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Geophysical Methods of Subsurface 

3UREAU OF PUBLIC ROADS 

SS NINCE 1933 the Bureau of Public Roads 
has had in progress a study of geophysical 

iethods of subsurface exploration as applied 
9 highway engineering problems, including the 

evelopment of instruments and of methods of 

yterpretation of the data obtained. LEarly 

rogress was reported in papers published in 

935 (15)? and in 1936 (17). Both earth- 

esistivity and refraction seismic apparatus 

vere adapted or developed for use in the shal- 

‘} ow subsurface explorations usually associated 

vith highway construction. Special attention 

vas given to the necessity for portable units 

apable of being transported by hand into 

reas where reconnaissance surveys might be 

equired. The cover illustrations show the 

arth-resistivity apparatus and the seismic 

quipment now in use. 
A large amount of data has been obtained 

»y the Bureau of Public Roads with this equip- 

ent applied to such problems as slope design, 

lassification of excavation materials on grading 

yrojects, foundation studies for bridges, build- 

ngs, and other structures, investigation of 

unnel sites, location of sand, gravel, solid 

ock, and special soils for use in construction, 

etermination of depth of peat and muck in 

wampy areas, and studies of existing and 

yotential slide areas. These field studies have 

een carried out in 21 States.3 

| Summary 

| 

shis article, and others which may arise in 
‘uture exploration work, the geophysical meth- 

ods of test have definitely established their 

value in connection with highway work, par- 

ticularly for use in preliminary surveys. 

« Their use by the Bureau of Public Roads and 

“ other Federal and State agencies has empha- 

7 sized the value of these relatively inexpensive 
. methods of shallow subsurface exploration in 

obtaining information to be used for design 

purposes or as control for more detailed sub- 

surface surveys by core drilling and other 
commonly used direct methods. The funda- 

Despite limitations that are enumerated in 

ct 

1 Presented at the twenty-ninth annual meeting of the 

_ Highway Research Board in Washington, D. C., December 

2 Italic numbers in parentheses refer to the chronologically 

mged bibliography, p. 64. 
? Arkansas, California, Colorado, Connecticut, Florida, 

_ Georgia, Idaho, Iowa, Maryland, Michigan, Missouri, Mon- 

‘tana, New Hampshire, New Jersey, New York, North 

_ Carolina, Oregon, Pennsylvania, Tennessee, Virginia, Wash- 

_jington, and the District of Columbia. 

_ PUBLIC ROADS ® Vol. 26, No. 3 
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| ___ Exploration in Highway Construction 
BY THE PHYSICAL RESEARCH BRANCH 

Reported ' by R. WOODWARD MOORE, Highway Engineer 

Geophysical methods of subsurface exploration have been employed in various 

fields of engineering for more than 20 years. Since 1933 the Bureau of Public 

Roads has been studying the application of these methods to highway work, 

and has found that earth-resistivity and refraction seismic tests are well adapted 

to road construction problems. The Bureau has designed and built portable 

equipment for both types of test, which were described in PUBLIC ROADS 

in 1935. 

Subsequent work, carried on during the past 15 years in 21 States, has estab- 

lished both methods as useful, rapid, and economical means of obtaining pre- 

liminary information on the depth and nature of subsurface formations. In 

this article are presented a review of the theory and method of operation of the 

two types of equipment, and the results of a number of actual field surveys made 

with them. 

It will be evident from these data that, while both geophysical exploration 

methods are useful, the earth-resistivity test is more universally applicable to 

a variety of highway construction problems than the refraction seismic test. 

Detailed subsurface surveys can best be made by initial use of the resistivity 

equipment, followed by check tests with the seismic apparatus where needed. 

Since the fundamental principles of the two methods differ widely, concordant 

data from both may be accepted with considerable assurance. 

mental principles of the two methods differ so 

widely that where both methods give concor- 

dant data they may be accepted with con- 

siderable assurance. When they are used 

jointly at a given location, a limited amount of 

confirming data from seismic tests can serve 

as a valuable check on a considerable number 

of the more inexpensive resistivity tests, at 

times obviating the need for test pits or auger 

holes for locating and identifying subsurface 

formations. This does not imply that test 

pits or auger holes may not be necessary for 

obtaining samples of soil and other materials 

for determination of their physical and other 

properties. 

Even though there might exist some un- 

certainty that the geophysical methods of 

test would prove applicable to a particular 

subsurface condition, the simplicity, low cost, 

and rapidity with which the tests can be made 

recommend their trial before resorting to the 

more costly and tedious methods of direct 

exploration ofttimes employed. 

Present Use 

World War II caused curtailment of the 

use of the geophysical methods of exploration, 

with the general decrease in civilian construc- 

tion, but an increased interest is being mani- 

fested at the present time. The New York 

State Department of Public Works has pur- 

chased equipment of both types and has as- 

signed personnel to a continuing program of 

geophysical tests, since early in 1948, as a 

part of a regularly instituted program of sub- 

surface exploration. The Pennsylvania Turn- 

pike Commission has kept two earth-resistiv- 

ity parties in the field since July 1948 in a 

systematic resistivity survey of well over 100 

miles of right-of-way for extensions to the 

present Turnpike. The Michigan State High- 

way Department has purchased resistivity 

apparatus for use in locating construction 

materials and on other construction and 

maintenance problems. The Massachusetts 

State Department of Public Works has had 

in progress since 1944 a program involving 

the use of refraction seismic tests in studies 

of highway grading projects and structure 

sites (29). Wisconsin, Minnesota, Missouri, 

California, Texas, and Illinois have each had 

some experience in the application of earth- 

resistivity tests to highway construction 

problems (5, 9, 10, 14). The State highway 

departments of Georgia and Arkansas have 

expressed an active interest in an early appli- 

cation of earth-resistivity tests to their con- 

struction problems. 

As a result of demonstration work done in 

New York, Connecticut, and New Hampshire, 

the Corps of Engineers of the Department of 

the Army adopted the seismic test as a more 

or less standard procedure in preliminary 

subsurface. explorations in connection with 

investigations of possible dam sites for flood 

Hundreds of dam sites have been 

49 
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investigated by this method since the latter 

part of 1938 (19, 21, 23). 

With this brief summary of the present 

status of geophysics as an integral part of our 

highway construction program, it may be of 

interest to review briefly the theoretical 

aspects of the two methods of test and to 

consider in more detail their application in 

the field. 

Theory of Refraction Seismic Method 

The seismic method of subsurface explora- 

tion ‘ consists of creating sound or vibration 

waves within the earth, usually by exploding 

small charges of dynamite buried 3 or 4 feet 

beneath the surface, and measuring the time 

of travel of these waves from their point of 

origin to each of several detectors placed at 

known distances from the source. The varia- 

tions in mechanical energy transmitted to the 

detectors are converted into variations in 

electrical energy which, in turn, are used to 

deflect light rays reflected from small mirrors 

that are parts of sensitive galvanometers, and 

these deflections are recorded photographi- 

cally on rapidly moving film. Electrical 

circuits are so arranged as to obtain one im- 

pulse at the instant of firing the explosion 

shot and another as the first wave reaches each 

detector. Figure 1 shows three typical seismic 

records, the small break in the right-hand 

trace on each film indicating the start of the 

wave and the three separate breaks in the 

three traces on each of the films indicating 

the arrival of the wave front at each detector. 

Each space between the transverse lines on 

the film corresponds to a time interval of 

4 For a more detailed description of the apparatus see 

reference (15). For additional discussion of the interpreta- 

Figure 1.—Typical 

0.005 second. It is usually possible to esti- 

mate to one-tenth part of this time interval. 

The time lines are registered on the film 

by means of a suitably placed light source 

and a tuning fork operating at 100 cycles per 

second. Each tine of the tuning fork is 

equipped with thin phosphor-bronze plates 

having narrow slots which permit 200 flashes 

of light to reach the film during each second 

of time. 

The time data obtained from film records 

and the measured distances along the ground 

seismic film records. 

graphs. From these the depth and proba 

character of the various subsurface form 

tions are determined. Wave velocities ran) 

from approximately 600 feet per second — 

light loose soils to about 18,000 to 20,000 fe) 

per second in dense, solid rock. This wi} 

range in wave velocities makes possible} 

determination of the general character of t} 

materials encountered, and by use of sim)} 

formulas the average depth to the varic 

substrata can be calculated. A knowlec? 

of the local geology helps materially in a mi 

tion of refraction seismic data, together with their applica.  SUrface between the shot point and the detec- accurate identification of the formaticg 

tion to various field problems, see references (19, 21, 23). tors are plotted in the form of time-distance encountered. 

PRR Se ark oe LE £3 =DISTANCE IN FEET. 73= TIME IN SECONDS FOR TREMOR TO REACH DETECTOR D3 3- ELEMENT 
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Figure 2.—Fundamental principles of the seismograph method. 
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(Eplanation of theory 

‘ll (The theory of refraction shooting and the 

wirivation of approximate working formulas 

t+ depth determinations are shown in figure 2. 

site equations are developed on the assump- 

witm that the path of the seismic wave is 
irtically downward from the shot point to 

'¢ rock or other dense stratum, thence along 

j2 rock to a point directly beneath the de- 

\| iotor, and thence vertically upward to the 

| iteetor. Although this assumption gives 
; stisfactory values for the shallow depths 

~ volved in most highway problems, it is 

om to use a more exact formula for 

ists to greater depths such as are encountered 

| exploring locations for dams and certain 

her structures. The derivation and applica- 

‘fn of these formulas may be found in pub- 

“hed papers (18, 19). 
ATH ? 

Although four detectors are shown in figure 

to illustrate wave travel for the short 
? |stances involving the low-velocity soil and 

t the longer distances in the rock stratum, 

ily three detectors are required for the three- 
annel seismograph used by the Bureau of 

ibli¢ Roads. The usual procedure, when 
ing this type of equipment, is to place the 
ree detectors on the ground in a line and at 
tervals of 25 to 50 feet apart. Shots are 
en fired successively at increasing distances 

ong the extension of the line of detectors, 

ginning with a point 10 or 15 feet from the 

mter detector and extending the shooting 
Stance by increasing increments—for ex- 

nple, 50, 85, 125, 165, 225, and 300 feet from 
1e center detector. There is an approximate 

‘lation between shot distance and the effec- 

BLIC ROADS ® Vol. 26, No. 3 

SHOOTING DISTANCE 

~~ -—— o— i —_—_— —- — 

SLOPE OF LINE INDICATES VELOCITY 
IN UNDERLYING MATERIAL. 

DETECTORS 

Ss 
ce oe! 

Figure 3.—Time-distance curve from which soil profile determinations are made. 

tive depth of the test such that this depth is 

about equal to one-third the shot distance. 
The relation depends somewhat on the rela- , 

tive wave velocities in the materials involved. 

If the depth to rock were more than about 80 

feet, additional shot distances greater than 

the 300 feet mentioned above would be re- 

quired to show a rock formation adequately. 

A duplicate line of shots is usually placed in 

the opposite direction from the center de- 

tector, expanding the data to allow depth 

determinations to be made when the inter- 

face between the overburden and the rock is 

not parallel to the surface but on a slope. 

‘Time-distance curve 

@ A theoretical time-distance curve is illus- 

trated in figure 3. As shown, a straight line 

through the origin will result so long as a 

uniform homogeneous material comprises the 

surface layer. The velocity of wave propa- 

gation is constant in such a medium and time 

of wave travel is proportional to travel dis- 

tance. The reciprocal of the slope of the line 

OC, passing through the origin, represents the 

velocity in the medium, Vi, since velocity is 

equal to distance divided by time. 

If, at some greater depth, a second layer of 

homogeneous material of greater density is 

present, such as that designated as shale, there 

will be a point F at which there is a simul- 

taneous arrival of a relatively slow wave 
through the less dense surface soil and one 

traveling over the longer but faster route 

along the top of the shale stratum. Beyond 

this critical distance OF a new slope CD 

exists, the reciprocal of which represents the 

faster wave travel in the shale, V2; and for a 

path STVR the time PQ or OA is that re- 

quired for the wave to travel through the 
surface soil from S to T and again from V to 

R. QN represents the time of travel from 

T to V inthe shale. If H, is the thickness of 

the surface soil, we have the relation 

V w= X04 

Similarly, for a third layer having an even 

greater density, such as that designated as 

rock, there will be a second critical distance 

OG, and a second break in the curve to a new 

slope DW, the reciprocal of which will give - 

the velocity V3 in the rock. The time inter- 

cept MK or AB in this instance represents the 

time required for the wave to travel down 

through the shale and back again. If H; is 

the thickness of the shale then 

y= VXAB 

In plotting the time-distance data the time 

units of %4o0 second, as taken directly from the 

12.0 

© SHOT 847-10' SOUTH OF CENTER 
x u 848-80 0 
A " 849-150 " " 
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@ " — 851-250. NORTH " 
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pies 01330 57> 5 
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Figure 4.—Time-distance graph for seismic records shown in figure 1. 
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p=2TAE 

IN WHICH:- B df 
P =SOIL RESISTIVITY. 

A =DISTANCE BETWEEN ELECTRODES IN CENTIMETERS. 

F£ =DIFFERENCE IN POTENTIAL BETWEEN INTERMEDIATE 
ELECTRODES IN VOLTS. 

J =CURRENT FLOWING BETWEEN END ELECTRODES IN | Os weSe 410 
AMPERES. 

film records, are usually used; and the denom- 

inator in the foregoing equations becomes 400 

instead of 2. 

When the geologic conditions existing at a 

particular test location actually approach 

those assumed in a theoretical analysis of the 

data obtained from refraction seismic tests, 

there is a remarkable similarity between the 

field curves obtained and the theoretical curve 

as it appears in figure 3. This is illustrated 

by the time-distance curve shown in figure 4 

which was prepared from the field data shown 

in figure 1, supplemented by two additional 

shots placed at greater distances from the 

detectors. The data for this graph were 

obtained in New England where a relatively 

thin layer of loose soil was underlain by glacial 

till resting upon solid rock. 

Theory of Earth-Resistivity Method 

Experience has demonstrated that many of 
the materials making up the earth’s crust can 
be identified, in some degree at least, by their 
reaction to the flow of a direct current of 
electricity. This is an action of electrolytic 
nature in which the moisture in the soils and 
rocks, together with the dissolved impurities, 
gives to the several materials characteristic 
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resistances to a current flow. These charac- 

teristic resistances or resistivities may be used 

for locating and, to some degree, identifying 

subsurface formations. Figure 5 illustrates 

diagramatically the earth-resistivity test and 

the Wenner electrode configuration (1) used 

by most investigators. In this test a predic- 

tion of the character of the subsurface mate- 

rials is attempted by measurements indicating 

the magnitude of the resistance to direct cur- 

rent flow. Ordinary moist soils containing 

moderate amounts of clay or silt, with some 

electrolytic agent more or less active, have a 

comparatively low resistance. In contrast, 

sand, gravel, extremely dry, loose soils, and 

solid rock usually have relatively high resis- 

tivity values. These classifications are too 

general to be useful, however, and it is very 
necessary to calibrate the instrument with 
tests made over local materials which can be 
identified by exposed faces, test pits, core-drill 
records, or other means. Curves obtained 
later for unknown conditions may then be 
compared with those for known conditions, 
and a prediction can be made as to the 
materials lying below the surface. 

5 For a detailed description of the apparatus and a more 
comprehensive discussion of the earth-resistivity method of 
test see references (1, 3, 7, 15, 25, $6). 
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Explanation of operation 

Referring to figure 5, an electric currer } 
passed through the ground from a direct | 
rent supply, usually one or more radio C-@ 

teries, using the two outside electrodes C; if 
C2, Measurement is then made of the «if 
in potential between two intermediate pc 
P; and P2, symmetrically spaced at the ti 
points between the current electrodes. | 
current flow is determined with the milli@ 
meter and the voltage or potential drop ‘tH 
the potentiometer, from which the resistit} 
of the material is computed by use of hf 
formula | 

| 
| 

p=2nAt 

in which 

A is the electrode spacing, in centimer 

E is the drop in ees in volts. 

the circuit. 

There is an empirical relation such tha’ : 
“effective” current flows within a depth bo! 

the surface equal to A. That is to say, J 
equals 10 feet, the resistivity obtained ii 

4a the formula represents an average of all di 
rial existing within 10 feet of the sure ie 
Thus, as the electrode spacings of the sy 
are expanded, the current flow lines encor ’ 
the deeper portions of the underlying fo! J 
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ns, such as the rock formation in figure 5. 
iis material, having an appreciably higher 

sistivity than the overlying soil, affects the 

erage resistivity values, the effect of the 
wer bed increasing progressively as the test 

carried to greater depths. 

When using the empirical method of inter- 

etation proposed by Gish and Rooney (2) 

@ apparent resistivity p2, obtained by insert- 
z the measured values of A, EF, and J from 
e field tests in the formula for resistivity as 
ven above, is plotted as the ordinate against 

e electrode spacing A as the abscissa. The 

flections in the resulting curve are inter- 

eted as indicating changes in the materials 

iderlying the surface. Where clay overlays 

ek a curve similar to that shown in the lower 

sht-hand portion of figure 5 is usually ob- 

Wined. The depth of the surface soil is taken 

the value of A (electrode spacing) at which 

.e upward inflection of the resistivity curve 

curs. This empirical solution has been used 

analyzing data from many tests in the past. 

jases were found, however, where the plotted 

jurve was smoothly rounded, with no inflec- 

on point, affording no criterion for predicting 

ie depth of the surface material. Another 
npirical method of analysis has been pro- 
ysed (25) for interpreting such curves, a 

cief summary of which follows. 

‘mpirical analysis 

-| In figure 6 the smoothly rounded Gish- 

ooney or individual-test-value curve is 

1own as a broken-line curve determined by 

re plotted crosses. The same field data are 

jjown below this curve in the form of a cum- 

lative resistivity curve determined by the 

lotted circles. When the values of apparent 

asistivity are plotted as a cumulative curve, 

| straight line or a curved line of gentle curva- 

ure is usually obtained so long as the ‘‘effec- 

ive” current flow remains within the surface 

ayer. When the electrode spacing is ex- 
jyanded to include increasing amounts of the 

jleeper-lying rock formation the cumulative 
jurve shows an increased curvature upward, 

eflecting the influence of the higher resistivity 

/fthe rock formation. It has been found that 
, traight lines drawn through as many points 
{'S practicable on the cumulative curve, and 

jntersecting in the region of increased curva- 

y/ure, will give a good approximation of the 

,/hickness of the surface material if the point 
4 £ intersection of the straight lines is projected 

{0 the horizontal or dimensional axis. This is 
a purely empirical relation with no theoretical 

oasis whatsoever. It has given rather close 

approximations of the depth of the surface 

layer in simple two-layer formations, however 

Referring to figure 6, it will be seen that the 
relatively shallow depth of 14 feet to rock, as 

determined by the test pit, affects strongly the 
‘measured values of apparent resistivity be- 

yond an electrode spacing of about 10 feet. 
, For this reason the plotted values of cumula- 
tive resistivity continue to show a rather 

‘might degree of curvature well beyond what 

might be termed the critical point in the curve. 

|The trend of the Gish-Rooney curve is used 

jto determine the approximate critical point, 

which in this curve appears to be at an elec- 

trode spacing of 10-12 feet. Guided by the 
PUBLIC ROADS ® Vol. 26, No. 3 
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Figure 6.—Typical resistivity data, and analysis by use of the cumulative resistivity curve. 

indications of the Gish-Rooney curve and such 

other correlating data as may be available 

from test pits or borings in the general area, 

the additional tangent intersections beyond 

the critical point may or may not be dis- 

regarded. 

Other methods of analysis of earth-resistiv- 

ity data based upon theoretical studies have 

been presented by Tagg (7), Hummel (4), 

Roman (6, 22), Wetzel and MeMurry (20), 

and others. Sets of theoretical curves for 

various assumed resistivities and thicknesses 

of the materials involved have been prepared 

for use by the operator as control in inter- 

preting the field curves obtained. In some 

instances the field data are plotted to the same 

scale as that used in the theoretical curves, 

and on identical sheets, and are superimposed 

upon the theoretical curves. Where a fit is 

obtained by superimposition, the depths of 

the layers involved, as well as the resistivities 

of each layer, are obtained. Attempts to use 

these methods in analyzing the data obtained 

in the relatively shallow work¥done by the 
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Figure 7.—Step traverse over a deposit of sandy gravel (electrode spacing, 20 feet). 



Bureau of Public Roads have been discourag- 

ing, due to the time required for such studies 

and the frequency with which the field con- 

ditions failed to conform to those assumed in 

developing the theoretical curves. The em- 

pirical solutions heretofore described have 

been found to be more practical from the 

standpoint of time and cost in connection with 

a given exploration. This might be, in some 

cases, a deciding consideration between the 

geophysical tests and the direct methods of 

exploration ordinarily used. 

Traverse surveys 

When making surveys of areas, a somewhat 

different test procedure, one which might be 

termed the resistivity traverse or constant- 

depth traverse, is often used. In this, a suc- 

cession of tests using a fixed electrode spacing 

is made along the selected traverse line, the 

interval between test sites being equal to the 

electrode spacing. The measured resistivity 

values are then plotted as ordinates against 

traverse distances as abscissas, and the re- 

sulting graph shows the variation in resis- 

tivity along the traverse line for a depth equal 

to the electrode spacing chosen. A typical 

example is shown in figure 7, the rise in resis- 

tivity between the 100- and 500-foot points on 

the traverse distance scale indicating the 

presence of higher resistance material within 

the depth explored. Traverse lines of this 

type, carried out systematically over an area, 
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Figure 8.—Resistivity contour map over a deposit of sandy gravel. 
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permit the preparation of a resistivity contour 

map such as that shown in figure 8. Such a 

map may be of considerable aid in rapidly 

locating and delineating critical areas that 

require more detailed study, or in locating 

valuable isolated deposits of granular ma- 

terials or rock in areas where such materials 

are scarce. 

Rapid Subsurface Exploration 

Method Needed 

Development during recent years of earth- 

moving equipment of ever-increasing capacity 

has made possible the quick and economical 

removal of huge quantities of excavation 

materials. Operating costs of such equipment 

are high, however, and a reasonably certain 

knowledge that the equipment selected will be 

able to handle all or a major portion of the 

materials on a given grading job, without 

costly delays from unforeseen adverse condi- 

tions, can be extremely helpful to contractors 

in establishing reasonable unit bid prices. A 

thorough investigation of the subsurface for- 

mation prior to design of slopes in cut sections 

will help to avoid the confusion that results 

when solid rock cuts, anticipated according to 

the plans, actually are found to be soil or other 

easily removable materials (or vice versa). 

Such errors in the classification of materials 

may lead to costly extra work or changes in 

design. 

‘3 
9.10, a ee 
Q+0 NO: 0.8 

+09 NG +00 

' ! ' ' 

NO.32- IZSOIL, 55 GRAVEL, $ CLAY, $ GRAVEL, (HOLE DISCONTINUED). 

NO.50- 2'SOIL, JSANDY GRAVEL, 3'SAND, 5'SMALL GRAVEL. 

iy 

NO. | -2$ SOIL, I'COARSE SAND, IS GRAVEL, 6 CLAY. 

NO. 2 - 4'SOIL & SAND, 3'GRAVEL, 2'CLAY, 2'SAND, 

NO. 3 -I'SANDY SOIL, 7 GRAVEL. 

NO. 8 -2'LOAM & CLAY, 25 GRAVEL CLAYEY), SANDY GRAVEL. 

NO.14-I'LOAM, 5 COARSE SAND & FINE GRAVEL, 24 GRAVEL. 

NO.15-IZSOIL, 3ESANDY GRAVEL, 2$SAND, 24 CLAY. 

NO. 16 -ISSOIL, 6'GRAVEL, IZSAND & GRAVEL, ISCLAYEY GRAVEL. 

NO.23-2'SOIL, 5ESMALL GRAVEL, It CLAYEY GRAVEL. 

NO.26-I'SOIL, 4'GRAVEL,(HOLE STOPPED ACCOUNT CAVING). 

NO.27- 3'CLAY SOIL, IESAND, 44 CLAY GRAVEL, I'SAND & SMALL GRAVEL, 

NO.28- 2'SOIL, 4'GRAVEL, (HOLE STOPPED IN HARD CLAY & GRAVEL STRATUM). 

Stony soil, talus materials, and thin but 

tinuous stringers of quartz or other 

materials extending throughout a cut 

present insurmountable difficulties when g 

tempting to explore subsurface conditions w 

hand- or power-operated auger equipme 

Such troublesome conditions may result 

misleading data when the auger is used 
will not affect the data obtained with 

physical tests to any appreciable extent. 

this reason, preliminary surveys by geophy, 

ical methods can be used to considerak 

advantage in determining the over-all chara) 

ter of the materials to be excavated. Col} 

plete and dependable information will ma) 
unnecessary hurried changes of alinement ai 

grades to care for increased or decreased qué 
tities of excavation materials, with possik 
delays of construction operations. 

Application of Tests to Highway 
Problems > 

It has been found that both seismic ar) 

resistivity methods of test are practical {| 
use in the study of many highway constructii| 

problems. The earth-resistivity apparatus, | 

reason of its simplicity of operation and t 

rapidity with which the shallow tests can 

made, is believed to have a more univers 

application than does the seismograph. A 

cordingly, when making a detailed geophysie 

survey of a grading project, it has been t 

RECORD OF CHECK BORINGS 
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) @gure 9.—Tightly cemented boulder formation predicted by seismic tests at Pemigewasset 
" River crossing near Lincoln, N. H. 

icf 
ractice of the Bureau of Publie Roads to make 

F resistivity survey first and, if necessary, to 

low with a limited number of check tests 

ith the seismograph in areas where the resis- 

vity data fail to identify the subsurface 

Jrmations adequately. This procedure has 

oved to be very satisfactory in field inves- 

gations of 10 construction projects ranging 

‘om 1% to 12 miles in length, located in Ar- 

ansas, Georgia, Missouri, North Carolina, 

‘ennessee, Virginia, and the District of Co- 
imbia. Reports have been received on four 

f these projects which have since been con- 

wucted, and the conditions found during 

onstruction were substantially as predicted 

‘om results of the geophysical tests. 

ve 

Results of Seismic Tests 

In seismic tests, the velocity of the trans- 

nitted sound waves generally increases with 

in increase in the density of the transmission 
aedium. Wave velocities in loose, uncon- 

olidated soil layers range from 600 to 1,500 

eet per second. Velocities in more compact 

ubsurface layers range from 2,000 to 9,000 

eet per second, the lower ranges of 2,000 to 

,000 usually being associated with clay mate- 

ials and the higher ranges of 4,000 to 9,000 
vith compact gravels, badly broken or weath- 

‘red rock, and soil-boulder mixtures. Solid 

tock usually allows wave transmission veloci- 

les between 10,000 and 20,000 feet per second, 

jepending upon the type of rock and its 

jlegree of weathering or fracture. In predict- 

jng the character of material that may be 

‘ound, particularly in the intermediate velocity 

troup (4,000 to 9,000 feet per second), con- 

siderable judgment, as well as some knowledge 

of local geologic conditions, is required. 
Calibration tests over known subsurface for- 

mations are essential for a successful interpre- 

tation of the data obtained. 

Actual identification of the materials 
involved is not always necessary, however. 

For example, broken rock or badly seamed 

tock, highly compacted shale, or cemented 
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gravel, having similar velocity characteristics, 

may be expected to offer somewhat similar 

difficulties in excavation operations, possibly 

requiring some blasting and special handling 

and distribution. These same materials will 

probably show similar load-carrying capacities 

when considered for foundation purposes, 

particularly where surrounded by materials 

which have been left in an undisturbed state. 

Use at bridge sites 

As an example, seismic tests made in New 

Hampshire at a proposed bridge site on the 

Pemigewasset River, near Lincoln, showed a 

comparatively high wave velocity for material 

lying only a few feet below the surface and 

apparently continuing to a depth of at least 40 

feet. This material, with a wave velocity of 

9,400 to 9,600 feet per second, was predicted 

to be a tightly cemented boulder formation 

with excellent load-carrying capacity. Figure 

9 shows the excavation subsequently made 

for one of the bridge piers at this location. 

The material was so tightly cemented together 

that only a simple sandbag cofferdam was 

required. Soundings and drill holes through 

material of this type would be impossible or 

could be made only with great difficulty and 

at considerable cost. 

Another bridge location, near Crater Lake 

in Oregon, was investigated by the seismic 

method in about 3 hours. The data obtained 
showed the subsurface formation to be a very 

dense material providing a wave velocity of 

8,400 to 8,600 feet per second. Here, again, 

there could be no doubt regarding the existence 

of adequate foundation materials. Figure 10 

shows the seismic data for two of the three 

tests made at this location. 

Data for slope design 

Experience is needed to determine the 

particular slope design that will be adequate 

where certain materials within a local area are 

involved. With proper calibration data, the 

seismic method often can be relied upon to 

establish definitely the presence of these 

materials. As an example, the data in figure 

11 show the presence of and depth to the 

predominant material, shale. 

As mentioned previously, portability of 

equipment is of primary importance to the 

successful application of geophysical methods 

of test in preliminary surveys for a highway 

location. Figure 12 shows typical terrain 

encountered in the construction of roads in 

National parks and forests in various parts of 

the country. In designing a modern highway 

through such country, any information regard- 

ing the materials likely to be encountered in 

excavating cut sections is important. A close 
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Figure 10.—Time-distance graph from two seismic tests at a bridge site near Crater Lake, 
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Figure 11.—Refraction seismic test over a shale formation. 

balance of quantities must be maintained both 

in the interests of economy and to avoid waste 

or borrow areas which would mar the natural 

scenic beauty of the roadside. Therefore, a 

design prepared for solid rock, with a % to 1 

slope in cut section (such as the one shown in 

figure 12), could lead to embarrassing diffi- 

culties should a comparatively loose earth or 

talus material be encountered, requiring a 144 

to 1 slope reaching high up the mountainside. 

Large quantities of material would have to be 

wasted or cared for by substantial changes in 

alinement and grade. Conversely, where 

earth slopes are expected and rock is found, a 

source of borrow would be required for 

adjacent large fills unless major grade changes 

were made. 

The ridge from which the photograph shown 

in figure 12 was taken originally had been 

assumed to contain solid rock. <A tunnel 

several hundred feet in length was proposed to 

carry the roadway through the ridge, some 100 

feet below the top. Test pits dug to obtain 

design data for portal construction failed to 

encounter rock above grade. Several weeks 

were required for this exploration work, which 

cost hundreds of dollars, and finally a redesign 

for an open cut was found necessary. Seismic 

tests requiring no more than 2 or 3 hours were 

sufficient to establish the fact that no solid rock 

existed in the hill. The excavation during 

construction was made with the usual heavy 

earth-moving equipment. Studies made with 

seismic equipment at other sites have been of 

value in portal design and in indicating the 

probable need for tunnel lining. 

Slide conditions 

Another problem to which refraction seismic 

equipment has been applied occurs in regions 

where slide conditions are prevalent. In some 

cases the loose talus material frequently 

involved in a slide rests upon a sloping shale 

formation which constitutes the © sliding 
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surface. This talus material has velocity 

characteristics differing from those of the more 

compact shales, making possible the location 

of the plane of separation. 

Although the refraction seismic test has 

proved of value in preliminary surveys in 

various phases of highway construction, as has 

been pointed out, it has not been used to the 

same extent as the earth-resistivity test in 

recent years because of the greater time re- 

Figure 12.—Rugged terrain in a National 
forest where portable equipment for sub- 

surface exploration is invaluable. 

quired for a seismic test. Six or eight seismi 

tests per 8-hour day is about the maximur 
number to be expected, under reasonable fiel 
conditions. Fifteen to twenty resistivity tes 

are usually possible under similar field cond 

tions. Seismic tests can be utilized as 

completely independent check of the indie; 

tions of the more rapid resistivity tests, hoy 

ever, and are used for this important purpo; 
in the routine work done by the Bureau 4 

Public Roads. 

Results of Earth-Resistivity Tests 

In a subsurface survey in the field, it is ¢ 

established procedure to make calibratic 

tests with the resistivity apparatus ov 

exposures of formations believed to be typi¢ 

of those in the area of immediate interes 
Resistivity curves for the known conditio} 

are then used for comparison with curv 

obtained over unknown conditions elsewhe 

in the area. From these comparisons reaso 

ably accurate predictions can be made regar 

ing the materials to be encountered below tl 

surface, and their location. Figure 13 shoy 

typical resistivity curves obtained in Arkansa 

in the Ozark National Forest, in the cour 

of a resistivity survey of about 22 miles 

proposed roadway. The calibration curves « 

the left were obtained for heavy sandsto: 

ledges interbedded with shales and for t 
soils and decomposed shales typical of t 

region. These latter are materials th 

could be handled with the heavy self-loadi 

scraper. The curves of the right-hand graj 

are examples of the field curves obtained 

the survey along the right-of-way of t 

proposed roadway. Little difficulty was e 

perienced in predicting the types of materi¢ 

involved for the several curves show 

Figure 14 shows the two general types 

material over which calibration tests we 

made. 

Based upon the usual methods of dire 

exploration, the original slope design call 

for rock slopes over a considerable portion | 

the right-of-way. Actually, earth materia 

as predicted from the results of the resistivi 

survey, were found in a majority of the ct 

during the construction of about 14 miles 
roadway thus far completed. The entire 

miles was investigated in about 12 worki 

days, one 8-mile section being covered in ¢ 

days. 

In northwest Georgia, resistivity ealibrati 

tests over solid rock and over earth formatic 

produced curves as shown in the left and 

the lower right-hand graphs, respectively, 

figure 15. Although the shapes of the cur 

obtained are quite different from those ¢ 

tained for materials of the same general clas 

fication in Arkansas, the two materials, ro 

and earth, can very easily be distinguish 

one from the other. On the basis of thi 

calibration data, the typical field cum 

shown in the upper right-hand corner wi 

all interpreted as identifying earth materi 

easily removed by self-loading scrape 

Figure 16 shows the two types of mater 

over which calibrations were made. 
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a the Great Smoky Mountains National 

k in western North Carolina, the dense 

uite rock formations typical of that area 

ther into a highly micaceous decomposed 

: material that can be removed with 

per units. As shown by the calibration 
fives in figure 17 (solid-line curves), this 

merial has an extremely high resistivity, 1.5 

ion ohm-centimeters, which is ten times 

sreat as resistivities found in some solid 
x in other parts of the country. Due to 

fact that the parent rock in a solid, un- 

thered state has even higher resistivities 

}o 5 million ohm-centimeters), it is again 

fsible to differentiate between earth and 

< excavation. The appearance of the 

erials over which the calibrations were 

ained is shown in figure 18. That section 

the Blue Ridge Parkway on which the 

oT stivity survey was made has not yet been 

i ‘t and no confirming correlations are 

Wilable at the present time. 

‘Mf, southeast Missouri, the porphyry rock 
“Nid in the vicinity of Farmington has a 

stivity as indicated by the upper curve of 

re 19, while a calibration test over the 

common in the same area produced the 

er curve of the figure, indicating almost 

resistance to direct current flow. No 

culty was encountered in determining the 

e of material present in all but one cut of 
hose investigated on a 4-mile section. 

'\\ther resistivity surveys on construction 

‘tects in Maryland, Tennessee, Virginia, 
the District of Columbia provided infor- 

ely 
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Figure 13.—Resistivity calibration curves (left) and typical field curves (right) obtained in 

the Ozark National Forest in Arkansas. 

mation regarding the subsurface formations 

that agreed closely with conditions actually 

found during construction. 

“ure 14.—Locations where resistivity calibration curves shown in figure 13 were obtained 

over rock (upper) and earth (lower). 

Application to foundation problems 

Earth-resistivity tests can be of assistance 

also in a subsurface study of the foundation 

conditions existing at proposed building sites, 

bridge locations, and in other areas where 

solid rock foundations are required or desir- 

able. 

In 1942, at the request of the Navy Depart- 

ment, a resistivity survey was made of a 150- 

acre tract at Carderock, Maryland. The site 

is underlain with rock and information was 

desired as to the depth to rock throughout 

the reservation. Altogether, over 500 depth 

tests and upwards of 10% miles of constant- 
depth resistivity traverse were made in carry- 

ing out the survey. From the information 

obtained a rock contour map (fig. 20) was 

drawn up showing probable rock elevations 

on 2-foot contours over the entire area. An 

accuracy of +2 feet at any point in the area 

mapped was predicted. In 1944 an existing 

building with a width of 120 feet was extended 

for 1,800 feet in the area that had been mapped. 

Cross sections of the rock surface as found, 

obtained at intervals of 10 feet along the 

building axis, showed a difference in total] 

amount of stripping of less than 6 percent 

from that computed from the rock contour 

map prepared in 1942. About 100,000 cubic 

yards of stripping were involved. 

Figure 21, showing typical traverse data 

obtained in this study, illustrates how the 

resistivity test can be used in a preliminary 

survey to obtain information that may be 

used to guide a detailed survey by borings 

and eliminate many unnecessary soundings or 

borings. The flat-lying portion of the curve 

suggests a uniform condition for much of the 

distance traversed. The peaks in resistivity 

indicate those areas where direct borings 
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Figure 15.—Resistivity calibration curves and typical field curves obtained in northwest Georgia. 

should be concentrated to delineate in detail 

the obvious anomaly. These buried ridges 

of rock can be traced across wide areas, indi-: 

cating regions where excavation will be diffi- 

cult or where foundation conditions will be 

excellent at shallow depth. The underlined 

dimension figures shown are depths to solid 

rock obtained by resistivity depth tests made 

at 100-foot intervals along the line of the 

traverse. The two depth curves shown in 

the inset are a striking indication of radical 

changes in the subsurface at stations 2+00 

and 134-00 of the traverse. 

In bridge foundation studies there have been 

numerous instances when the routine sub- 

surface survey, using the usual methods of 

probing, wash boring, or drilling, has failed 

to disclose unusual conditions later found 

during construction. Piers designed origi- 

nally for solid rock foundations have had to be 

carried to considerably greater depths than 

those shown on the original plans, or sup- 

ported upon piling extending to rock at a lower 

elevation. Figure 22 shows several resistiv- 

ity depth curves obtained in a postconstruc- 

tion survey of a bridge crossing of the Flint 
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tre 17.—Resistivity calibration curves (solid lines) and typical field curves (broken lines) obtained over solid and decomposed granite in 

North Carolina. 

‘ire 18.—Locations where resistivity calibration curves shown in figure 17 were obtained 

in over decomposed granite (left) and solid granite (right). 

PLICL ROADS ® Vol. 26, No. 3 

30 40 ie) 60 70 

River in southwest Georgia. The individual 

graphs show the plan data for depth to rock, 

the depth to rock as found during construc- 

tion, and the depth to rock as predicted from 

the resistivity data. The general agreement 

between the results of the resistivity tests and 
the actual conditions existing is apparent. 

Although it is not possible to make an 

unqualified statement regarding the effective- 

ness of the resistivity test generally in all local- 

ities and under all possible combinations of 

geologic formations, the fact remains that 1 

or 2 hours’ work at a particular location will 

usually determine the extent of its usefulness 

in solving the particular problem at hand. 

The data from the tests made in Georgia 

are similar to those that have been obtained 
elsewhere in areas where the river deposits 

have shown resistivity characteristics differing 

from that of an underlying rock formation. 

Tests in swampy areas 

The investigation of swamps, peat bogs, and 

salt-marsh areas by geophysical tests prob- 

ably constitutes a marginal application of 

such methods, since simple probings are often 

effective in these areas. However, since @ 

resistivity depth test to depths of 60 feet can 

be made in a period of 12 to 15 minutes, the 

deeper muck deposits can be studied economi- 

‘cally in competition with direct probings. 

Where sand lenses are likely to be present 
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Figure 19.—Typical resistivity calibration 

curves over solid rock and earth forma- 

tions in southeastern Missouri. 

within a relatively deep layer of muck or peat, 

probings can result in erroneous information, 

being stopped by relatively thin sand layers. 

The resistivity test, due to the large volume 

of material involved, will not be appreciably 

affected by thin sand lenses and will indicate 

depth to a true bottom formation. 

The curves shown in figure 23 were obtained 

in a study of the application of resistivity 

tests to determine the depth of peat bogs. 

This study, carried out in Michigan in 1941, 

confirmed earlier test results obtained in a 

study of peat formations in Wisconsin as 

reported by Kurtenacker (9, 10) and demon- 

strated that resistivity tests can be used 

successfully in determining the depth of peat 

and muck layers. 

Figure 24 shows results of a resistivity 

survey along a taxiway at the Washington 

National Airport. The resistivity tests not 

only indicated the bottom of the floating sand- 

gravel fill upon which the taxiway was placed, 

but they also rather effectively located a 

second horizon comprising the sand and gravel 

bed of the river. 

exist were determined by data obtained from 

the auger holes shown in the figure. The 

hatched portions of the columns representing 

the bore holes denote the thickness of the 

sand-gravel fill, and the solid black portions 

indicate the thickness of the relatively soft 

silt on the river bottom. 

It is of interest to note the resistivity peaks 

occurring in the 10-foot depth resistivity 

traverse, shown in the lower portion of the 

figure, which coincide with the thicker por- 

tions of the granular fill, Even the small 

difference of a few feet in the over-all depth 

of the muck from place to place had caused 

differential settlement sufficient to affect the 

pavement of the taxiway. 
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The conditions as they | 

Knowledge of local geology essential 

Just as with the seismic test, a working 

knowledge of the local geology is necessary 

when attempting to predict the actual char- 

acter of the materials below the surface from 

resistivity tests. Figure 25 shows two resis- 

tivity traverses, the upper one made over a 

rock ridge rising almost to the surface, the 

lower one made over a sand and gravel deposit. 

The similarity of the two curves might lead 

to error in predicting the type of material 

without at least a general knowledge of the 

local geology. The depth tests shown on 

the right of figure 25, however, offer some 

clue as to the actual material involved. 

When a solid rock formation is present 
beneath a soil overburden a sharply rising 

curve is usually obtained, similar to the curve 

shown in the upper right-hand graph. The 

dipping curve shown in the lower right-hand 

graph for the sand and gravel formation 

suggests to the experienced operator, ac- 

quainted with the local geology, that such a 

formation is likely to be present. Descending 

@-TEST PIT DATA 

curves of this same general type obtained 

Arkansas, however, might involve a sandst 

ledge underlain by decomposed shales. 

in southwest Colorado, a curve of this t 

might be obtained with talus material 01 

lying low-resistivity shales. It is necess 

to depend upon a study of local geology : 

upon calibration tests over exposed mater 

in the same region when attempting a cla 

fication of the materials involved. 

In Pennsylvania, a depth test was mad 

the location of a proposed drill hole in 

investigation of foundation conditions fe 

bridge to carry the Pennsylvania Turn} 

across the Susquehanna River. The resis 

ity depth-test data indicated a definite cha 

at a depth of 27 feet, as shown in figure 

The consultant geologist suggested that 

underlying formation might be shale. 

data for this curve were obtained in about 

hour’s time. In contrast, a drill crew, star 

simultaneously with the resistivity t 

spent 244 days in reaching the shale at ! 

feet. 
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4 eee ly | Ea! 30 

i 

CUMULATIVE 

50 
PILES DRIVEN TO 

THIS DEPTH Ie 
ok of EE Zz CLAY FSBGL SOFT) FT WEATHERED ROCK HARD ROCK 

) 10 20 30 40 50 60 0 10 20 30 40 50 60 0 10 30 40 50 60 70 80 
ELECTRODE SPACING OR DEPTH — FEET 

Figure 22.—These earth-resistivity tests at Flint River crossing in Georgia located the subsurface rock for bridge foundations more 

accurately than drilling. 
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| The seismic test is particularly useful for resistivity test will, in most instances, indicate the presence of rock in all cases. As has been 

jetermining the presence or absence of dense, the depth of overburden to a high-resistivity shown, sand and gravel under special con- 
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and show subsurface anomalies quite s’ 

to those shown by solid rock. Howey 

areas where solid rock layers are interb: 

with less dense materials such as shal 

_occurs in Arkansas and in many other . 

the resistivity test is much the better 

since it is possible to detect the change 

hard rock to softer, less resistant s 

The seismic test under such geologic cond 

would be limited to an indication o: 

depth of overburden to the high-ve) 

sandstone or limestone and the lower-ve. 

shales could not be located. This results 

the fact that the first wave to reacl 

detector will usually cause such high 

of activity in the galvanometer elec 

controlling the deflections of the p 

graphed light rays as to preclude the ] 

bility of detecting any subsequent 

arrival through the underlying low-vel 

formation. 

The resistivity test, particularly the res 

ity traverse, offers a practical means fo 

rapid investigation of large areas in sear 

localized deposits of gravel, sand, or « 

granular materials useful in road construc 

The method can be used also to deter 

the extent of special soils, such as imper 

silty and clayey soils, which might be u 

for earth-dam and levee construction. 

The seismic test is not well adapted fc 

area survey, but is best applied to the d 

mination of conditions at a single design 

spot or limited area such as a dam sit}! 

bridge location. Even in the limited a 

if differential weathering has been in prog 

Figure 24 (below).—Results of earth 

sistivity tests along the edge of a taxi 

at the Washington National Airport. 
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if knowledge of local geology offer some clue as to the actual material involved. 

ng pinnacles and deep valleys in other- 

hard rock (a condition sometimes en- 

tered in limestone formations), the 

jivity test may possibly prove the more 

vble of the two methods. In such cases 

‘Sharp irregularities of the rock surface 

nt unfavorable conditions for consistent 

|pretation of the seismic data (24). To 

writer’s knowledge, there has been no 

‘t on results of resistivity tests carried 

—in such areas. 

he use of explosives as required in the 

jc method is not desirable in thickly 

ated areas. Compliance with local 

ations regarding possession and trans- 

ation of explosives, sometimes rather 

jtly enforced, can be troublesome and 

ivenient, placing a further handicap upon 

uic exploration. 

il 

i mentioned previously, the time required 

4jonducting a seismic test can vary from 1 

hours, depending upon local conditions, 

> resistivity tests can be made at a rate 

] per hour to depths of 60 feet in rugged 

atainous terrain. A seismic party may 

ire one or more men than are necessary 

the efficient operation of the resistivity 
;ratus, particularly in isolated areas 
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Figure 26.—This resistivity depth test accurately located an underlying 

shale formation. 
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where supplies of explosives and film-develop- 

ing equipment must be carried in by hand. 

However, stray currents leaving cross-country 

pipe lines, or emanating from electric railway 

systems in urban areas, and buried utilities 

such as water and gas pipes, can be troublesome graph. 
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Specifications for Construction of Roads and Bridges in National 
Forests and National Parks (FP-41). $1.25. 

Taxation of Motor Vehicles in 1932. 35 cents. 

The Local Rural Road Problem. 20 cents. 

Tire Wear and Tire Failures on Various Road Surfaces. 

Transition Curves for Highways. $1.25. 

10 cents. 

10 cents. 

Single copies of the following publications are available to 

highway engineers and administrators for official use, and 

may be obtained by those so qualified upon request addressed 

to the Bureau of Public Roads. They are not sold by the 

Superintendent of Documents. 

ANNUAL REPORTS 
(See also adjacent column) 

Public Roads Administration Annual Reports: 

1943. 1944, 

MISCELLANEOUS PUBLICATIONS 

Bibliography on Automobile Parking in the United States. 

Bibliography on Highway Lighting. 

Bibliography on Highway Safety. 

Bibliography on Land Acquisition for Public Roads. 

Bibliography on Roadside Control. 

Express Highways in the United States: a Bibliography. 

Indexes to Pusuic Roaps, volumes 17-19, 22, and 23. 
Road Work on Farm Outlets Needs Skill and Right Equipment. 

REPORTS IN COOPERATION WITH 
UNIVERSITY OF ILLINOIS 

1945, 

No. 304 . A Distribution Procedure for the Analysis of Slabs 
Continuous Over Flexible Beams. 

No. 313 . Tests of Plaster-Model Slabs Subjected to Con- 
centrated Loads. 

No. 382 -. Analyses of Skew Slabs, 

No. 345 . Ultimate Strength of Reinforced Concrete Beams 
as Related to the Plasticity Ratio of Concrete. 

No. 346. Highway Slab-Bridges With Curbs: Laboratory 
Tests and Proposed Design Method. 

No. 363 . Study of Slab and Beam Highway Bridges. 
Part I. 

No. 369 . Studies of Highway Skew Slab-Bridges with 
Curbs. Part I: Results of Analyses. 

No. 875 . Studies of Slab and Beam Highway Bridges. 
Part II. 

No. 386 . Studies of Highway Skew Slab-Bridges with 
Curbs. Part II: Laboratory Research. 
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