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ABSTRACT

Ground penetrating radar (GPR) data were explored during a physical model experiment

that utilized a polyethylene tank and an abiotic sand matrix to simulate water contamination in

the vadose zone under fluctuating water table conditions. The main objective of this experiment

was to determine the source of GPR reflections from a changing water table in a controlled

experimental environment. During the experiment, the water table was varied by injecting water

into the bottom of the tank and subsequently draining it. The experiment was conducted over a

number of days, during which various conditions (unsaturated, saturated, residual saturation)

were characterized using GPR measurements. As a result of this approach, a more comprehensive
comparison was possible for each step and results were compared with mass balance information.

Results of the study indicate that, under saturated conditions, the main reflector of GPR energy is

indicative of the capillary fringe and not the actual water table. Well readings and estimates of the

mass balance of water input into the system confirm this interpretation.

Introduction

Ground penetrating radar (GPR) (equipment,

data processing, display, and interpretation techniques)

has improved and, over the past decade, become one of

the most popular geophysical methods used routinely

for environmental and engineering applications. GPR

has been widely applied to probe the near subsurface of

the earth in hydrogeologic studies because of its high

sensitivity to the presence of water in the subsurface

(Benson and Yuhr, 1996; Beres and Haeni, 1991; Davis

and Annan, 1989; Peters et al., 1994; Van Overmeeren,

1994; Kim, 2001; Daniels et al., 2005). There have been

numerous examples (e.g., Endres et al., 2000 and Bevan

et al., 2003) in the literature of GPR measurements

illustrating reflections from the water table. It is clear

that in some geologic conditions (e.g., clean sand,

gravel, or limestone) a strong GPR reflection is

frequently recorded from the water table. However,

using a high frequency GPR antenna (500–1,500 MHz),

researchers (Kim, 2001 and Daniels et al., 2005) have

often found that the location of the water table is not

always clearly located due to either the presence of

clayey soils or a large capillary fringe. A fundamental

question that needs answering is where the main

reflection originates from. Is the reflected signal coming

from the water table (zone of 100% saturation), top of

the capillary fringe, or top of the funicular (transition)

zone? This is not a critical question if one needs to

establish an approximate depth to the water table for

regional hydrologic studies. However, the source of the

reflection is important for determining soil type and soil

moisture in the shallow subsurface.

Annan et al. (1991) reported in their study that

mapping and detecting the water table with GPR is

effective when the ratio of the transition (funicular) zone

thickness to the radar wavelength is in the range of 0 to

0.3. This same report concludes that the reflected signal

from the water-saturated zone becomes more dispersed

as the thickness of the transition zone (a gradational

boundary) above the capillary fringe increases.

The current study addresses the question of the

source of GPR reflections from a changing apparent

water table utilizing high frequency antennas (500 MHz)

and a controlled experimental environment. GPR mea-

surements were performed in a sand-filled tank while the

apparent water table was changed through the injection

and draining of water via a port at the base of the tank.

Experimental Procedure

A polyethylene cylindrical tank (1.2-m in height,

1.2-m radius and 0.01-m thick yielding an approximate

volume of 5.6 m3) was constructed on a wooden frame

for the physical model tank experiment to study the

ability of GPR to image the distribution of fluids in the

subsurface. The experiment was limited to a homoge-

neous, isotropic porous media, and variations to the
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model were a result of the introduction of water to the

system. All fluids were injected via a port at the base of

the tank, as opposed to surface introduction, in order to

maintain a ‘‘dry section’’ as a control point. The sand in

the tank was exposed to air at the top of the tank and no

barrier was in place between the sand surface and

atmospheric conditions, with the exception of tarps

covering the tank at an elevated position to help prevent

the introduction of weather effects. Approximately

11 tons (3.8 m3) of sand was put into the tank in layers

in an attempt to achieve equal packing and homoge-

neous conditions. The tank was placed about 30 in.

above the ground surface on the wooden frame in an

attempt to create another significant reflector so that

accurate measurements could be made for time and

depth of a given reflector. Two monitoring wells located

on the east and west sides of the tank were installed.

The sand used in the experiment was classified as

coarse quartz sand. Values in Table 1 were taken from

laboratory measurements by Kim (2001) (particle

density, porosity, residual saturation) and Fetter

(1993) (capillary rise).

For the experiment, the antenna frequency was

selected in order to penetrate a minimum depth of 1.2 m

(the tank height) in saturated sand, and to maintain high

resolving power for objects in the subsurface. To optimize

the resolution and penetration, a co-pole (transmit and

receive antennas parallel) 500 MHz bi-static Geophysical

Systems Survey, Inc. (GSSIH) antenna was chosen for all

data collection. Results of the physical model experi-

ments were displayed as one-, two-, and three-dimen-

sional (1-, 2-, and 3-D) sections for interpretation

purposes. Each display allows for different information

to be analyzed and comparisons performed. While 2-D

sections were used for velocity calculations and general

display, 1-D sections were critical to the comparison of

reflector amplitudes. Figure 1 is a schematic diagram

showing water injection and water draining events

executed throughout the physical model tank experiment.

Expected fluid levels were calculated based on the volume

of fluid injected to the system and the porosity of the

material. The expected fluid levels (Fig. 2) do not include

the capillary fringe or funicular zone, therefore in situ

levels will vary from those displayed in the figure. Once

the estimated fluid levels were calculated, they were

compared with the observation well values for differenc-

es. The ‘‘actual height’’ represents the water level that

would be measured in a non sand-filled container,

whereas the ‘‘apparent height’’ is the height that is

expected in the sand-filled tank. It is important to make

this distinction for volume estimates, and also for

comparison of fluid levels with GPR data. The qualitative

dielectric permittivity for each layer in the system is

Table 1. Physical and hydrogeologic properties of sand.

Property Value

grain size (mm) 0.5–1.0

particle density (kg/m3) 2.65

porosity (%) 31

capillary rise (m) 0.06–0.10

residual saturation (%) 9–11

Figure 1. Flow chart showing events for the physical

model tank experiment.

Figure 2. Schematic diagram of calculated apparent

fluid levels for tank experiment.
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defined in Fig. 2, however, actual values are calculated in

the following section. Some assumptions for initial

conditions were made including (1) sand deposited into

the polyethylene tank was dry (no moisture content), and

(2) the subsurface was a homogeneous porous sand with a

constant porosity of approximately 31%.

To determine the GPR signal response over a

fluctuating water table, GPR data were collected at time

zero of each event and subsequently at given time

intervals to track changes as the system approached

equilibrium. Prior to the interpretation of data, it is

important to develop a set of expected results or a

hypothesis as to what information the GPR data will

yield. These results can be generalized to apply for each

test case to determine the GPR response to water in the

pores of the matrix. The reflection coefficient equation is

used to predict the GPR response. It allows for the

calculation of reflected energy at an interface and can

yield information regarding the polarity of the signal

(i.e., polarity reversal indicates change from high

velocity to low velocity across a boundary). Specifically,

for the case of injecting water into a dry sand, it is

expected that there will be a reflection occurring at the

interface between wet and dry sand and this reflection

will have a polarity flip with respect to the direct wave

(arrival) indicating a transition between high and low

velocity. The velocity of the wet sand is expected to be

lower based on calculation of the bulk permittivity and

published dielectric permittivity values. In the case of

draining fluid from the tank, it is possible to use the

complex refractive index method (CRIM) to estimate a

bulk dielectric permittivity for the residual water

saturated zone (Li et al., 2000). This equation uses

published dielectric permittivity values for water, air,

and sand, combined with volume estimates, to deter-

mine the bulk dielectric permittivity of the material.

Therefore, expected results using the CRIM equation

include an approximate 46% reflection of energy

between the dry and wet sand boundary, a reflection

of 31% of the energy from the EM wave at the boundary

between dry and residual water saturated sand, and

approximately 19% reflection of energy at the residual

water-saturated sand and the wet sand boundary.

Background Measurements and Velocity

Calculation Procedure

GPR results for the ‘‘dry sand’’ case are very

important to the interpretation of all subsequent data

and can be considered the calibration for all other data

sets. The first step for calibrating data from the

experiment was to calculate the velocity of the media

based on a known vertical distance. Figure 3(a) is a

representative 2-D section of the ‘‘dry sand’’ event. In

the dry sand case, minor reflections caused by differen-

tial packing of the sand are present and observable,

indicating the system is not perfectly homogeneous. As

mentioned above, the velocity of the dry sand in the

tank was calculated from this plot (Fig. 3(a)) by using

the equations shown below:

v ~
1
ffiffiffiffiffiffiffiffi

mrer
p ~

c
ffiffiffiffi

er
p m=sð Þ, ð1Þ

d ~
Tv

2
mð Þ, ð2Þ

where c is the speed of light in a vacuum, v is the velocity,

er is the dielectric permittivity relative to that of a

vacuum, mr assumes the magnetic permeability is that of a

vacuum (free space), T is the two-way travel time and d is

a depth of penetration. Using the two-way travel time for

the bottom reflection, the velocity of the dry sand was

calculated to be approximately 0.138–0.136 m/ns. Using

the standard calculation for converting the measured

velocity to dielectric permittivity yields a relative dielec-

tric permittivity value of 4.7–4.9, which is within the

range of values from published results (Reynolds, 1997).

With the completion of calculations for the one-

layer case, the two-layer case (dry sand and wet sand) is

introduced and a similar approach taken. The objective

of the two-layer case is twofold: 1) observe the GPR

response to the injection of 100 gallons of water

(Fig. 3(b)), and 2) calculate the velocity and relative

dielectric permittivity values of subsurface materials

subsequent to the injection of water.

The velocity calculated for the wet sand is

approximately 0.074 m/ns with a relative dielectric

permittivity of 16.26. Another important velocity for

interpretation purposes is the velocity of sand contain-

ing the residual water saturation. From the calculated

values it is known that the velocity of the dry sand is

almost twice as fast at the velocity of wet sand,

therefore, the residual water saturated zone should have

a velocity somewhere between the dry-wet sand veloc-

ities. Using GPR measurements for the W3, D2 events,

the velocity of the residual water saturated zone was

calculated to be 0.107 m/ns with a dielectric permittivity

of approximately 7.9. With this information, it is now

possible to interpret the other 2-D GPR sections for this

portion of the experiment and compare results with the

water table readings and the volume estimates.

Velocity profiles from the tank experimental

results allow the visualization of velocity variability

when water was injected and drained. This information

can be compared with 1-D and 2-D plots to confirm

results and interpretations. Using the values calculated

from the 2-D GPR sections, it is possible to analyze and
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interpret each subsequent event. Information from 1-D

traces, 2-D cross sections and 3-D blocks are used for

interpretation and comparing the relative amplitude of

reflectors. After velocities were calculated for these data,

1-D trace comparison was performed for each of the six

events (Fig. 4).

It is important to note that the 1-D traces

displayed and interpreted in Fig. 4 are a representation

Figure 3. a) 2-D GPR section (middle of the tank) with schematic diagram of the tank subsurface. b) 2-D GPR section

for the W1 event with accompanying schematic diagram of the tank subsurface.

Figure 4. 1-D GPR trace comparison of Background – D2 events from the background study portion of the experiment.
The solid line (1) represents the air/dry sand interface; dashed line (2) represents the dry sand/wet sand interface; and

dotted line (3) represents the bottom of the tank/air interface.
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of the entire tank at a specific time during the

experiment. GPR data were collected at different time

intervals from the start of injection/draining until the

system reached equilibrium. All interpretations were

performed on GPR data that was collected once the

system had reached equilibrium.

The display of 1-D GPR traces shows more

accurately the fluctuations in reflector positions than

conventional 2-D displays (Fig. 4). Changes in positions

and amplitudes over time are seen clearly when water is

injected into the tank, such as W1, W2, and W3, and

when water is drained from the tank, such as D1 and D2

(Fig. 4). Other information that can be calculated from

1-D traces includes thickness estimates for the saturated,

dry, and residual saturated zones, and relative amplitude

variations of common reflectors.

A problem with the 1-D GPR trace is that this

information is limited to one location in the three-

dimensional tank, and, despite assumptions of homo-

geneous conditions in the tank, variability does occur.

For this reason, a 2-D display was also used because it

allows a broader interpretation of the behavior of the

GPR signal at different places in the tank at different

times. Cross-sections show variability of the fluid table

reflector in the tank, especially prior to equilibrium

conditions. For example, when the reflector from the

top of the wet sand is dipping (sub-horizontal), it

indicates there is differential fluid accumulation possibly

resulting from uneven fluid injection (Fig. 5).

Using the velocities and information taken from 1-

D traces, it is possible to calculate the thickness of a

given layer. Once a thickness has been calculated, the

values can be combined with porosity information to

estimate the volume of the matrix and any fluids

present. Thickness estimates were based on GPR results

taken from times when the subsurface conditions were

considered equilibrated; values are shown in Fig. 6.

A comparison of the differences between the

expected thicknesses from the 2-D sections and the

volume estimates from water quantity data yields

information regarding the capillary fringe and possibly

the funicular zone. A second comparison that can help

develop an understanding of the GPR data is to compare

observation well readings with the GPR results. Figure 7

Figure 5. 2-D GPR cross section which shows a dipping
reflector from the fluid table.

Figure 6. Schematic diagram of calculated layer thick-

nesses from GPR response.

Figure 7. Fluid estimates from GPR data, observation

well readings, and volume estimates.
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is a chart showing variations between data from the three

sources. The observation well readings are a more

accurate estimate of the fluid in the system than the

volume estimates because volume estimates assume that

all fluid is drained. It is impossible to drain all the fluid

injected into the system because of capillary forces and,

since the volume estimates do not account for the residual

water saturated zone, they significantly underestimate the

volume of fluid in the system. In some cases, a large

fraction of the injected fluid appears to remain after

draining (i.e., W1 had 4 in. of water according to the well

reading; this is approximately 151.4 l (40 gallons) of the

378.54 l (100 gallons) injected). A drawback of the

observation well readings is that they measure the free

water in the system and do not account for the capillary

fringe or funicular zone. Here, the GPR data has the

advantage because it is extremely sensitive to changes in

moisture content and yields a more accurate estimate of

fluid in the system. Although GPR is sensitive to these

moisture changes, it can also underestimate or overesti-

mate the fluid in the system if it cannot resolve the

individual layers because of insufficient contrast of

electrical properties between the layers, or if the layers

are too thin to detect. It is critical to have a quality velocity

model to correctly estimate the volume of fluid because

even minor variations in the velocity can significantly

influence the volume of fluid calculated in the tank.

To resolve objects, there must also be a significant

contrast of electrical properties between the object and

surrounding media. If a relatively sharp boundary is not

encountered (i.e., gradational boundary), no reflection

will occur and the GPR unit will not be able to resolve a

change in material or moisture content. As is well

known in GPR theory, the reflection coefficient is useful

to determine the strength of the dielectric permittivity

contrast at a boundary (Ulaby, 2004). The reflection

coefficient calculation is used for interpretative purposes

in this experiment to help anticipate where the

reflections will occur and what they represent. Dielectric

permittivity values for materials in the experiment and

reflection coefficients are listed in Table 2. Along with

these values are the expected reflection coefficient

between material 1 and material 2. A negative sign

indicates a polarity reversal at the boundary.

Based on information from the GPR data,

observation well readings (Fig. 7), and reflection coef-

Table 2. Amount of energy expected to reflect at a given boundary.

material 1 air dry sand dry sand r.s.* sand wet sand

material 2 dry sand wet sand r.s.* sand wet sand air

permittivity 1 1 4.86 4.86 7.9 16.26

permittivity 2 4.86 16.26 7.9 16.26 1

reflection coeff 20.37589 20.29307 20.12086 20.17853 0.602573

*r.s.: residual water saturated

Figure 8. The left 2-D GPR plot shows data from D1 at 0 h after draining. On the right, the same plot with

interpretations drawn in representing the bottom of the tank (3), capillary fringe (2) and estimated residual saturated zone

(2). Lines marked as (1) are inhomogeneities that can be seen in all 2-D GPR sections collected in this experiment.
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ficient values (Table 2), it is clear that the reflection

present in the GPR data is indicative of the capillary

fringe and not the true water table. This reflector is

called the geophysical water table and has been observed

by others, e.g., Kim (2001). In the three-layer case (dry

sand, residual water saturated sand (r.s.sand), saturated

sand), a reflection from the first two materials is seen in

the GPR data, and in some cases, a reflection can be seen

between the residual water saturated sand and saturated

(wet) sand (D1, D2 ). Since the reflection coefficient for

the dry sand/r.s. sand boundary is relatively low, it is

possible that this reflection will be overcome by noise

from the tank and mask the reflector. Figure 8 is an

example of the low amplitude reflection from the dry

sand/r.s. sand boundary taken from D1 after draining.

Although 2-D GPR sections can yield more spatial

information than 1-D traces, they are still not perfect

because they represent only a small slice of the tank and

thus cannot accurately portray changes in the entire

tank. To achieve a better understanding for the system

as a whole, 3-D blocks of GPR data are used to show

spatial variability. Using the developed ‘‘Gphyz’’

program (www.geology.ohio-state.edu/,jeff ), it is pos-

sible to take all the GPR lines collected and plot them

together to form a 3-D block. Figures 9 and 10 are

example plots of the 3-D block that results from

combining all GPR data from the background and W1

events, respectively. Reflections are clearly visible by

changing the position of the block; different views can

allow better visualization of boundaries. The 3-D blocks

help show differential fluid distribution, variability in

the geophysical water table, and aid in understanding

temporal variations and processes of equilibrium.

Conclusion

In summary, the GPR results for the physical model

tank experiment have yielded significant information

regarding the distribution of fluids in the subsurface and

behavior of the GPR signal in water saturated and

residual water saturated media. The GPR response to

fluid in the subsurface is distinct and assessable. Reflec-

tions are visible at different boundaries in the tank when

the amount of energy reflected at an interface is significant

enough to illicit a response in the recorded GPR signal.

Volume estimates from the GPR data indicate the main
reflection from the addition of fluid into the subsurface is

from the capillary fringe; observation well readings

confirm this hypothesis. Expected results, in general,

match the GPR measurements. The reflection coefficient

values calculated using published values and the CRIM

equation were overestimated, prompting the reassessment

of the CRIM equation as an accurate estimation method.
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