. Consequently, during 25
days of flooding, a total water amount of about 9720 m3

penetrated downward. This result sufficiently fits the mea-
sured amount of water, i.e., 10,300 m3.

It should be noted that during the first 3–5 h of both
flooding experiments, the infiltration rate was 3–4 times
higher. However, the infiltration rate then decreased
quickly and eventually became steady at the 6th hour until
the end of the experiment.

Discussion

Full saturation achievement

As mentioned earlier, the large-scale infiltration experi-
ments were the initial stages of a multidisciplinary program
focusing on blast induced liquefaction within the vadose
zone. Although it is beyond the scope of this paper, we
would like to bring to the reader attention few geophysical
results that are relevant to our hydrological study.

In these experiments, liquefaction was induced by prop-
agation of shock waves from a buried point source (a 50 kg
TNT charge) at 10 m below the base of the trench. Resulting
particle velocities were measured by a series of geophones



Figure 13 Numerical simulation of moisture distribution (saturation degree in percents) and of pressure distribution (head in
meters) at two distinct time-steps of the second flooding experiment, demonstrating the process of water penetration and spreading
beneath the flooded trench.
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that were placed in a vertical array at a distance of 30 m
from the source. Following the blast liquefaction, classical
features such as a water ‘geyser’ eruption, water boils,
slumps, and ground settlement, were observed. It was found
that loess sediments are effectively liquefied when sub-
jected to pressure wave loading, provided that the porous
material is previously saturated with water, and water
drainage is hampered in the short term due to the presence
of fines.

Clearly, ground failure by instantaneous liquefaction is
only possible under conditions of full water saturation. If
air bubbles were entrapped, even as low as 1% of the total
volume, then the air bubbles would absorb appreciable
amount of energy due to their compressibility. Moreover,
entrapped air bubbles would significantly reduce the seismic
wave velocity (see discussion in Hatzor et al., 2007). We
claim that the observed liquefaction became possible in
the field experiments due to full water saturation of the
loess sediments. Attaining 100% saturation would be feasi-
ble after 17-day-long infiltration period, but would be cer-
tain after the second 25-day-long infiltration period (with
partial drainage in-between), because entrapped air bub-
bles would have been totally dissolved at that time.

In other words, although we do not have direct measure-
ments of full water saturation, we do have indirect indica-
tions, i.e., the observed liquefaction. Furthermore, the
numerical simulations postulate that within the large water
saturation pockets, above-hydrostatic pressure is developed
(Fig. 11).

The stratification effect

These simulations demonstrate that the propagation of the
wetting front is hampered by the extremely low values of
the initial unsaturated hydraulic conductivity. Therefore,
the spatial expansion of the onion-shaped wetted zone be-
neath the flooded trench is slowed down. In fact, the wet-
ting front serves as a kind of ‘flow-barrier’, increasing the
water content beneath the flooded trench up to full satura-
tion. Furthermore, due to the loess deposit stratification
and due to the variations in saturated hydraulic conductivity
among units, the downward flow rate was not constant
throughout the sediments saturated with water. The rela-
tive lower hydraulic conductivity values of the sandy-clay
units, compared to those of the silty-sand units (Fig. 9b
and c), caused a kind of flow obstacle to downward flow,
especially when a lower-conductivity unit was situated be-
neath one of higher-conductivity. The resulted temporal
and spatial variations in flow velocity within the onion-
shaped wetted zone caused pressure buildup at some inter-
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mediate layers (Fig. 11). Indeed, under such large-scale
field infiltration experiments, hydrostatic pressure cannot
remain constant throughout the saturated zone and conse-
quently pressure build-up becomes possible (Stephens
et al., 1987). Actually, only transient pressure build-up
within the wetted zone enhanced the propagation of the
wetting front towards the surrounding unsaturated
sediments.

Given a homogeneous unsaturated porous media that is
flooded at its top and water infiltration starts, the hydraulic
head created by the ponding water on the base of the trench
should dissipate gradually downward. On the other hand, gi-
ven a stratified unsaturated porous media, the ponding
water head does not dissipate; rather there is a pressure
buildup at the central part of the onion-shape saturated
zone. In our field experiment, a head of up to 4.5 m was
developed at a depth of about 12 m beneath the trench.

These simulations demonstrate the initial stages of
perched aquifer formations within the unsaturated zone, a
well-known phenomenon during rainy seasons.

The hysteresis effect

The above numerical simulations (Figs. 10 and 13) recon-
structed the two wetting phases, but not the intermediate
drying phase. In other words, we have not reconstructed
numerically the entire sequence of wetting, drying, and
rewetting with a single calibration against the w(h) and
K(h) curves, a procedure which seems to be much more
meaningful. In addition, two different calibration methods
were adopted. The first wetting phase was calibrated by
best-fitting the temporal and spatial wetting-front propaga-
tion against changes in the w(h) and K(h) curves (of both
sediment units); while the second wetting phase was
calibrated by best-fitting the temporal and spatial
wetting-front propagation against changes in the initial
water content distribution (using the same w(h) and K(h)
curves). The reason is that modeling the hysteresis effect
requires a lot of characteristic curves, extensive computa-
tional resources, and an enormous amount of field data,
which we find impractical, as further explained below.

The non-uniqueness of the water-retention curve, the
soil water hysteresis, is a well-known phenomenon studied
by many researchers (e.g., Haines, 1930; Mualem, 1984b;
Lehmann et al., 1998; Stauffer and Kinzelbach, 2001). Sev-
eral types of retention curves are defined. The main drying
curve describes the drying from the highest reproducible
saturation degree to the residual water saturation. The
main wetting curve describes the wetting from the residual
water content to the highest saturation degree. Starting
from a boundary wetting or drying curve, a sequence of wet-
ting and drying cycles were expressed by scanning curves
(primary, secondary or higher order). Because the retention
curve depends mostly on the wetting and drying history, it is
absolutely relevant to our experiments, which included wet-
ting, drying and re-wetting phases.

Considering the hysteresis effect in our case study, the
first wetting stage should be simulated completely by the
main wetting curve. Then, at the 18th day, when trench
flooding ended and water drainage through the sediment
column continued, different parts of the domain should be
simulated by different retention curves. The fully saturated
space, just beneath the trench, would start drying accord-
ing to the main drying curve. On the other hand, the par-
tially saturated space, at 20–25 m depth beneath the
trench, would continue wetting according the main wetting
curve. The partially saturated space on both sides of the
onion-shaped saturated zone would start drying following
many different intermediate drying curves. Subsequently,
on the second wetting stage, the initial moisture content
distribution was higher than that which prevailed prior to
the first flooding. Therefore, different parts of the domain
again should be simulated by many different retention
curves. Most parts of the domain would not follow the main
wetting curve, rather some intermediate wetting curves.
For that reason, if we wanted to consider the hysteresis ef-
fect in our numerical simulations, we had to assume many
retention curves for various parts of the domain, and per-
haps we had to assume for a given part of the domain sev-
eral retention curves for several stages of the experiment.
To this end one needs to suppose many assumptions that
make the whole fitting process meaningless and worthless.
Moreover, even when considering the hysteresis effect
under controlled laboratory experiments with homogeneous
material, the unsaturated hydraulic conductivity is defined
as a unique function of h only, and is assumed to be non-
hysteretic (Lehmann et al., 1998; Stauffer and Kinzelbach,
2001), which is by itself a simplification and cannot be
applied at the field scale. Consequently, we argue that
simulating the hysteresis effect for large-scale field
experiments is impractical and meaningless.

Summary and conclusions

Very few controlled field infiltration experiments have been
conducted in heterogeneous vadose zones and been re-
ported in literature. The well-known studies are the Las
Cruces site (e.g., Wierenga et al., 1986; Gee and Ward,
2001), the Maricopa site (Wang et al., 2003) and the Hanford
site (e.g., Yeh et al., 2005; Ye et al., 2005). Here, we pres-
ent the results of a simple but unique large-scale field
experiment at the Negev, Israel, designed to exhibit pro-
cesses occurring during water infiltration in heterogeneous
and layered loess deposits. Here we have concentrated pri-
marily on water flow processes and not on solute transport
processes. With this limitation in mind, our study is one of
the larger-scale controlled field experiment ever reported.

The field study was conducted in a semi-arid climate,
where the ground consists of thick late Pleistocene eolian
loess deposits. In the experiment, a trench was flooded with
water, maintaining a constant head of about 1 m, and water
infiltration was allowed until a full saturation of the sedi-
ment column, down to 20 m, was achieved. The water pen-
etrated through a sequence of alternating silty-sand and
sandy-clay loess units. The temporal changes in the water
content were monitored at 28 points beneath the trench,
using TDR probes placed in four boreholes, providing a
two-dimensional vertical image across the trench. The pro-
cess of water penetration was illustrated by a growing
onion-shaped wetting front, which slowly spread vertically
and horizontally. Detailed records of a 21-day-period of wet-
ting, followed by a 3-month-period of drying, and finally, fol-
lowed by a second 14-day-period of re-wetting, were
obtained.
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The observed water content results were simulated
numerically. The spatial and temporal variations during
the first wetting and second re-wetting processes were
reconstructed using a numerical code that solves the
saturated-unsaturated flow equation, following the Mua-
lem–van Genuchten model (van Genuchten, 1980). Model
parameters were estimated using the PEST package.
Through the calibration process, we compared the observed
and computed wetting-front arrival time at 22 TDR-probe
locations. We evaluated the effect of sediment layering
on water infiltration, taking into consideration the hydraulic
characteristics of the various sediment layers, each with a
different value of saturated hydraulic conductivity and each
with a different retention curve. These simulations demon-
strate that the propagation of the wetting front is hampered
by the extremely low values of the surrounding unsaturated
hydraulic conductivity; thereby increasing the water con-
tent within the onion-shaped wetted zone up to full satura-
tion. We hypothesize that above-hydrostatic pressure is
developed within intermediate saturated layers, which en-
hances wetting front propagation.

This experiment was the first stage of a larger field study
analyzing the mechanical properties of dry and wet sedi-
ments under static and dynamic loads, and the possibility
of inducing liquefaction within the vadose zone, the results
of which are described in a subsequent publication (Hatzor
et al., 2007).
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