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Geophysical Methods of Subsurface Exploration
Applied to Materials Surveys

R. WOODWARD MOORE, Highway Engineer,

Physical Research Branch, Bureau of Public Roads

@® GEOPHYSICAL methods of exploring
the subsurface have proved their worthfor
preliminary surveys in connection with
many of the problems encountered in civil
engineering. These rapwd and relatively
inexpensive methods have been used to
explore foundation conditions at proposed
sites for buildings, bridges, and large
dams, to classify excavation materials in
highway grading operations, to determine
the depth of swampy materials, to inves-
tigate proposed tunnel sites, to study
potential and existing slide conditions, and
to locate and outline supplies of construc-
tion materials such as sand, gravel, solid
rock, and other special geologic forma-
tions of engineering importance.

Although each of the above-named fields
of application may be of primary import-
ance in cases where a particular con-
struction problem is concerned, the last-
named application is unique n that the
search for construction materials is likely
to be of importance in almost every type
of engineering construction. The vast
expansion in construction work, with its
demand for greatly increased quantities
of materials, already threatens to exhaust
known sources of supply in some areas.
Exploration for additional supply sources
18 necessary and every means available,
including the geophysical tests, should be
employed in this important task.

Of the several geophysical test methods
used 1n the fields of mining and o1l ex-
ploration, only two have been found to be
well adapted to the shallow explorations
usually associated with civil-engineering
works. These are the refraction-seismic
and the earth-resistivity methods of test.

The use of magnetic methods has been
reported by several investigators in con-
nection with the location of basalt plugs
and other geologic formations possessing
measurable magnetic properties. Although

the magnetic method may be used to ad-
vantage 1n such instances, its use and the
interpretation of the data obtained are
somewhat involved, requiring specially
trained personnel. It is the writer's
opinion that magnetic methods have a
limited value for use in a search for con-
struction materials. Because of this
limitation no further discussion will be
made of the magnetic method.

The Bureau of Public Roads has done
considerable research since 1933 in es-
tablishing the value of earth-resistivity
and seismic methods in connection with
highway construction. Field studies and
demonstration tests have been made in 26
states and in the District of Columbia, and
at the present time 13 states have used or
are now using one or the other of these
methods in their subsurface exploration
work in connection with highway construc-
tion (5, 9, 10, 15, 39). Four other state
for use of the resistivity test in theimme-
diate future. In addition, both seismic
and resistivity methods are being used by
other federal agencies, notably the Geo-
logical Survey, Bureau of Reclamation,
and the Department of the Army, 1n ever-
expanding fields of application having to
do with water-supply problems, engi-
neering geology, and investigations of dam
sites for irrigation and flood-control pur-
poses. Some of this work has been de-
scribed in published papers (20, 22, 23,
24, 25, 27, 31, 42, 43). The reader is
also referred tocertain works for detailed
discussions dealing with the theoretical
aspects of the seismic and resistivity
26, 28, 30). However, a limited descrip-
tion of the principles involved inthese two
methods of test will be presented in sub-
sequent paragraphs in order that the read-
er may better understand graphs to be
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EXPLOSION

FAST THROUGH ROCK

Sketch illustrating refraction seismic test.

Figure 1.

presented containing data obtained in field
tests with both seismic and resistivity
apparatus.

REFRACTION SEISMIC TEST

In this test the velocity of propagation
of sound or vibration waves is used as a
means for determining the character of
and the depth toa given geologic formation
lying belowthe earth's surface. Looseun-
consolidated soils can have a wave trans-
mission velocity as lowas 600 ft. per sec.
whereas wave velocity in solid, hard rock
may approach 20,000 ft. per sec. Various
intermediate velocities have been recorded
for materials of varying densities such as

Figure 2.
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shale; cemented gravel; heavy dense clay
or hardpan; weathered, badly seamed, or
shattered rock; and for water-logged,
silty soils found in some river deposits.
Little trouble is experienced in locating
solid rock beneath loose soils or beneath
an ordinary moist clay formation. Some
care must be exercised, however, in at-
tempting to predict the type of material to
be found in areas where the intermediate
velocities (4,000 to 9,000 ft. per sec.)
are obtained. It is good practice to make
several calibration tests with the seismo-
graph over exposures of formations be-
lieved to be typical for a given area, us-
ing the results obtained as a guide in
properly identifying the various materials

Refraction selsmograph developed by the Bu'eau of Public Roads
for use in shallow subsurface exploration.



as they are encountered elsewhere in the
immediate locality.

The simplified sketch shown in Figure
1 illustrates the principle of the refrac-
tion seismic test. The two detectors
shown are for illustrative purposes only,
since in practice the number of detector
units may vary from 3-to 12 or more,
depending upon the type of apparatus being
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Figure 3. Typical film records obtained in seis-
mic tests; note the kick displacement on the
right-hand trace.

used. Inthe seismic work done by the
Bureau of Public Roads three detectors
are used in conjunction with a rather sim-
ple oscillograph requiring no electronic
amplication of seismic impulses. This
apparatus has proved very satisfactory
for use in the shallow explorations usual
in civil engineering work. Figure 2 shows
the apparatus with the three detectors
shown in the foreground.

When making a test in the field the
three sensitive detectors are placed in a
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Figure 4. Theoretical time-and-distance curve.

line on the ground surface, spaced 25 to
50 ft. apart, and are connected by suitable
two-conductor cables to the oscillograph
which comprises the principal unit of the
system. Small charges of dynamite,
ranging from about 1/8 1b. to 1 or 2 1b.,
buried 3 or 4 ft. beneath the surface, are
then fired at various distances from the
group of detectors, on the detector line
extended, and the time of wavetravel from
the shot point to each detector is recorded.
Usually this line of shots must extend to a
distance from the detectors, equal to ap-
proximately three to four times the depth
to the particular formation under study.
If rock is expected at, say, 50 ft., several
shots will be required within the range
150 to 250 ft. from the detector group.

A record of the instant of firing the
shot normally is obtained by a special
circuit, one part of which is a length of
small copper wire wrapped around the

explosive. Through this wire afew milli-
- L ol
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Figure 5. Seismic-wave path of least time.
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amperes of current 18 passed. The rup-
ture of this wire by the explosion causes
a break in one of the traces produced on
the oscillograph film. In Figure 3 the
imtial break may be seen in the right-
hand trace on each of the film records.
The space between the time lines, shown
as horizontal straight lines in this figure,
represents a time interval of 0.005 sec.,
being obtained from an electrically driven

used by most investigators and has been
used in the work of BPR at times where
long shot distances were required and,
where it was inconvenient to extend the
four-conductor cable ordinarily used for
the shot circuit.

Measured time and distance data are
plotted in the form of a time-distance
curve, such as theassumedor theoretical
curve shownin the upper part of Figure 4.
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Figure 6.

Time-distance graph for sexismc test made near Council Bluffs,

Iowa, 1n search for quarry material.

tuning fork operating at 100 cycles per
second and so equipped as to permit 200
flashes of light from a suitably placed
light source toreachthe film each second.

A second method for recording the
time at which the shot is fired makes use
of the rupture of the bridge wire in the
electric detonator to indicate the event on
the oscillograph record. An auxiliary
circuit 1s provided for this purpose.

This second method, while probably
not as precise as thefirst method, is that

The reciprocal of the slope of the line OA
represents the wave velocity, V,, in the
first layer of surface soil. As the shots
are fired at increasingly greater distances
from the detector locations a critical dis-
tance is reached, such as OG (or SD,),
for which the wave traveling through the
surface soil reaches the nearest detector
at the same instant as a wave which passes
down throughthe surface soilto the second
layer, 18 refracted along the interface to
a point beneath the detector and thence



travels upward tothe detector (see Fig. 1
and the lower partof Fig. 4). Beyond this
critical distance a new slope, AB, will
obtain, the reciprocal of which represents
the velocity, V2, in the second layer. For
a path SQRD: the time JK or OE is that
required for the wave to travel through
the surface soil from S to Q and from R
to Da. KL represents the time of wave
travel from Qto R in the second layer
which wall vary with the density of the
second layer and the distance from the
show point S. For the purpose of 1llus-
tration, the distance SD; was arbitrarily
chosen. Letting H; represent the thickness
of the surface layer, we may set up the
relation

H, =V, X OE (1)
2

In like manner, for a third layer, such
as rock, having a greater density than the
overlying formations, there will be a sec-
ond critical distance, OM, and a second
break in the graph at B to a new slope,
BC, the reciprocal of which will give the
velocity, Vs, in the rock. The time in-
tercept, EF, in this instance, represents
the time required for the wave to travel
down through the second layer and back
again. Letting Ha represent the thickness
of the second layer we have

Ha = Vax EF (2)
2

For the equations given above it was
assumed that the wavestraveled vertically
downward to the interface and vertically
upward tothe detector. Thisis not strictly
true. However, the accuracy obtained
when using Equations 1 and 2 is adequate
for most shallow explorations ordinarily
met with inhighway work. When the ratio
of V, to Va or Vz to Vs 1s of the order of
one half or greater, a correction to take
into account the inclination of the wave
path may be required for use in the deeper
tests such as may be involved in explor-
ations of large dam sites and deep-lying
geologic formations 1n order to attain the
desired degree of accuracy.

Since the laws of optics apply to the
path taken by the fastest wave, the ratio
of the sine of the angle of incidence to the
sine of the angle of refraction may be
equated to the ratio of the velocities for
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the two layers involved. Figure 5 shows
this relation for a two-layer system.
From this

Yy sin 6

Va sin a
- 0o . Vi _ .
Since a = 907, sma=1andv; = sin g

Thus the ratio of the velocities in the two
layers determines the angle of incidence
at the interface. As stated previously,
where the value of this ratio is of the or-
der of one half or greater, a correction
may be required, particularly for deeper
work. This correction is necessary be-
cause the distance traveled and conse-
quently the time of travel of the wave in a
given layer increases as theangle of inci-
dence increases, the increased distance
being H . When this change is taken
cos &

into account 1n Equation 1 for example,
the expression for depth becomes

H = V'x0E (3
2cos o

There are other, and perhaps more
exact, formulas for obtaining corrected
values for the computed depths which are
described in some detail in the published
hiterature (12, 19, 25, 31, 40). Theread-
er 1s referred to these publications for
more detailed discussions of the analysis
of seismic data.

TYPICAL APPLICATIONS OF THE RE-
FRACTION SEISMIC TEST

Figure 6 contains a time-distance graph
for seismic data obtained in southwest
Iowa while searching for quarry material
in an area where surface geology indica-
tions were lacking. As shown inthe figure,
rock (limestone) was found at a depth of
37 ft. below the surface. The depth ob-
tained from a seismic test 1s an average
of the depth at the shot point and at the
detector location. For this reason a cor-
rection of 1.5 ft., equal to half the shot
depth, has beenadded asa second term 1n
the equation for the depth of the first layer,
as shown in Figure 6 and in subsequent
figures dealing with seismic tests.

As stated previously, the geophysical
tests may be applied to the solution of a
number of the problems common to high-
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way construction. Figure 7 shows data
from a seismic test made in western North
Carolina while 1nvestigating a section of
the Blue Ridge Parkway inthe Great Smoky
Mountains National Park. Thistest, made
at the location of a portal of one of five
tunnels proposed for the 5-mi. -long pro-
ject, indicated that there was little likeli-
hood of encountering rock within 43 ft. of
the surface at this particular location. The
relatively low wave velocity of 7,920 ft.
per sec. suggests further that the forma-
tion immediately below thisdepth is either
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Figure 7. Seismc data obtained at proposed

location of Tunnel 3, Project 2Z2, Blue Ridge
Parkway, 1n western North Carolina.

a weathered rock or a badly shattered or
jointed rock, neither of which would be
well suited for successful tunnel work
without lining throughout and perhaps
other special construction procedures.

Being portable, the seismic apparatus
may be taken into areas virtually inac-
cessible to other means of exploring the
subsurface. Figure 8 shows the apparatus
being carried into rough mountain terrain
to reach the several tunnel sites referred
to above.

Figure 9 shows seismic data obtained
in northeast California at the proposed
site for a bridge to carry the Shasta-
Lassen Highway across Lake Britton. The
relatively soft, chalky material found
near the surface is shown to extend down

Figure 8.

Se1smic equipment being transported
over rough mountain slopes.

to a depth of about 54 ft. to firmer, better

foundation materials.

Although other data could be presented
and instances cited in which seismic tests

have been successfully employed,

it 18

believed that this test has a limited value
for general use in prospecting for ma-
terials of construction, other than solid
rock. For this reason discussion of the
use of this method for this particular ap-
plication will not be extended.
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Refraction seismic test at north

abutment location for bridge across Lake Britton,
Calrformia, on Shasta-Lassen Highway.
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EARTH-RESISTIVITY TESTS

The earth-resistivity test consists of
passing a direct current of electricity
through the ground and measuring the
resistance to current flow through the
earth's materials. This current flow is
electrolytic in nature and is dependent
upon the moisture and dissolved salts
within the soil and rock formations to
provide a suitable path. Consequently,
any materials having reasonably high
moisture content, such as moist clays,
silts, and organic muck soils, with an
increased capacity for dissolved im-
purities, will usually conduct a direct
current readily and will have a low re-

BATTERY MILLIAMMETER

Figure 10. Viewof the resistivity apparatus usedby the Bureau of Public Poads.

sistivity. Conversely, materials such as
dry, loose soil; sand and gravel; hard-
pan; and solid rock, having a limited
amount of moisture and the all-important
dissolved salts, will usually possess
relatively high resistance to current flow.
Because of this variation 1n resistivaty it
is quite often possible, by means of
rather simple field tests, with electrodes
placed on the surface or driven a few
inches into the surface soil, to obtain
useful information regarding the sub-
surface formations by utilizing measured
values of resistivity at a particular lo-
cation. However, materials quite dif-
ferent from an engineering viewpoint, that
1s, easy to excavate or qute difficult to
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Figure 11. Electrical-resistivity instrument and the four-electrode con-
figuration commonly used.
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remove, may possess similar resistiv-
1t1es, particularly when found in different
geographical regions, and it is essential
that trial or calibration tests be made in
each general area where resistivity sur-
veys are to be made. These trial tests,
made over known geologic formations ex-
posed to view in existing road cuts or
identified by drill holes, test pits, etc.,
provide characteristic resistivity curves
for each type of soil, weathered ma-
terial or solid rock typical of the area.
These type curves may then be compared
with each field curve obtained in testing
over unknown conditions in the course of
the resistiyity survey. Close similarity
between a field curve and a particular
calibration curve 1s indicative of similar
geologic conditions in the subsurface.

The instruments used are portable and
can be taken into areas virtually in-
accessible to other, less portable, ap-
paratus. Figure 10 shows a view of the
simple millhlammeter-potentiometer type
of resistivity apparatus used by the Bu-
reau of Public Roads.

Although the resistivity test has been
used to advantage on numerous proj-
ects having to do with classification of
earthwork and for slope design, as well
as the exploration of bridge foundations,
tunnel sites, swampy areas, etc., 1its
most unique application, perhaps, is in
the field of materials surveys. Rapid
tests, extended across relatively large
areas, make it possible to locate iso-
lated deposits of sand and gravel or solid
rock where no surface indications exist.
Furthermore, having located a hidden
deposit of granular material, much useful
information may be obtained regarding
the lateral extent and thickness of the
useful material. Other material such as
chert, soft sandstone, caliche, solid
rock, and special soil types may be lo-
cated in a similar manner if the material
has resistivity characteristics differing
from those of the surrounding or overlying
material.

THEORY AND PROCEDURE IN MAKING
EARTH-RESISTIVITY TESTS

The Resistivity-Depth Test

In Figure 11 a schematic diagram

shows the Wenner (1) four-electrode con-
figuration ordinarily used in making re-
sistivity measurements and the several
component parts of the apparatus used
by the Bureau of Public Roads. When
conducting a test a direct current of
electricaity, I, supplied by a group of
radio B or C batteries, is sent through
the ground between electrodes C, and
Cz and a potential drop, E, is measured
between electrodes P, and P2 which are
equally spaced between the two current
electrodes. The measured values of E
and I are inserted in a simple formula
p =27 AE/1, in which P is the resistivity
in ohm-centimeters, A 1s the electrode
spacing in centimeters, E is the potential
drop in volts and I is the current, in
amperes, flowing through the soil. In
practice it has been found that an em-
pirical relation exists between the elec-
trode spacing and the effective depth of
the test such that the electrode spacing
is equal to the depth involved. Using an
electrode spacing of 6 ft., for example,
it may be assumed that the measured
resistivaity applies to the soil lying within
6 ft. of the surface. By progressively
increasing the electrode spacing the
test is carried deeper and deeper into the
subsurface and the measured values of
resistivity are plotted in a curve showing
the relation of resistivity to electrode
spacing or depth. This type of test is
commonly referred to as the resistivity-
depth test. For the two-layer formation
shown in Figure 11 the relatively low
resistivity of the soil overburden will
control the measured values of resistivity
until the test has been carried deep e-
nough to involve increasingly larger vol-
umes of the underlying hgh resistivity
layer of rock. As this occurs an upward
trend develops in the resistivity-depth
curve indicating the presence of the high
resistance layer and its approximate
depth below the surface. Gishand Rooney
(2) found that the inflection point in the
curve could be taken as an indication of
the thickness of the surface layer. Al-
though this rather simple empirical meth-
od of analyzing earth resistivity data has
had considerable use in the past, it is
possible to obtain smoothly rounded
curves which show no clearly defined
inflection point, and are, therefore, dif-
ficult to analyze directly.



Another equally simple empirical meth-
od, developed by the Bureau of Public
Roads, makes use of the Gish-Rooney
curve together witha graphical integration
of the curve for analyzing the data ob-
tained in the depth test. This method of
analysis, the cumulative-curve method,
can be applied to all types of curves,
whether smoothly rounded or showwmng
sharp inflection points, with surprisingly
good results.

Figure 12 contains curves 1llustrating
the cumulative method of analysis, the
upper curve, labeled A, being the Gish-
Rooney curve plotted from data obtained
over a two-layer formation and the lower
curve, labeled B, being the cumulative
curve. Table 1 contains the field data
used in plotting the curves shown in the
figure.

TABLE 1
RESISTIVITY-DEPTH TEST DATA USED IN FIGURE 12

Electrode Apparent Cumulative
spacing resistivity  resistivity Remarks
ft Ohm- Ohm-
centimeters. centimeters
3 6885 6885 Drill hole record
[} 5990 12875 showed clay to
9 6325 19200 13 2 feet under-
12 7735 26935 lain by hard
15 9260 36185 rock
18 10925 47120
21 « 12730 59850
15 7955 Not used in cumu-
lative curve.
7.5 6045 do

The cumulative-curve method of analy-
s1s has been described 1n earlier publica-
tions (34, 36, 37, 46, 48) and 1t has been
used by the Bureau of Public Roads with
satisfactory results. Briefly, the Gish-
Rooney curve (Curve A, Figure 12) 1s used
to determine the probable number of sub-
surface strata while the inflection points
on this curve are used togive sigmficance
to the straight-line intersection points
obtained from the cumulative curve (Curve
B, Figure 12). The trend in Curve A at
an electrode spacing of 7.5 to 9 ft. sug-
gests the presence of the rock found at
13.0 ft. in Curve B. Had Curve A been
extended on to a depth of 30 to 40 ft. an
additional intersection might have been
obtained 1n Curve B, but no significance
could be given this second intersection if
there was no corresponding trendin Curve
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A. Very slight trends in Curve A, often
obtained where thick layers of soil over-
burden rest upon bedrock or sand and
gravel, are used 1in this manner to give
credence to the intersections obtained 1n
the B curve.

Theoretical methods of analysis,based
upon assumed ideal conditions seldom
found 1n the field, have been used by many
investigators in analyzing earth-resistivity
data. The writer has found them of littie
use in the shallow explorations ordinarily
involved 1n highway-engineering explora-
tions. For the mostpart, the theoretical
methods consist of using groups of curves,
obtained for data computed for various
assumed formation layers, resistivities,
and layer thicknesses, to which the field
curves are fitted toascertain which of the
assumed conditions most nearly approach-
es those existing where the field tests were
made. Use of suchmethods appears to be
more practical for the deeper explorations
in areas where the geologic formations
are likely to be of considerable thickness
and more uniform incharacter, and where
simple calibration tests over known con-
ditions may be impractical.

These methods have been described
in somedetail andno attempt will be made
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to discuss them further. The reader should
review references given in the appended
bibliography for a thorough treatment of
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Figure 13. Constant-depth resistivity traverse
over formation of Dakota Sandstone, Washington
County, Kansas. Electrode spacing 30-ft.

the interest of a widespread increase in
the use of earth-resistivity tests by both
engineer and contractor, the simple, on-
the-spot evaluation of resistivity data,
such as that possible when using the em-
pirical methods heretofore referred to, 1s
more practical for those having noprevious
experience with resistivity testing.

Constant-Depth Resistivity Traverse

The resistivity-test method most use-
ful 1n searching for small 1solated de-
posits of sand and gravel or other ma-
terials useful in construction work 1s the
resistivity traverse. In this method
the four electrodes are held at a fixed
spacing and a series of tests is made
at a series of locations along a random
line over the area where the presence of
construction materials is suspected. With
an electrode spacing of 25 ft. , for example,
resistivity values are obtained at 25-ft.
mtervals along the chosen traverse line.
The effect of any change in subsurface
conditions within 25 ft. of the surface will

be shown by resistivity changes. Figure
13 contains data from such a constant-
depth resistivity traverse made over a
formation of Dakota sandstone located in
Kansas during a search for a source of
material for use 1n road construction.
Having found a formation 1n this manner
additional tests are made along a series
of parallel lines spaceda suitable distance
apart, together with other traverses at
right angles to these lines. From the
data a resistivity-contour map may be
constructed covering the whole area and
outlining those areas most likely to con-
tain a preponderance of the materials
sought. Figure 14 shows such a resis-
tivity-contour map of a sand and gravel
deposit 1n Maryland just north of Washing-
ton, D. C. It 1s often possible to test as
much as 4,000-5,000 ft. of traverse per
8-hr. day. Obviously such data furnish
valuable information regarding the pres-
ence of useful materials and their lateral
extent at relatively low cost. Several ju-
diciously placed resistivity-depth tests or
auger borings, in conjunction with the
traverse data, make possible a reasonably
accurate determination of the quantities of
material available. Identification of the
materials depends upon calibration data
as mentioned previously.

TYPICAL APPLICATIONS OF THE RE-
SISTIVITY TEST IN THE LOCATION OF
MATERIALS OF CONSTRUCTION

Several of the graphs presented to-
gether with the accompanying discussion
found 1n subsequent paragraphs may appear
to digressfrom the purpose commonly at-
tributed to a materials survey. The data
are included 1in this report, however, to
further 1llustrate how the resistivity test
may be used to obtain information con-
cerning the materials existing at bridge
sites, tunnel locations, and 1n highway cut
sections, which may affect the final design
of the structure or roadway.

Classification of Earthwork for Slope-
Design Purposes

With adequate data from calibration
tests over exposed formations in an area
where a new roadway 1s planned, 1t is
possible to interpret with some assurance



orking Foce caof 9/20/40

Scale - 1°= 50

Resistivity Recorded in Ohm -~ meters

7 A

mzl

]

iy

,,\ . g

. \ : 2450

—t——— N
745
“m
»
M 3473 7
workng Face o8 |ofoo |zl s
ot4/1/
s 50

No 23

Figure 14. BResistivity-contour map of area adjacent to gravel pit near

Murkirk, Maryland.

G6



96

7
) [
€ / ).}
- N
¥eo v —
£ g \\ - - AN
: | \ » \
i dl . P \’. Z
No ’
&° N, 7
$ .. sl SAND3TONE o
g 'I Se-g” \\‘ l/_ «l \.‘A
£ 400 ~f - + e
3 s Y : ,‘( ) (
3 / ! / N SANDSTONE
E / bl ‘:\ /
13 . - g /
] ! e SN O
c 4 J e ! - ::(
E .z,"' -’
[ - g
g 200— <
\ Ao €ARTH
\ /EARTH’) '\\ ~e 1 [
K R s
—k A L - = e
100 ‘&\’3.:;;1.__‘_ — L t\ -\-\- = //
s R w D) L P, .
{\ %2---0---- B 2 - ~f_\: $:._.:9.::: o '-‘.‘-‘J/
i 2 ISP NP S S TP S S
% 10 20 30 a0 S0 o i 20 30 40 50

ELECTRODE SPAGING OR DEPTH—FEET

Figure 15.

Resistivity-calibration curves (left) and typical field curves

obtained in the Ozark National Forest near Russellville, Arkansas.

the resistivity data obtained elsewhere 1n
‘the area and to obtain sufficient informa-
tion regarding the subsurface formations
to make possible a proper slope design
without analyzing the individual curves
for a specific depth to formation changes
at each test location. Figure 15 shows
curves for resistivity data obtained n
northwest Arkansas over exposed sand-
stone, clay, and shale formations (left-
hand graph) typical of the area, and over
representative cut sections from about 22
mi. of proposed roadway (right-hand
graph). This investigation, carried out
in rugged countryin the Ozark Mountains,
requiredonly 12 working days and the tests
were made by inexperienced men with only
minor supervision by the writer. Yet,
even an inexperienced man could readily
see the striking resemblance between
many of the field curves obtained and the
calibration curves obtained over "earth"
easily excavated by large self-loading
scraper units. Slopes designed for earth,
as interpreted from the resistivity data,

were found to meet actual field conditions
n practically every instance for the cut
sections on the two grading projects thus
far completed. Wherever rock was pres-
ent it was found at depths closely approxi-
mating those predictedfrom the results of
the resistivity tests. Other investigations,
made in Tennessee and Virginia, have also
been quite helpful 1n slop design.

Foundations for Bridges

Although the mere knowledge that bed-
rock does or does not exist within practical
depths at a particular structure location
1s often sufficient for preliminary design
purposes, rather accurate depth determin-
ations arepossible 1n instances where the
geologic conditions approach those assum-
ed 1n a theoretical treatment of the resis-
tivity test. Figure 16 shows data obtained
in Virginia near the west abutment of the
Memorial Bridge spanning the Potomac
River at Washington, D. C., showing rock
at a depth closely approximating the depth



found by the drill at the abutment located
about 150 ft. away. Other testsfor struc-
ture foundations made 1n New Hampshire,
Georgia, and Kansas have been even more
accurate when compared with results ob-
tained by drilling.

Investigations for Tunnel Sites

By calibrating over materials consid-
ered good for tunneling purposes and over
materials considered unsatisfactory, con-
trol curves are obtained which make-it
possible to obtain valuable preliminary
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Figure 16. Resistivity test near west abutment

of Arlington Memorial Pridge, Washington, D.C.

information regarding the materials pres-
ent at atunnel site with a few rapidly made
resistivity tests. While studying the sub-
surface conditions on a section of the Blue
Ridge Parkwayin westernNorth Carolina,
five tunnel sites and several miles of
grading were investigated in about four
days' time and information obtaned re-
garding the probable character of the ma-
terials to be found in 21 cut sections and
at the several tunnel locations. Figure
17 contains resistivity curves for data
obtained at two of the tunnel locations
(Curves 5 and 6) and over one large cut
(Curve 4), together with data from three
calibration tests made over known geologic
formations exposed to view on a partially
completed construction project adjoining
the project under investigation. Curves
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1 and 2 of the calibration tests (sohid-line
curves) were obtained over a weathered
rock formation at a location where a pro-
jected tunnel had collapsed during the
early construction stages due to the un-
satisfactory character of the formation
mvolved. These two curves completely
bracket the three curves obtained over
unknown formations. From these data
one would expect that the conditions at
the two proposed tunnel sites and at the
location of the large cut could be little
different from that found at the location
where the tunnel failure had occurred.
Accordingly, as a result of these tests,
and others made throughout the length of
the project, earth and weathered rock
formations were predicted for all five
tunnel sites and 1n most of the 21 cut sec-
tions investigated. The sharply rising
trend in Curve 3 of Figure 17, obtained
from a test made overa solid rock forma-
tion exposed 1in a cut on the nearby pro-
ject, by its contrast, adds support to the
prediciton that weathered rock would
probably be found at the locations of tun-
nels 4 and 5.

Several refraction seismic tests were
made at locations where resistivity curves
had been obtained that were thought to be
typical of those obtained throughout the
project. The rather low wave velocities
obtained for the materials above grade
also were characteristic of weathered ma-
terial. Thus the seismic test served as a
convenient and rapid check upon the more
detailed resistivity survey.

Many other instances could be cited
and data presented further emphasizing
the practical use of the resistivity test 1n
field surveys to study subsurface condi-
tions 1n swampy areas, shide areas and
soil-boulder or glacial till formations,
the two latter formations being very
troublesome to the drill operator. As
stated previously, however, the resis-

“tivity method of test has special promise

when applied in a search for materials of
construction, and this important applica-
tion will be discussed in subsequent para-
graphs.

Location of Materials of Construction

Certain sections of the country are
fortunate in having almost unlimited sup-
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plies of sand, gravel, and other materials
useful in construction work. Other areas
are less fortunate and those concerned
with maintaining adequate supplies of such
materials must hunt far and wide for usable
deposits. Even in areas plentifully sup-
plied there have beeninstances where ma-
terials have been transported for some
distance for use in construction work while
adequate supplies lay hidden immediately
adjacent to the project. The ultimate goal
for the materials survey 1s not only to
locate the quantities of material needed,
but to locate the materials as near to the
project on which they are to be used as is
possible.

The Baltimore-Washington Parkway,
now under construction, passes through a
section of Maryland underlain, for the most
part, by clay soils that make 1t desirable
to use a layer of granular materials under
the pavement to provide greater stability
than would obtain 1f the pavement were
laid directly upon the clay. A recent re-
sistivity survey was made on a 3-mi
section of the parkway, now under con-
struction, in an effort to locate some
85,000 to 90,000 cu. yd. of granular ma-
terials needed for use over soils of the
type described. Considerable trouble and
expense would be avoided 1if the material
could be located within the right-of-way
boundaries at locations within the limits
of the project, eliminating the necessity
for purchase of the materials and hauling
them 1n from more distant locations.

In planning a survey of this type, the
usual procedure 1s to make full use of all
ex1sting geologic information, such as that
to be obtained from geologic maps, aerial
photographs, and inrecords of drill holes
or borings made within the area. This
general procedure was followed 1n the ex-
ample being described. Reference was
made to recorded data obtained from drill
holes and borings that had been made 1n
several of the larger cuts and also to an
existing geologic map that showed scat-
tered remnants of plateau gravels, laid
down by ancient river action, within the
general area traversed by the parkway.
The projected roadway apparently passed
through one of these small areas 1n a cut
section some 30 to 40 ft. deep at a loca-
tion near the north end of the project. This
area was selected as the most likely for
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finding substantial quantities of granular
materials. Aerial photographs indicated
well-drained soils at this location also.

A trial test was made consisting of a
constant-depth resistivity traverse toa
30-ft. depth, run along the ditchline of an
existing roadway which crossed the line of
the parkway at an angle with the center-
line. Other tests were made along the
centerline of eachroadway of the parkway
and a fourth test was runacross a promi-
nent "high" resistivity area that appeared
mn each of these two latter traverses.
Figure 18 shows the plotted datafrom each
of these tests. The high resistivity zones
shown on traverses 2, 3, and 4 are char-
acteristic of sand and gravel found 1n this
part of Maryland.

Figure 19 shows a resistivity contour
map drawn up from the data contained in
Figure 18. The circled crosses marked
D. T. indicate locations where resistivity
depth tests were made. This map indi-
cates a reasonably large area underlain
by sand and gravel of the type desired.
Figure 20 shows the results of eight depth
tests made 1n the area to determine the
depth of the materials causing the high
resistivity zone shown on the map of Fig-
ure 19. Graphs B, C, and H indicate that
the depth of the sandand gravel throughout
the area enclosed bythe 400,000 ohm-cm.
contour will be in excess of the actual cut
to grade, as shown on the profile sheets
for the northbound and southhound road-
ways. In fact, within thearea enclosed by
the 200,000 ohm-cm. contour, the pro-
posed cut probably contains materials
equally as suitable as that shown by the
log of boring No. 50, made at a point 35
ft. to the right of station 2485, traverse
No. 3, on the northbound roadway. This
1s indicated by the relatively low value of
resistivity, 130, 000 to 140,000 ohm-cms. ,
obtained at a depthof 30 ft. in a depth test
made 1n the vicinity of the bore hole (see
Graph A of Figure 20). A rough estimate
of the volume of the material available 1s
85,000 cu. yd. A more conservative fig-
ure for a quantity of sand and gravel com-
paratively free of clay might be obtained
by restricting the area to that within the
300,000 ohm-cm. contour. Within this
area a quantity of about 60,000 yd. of
material of good quality 1s indicated.

Another area locatedin a similar man-
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ner within the right-of-way limits near
the south end of the construction project
appeared tocontain a considerable amount
of suitable granular material.

This somewhat-detailled discussion of
the application of earth-resistivity tests
to a search for granular materials has
been included to emphasize the usefulness
of such tests in the preliminary planning
stages for a construction project. A sur-
vey such as that described in the preced-
ing paragraphs wll be of greatest value
if made prior to any program of direct
mvestigation involving borings or test
pits. These slower and more expensive
methods would then be restricted to areas
where the resistivity tests showedpromis-
ing resistivity zones, high for granular
soils and low for the clayey, impervious
soils. For a particular location more
complete information would be obtained
with a minimum of bore holes by this
procedure.

For example, the granular materials
found at this location by the resistivity
tests had not been disclosed in a satis-
factory manner by the single boring made
prior to the resistivity survey. The best
material was situated at some distance
from the arbitrarily chosen bore-hole
site. More useful information would have
been obtained if the location for the boring
had been selected on the basis of the re-
sistivity surveydata, that is, in the center
of the high resistivity zone shown in Fag-
ure 19. Use of the resistivity test in this
manner as aguide for more direct explor-
ation work and to expand the information
already available from such direct means
of exploration is one of its more valuable
applications.

LIMITATIONS AND RELATIVE MERITS
OF SEISMIC AND RESISTIVITY TESTS

All methods of exploringthe subsurface
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have their limitations and geophysical
tests are no exception to the rule. Seis-
mic tests are efficient 1n locating rock
formations, particularly in a restricted
area such as that for a bridge location,
tunnel, or dam site. This method of test,
however, is not well adaptedto rapid sur-
veys over large areas. It appears to have
little value in systematic surveys for sand
and gravel deposits and other materials
having little of the rigidity inherent in
solid rock. Its use on highway-grading
projects for obtaining information to con-
trol slope design has met with success in
the work of the Bureau of Public Roads
and in the subsurface exploration work of
New York and Massachusetts (39). In
certain areas where the geologic forma-
tions are made up of alternating beds of
shale and limestone or sandstone, the
seismic test has not proved applicable.
Although the dense rock can be located
without difficulty, the less-dense shale
underlying the higher velocity rock layers
will be difficult, if not impossible, to lo-
cate. On the other hand, this test can
locate solid rock beneath the talus and
boulder formations that are sotroublesome
in drilling operations. While the seismic
method can be used in mucky soils and
swampy areas 1its use is costly compared
with the conventional methods employed
for probing through such materials.
Usually from two to eight locations per
day can be explored with the seismic meth-
od, the depthto be explored beingthe con-
trolling factor. Although many times
faster and much less expensive than any
of the direct methods commonly used, the
seismic test is much slower than the re-
sistivity test in the shallow explorations
(15 to 50 ft. ) commonly required for high-
way work and cannot compete, except 1n
areas where the conditions are such as to
preclude the use of the resistivity method.
In areas where the subsurface forma-
tions are reasonably uniform andnot badly
upheaved or unevenly weathered, the seis-
mic data obtained are not difficult to anal-
yze, the novice obtaining substantially the
same depth determination as the experi-
enced operator. However, the field oper-
ation and maintenance of the seismic ap-
paratus will require more extensive
training than that required for the resis-
tivity apparatus, and the transportation,
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use, and storage of explosives can be a
troublesome factor at times.

Earth-resistivity tests, except under
unfavorable geologic conditions, will pro-
duce results as dependable as those ob-
tained for seismic tests in the shallow
explorations required in highway work.
Although interpretation of the resistivity
data canbecome complicated for the deep-
er tests, it has been the writer's experi-
ence that the simple empirical methods
of analysis described, together with ade-
quate calibration of the test over known
formations, can be relied upon to produce
data useful for a study of foundation con-
ditions and of problems of slope design.
The talus and soil-boulder formations can
be successfully explored by resistivity
tests also, since the rock fragments and
boulders when mixed with soil usually
possess resistivities differing from that
of a solid mass of rock or shale. Sand
and gravel can possess a resistivity more
than 100 times as high as that of some
rocks and shales. However, evena super-
ficial knowledge of local geology, coupled
with the all-important calibration tests
over typical local formations, will enable
one to properly eveluate the results of
resistivity tests in most instances.

Extremely dry, loose sand may have
resistivities closely approximating that of
solid rock upon which it rests and may
prevent a proper identification of the boun-
dary between the two materials by this
method. In such a case seismic tests
will locate the rock without difficulty.

The resistivity test can be useful in a
study of formations that consist of alter-
nate beds of hard rock and less dense ma-
terials such as shale. Figure 21 shows
data, obtained in a study of slide condi-
tions in West Virginia, that indicate the
method may have possibilities for locating
a shale formation beneath dense sandstone.
Seismic tests at this location would have
been futile.

Animportant advantage of the resistivity
method over the seismic method is that it
may be used 1n a constant-depth traverse
procedure to locate the lateral limits of
subsurface formations and abrupt irregu-
larities in an underlying rock formation.
Such a traverse, made at a rate of 4,000
to 5,000 ft. per day, can be of great value
1n a rapid reconnaissance survey for con-
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Figure 21. Resistivity test locates shale forma-

tion beneath 36 ft. of massive sandstone at
large slide area on US 60, near Huntington,
West Virginia.

struction materials and ina detailed study
for mapping the contours of a subsurface
rock formation.

The operation and maintenance of the
resistivity apparatus requires only limited
training— one or two days of instruction
at most. Reasonably satisfactory inter-
pretation of the data, using the simple
empirical methods, canbe learned almost
as quickly, the interpretations becoming
increasingly dependable with growing field
experience. In cases where the geologic
conditions are complex in nature, depart-
ing radically from the uniform homogene-
ous conditions assumed in theory, inter-
pretation of the resistivity data canbecome
well-nigh impossible. Dependance must
be placed on adequate calibration tests
under such circumstances.

Stray currents, emenating from ore
bodies; cross-country pipe lines; or other
sources can affect resistivity measure-
ments adversely. Specially designed ap-
paratus may be obtained for use in local-
ized rural areas subject tosuchdisturb-
ances or in cities where ground currents
from electrified street railways, power
lines, etc., may be encountered. Figure
22 shows such apparatus which makes use
of a hand- or motor-operated commutator

to cause a reversal of the current some
30 to 40times per second. Thisprocedure
usually cares for any natural currents in
the ground and permits the test to be car-
ried out without interference from such
currents. When such stray currents are
unidirectional, or undergo reversals at
not too frequent intervals, the simple ap-
paratus without the commutator (Figs.
10 and 11) will be entirely satisfactory.
Under such conditions the operator makes
two sets of observations for current and
potential, with the direction of flow re-
versed in one instance, and averages the
results obtained before computing a value
for the resistivity. Actually, in the writ-
er's experience with tests made in many
parts of the country, and in urban areas
as well, very little trouble has been ex-
perienced with stray currents when the
simpler apparatus was used.

COST OF GEOPHYSICAL EQUIPMENT

Seismic equipment of the type shown
in Figure 2 has been available in the past
at a cost of $4,000 to $5,000. More
recently, other seismic refraction ap-
paratus has been placed on the market,
similarly priced, which makes use of 12
detectors instead of 3, and uses electronic
amplification inthe detector circuits. This
equipment is portable and the multiple de-
tector circuits have some advantages in
that fewer shots are required for a given

Figure 22. One type of resistivity apparatus
using the Gish-Rooney commutator principle.



depth determination. Amplifying the re-
corded seismic impulses permits smaller
charges of explosives to be used, a dis-
tinct advantage when makingtests in urban
areas. Some difficulty may be experienced
in attempting to use the 12 detectors in
rough mountain terrain due to differences
1n surface elevations, relative thickness
of surface soil at each detector, etc. Ex-
tra weight, such asthat resulting from the
nine extra detector units, will be objec-
tionable if the apparatus must be trans-
ported by hand intoareas far removed from
roads and trails. The emergency repair
of such equipment will require some train-
ing 1n electronics for those attempting it.
Repairs to the apparatus used by the BPR
are comparatively simple.

Earth-resistivity apparatus of the type
shown in Figure 10 can be purchased for
about $800 and can be built for less in
instances where the prospective buyer
wishes to construct his own apparatus.
The commutator -equipped apparatus us-
ually has sold for about twice as much as
the simpler apparatus.

TIME REQUIRED FOR TESTS

Resistivity-depth tests can be made at
a rate of threeper hour in rough mountain
areas to depths of about 60 ft. In open
fields, with successive tests made at
closely spaced intervals (100 to 200 ft.),
more rapid progress is possible. The
nature of the problem under study, how-
ever, will determine the need for large
or small increments of depth and thus
will control the number of resistivity de-
terminations required at a particular test
location and the time required for com-
pleting the test. The resistivity traverse
can be made at a rate of 4,000 to 5,000
ft. per 8-hr. day. Seismic tests can be
made at a rate approximately one third of
that possible when making resistivity tests
for the shallower depths (40 to 50 ft. or
less).

CONCLUSION

In conclusion, it canbe stated that both
seismic and resistivity tests are capable
of providing dependable information when
used in subsurface exploration studies for
many of the problems associated with high-
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way and other civil engineering construc-
tion. The earth-resistivity test is probably
the better of the two methods 1n that it is
faster and has wide applicationto all of the
problems involving the shallow tests;
while the seismic refraction test is of
greatest use for the deepertests to locate
a rigid, dense medium, suchassolidrock.
In the hight of the foregoing discussion, it
1s evident that both methods may be used
jomntly to explore a given subsurface con-
dition, one to corroborate the results
obtained with the other. This procedure
is followed 1n the work done-by BPR, the
seismic test being used to obtain a rapid
check on the accuracy of the indications
from the more-rapidly made resistivity
survey. The resistivitytestis particular-
ly adapted to prospecting for construction
materials while the seismic test has only
a limited value for such work. Use of
these geophysical tests 1n conjunction
with presently employed methods of direct
exploration should result in a considerable
saving of time and expense in future ex-
plorations of the subsurface and make
possible a better, more-economical de-
s1gn of engineering structures.
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