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RADAR INVESTIGATIONS ABOVE THE
TRANS-ALASKA PIPELINE NEAR FAIRBANKS

Steven A. Arcone and Allan J. Delaney

INTRODUCTION

Remote sensing of the freeze-thaw state and
moisture content of the ground is of practical in-
terest for pipeline surveying in Alaska. Thawing
can cause mechanical instability due to settling,
while freezing can cause the pipe to heave. Neces-
sary to both these processes is an adequate mois-
ture supply, which may slowly accumulate over
time. Rain, melting snow, or moisture migration
can all affect the local water table. Since soil di-
electric properties in the very-high-frequency
(VHF) through microwave-frequency bands corre-
late well with soil moisture content, it is possible
that ground-penetrating VHF radar and its associ-
ated procedure of wide-angle reflection and re-
fraction (WARR) profiling may be capable of re-
motely sensing the freeze-thaw state and ground
moisture content.

The ability of ground-penetrating short-pulse
radar to survey permafrost conditions has been in-
vestigated since the early 1970s. Bertram et al.
(1972), Kovacs and Morey (1979) and Arcone et
al. (1982) studied radar responses to massive ice.
Annan and Davis (1976) and Davis et al. (1976) ex-
amined other permafrost features and first report-
ed on the use of WARR profiling for determining
dielectric properties. Pilon et al. (1979) and Ar-
cone and Delaney (1982) used VHF radar to detect
the top of the permafrost table and measure active-
layer dielectric properties. Olhoeft (1978) present-
ed a very thorough discussion of radar profiles
over one buried section of the trans-Alaska pipe-
line. He interpreted his data to reveal construction
fill boundaries, thaw margins and the pipe, but he
did not measure dielectric properties directly.

Here we present radar profiles and WARR sound-
ings taken over three pipeline burial sites near
Fairbanks. The objective was to demonstrate the

use of dielectric values derived from WARR sound-
ings for interpreting the radar profiles. Three
areas, consisting primarily of gravel, silt and allu-
vium, respectively, were investigated. Information
regarding burial depth and material type was ob-
tained from the Trans-Alaska Pipeline System
(TAPS) alignment sheets.

SUBSURFACE RADAR PROFILING
AND WARR SOUNDING

The radar equipment used for these investiga-
tions was manufactured by the Xadar Corpora-
tion and is similar to other commercially availabie
systems. The advantages of this system include
separate transmitting and receiving antennas, and
digital recording to allow stacking of individual
returns. This permits flexibility in choosing polar-
ization plus an ability to do WARR profiles or one-
way transmission studies. The basic principles and
operation of the system have been extensively
described elsewhere (e.g. Morey 1974, Annan and
Davis 1976, Arcone et al. 1982) and will only be
reviewed briefly,

The transmitting antenna radiates pulses of sev-
eral nanoseconds duration at a repetition rate of
50 kHz. The pulse waveform approximates a
single sinusoidal cycle with a short, oscillatory
tail. The pulse spectrum is centered at about 300
MHz when transmission is through air. The anten-
nas, which are resistively loaded dipoles, become
more loaded when placed on the ground, decreas-
ing the center of the pulse spectrum to between
100 and 200 MHz and placing the 3-db bandwidth
generally between 75 and 300 MHz. We operated
in an analog mode, for which the performance fig-
ure (the ratio of the transmitted power to the mini-
mum detectable signal above random noise) of our
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Figure 1. Idealized pulse returns and equivalent
gruphic display should these returns remain con-
stant with distance.

radar is estimated at about 110 db. This figure
does not include enhancement due to signal stack-
ing (which is available on this radar in a digital
mode) nor does it consider signal detection in the
presence of coherent noise (unwanted signals); if it
did, this figure would be considerably less.

Echos, or events, are reproduced in the audio
range by sampling techniques. Time ranges from
50 to 2000 ns may be selected. A graphic display is
a composite of thousands of scans (Fig. 1), with
darkness proportional to the absolute value of the
signal amplitude (white indicates zero amplitude).
In a graphic display the horizontal axis is cali-
brated for antenna position and the vertical axis
for time. One of several time-dependent gain func-
tions is usually applied to the returns to compen-
sate for the loss of amplitude with time of return.

The system is commonly used for bistatic radar
profiling by towing the transmitting and receiving
antennas at a fixed separation. Reflections occur
at material boundaries across which contrasts in
electrical properties occur. The antenna directivi-
ty, or radiation pattern, is very broad, so reflec-
tions can be received from directions other than
directly beneath the antennas. Many types of
events occur, but the most prevalent and easily in-
terpretable are hyperbolic shaped from local inho-
mogeneities and linear as from smoothly layered
bedding. If the reflectors are sloped, the slope and
placement of the radar record will not necessarily
be identical to that of the reflector.

Translating the radar time record into the actual
subsurface geological structure requires knowl-
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Figure 2. Idealized WARR sounding for
a two-layer ground. The multiple airwaves
may be caused by critical refraction of the
subsurface reflections or by disturbances in
the path of the ground wave.

edge of the dielectric permittivity, which deter-
mines the wave velocity within the various earth
materials. This information may be obtained with
a WARR sounding, which is performed by contin-
ually increasing the distance between the anten-
nas. An idealized WARR sounding is illustrated in
Figure 2 for a two-layer ground. As the antennas
are separated, subsurface reflections appear; these
are then analyzed for their time-distance slopes
and time-axis intercepts to determine dielectric
properties. The slope of the time-distance curve
for the ground wave can be converted to a dielec-
tric constant, but this wave attenuates as the
square of the inverse distance, so the asymptotic
slope of the first reflection will often dominate the
ground wave after several meters. If the layer
thickness is comparable to an in-situ wavelength
of the dominant pulse frequency, waveguide multi-
moding and dispersion will make dielectric inter-
pretation very difficult.

Dielectric interpretation of deeper layers is
theoretically possible but rarely accomplished.
However, if the dielectric constant of the lower
layer x; is less than that of the top layer x/, then a
refraction event may occur along the layer inter-
face. This event will continually propagate to the
surface, and its time-distance slope will allow x,' to
be evaluated.

In this report we measured the time-distance
slope of the ground wave along the leading edge of
the events and not along the more obvious phase
fronts (the thin white lines in the graphic display
are 0° phase fronts). This practice gives the correct
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dielectric constant when dispersion occurs due on-
ly to d.c. ground conductivity (Arcone 1981).

ELECTRICAL PROPERTIES
OF SEDIMENTS

The electrical properties of interest for sedi-
ments in the VHF range are the dielectric permit-
tivity and the electrical conductivity. Magnetic
permeability is of no concern unless there is an ap-
preciable amount of iron present. The dielectric
permittivity and the conductivity together deter-
mine the complex index of refraction n*:

. Yy 0 7 1
n —’x—l(k+2"fco)] )]
where x',x” = real and imaginary parts of the

relative, complex dielectric per-
mittivity, respectively

i=yJ-1

frequency (Hz)

€0 = absolute permittivity of free space
(8.85x107"* F/m)

o = conductivity (S/m).

~
1]

A harmonic time excitation ¢ is assumed to be
proportional to ¢2%!_ The real part x' is generally
referred to as the dielectric constant, and the total
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Figure 3. Behavior of (n*)? for silt at about 35% volumetric water content. v’

electric parameters are discussed in Appendix A.

imaginary part as the loss factor LF when x’
>> LF. LF becomes important in the ultra-high-
frequency (UHF) through microwave-frequency
range for wet materials. Both x’ and LF are usual-
ly frequency dependent over this bandwidth.

The loss tangent tané is defined as

x" + 0/ 2nfeo
xl

tané = )

and is a useful number for describing materials.
Insulators generally have a tané less than 107 and
conductors have a tané greater than 1.0. The at-
tenuation in decibels per meter may then be found
from the formula

’ %]
Atten = 8.682%f | %(l+\/l+tan’6)| 3)

where c is the velocity of light in free space. Equa-
tion 3 shows that attenuation increases with in-
creasing frequency.

Figure 3 illustrates the typical behavior of (n*)*
and the attenuation function for thawed and fro-
zen wet silt. The curves are modeled after field and
laboratory data of Arcone et al. (1978) and De-
laney and Arcone (1984), which showed that
thawed silt behaves like a Debye-type dielectric,
the parameters of which are discussed in Appendix
A. In both cases x' varies little throughout the
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Figure 4. Typical conductivity ranges for thawed
sediments.

radar bandwidth and losses are due mainly to con-
ductive processes. Attenuation is severe at all fre-
quencies for the thawed case but is low for the fro-
zen case. The rapid increase in attenuation above
0.3 GHz demonstrates why the radar bandwidth
shown is a good compromise between resolution
and attenuation. At much lower temperatures or
very dry conditions, attenuation can be so low that
higher frequencies may be used. In this case, scat-
tering from subsurface inhomogeneities or radiat-
ed power may be a limiting factor.

Figure 4 lists some typical conductivity ranges
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Figure 5. Variation of ' with vol-
umetric water content for many un-
frozen sediments at frequencies be-
tween about 0.1 and 4 GHZ. (After
Topp et al. 1983.)

for thawed sediments. The range is determined
mainly by the water content. Values for frozen
silty, sandy or gravelly soils rangs from about
3x107 to less than 107* S/m as ice conient increas-
es. Figure 5§ shows the variation of »’ with water
content for many unfrozen soils at frequencies bo-
tween about 0.1 and 4 Ghz. Below about 1 GHz
these values are generally constant for any particu-
lar frozen or unfrozen soil.

When temperature decreases, x' drops drama-
tically at about -1.5°C for unsaturated soils, as
demonstrated in Figure 6 for Fairbanks silt. This
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occurs below 0°C because of the depressed freez-
ing point of the free water that is within pores or
adsorbed to particle surfaces. Generally, in the
radar bandwidth neither ¢ nor «” allows tané to
exceed 0.01 below -5°C, so the dielectric values
are predominantly real and vary from about 4 to
7.

METHODS

The three sites were surveyed in late April 1983.
The radar antennas were separated by 1.5 m for
profiling, and the polarization was parallel with
the pipe axis. Profiles and soundings were perpen-
dicular to the pipe. The WARR soundings were
taken with one antenna fixed while the other was
moved. In all cases the position directly above the
pipe center was determined from survey stakes or
from points where the pipeline emerged from the
ground. The pipeline diameter is 1.22 m.

The time scale on all records is 19.2 ns between
horizontal grid lines. The variation in the interval
markings is due to variations in the position of the
0-ns reference. The separation between the anten-
nas increases the propagation distance from the
surface to the pipe; this separation has been ac-
counted for in all dielectric calculations based on
profile data. The time of return can be determined
to within only 1 ns. Therefore, the accuracy of di-
electric constant calculations based on echo time
of return increases with observation time. The
same is true for dielectric constant calculations
based on WARR time-distance curves.

M

Antennag

B W Y T W N QI n =y

RESULTS AND DISCUSSION

Site 1: Goldstream Valley

This section is located in the Goldstream valley
near the old Steese Highway between Fairbanks
and Fox (TAPS alignment sheet 61). The material
type is a sandy, coarse gravel with some silt
(dredge tailings) and is sporadically frozen. The
pipeline was buried but not refrigerated at this
site. The surface of a large pond within S0 m of
the pipe stood 1.8 m below the ground surface
above the pipe and is assumed to be the depth of
the water table. The top of the pipe was 1.93 m
deep, as measured in a frost heave tube.

Figure 7 shows the radar profile across the pipe.
The earliest return is the direct air coupling be-
tween the antennas; this return remains at a con-
stant time delay throughout the profile. The next
return (the first dark band) is the direct ground
coupling between the antennas. The time of arri-
val (TOA) of this event is slightly greater over the
pipe than at the ends of the profile, indicating a
higher dielectric constant at the surface above the
pipe. The next dark band through the entire rec-
ord may be the water table, which intersects the
hyperbolic signature of the pipe. However, this in-
terpretation is debatable because the depth calcu-
lated using the TOA and the dieletric constant
computed from the WARR profile (discussed be-
low) is greater than the nearby pond surface.

The TOA of the return from the top of the pipe
is 35 ns. The pipe depth is 1.93 m, so the average
dielectric constant above the pipe is 6.4 (£ 0.4).
The WARR profiles (Fig. 8) expand over the pipe

sition (m)

~J
1

Direct Ground

Po

&8 2 a
|

: Coupling
t

Figure = Radar profile across a buried section of the pipeline at site 1.

5

.

L g

. . .
e ;’ . .
AP\ RPN A Al L

. ) . ’
' AN
Y FOBNCIN RS

el o

I

"




T r———p—

d. First protile. The center ine symbol indicates the center

ot pipe over which ihe receiver was expanded.

Time (ns)

h. Second profile. The receiver was expanded awav from
the pipe.

Figure & WARR profiles at site [

and to one side of the pipe and both give a « " val-
ue of 5.1 ¢+ 0.1). These values are characteristic
of either very low muoisture content or extremely
cold conditions. As ground temperatures are no
lower than -27°C within 4 or § m of the surface
throughout the region, the former interpretation is
correct: the WARR profiles are showing drier con-
ditions away from the pipe axis. The surface val-
ues of « derived from the TOA of the directly
coupled ground waves are 10.2 above the pipe and
between 3.8 and 8.4 bevond 8 m from either side
of the pipe (all values approximately =+ 1.2).
Therefore, the gravel in this area is probably fairly
dry and frozen, with slightly warmer conditions
above the pipe and along the surface.

We are cautious about interpreting the strong
linear reflector as the water table because the mini-
mum time delay (45 ns at 10 m) and the dielectric
constant (5.1) give a depth of about 3.0 m, where-
as the nearby pond surface was only 1.80 m below
the ground surface above the pipe. However, the
radar reflection does elevate in time with distance
trom the pipe, so it may ultimately merge with the
pond elevation. The water table may dip below the
pipeline due to a less permeable fill around the
pipe. It is unlikely that this reflector could be the
gravel/bedrock interface, because the tailings are
deep in this area.

Site 2: Chena Hot Springs Road

This section is located at the buried pipeline
crossing north of the Chena Hot Springs road
(TAPS alignment sheet 60). The crossing occurs at
a ridgetop, and the burial continues for over S0 m
under a small clearing on the north side of the
road, allowing easy access for radar profiling. The
material type is classified by Péwé et al. (1966) as
unfrozen loess. The alignment sheet shows that
the top of the pipe is 3 m deep.

Two radar profiles over the pipe are shown in
Figure 9. The profile in Figure 9a was performed
with the antenna supplied by the manufacturer;
this antenna was also used at the gravel site. The
center frequency of the direct ground coupling is
approximately 140 MHz, as measured from the
uppermost set of heavy, dark bands. No signature
from the pipe (at the 0-m position) is visible on the
record. The TOA of the direct coupling decreases
at the -2 m position, indicating better surface
drainage. The TOA of the direct ground coupling
at the ends of the profile gives a x~ of approxi-
mately 12.3 (+ 1.4), while nearer the pipe the
TOA gives a « " of approximately 4 8.

Figure 9b gives a radar profile using antennas
we made in hopes of increasing penetration and
detecting the pipe. This antenna had a much lower
center frequencey of approximatety 80 MH/. Again
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there is no pipe signature, and there are similar de- ure 10a is with the higher-trequency an
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more than § m of separation; the small portion
available gives a x ' of about 10.5 ( + 0.9). Figures
10b and ¢ give the 80-MHz response taken in two
directions over the pipe. In Figure 10b the trans-
mitter was fixed 10 m away from the pipe and the
receiver was expanded towards the pipe; in Figure
10c the transmitter was fixed above the pipe and
the receiver was expanded away from the pipe. In
10b »' is approximately 15.2 (= 1.2), and the
ground wave is gone by 5 m; in 10c the attenuation
is so great that there is only a slight suggestion of a
ground wave within the first 2 m, and x' cannot be
determined.

The WARR profiles verify the highly absorptive
nature of this overburden. Figure 5 suggests that
the water content by volume is about 25-30%
when « " is approximately 15.2; this value is similar
to dielectric values measured in the Fairbanks
area, where resistivity was about 40 Q-m for the
same material (Sellmann et al. 1983). The meas-
urements of Delaney and Arcone (1982) on Fair-
banks silt suggest a volumetric water content of
20-25%0 at temperatures just above 0°C. The di-
polar contribution to «” at these water contents
for 100 MHz is very small, so L.F is determined by
conductivity effects. At a resistivity value of 40
-m for thawed siltata » ' of 15, LF = 4.5, giving
an attenuation rate of 10.4 db/m, or about 62 db
for the 6-m propagation distance.

This loss of 62 db plus losses due to beam
spreading (approximately 16 db) and due to the ef-
fective cross-sectional area of the pipe (approxi-
mately 6 db; Appendix B) gives an estimated total
loss of 84 db, which should have provided only a
marginal response under the ideal conditions of no
background noise. As is obvious from Figure 9,
however, there are strong near-surface reflections
that further decrease the depth of penetration and
put the desired pipe response far below the level of
the background geologic (coherent) noise.

Site 3: Fielson Air Force Base

This conventionally buried section is located ap-
proximately 32 km south of Fairbanks (TAPS
alignment sheet §7). The area is within the Tanana
floodplain, and the material type is alluvium. The
placement of the pipe axis was determined to with-
in 1 m using survey marks; the pipe did not surface
within view. As best we could determine from the
alignment sheets, the depth of the pipe at this san-
dv site was between 1.1 and 1.4 m,

Figure 11 shows the profiles made with the Xa-
dar antenna (140 MHz) and our antenna (80
MHz). A possible hyperbolic response can be seen
at about 40 ns in Figure 11a just to the right of the
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Figure 11. Radar profiles over the pipeline
at site 3.

assumed centerline. Another possible hyperbolic
response is visible at about 45 ns in Figure 11b at
the same position, but it is not unique within the
record. Both profiles reveal many other strong re-
flectors within the backfill, obscuring the pipe re-
sponse.

The WARR profiles of Figures 12a (140 MHz)
and 12b (80 MHz) were performed with the trans-
mitter about 11 m off the assumed pipe axis and
the receiver expanded toward the pipe. Both fig-
ures show a good ground-wave response and strong
subsurface reflections. The ground waves give x '
values of approximately 7.7 and 7.5 (+0.2) for
Figures 12a and b, respectively. In both figures,
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Figure 12. WARR profiles at site 3 with the receiver expanded over the pipeline.
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Figure 13. WARR profiles at site 3 with the receiver expanded away from the pipeline.

faint hyperbolic responses can be seen centered at
about 12 m. The TOAs of the peaks of these hv-
perbolae are both 137 + 2 ns; this is close to the
theoretical value of 130 ns for an assumed
straight-ray propagation path through alluvium
(x’ = 7.7) and trench fill (x' = 12.1, discussed
below) at an estimated depth of 1.2 m. Therefore,

it is assumed that these events are caused by the
pipe.

The WARR profiles (Fig. 13) were performed
with the transmitter situated above the pipe. The
ground wave of Figure 13a gives a »’ estimated at
between 8.5 and 12.1, as there is no easily identifi-
able leading edge to the ground events. The actual
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ground wave disappears afrer the 4-m mark, and
the remaining events are subsurface reflections.
This is also true of Figure 13b, where the ground
responses are so severely attenuated that no value
of »’ can be estimated, indicating a highly absorp-
tive trench fill above the pipe. Figure 13a shows an
interesting response centered at 3 m that seems to
be hyperbolic. The delay to the peak of this re-
sponse is about 37 ns at an antenna separation of
2.5 m. If the pipe depth was 1.2 m, this delay gives
a » ' of 10.3, which falls in the range calculated
from the ground waves. Therefore, this event is
most likely a pipe response.

CONCLUSIONS

The ability of subsurface radar operating in the
VHF band to detect the trans-Alaska pipeline de-
pends mainly on ground conditions. The average
depth (less than 2 m) and the size of the backscat-
tering cross section make the pipe a sufficiently
large and close target for detection when it is bur-
ied in a homogeneous dielectric (site 1). However,
when the fill is a marginally frozen or thawed silt
or an extremely inhomogeneous alluvium, absorp-
tion or noise can mask the returns. Since the
“‘thawed’’ electrical properties of fine-grain mate-
rials occur above about -1.5°C, it is highly un-
likely that any fine-grain fill will be cold enough to
sufficiently reduce conductive absorption in inte-
rior Alaska.

Generally the absorptive and inhomogeneous
nature of marginally frozen or thawed ground
would make pipeline or subsurface freeze-thaw
boundary detection difficult at depths beyond
even one meter. Therefore, short-pulse propaga-
tion would be best used for gathering dielectric in-
formation from ground-wave studies. This infor-
mation, coupled with a knowledge of material
type, should allow estimates of the extent of mate-
rial thaw around the pipe. When the pipe is visible
on the radar profile record, knowledge of the pipe
depth may be used with the measured time of
return to expand the WARR dielectric informa-
tion.
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APPENDIX A. DEBYE-TYPE DIELECTRICS

Materials containing unfrozen water, whether
free or bound to the material, exhibit frequency-
dependent dielectric properties in the VHF through
microwave-frequency range. This type of frequen-
cy dependence was first discussed by Debye (1929)
and is described as a relaxation-type phenomenon.
In a relaxation-type process the atomic or molecu-
lar dipoles (water molecules are permanent di-
poles) fail to keep in phase with the impinging
electromagnetic field within a critical frequency
range, so they convert the electromagnetic energy
into heat. The characteristic frequency at which
this happens is known as the relaxation frequency.
For liquid water at 20 °C it is about 22 GHz, and at
0°C it is about 9 GHz. For water adsorbed on
thawed soils it is generally between 1 and 9 GHz
and may range as low as 300 MHz for frozen soils.

13

Mathematically the complex relative dielectric
permittivity x* may be expressed as

X, — X

S Qo
= Mot *l—'+—l*f—/f;—c| (Al)
where x;, = low-frequency (or static) dielectric

constant
xo = high-frequency (or electronic) dielec-
tric constant
frequency of excitation
relaxation frequency.

I}

S
S rel

The quantities x' and »" discussed in the text are
the real and imaginary parts of x*. The complex
index of refraction n* = f »*.
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APPENDIX B: RADAR CROSS SECTIONS OF TARGETS

A wealth of literature exists on the backscatter-
ing properties of targets. Solutions are readily
available for the backscattered field strength from
simple geometric shapes, such as spheres and cyl-
inders, as a function of the ratio of circumference
to wavelength. Since our situation deals with a
broad-band pulse for which no specific solution
exists, the approximate loss of power due to pipe
reflection was determined experimentally as fol-
lows.

If the pulse center frequency is 110 MHz (as ob-
served at the Chena Hot Springs site) and the di-
electric constant in wet silt is about 15, the approx-
imate in-situ dominant wavelength of the pulse is

*Geophysical Survey Systems, Inc., Hudson, N.H.

about 70 cm. This is also approximately the outer
radius of the pipeline, so the ratio of circumfer-
ence to in-situ wavelength was about 27, Using a
GSS1* Model 101C antenna, which radiates a pulse
shape similar to that of the Xadar antennas at a
center wavelength of approximately 45 ¢m (in air),
we then compared the peak signal levels of the
reflections from a flat metal plate (approximately
4 m?) and a metal, cylindrical water tank (with a
radius of 46 cm) held at the same disiance from
the antennas. The comparison showed a loss of 6
db in peak signal level and little distortion in pulse
waveform.
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