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CHAPTER 1. INTRODUCTION 

This i s  intended a s  a general  guide t o  t h e  s e l e c t i o n  and use of po r t ab le  

seismic and r e s i s t i v i t y  geophysical equipment owned by t h e  SCS o r  which 

has been observed as  s u i t a b l e  f o r  i t s  needs. Trade names a r e  used s o l e l y  

t o  provide s p e c i f i c  information. Mention of a t r a d e  name does not cons- 

t i t u t e  a guarantee of t h e  product by t h e  U.  S. Department of Agr icul ture  

nor does it imply an endorsement by t h e  Department of Agr icul ture  over 

comparable products t h a t  a r e  not named. 

Purpose and Scope 

This guide i s  designed t o  acquaint geo log i s t s ,  engineers ,  and s o i l  

s c i e n t i s t s  with t h e  types  of seismic and r e s i s t i v i t y  equipment adaptable 

t o  SCS use and t h e  r e s u l t s  and app l i ca t ion  t h a t  can be expected from 

t h e  equipment. Other geophysical methods such a s ;  nuclear  moisture- 

@ dens i ty ,  magnetic, g r a v i t y ,  electro-mechanical,  e t c .  w i l l  not be discussed 

i n  t h i s  guide. It should be understood t h a t  geophysical equipment alone 

w i l l  not provide t h e  d e t a i l e d  conclusive da ta  needed on geologic condi- 

t i o n s  and engineering i n t e r p r e t a t i o n s .  It i s  necessary t o  c o r r e l a t e  

d e t a i l e d  geophysical explora t ion  with accura te  d a t a  obtained with power 

equipment; however, t h e  geophysical methods a r e  e s p e c i a l l y  u s e f u l  i n  a reas  

where a c c e s s i b i l i t y  o r  economy p roh ib i t  o r  l i m i t  t h e  use of heavy equip- 

ment. Properly used they  may save a g r e a t  dea l  of t ime and expense. 

Several  types of por table  seismographs and e l e c t r i c a l  r e s i s t i v i t y  equip- 

ment a r e  described.  Procedures a r e  described f o r  genera l  operat ion of 

t h e  equipment, p l o t t i n g  and computing t h e  r e s u l t s ,  and making i n t e r -  

p re t a t ions .  Spec i f i c  s t e p  hy s t e p  opera t ion ,  c a l i b r a t i o n  and mainte- 

nance procedures a r e  obtained from t h e  manuals furn ished with each 

instrument by t h e  manufacturers. 



New types of equipment and improyements of earlier models are being 

marketed in increasing numbers. There are no adequate textbooks or 

guides available which give the necessary information on the use and 

capabilities of geophysical equipment and interpretation of the results. 

The reference list includes several reports and studies by consultants, 

the description and use of equipment by the manufacturers, and other 

useful information on geophysical studies. 

It is advisable to get brochures and specifications of the equipment 

desired before ordering. Arrangements may sometimes be made for 

representatives to demonstrate equipment and train personnel in its use. 

The E&W Units will provide assistance in recommending and evaluating 

equipment. 

Applicability to SCS Work 

The methods of electrical resistivity and seismic refraction are par- 

ticularly applicable to SCS work. They offer a means of relatively 

fast and inexpensive subsurface investigation that will in many cases 

locate boundaries between different materials and permit interpretation 

of material types. By the use of these techniques subsurface conditions 

and/or the location of troublesome areas can be assumed prior to detailed 

drilling or test pitting. Detailed investigation with drilling and 

auger equipment remains necessary; however, the amount of detailed 

drilling work is usually lessened and concentrated in areas where prob- 

lems occur. The information gained by geophysical methods can be utilized 

in much the same manner as that gained by mechanical means of investiga- 

tion. It should be understood however that there may be circumstances 

where the geophysical methods cannot be utilized and only actual explora- 

tion will produce usable results. There are also ctrcumstances where 

mechanical methods cannot he used and only geophysical equipment is 

suitable. 
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CHAPTER 2.  SEISMIC REFRACTION METHODS 

Refrac t ion  i s  based on t h e  p r i n c i p l e  t h a t  shook waves a r e  bent  o r  

r e f r a c t e d  upon en te r ing  a m a t e r i a l  of d i f f e r e n t  e l a s t i c i t y  i n  much 

t h e  same way t h a t  l i g h t  waves a r e  bent  i n  pass ing  from a i r  i n t o  

water.  Ref lec t ion  i s  t h e  bouncing of  shock waves from t h e  sur faces  of 

d i f f e r e n t  media i n  t h e  same way t h a t  l i g h t  i s  r e f l e c t e d  from a  mi r ro r ,  

and i s  app l i cab le  t o  deep seismic surveys ( 5 0 1 + ) .  

The d iscuss ions  i n  t h i s  s e c t i o n  of t h e  guide d e a l  only with shallow 

r e f r a c t i o n  seismology. 

Theory 

Seismic investigation depends on the propagation of waves in an elastic medium. In the 

theoretical circumstance, soil and rock will be considered to be a homogeneous, isotropic, 

elastic media. In field seismic investigations any deviation from this assumed homogeneous, 

isotropic condition can be interpreted to indicate changes in depth and nature of the 

subsurface geologic units. The following discussion will explain the relationship of elastic 

properties to the refracted seismic wave. 

Elastic Constants 

The elastic properties of rocks can be described by elastic constants such as Young's modulus 

(E), Bulk modulus (k), Rigidity or shear modulus ( n j ,  Poisson's ratio ( a ) ,  and ~ame's 

constants (A and p). 

These elastic constants are ratios of stress to strain with the different constants defined 

in terms of different stress, such as tension, compression, pressure or shear, and the deforma- 

tion or strain produced. 

Young's Modulus ( E l  
Young's modulus is the stress-strain ratio in simple tension or compression. The force or 

stress applied per unit area divided by the unit shortening or lengthening defines Young's 

modulus ( Nettleton, 1940). 

Stress = 
F: (force) 
nG'z r  

AL (change in length) 
Strain = - L (original length) 

F/A FL E = -  = -  
AL/L AAL 

E has the units of force per unit area, commonly pounds per square inch (~si). 



Bulk Modulus ( k )  

The Bulk modulus is  t h e  s t r e s s - s t r a i n  r a t i o  under uniform compressive s t r e s s  i n  a l l  d i rec t ions .  

The s t r e s s  i s  force per un i t  a rea  and t h e  s t r a i n  is t h e  proport ional  change i n  volume. 

F ( f o r c e )  S t ress  = - 
A ( a r e a )  

AV (change i n  volume) 
S t r a i n  = - V ( o r i g i n a l  volume) 

F/A FV k=-=- 
AV/V AAV 

k has t h e  u n i t s  of force per u n i t  a rea ,  commonly ps i .  

R i ~ i d i t y  o r  Shear Modulus ( r ) )  

The r i g i d i t y  o r  shear modulus i s  t h e  s t r e s s - s t r a i n  r a t i o  f o r  d i r e c t  shear. It i s  determined 

a s  t h e  shearing s t r e s s  (F/A) which i s  t h e  force t a n g e n t i a l  t o  t h e  surface displaced per  shear- 

ing s t r a i n  (AL/L) which i s  t h e  displacement (AL) i n  t h e  l i n e  of fo rce  per  u n i t  length (L)  

perpendicular t o  t h e  l i n e  of force.  

It a l s o  has u n i t s  of fo rce  per u n i t  a rea ,  commonly p s i .  

Poisson 's  Rat io ( a )  

Poisson's r a t i o  i s  t h e  r a t i o  of the  change i n  shape of a body due t o  appl ied force.  I f  a 

compressive force  i s  appl ied t o  a body, a decrease i n  length of t h e  body w i l l  occur i n  t h e  

d i r e c t i o n  p a r a l l e l  t o  t h e  fo rce  and an increase i n  width w i l l  occur perpendicular t o  t h e  

force.  I f  t h e  appl ied force is  tension t h e  opposite change i n  dimensions w i l l  occur. 

I f  t h e  body has a length L and a width W, Poisson's r a t i o  ( a )  is  defined as :  

where AW and AL a r e  changes i n  width and length due t o  t h e  appl ied force.  

Lame's Constants ( A  and p) 

Lame's constants  a r e  two addi t iona l  e l a s t i c  constants  t h a t  a r e  a t  times convenient t o  use. 

They a r e  defined as :  

A has t h e  same u n i t s  a s  Young's modulus ( p s i ) .  

The constant p i s  t h e  same a s  shear modulus defined previously and has u n i t s  of p s i .  

Relat ionship of E l a s t i c  Constants 

The various e l a s t i c  constants  a r e  mathematically r e l a t e d  a s  shown i n  t h e  following equations 

(Nett le ton,  1940) : 



Types of Elastic Waves 

The application of mechanical energy to material particles creates several types of elastic 

waves. The propagation of these waves is governed by their behavior in accordance with the 

previously mentioned parameters of elasticity. The two types of waves involved in seismic 

exploration work are the longitudinal, primary, or compressional wave and the transverse, 

secondary, or shear wave. Rayleigh waves and Love waves are two additional types of waves 

that will be mentioned briefly. 

Longitudinal, Compressional, or Primary Waves ( V, ) 

Longitudinal waves have the greatest velocity of propagation of any elastic wave in the same 

medium. The motion of the particles of the medium are parallel to the direction of propaga- 

tion, hence, the name longitudinal. This oscillation creates minute vertical motions which 

spread in rapid waves similar to those created by an object dropped in water. The velocity 

of propagation can be calculated from the following equations in which p is the density 

of the elastic medium: 

- 

1 - 0  = q; [(l - 2u)(l + o ) ]  

Transverse, Secondary, or Shear Waves (V, ) 

The motion of the particles of the medium for shear waves are perpendicular to the direction 

of propagation. The deformation is a shearing motion, hence the name shear waves. The 

speed of propagation can be calculated from the following equations: - 

Rayleigh and Love Waves 

Rayleigh and Love waves are two additional types of elastic waves. Both have slower 

velocities than either longitudinal or shear waves. 

Rayleigh waves are transmitted with an elliptical motion that is a combination of both 

longitudinal and shear waves. The waves are at the free surface of an elastic solid. 



Love waves are a type of transverse wave of variable velocity transmitted at the surface 

when there is an underlying higher speed layer. These waves are propagated by multiple 

reflection between the upper and lower layer and their velocity varies between the velocity of 

the upper and lower layer. 

Relationship of Velocity and Elastic Constants 

The velocities of the longitudinal and shear waves are mathematically related to the elastic 

constants. In the following equation illustrating this relationship, p is the density 

of the elastic medium. 

General Princi~les of Wave Travel 

Seismic waves follow the same basic principles of propagation, reflection, and refraction 

as light waves. 

Seismic waves emanating from a point source in a homogeneous isotropic medium are considered 

to travel as spherical wave fronts. 

A ray is normal to the wave front. A ray always reaches a point from a source by a minimum 

time path which is not necessarily the shortest distance. 

Snell's Law 

An elastic (seismic) wave (or ray) crossing the boundary between media with different velo- 

cities of propagation (v, and v2) is refracted so that: 

sin i - 
sin r V2 

where i is the angle of incidence of the ray in medium V1, and r is the angle of refraction 

of the ray in medium V2. The angle of incidence and angle of refraction are measured between 

the ray and a normal to the boundary between the media. See Figure 2-1. 



V 1 = 1500 fps 

i=I5O 

V I  = I500 fps 

i =2z0 

Figure 2-1. - Snells Law. 

When a ray i n  a  low speed medium s t r i k e s  t h e  boundary of a  higher speed medium there  is  a  

c r i t i c a l  angle of incidence where t h e  angle of r e f r a c t i o n  i s  90' and t h e  ray  t r a v e l s  along 

t h e  surface of t h e  higher speed medium. 

Since 
s i n  90° = 1 

t h e  c r i t i c a l  angle of incidence, according t o  t h e  equation of S n e l l ' s  Law 

s i n  i 
--C= 

s i n  i - fi - -  
s i n  90' 1 V Z  

where V2 i s  g rea te r  than V1.  

A t  angles of incidence l e s s  than t h e  c r i t i c a l  angle,  t h e  ray i s  re f rac ted  but a t  angles l e s s  

than 90' and t r a v e l s  within t h e  V2  medium. A t  angles of incidence grea te r  than t h e  c r i t i c a l  

angle t h e  ray i s  t o t a l l y  r e f l e c t e d .  

For t h e  case of seismic r e f r a c t i o n ,  (angle of r e f r a c t i o n  = 90') t h e  re f rac ted  wave t r a v e l s  

along t h e  i n t e r f a c e  of V1 and V2 producing new waves (according t o  Huygens p r i n c i p l e )  

t h a t  r e t u r n  through t h e  V1 mate r ia l  t o  t h e  surface.  The wave f r o n t  generated by these  

new waves t r a v e l s  t o  t h e  surface and a c t i v a t e s  t h e  geophones. Since V2 must be grea te r  than 

V 1 ,  a t  some time a f t e r  i n i t i a t i o n  of t h e  o r i g i n a l  shock wave, t h e  re f rac ted  wave f ron t  w i l l  

reach t h e  geophones a t  t h e  same time or  sooner than t h e  non-refracted wave t rave l ing  through 

t h e  surface mate r ia l .  



Figure 2-2 i s  a graphical model and shows tkie posit ion of the  d i rec t  and refracted waves a t  

time increments of 2 through 10 milliseconds a f t e r  i n i t i a t i o n  of a seismic wave. The known 

subsurface conditions depicted i n  these sketches are two pa ra l l e l  layc ~ i t h  the  velocity of 

the  f i r s t  (Vl) layer 5000 f ee t  per second, the  velocity of the  second l p )  layer 8000 f ee t  per 

second and the depth t o  the second layer 11 fee t .  

Figure 2-2A shows the position of the  wave front  a t  two milliseconds. It i s  s t i l l  t o t a l l y  

within the V1 layer ,  has a radius of 10 f ee t  and has arrived a t  the  f i r s t  geophone. A t  3 
milliseconds (Figure 2 - 2 ~ )  the  wave front  i n  the  V1 material has a radius of 15 f ee t ,  how- 

ever, it has a lso  reached the  V2 material. One ray a t  the  c r i t i c a l  angle determined from 

Sne l l l s  law 

i s  refracted along the  interface.  This refracted wave also generates a wave f ront  as shown 

and it i s  only s l i gh t ly  ahead of the  V1 wave. A t  4 milliseconds ( ~ i g u r e  2-2C) the  V1 wave 

front  has arrived a t  the  second geophone. 

According t o  Huygenls Principle,  any point on a wave front  i s  the  source of a new wave front .  

There are an i n f i n i t e  number of new wave f ronts  being generated along the  interface.  The 

position of the refracted wave a t  4 milliseconds i s  the  source of one new wave front  and a t  

5 milliseconds has advanced t o  the posit ion shown i n  Figure 2-2D. The position of the  ori- 

ginal  wave f ron t ,  the refracted wave and new refracted wave f ronts  a t  1 millisecond in tervals  

are shown i n  Figure 2-2E, through I. 

The c r i t i c a l  distance i s  the  point where the  or ig inal  V1 wave and the  maximum wave f ront  

generated by the  V1 - V2 refracted wave through the  V1 - Vp media reach the  same point 

nn t h ~  pround surface a t  the  same time. A l i n e  drawn tangent t o  the new wave front  a t  any 

time in terval  shows the position of the  maximum wave front  ( ~ i ~ u r e  2-2H & I ) .  A ray i s  

perpendicular t o  t h i s  have front .  In  Figure 2-2H, the  point where the ray and the  wave f ront  

in tersec t  the  ground surface i s  behind the V1 wave. In  Figure 2-21 t h i s  point i s  ahead of 

the Vl wave. Therefore, the refracted ray and the V1 wave f ront  in tersec t  the ground sur- 

face a t  the  same point (and time) between 45 and 50 f ee t  (and 9 and 10 milliseconds). 

Figure 2-3 i s  a graphical method of interpolat ion t o  f ind  the c r i t i c a l  distance. A t  9 m i l l i -  

seconds ( ~ i g u r e  2 - 2 ~ )  the  surface (v l )  wave i s  a t  45 f ee t  and the  maximum wave front  in ter -  

sec ts  the  ground surface a t  '44.5 f ee t .  A t  1 0  milliseconds (Figure 2-21) the  surface wave 

i s  a t  50 f ee t  and the  maximum wave front  in tersec ts  the  ground surface a t  52.7 f ee t .  These 

four points are plotted on rectangular coordinate paper with distance as  the  abscissa and time 

the ordinate. 

refracted ray 

Checking t h i s  

The intersection of the l i n e s  connecting the points of the  surface wave and 

i s  the  c r i t i c a l  distance (45.8 f e e t )  and time (9.2 milliseconds). 

graphical representation with the formula on page 2-38. 

v2 + v1 
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Figure 2-2. - Refracted Waves. 
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Figure 2-2. - Refracted Waves. 
(Continued) 
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Figure 2-2. - Refracted Waves. 
(Continued) 



Figure 2-3. - Critical Distance Interpolation. 

2-10 
D i s t a n c e  
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HI = 11 f e e t  (This was assumed i n  c rea t ing  t h e  model 
and thus  checks t h e  accuracy of deter-  
mining t h e  c r i t i c a l  d i s t ance )  

10.0 
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The time of a r r i v a l  of both waves a t  t h e  c r i t i c a l  d is tance  i s  

I I 1 

- 

- 

45.8 f t  
5000 f t / s e c  

= 9.2 mill iseconds 

Multiple l aye r s  can be p l o t t e d  i n  t h e  same manner a s  t h e  two l aye r  case above. However, t h e  

c r i t i c a l  angle of incidence must be recomputed by S n e l l ' s  law each time t h e  ray  of t h e  wave 

f r o n t  i s  r e f rac ted  along t h e  next lower in t e r face .  Using t h e  v e l o c i t i e s  shown i n  Figure 2-4 

t h e  angles of incidence a r e  computed a s  follows: 

a t  t h e  V1 - V2 in t e r face  t h e  c r i t i c a l  angle of incidence i s  

1500 s i n  iL = , 
1 

5000 and i l  = 17.F0 
v2 

and t h e  ang&e of r e f rac t ion  i s  90'. 

When t h e  angle of incidence i s  not t h e  c r i t i c a l  angle and t h e  angle of r e f r a c t i o n  i s  not 90' 

t h e  ray  may be r e f rac ted  so  t h a t  it t r a v e l s  wi th in  medium V2. I f  t h e  angle of incidence i s  

i2 and t h e  angle of r e f r a c t i o n  i 4  ( s ee  Figure 2-41 S n e l l ' s  law s t a t e s  

s i n  i? - 5 - 
s i n i 4  V2 

If t h i s  ray  then s t r i k e s  t h e  V2 - V3 i n t e r face  a t  t h e  c r i t i c a l  angle and i s  re f rac ted  go0, 

t h e  c r i t i c a l  angle i s  a l s o  defined by S n e l l ' s  law a s  

s i n  i4 = VJ- 
1 v3 

s u b s t i t u t i n g  t h i s  value i n  t h e  previous equation 



v 1  f 1,500 fps 

V 2  = 5,000  f p s  

v 3  = 10,000 fps 

V q  = 15,000  fps 

Figure 2-4. - Refracted Waves Multiple Layers. 

The angles of incidence as shown in Figure 2-4 are computed as follows: 

sin il = 5 sin i4 = 3 
v2 v 3 

sin i2 = v 3 

sin i3 = 5 
v4 

sin i5 = b- 
v4 

sin i6 = 
v4 

and the angles of incidence are: 

i ,  = 17.5O i4 = 30° 

i, = 8" i5 = 19.5' 

i3 = 5.5' i6 = 42' 

In summary the angle of the path of a ray in any bed is determined by the velocity in that 

bed and the velocity of the fastest bed penetrated and is independent of the velocities in 

any intermediate beds. 

Capabi l i t ies  and Limitations 

Seismic re f rac t ion  analys is  i s  based on t he  f a c t  t h a t  f o r  p r ac t i c a l  

purposes t he  e l a s t i c  wave ve loc i t i e s  vary with s t r uc tu r e ,  l i thology,  

and depth of bur ia l .  Veloci t ies  a r e  generally f a s t e r  i n  denser, wet, 

more consolidated mater ia ls  than i n  loose ,  dry, o r  weathered materials-- 

t he  denser t he  mater ia l  t he  higher the  seismic veloci ty .  Though t he  

property of e l a s t i c i t y  ac tua l ly  governs t he  r a t e  of transmission of t he  

energy (shock) wave, we generally can equate e l a s t i c i t y  with density.  



Thus, t h e  statement t h a t  "velocity increases with density" i s  not t o t a l l y  

cor rec t ,  but r a t he r ,  t h e  higher t he  modulus of e l a s t i c i t y ,  t he  higher t he  

r a t e  of transmission of t he  e l a s t i c  wave. It i s  generally t r u e  t h a t  

t h e  more dense s o i l s  and rock have a higher ve loc i ty  than l e s s  dense 

s o i l s  and rock when determined by t h e  re f rac t ion  seismic 

method. 

The r e f r ac t i on  method i s  such th$t  it w i l l  de tect  only horizons 

which increase i n  ve loc i ty  with depth. I f  a f i rmly cemented hard 

pan e x i s t s  along t he  survey spread it w i l l  mask any weaker (lower 

ve loc i ty )  s o i l  mater ia ls  underneath. Low ve loc i ty  sands o r  s o f t  

mater ia ls  cannot be detected i f  they l i e  beneath denser high ve loc i ty  

s o i l  mater ia ls .  Similar ly ,  a dense rock l ayer  near t he  surface w i l l  

mask weak o r  weathered rock underneath. Frozen ground w i l l  t ransmit  

waves a t  higher ve loc i t i e s  than unfrozen and w i l l  not give r e l i a b l e  sub- 

surface information. 

The p r inc ip le  of operation i s  much t h e  same f o r  a l l  r e f r ac t i on  seismo- 

graphs. A hammer blow, tamper, o r  l i g h t  b l a s t  charge generates shock 

waves which t r a v e l  through d i f f e r en t  horizons from the  energy source 

t o  t he  detect ion device (geophone). The t r a v e l  time i s  measured by t he  

seismograph i n  milliseconds (1/1000 second) o r  microseconds i n  spec ia l  

types of seismographs. A s  t h e  d is tance  between energy source and t h e  

geophone increases t h e  t r a v e l  times increase.  The times a r e  p lo t t ed  

on a time-distance graph, and these  points  a r e  connected by one o r  more 

s t r a i gh t  l i n e s .  

The slope of these  l i n e s  ind ica tes  t h e  apparent ve loc i ty  i n  each hori-  

zon of mater ia l .  The in te r sec t ion  of one ve loc i ty  l i n e  with t he  next 

i s  t h e  c r i t i c a l  d is tance  and provides information by which t he  depth 

( i n t e r f ace )  may be calcula ted t o  t h e  denser mater ia l .  

The geometry of r e f r ac t i on  i s  such t h a t  t he  following ru l e s  of thumb 

can be used: Location of depth determinations a r e  usual ly  about 1 /2  

t he  length of t he  survey l i n e  (spread) t o  t he  c r i t i c a l  d is tance ,  and 

generally each c r i t i c a l  d is tance  i s  2 114 t o  2 112 times t h e  depth t o  



the interface. An exception is found where shallow soils overlie dense 

rock in a parallel arrangement. 

Two to three horizons may be detected to depths of 30 to 100 feet 

depending upon the equipment used and the length of spread. The only 

reauirement is that each soil horizon have a thickness that exceeds 

X (p(l- 3) , where X is the first critical diskance, and an apprticiably 
v3 

higher velocity than the overlying horizon otherwise the layer will be 

undetected. A layer of solid rock as little as 6 inches thick will 

carry a shock wave which will mask less dense layers below it. 

If the soil density and ~(~rimary) and  shear) wave velocities are 

known, the elastic constants for the material can be calculated using 

the formulas on page 2-4. These values are averages and are not as 

precise as laboratory tests because average velocities over relatively 

long distances (compared to laboratory specimens) are used. 

Refined techniques in the investigation and interpretation of the char- 

acter of waves enable the investigator to gain information on the 

engineering pro,perties of soil and rock materials. On instruments using 

a cathode ray tube, by adjusting the gain, intensity, and delay, the 

shape of the wave can be interpreted in terms of approximate density, 

elasticity, and abnormalities in the soil and rock materials. The 

shape of the curve on the time-distance graph especially at the critical 

distances may indicate either a sharp break in density of materials at 

the interfaces or some abnormality in soil and rock conditions. Addi- 

tional closer-spaced tests should be made at these positions if the 

break is not distinct. 

The Portable Seismic Instrument 

The seismograph is composed basically of two oomponents; the detector(s) 

(geophones ) and the amplifier-redorder . 



The Geophone. 

A geophone is essentially an extremely sensitive electromagnetic 

generator, with a coil and a permanent magnet. One is fixed to the 

case of the geophone and the other is suspended (floating) by a 

spring. The slightest vibration moves one in relation to the other, 

generating a minute electrical current. This current is transferred 

through the cable to the seismograph where it is mplified to start 

or stop the timing. 

The conventional P-wave geophone is an extremely sensitive device, so 

sensitive that it will register raindrops falling near it, the 

vibrations of nearby voices, or weeds rustling in a breeze. It must 

be planted vertically because some are designed to register the oscil- 

lations in soil or rock only when the phone is aligned within 15 degrees 

of the vertical. Interferences should be avoided such as people walk- 

ing or talking nearby, wind moving trees, and planes or vehicles which 

may create vibrations. Some nearby interferences may be reduced by 

placing the geophone in a shallow hole and covering it with a few 

inches of soil. 

Several types of geophones are available with varying degrees of 

sensitivity and various frequencies, depending upon the information 

needed and the capabilities of the seismograph. Seismographs that 

use timing lights or digital counters use geophones with a frequency 

range of 5 to 500 cycles per second. Tl@ oscillators within the 

instrument register or step up this frequency from 4 to 100,000 cycles 

so that very accurate timing may be accomplished. 

The S-wave geophone is one that contains two coils mounted horizontally 

opposite to the center spike. On top is a bubble for levelling the 

geophone. The alignment of the two coils must be perpendicular to 

the direction of the wave source. This arrangement enables the geo- 

phone to detect transverse or "shear" waves which travel at lower 

velocities than the compressional or P-waves. Both types of geo- 

phones are recommended if S-wave values are desired. 



There is no limit to the distance that a geophone is effective. The 

only requirement is an elastic wave sufficient to vibrate the case and 

activate the contained coils. In average soil and rock conditions the 

geophones supplied with portable seismographs will detect hammer blows 

from distances of 100 to 400 feet and small explosive charges from 

1,000 feet or more. 

The Amplifier-Recorder. 

The recording instrument is essentially an electronic amplifying and 

timing device. It amplifies the minute electrical current received 

from the geophone(s) and times the interval between shock generation 

(by hammer or explosives) and generation of the current in the geophone 

due to the arrival of the seismic wave. In most recorders the timing 

device is an electrically driven tuning fork that has a frequency of 

1,000 cycles per second. Time intervals accurate to within 1/1,000 

of a second (milli-second) can be measured. The method of recording the 

time interval varies with the instrument and ranges from a series of 

lights or digital readout indicating elapsed time to recording on paper 

or film. 

Types of Instruments 

For the purpose of this discussion, the term "single-channel seismo- 

graph" refers to those instruments that permit the determination of a 

time-distance relationship at only one given point for each seismic 

event. 

The multiple-channel seismograph refers to those instruments that permit 

the determination of a time-distance relationship at two or more points 

for each seismic event. 

Single-Channel Non-Recording Seismographs. 

These models are generally referred to as refraction seismic timers 

for they are designed only to indicate the travel time of one or two 

types of seismic waves through different kinds of media. 



The simplest ones use a series of lights to indicatemilliseconds and 

are sensitive to interferences. They may require a great deal of 

sledge hammer pounding to get the desired results. Our experience has 

shown them useful for obtaining infarmation on depth and average 

velocities of two or three horizons to depths of 30 or 35 feet. 

The more improved models and those using cathode ray tubes give 

information at slightly greater depths and are better adapted for 

avoiding interferences. These models also have the capability of using 

an extra geophone to read a reverse spread from the same hammer 

positions. S-wave geophones also may be used with these instruments 

to measure shear wave velocities. 

The use of firecrackers or small explosive charges will permit extend- 

ing the spread to obtain information at greater depths. 

Single-Channel Recording Seismographs. 

One instrument (~untec) uses one or two geophones and records a display 

of numerous short dashes for a period of perhaps two seconds from a 

single blast or hammer blow. It is reported to be capable of determin- 

ing depths to 150 feet using the sledge hammer. Another instrument 

(~pren~nether) uses up to 200 feet of 70 mm photographic paper to 

record three traces from the three-component (orthagonal) sensor 

plus an optional fourth trace indicating the instant the shock is 

initiated. The sensor detects shear and compressional waves. 

Multiple-Channel Recording Seismographs. 

These instruments provide a permanent record on paper or film of the 

P-wave or S-wave arrivals from three to twelve geophones plus the 

trace marking zero time when the shock wave is initiated. This provides 

an immediate record for study and computations. The advantage of these 

instruments is that the geophones may be spaced at various intervals 

up to 30 or 50 feet and one blast charge or hammer blow will create 

shock waves that are recorded at all of these positions. Another 

shock at the opposite end of the spread will record the complete 

reverse spread shock waves. Under good soil and rock conditions 



recordings can be obtained with the sledge hammer up to distances 

similar to the single-channel instruments. 

Although these multiple-channel instruments are more complicated and 

somewhat more expensive, they usually give a great deal more information 

in much less time than the single-channel instruments. 

Portable Commercial Refraction Seismographs 

The following descriptions are taken mostly from the specifications 

and capabilities described by the manufacturers. Not all known 

models are listed--only those owned by the SCS and some which have 

been demonstrated as suitable for SCS needs. The prices listed are 

approximate 1968 retail prices. 

Single-Channel Non-recording Models. 

ThiokoZ Geochrone (formerly NEL Geochrone ) is manufactured by 

Thiokol Chemical Corporation, Bristol Division, Bristol, Pennsylvania 

19007. List price - $895. A single-channel seismic timer using two 

geophones--one placed near the instrument where the steel plate 

beside it is struck with a sledge hammer and the other set at distances. 

It can be operated by one man, but two are more efficient. Readings 

are indicated in milliseconds on two decade counter tubes--one 

in tens and the other in units. A detonator is available ($210) for 

setting off explosive charges to obtain information at greater depths. 

MD-2 - Engineering Seismograph is manufactured by Geophysical Special- 

ties Division, Soiltest, Inc., 2205 Lee Street, Evanston, Illinois 

60202. List price - $1,800. A single-channel seismic timer using 

one geophone at the instrument and a sledge hammer containing the 

starter switch. Two men are needed, but one could operate it with 

considerable inconvenience. Readings are indicated by 10 lights which 

give elapsed time from 1/4 to 255 milliseconds. An accessory 

blaster is available ($165) to obtain readings at greater depths with 
explosives. 



The MD-3 Engineering Seismograph i s  an improvement over t he  MD-1. 

Instead of the  timing l i g h t s ,  t he  MD-3 has a d i r ec t  d i g i t a l  readout 

indicat ing milliseconds i n  t en ths  up t o  99.9. It a l so  has noise- 

reduction control ,  geophone po l a r i t y  se lec to r ,  and connection f o r  an 

ex t ra  geophone t o  read reverse spread. L i s t  p r ice  i s  $2,250. A 

horizontal  component shear-wave geophone may be used and an accessory 

b l a s t e r  i s  available.  

DynaMetric Seismic Timers, Mode 2s 11 7B and 11 7C--manuf actured by 

DynaMetric, Inc. ,  330 West Holly S t r ee t ,  Pasadena, California $1103, 

and d i s t r ibu ted  by S o i l t e s t ,  Inc. 2205 Lee S t r ee t ,  Evanston, I l l i n o i s  

60202. 

Pr ice  - $1,950. Single-channel seismic timers using one geophone a t  

t he  instrument and a sledge hammer containing t he  s t a r t e r  switch. An 

ex t ra  geophone may be placed a t  t he  other end of t h e  spread t o  take  a 

reverse reading from each hammer posi t ion.  One man could operate it 

with considerable inconvenience. S t r ik ing  a l a rge  s t e e l  b a l l  ($16.50) 

i s  reported t o  give be t t e r  r e s u l t s  than t he  s t e e l  p la te .  Readings up 

t o  300 milliseconds a r e  indicated by d i f fe ren t  combinations of t he  24 

l i g h t s ,  On t h e  l l7B and up t o  99.9 o r  999 by d i r ec t  d i g i t a l  readout 

on t he  ll7C. They indicate  time a l so  i n  1/10 milliseconds f o r  use i n  

rock, concrete, e tc .  An exploder un i t  ($130) i s  avai lable  f o r  longer 

spreads and greater  depths. 

A spec ia l  S-wave geophone ($60) i s  avai lable  f o r  recording transverse 

waves which a r r i ve  l a t e r  than t he  f i r s t  shock wave. A v i sua l  timer 

( ~ o d e l  106) with oscil loscope,  two geophones, and hammer i s  avai lable  

for  $2,450. 

Bison Model 1501A i s  manufactured by Bison Instruments Inc . ,  3401 

48th Avenue North, Minneapolis, Minn., 55429. L i s t  p r i ce  $2300. A 

single-channel seismic timer with two geophone c i r c u i t s  t o  allow choice 

of operation. Forward and reverse readings can be taken a t  each 

hammer posi t ion,  the  timing can be s t a r t e d  by one geophone and stopped 

by t he  second or  the  two geophones can be placed near the  same posi t ion 



t o  a i d  i n  s i g n a l  a t tenuat ion .  Readout i s  i n  two-inch by one-inch d i g i t s  

readable from a d is tance .  Instrument has t h r e e  t iming ranges: 0.00- 

9.99 ; 00.0-99.9 ; and 000-999 mil l iseconds.  Timing accuracy i s  f 0.1%. 

Can be operated by one man but  two a re  more e f f i c i e n t .  

Terra-Scout Mode2 R-250 i s  manufactured by S o i l t e s t ,  Inc . ,  2205 Lee 

S t r e e t ,  Evanston, Ill. 60202. L i s t  p r i c e  - $2,490. ( ~ c c e s s o r y  camera 

f o r  photographing t h e  f l a s h e s ,  $340. ) Has self-contained rechargable 

b a t t e r y  and four removable l egs .  A single-channel t imer using one geo- 

phone a t  t h e  instrument and a tamper containing t h e  s t a r t e r  switch. 

Two men a r e  required t o  operate it. Direct  d i g i t a l  readings a r e  made 

by viewing t h e  shock wave f l a s h  on a cathode r ay  tube  ( C R T )  and adjus t -  

ing  t h e  time delay t o  read mil l iseconds.  Direc t  readout ranges from 0 

t o  250 mil l iseconds.  Several  accessor ies  a r e  ava i l ab le  including 

b l a s t i n g  adapter ,  assembly f o r  using two geophones, t h e  Memory Scout m d  

shearwave geophone. 

By press ing  t h e  t e s t  but ton on t h e  CRT seismographs with t h e  geophone 

a t tached,  a  f l a s h  sweeps across  t h e  screen.  This enables t h e  operator  

t o  i d e n t i f y  in t e r fe rences  o r  background noise .  A plane overhead o r  

t r a i n s  o r  t rucks  within a  mile  w i l l  c r e a t e  sharp c lose ly  spaced waves 

on t h e  sweep. I f  t hese  waves a r e  not t o o  in t ense  t h e  survey may con- 

t i n u e  by ignoring these  in t e r fe rences .  

The Memory Scout Seismic Recorder Mode2 R-172 L i s t  p r i c e  $1180. A 

recording device f o r  t ak ing  seismic da ta  i n  the  f i e l d  without a seismo- 

graph. It records t h e  ve rba l  condit ions a s  spoken by t h e  operator  

including geology, hammer d i s t ances ,  and o the r  pe r t inen t  information, 

and then  records t h e  tamper impact and t h e  seismic wave a r r i v a l s .  I n  

t h e  o f f i c e  it i s  a t tached t o  a  Terra-Scout and t h e  play-back w i l l  d is-  

p lay  t h e  tamper impact, t h e  t iming marker, and t h e  seismic wave a r r i v a l .  

Thus t h e  f i e l d  work can be done i n  l e s s  t ime,  t h e  computations and 

i n t e r p r e t a t i o n s  can be done i n s i d e ,  and t h e  t apes  may be s to red  f o r  

f u r t h e r  s tudy and rechecking. 



A Radio Link is available from Soiltest and DynaMetric for use with 

their seismographs to eliminate the use of cables and exploder 

accessories. The transmitting unit is used at the striking plate 

or blast charge up to 1,000 feet distance to transmit the shock 

signal pulse. The receiver is placed on the seismograph to start 

the timing instantly. (~pparentl~ useful only with single-channel 

refraction seismic timers.) List price - $465. 

Single-Channel Recording Models. 

Huntec ModeZ FS-3 Seismograph is manufactured by Huntec, Ltd., 1450 

O'Connor Drive, Toronto 16, Ontario, Canada. List price - $4,144. 
A portable facsimile seismograph which records the entire seismic event 

at each hammer location in a series of short dashes on paper. Recorder 

range is 3-340 milliseconds with an accuracy of +1 millisecond. Power 

is supplied by dry cells or rechargeable battery. A shear wave gec- 

phone may be used. The manufacturer claims it can measure depth read- 

ings of 150 feet with hammer blows. It also may be used as a reflec- 

tion seismograph. 

Sprengnether Engineering Seismograph Vs-1100 is manufactured by W.F. 

Sprengnether Instrument Company, 4567 Swan Avenue, St. Louis, Missouri 

63110. List price is $3,500. A single unit containing a three- 

component sensor receives data for recording on 200 feet of 70 ma 

photographic paper for determining velocities of compressional and 

shear waves. A fourth trace marker is available for recording the 

instant the shock wave is initiated. A built-in calibration pulse 

allows an immediate check on the system. Used with a hammer or light 

blast charges and has self-contained 12 V battery. 

Multiple-Channel Recording Models. 

GSC ModeZ GT-2, Portable Refraction System is manufactured by Geo 

Space Corporation, 5803 Glenmont Drive, Houston, Texas 77036. List 

price - $4,800. A recording multiple-channel refraction system which 

automatically photographs the seismogram on polaroid film. 



Three to 12 geophones may be used. A built-in blaster with safety switch 

sets off the blast charge. A special hammer may be used for short spreads. 

It can be operated by one man, but two are more efficient. Timing accu- 

racy is 20.5 millisecond. 

GSC Model GT-2B with some improvements has become available recently. 

It features an external rechargeable power supply. 

EZectro-Tech ER-75, Porta-Seis is manufactured by Electro-Technical 

Labs., 6909 Southwest Freeway, P. 0 .  Box 36306, Houston, Texas 77036. 

Three-channel model is $1572 ; 12-channel model is $4,010. Recording 

refraction seismographs which record 1 to 3 or 1 to 12 traces on 4 x 5 

inch polaroid film, with an accuracy of k1/2 millisecond up to the 

capacity of 200 milliseconds. Explosives or firecrackers are recommended, 

but a hammer may be used for short spreads. It can be operated by one 

man and has a self-contained rechargeable battery. 

Dresser RS-4 Recording System is manufactured by Dresser Systems, Inc., 

P. 0 .  Box 2928, Houston, Texas 77001. List Price is $5,135. A multiple- 

channel (up to 12) photo recording system, it permits continuous display 

of traces for monitoring. Built-in rechargeable battery timing accuracy 

is +0.05%; has built-in blaster. 

Micro-Seismic Timers. 

For ultrasonic testing of rock, concrete, or other high velocity 

materials, more sensitive instruments are needed which register micro- 

seconds (1/1,000,000 sec. ). One such timer is the DynaMetric 21 7 which 

is available from Soiltest and DynaMetric for $2,500. Another is the 

S. B. E. L. Seismic Timer Mode2 VT-1007, manufactured by Structural Behavior 

Engineering Laboratories, Inc., P. 0. Box 9727, Phoenix, Arizona 85020. 

List price is $1,550. This timer is designed to test cores or small 

specimens of rock, concrete, etc. 



Operation Techniques 

Good operating techniques and corre la t ion a r e  e s sen t i a l  i n  seismic 

surveying i f  adequate f i e l d  data are  t o  be col lected or  in terpreta-  

t ion .  

General Rules 

A few basic ru les  may seem elementary, but adherence t o  them may be 

t he  difference between success and f a i l u r e  o r  wasted time. 

1. Before going t o  the  f i e l d ,  check thoroughly t o  see t h a t  

ba t t e r i e s  a re  charged and the  equipment i s  complete and i n  good 

condition, including hammer and swlt@h (plus a spare switch) ,  

wire-splicing t oo l s ,  p l i e r s ,  screwdriver, spade, measuring 

tape,  ins t ruct ions ,  char t s ,  nomographs, and notebooks. 

2. Select  a locat ion t o  make t he  survey which w i l l  give the  

most useful  subsurface information. Run a corre la t ion t e s t  

near a logged d r i l l  hole,  or t he  edge of a quarry or  a deep cut .  

3. Avoid in terferences  such as power l i n e s ,  nearby ra i l roads  

or  highways. Avoid running a survey l i n e  on compacted surface s o i l s ,  

frozen ground, a f i e l d  road, or  near a wire fence or  water- f i l led  

channel. Avoid a wire or  s t e e l  tape ly ing near t h e  survey l i n e .  

Frozen ground may give abnormally high ve loc i t i e s .  Ice  has a P-wave 

veloci ty  of over 10,000 f ee t  per second. The water i n  a channel near 

a spread may pick up t he  shock wave and give a higher veloci ty  than 

the  alluvium several  yards away. 

4. Insure t h a t  the re  i s  adequate distance and d i rec t ion  t o  

run a survey l i n e  and t h e  reverse,  and t o  run other nearby spreads. 

I f  t he  rock formations a re  dipping, or  i f  abnormal readings or  time- 

distance graphs a re  found, ria; t h e  survey l i n e s  on t he  s t r i k e  of the  

formation, and on t h e  contour of t he  ground surface.  I f  t h e  s t r i k e  

i s  unknown, two reversed spreads run perpendicular t o  each other w i l l  

give a be t t e r  indication of the  d i rec t ion  of s t r i k e  and increase the  

chance of making an accurate in terpreta t ion.  



5. Set  up and operate t h e  equipment according t o  t h e  manufacturer 's 

i n s t ruc t ions .  Be sure t h a t  t h e  manual has a chapter  on trouble-shooting t o  

a i d  i n  f i e l d  checking any opera t ing  t roub les .  

6 .  Use a uniform technique i n  s t r i k i n g  with t h e  s ledge hammer o r  

tamper. Always s t r i k e  v e r t i c a l l y  downward. A glancing blow o r  a blow 

s t ruck  a t  an angle e i t h e r  away from o r  toward t h e  s t o p  geophone may 

produce d i f f e ren t  i n t e n s i t i e s  and t r a v e l  t imes f o r  t h e  shock waves. 

7. Do not mix hammer blows and explosives i n  running a spread. 

The waves from t h e s e  sources have d i f f e r e n t  c h a r a c t e r i s t i c s  and 

i n t e n s i t y  and w i l l  give misleading r e s u l t s .  Likewise, s t r i k i n g  d i f f e r -  

en t  s i z e  boulders in s t ead  of t h e  s t e e l  p l a t e  w i l l  be misleading. 

8. I f  higher  dens i ty  ma te r i a l s  a r e  expected a t  shallow depths 

( 5  f e e t  o r  l e s s )  t h e  f irst  hammer pos i t ions  o r  geophone spacings 

should be a t  5 foo t  o r  poss ib le  2 o r  3 foot  i n t e r v a l s  up t o  d is tances  

of 20 o r  25 f e e t .  

9 .  Always run reverse  spreads t o  be c e r t a i n  t h a t  t h e  t e s t s  a r e  

accura te .  The reverse  curve on t h e  time-distance graph w i l l  be t h e  

r ec ip roca l  of t h e  curve from t h e  forward spread i f  t h e  i n t e r f a c e s  

and ground a r e  p a r a l l e l  and t h e r e  a r e  no f a c i e s  change along t h e  

phone spread. Phone l i n e s  should always be run i n  a s t r a i g h t  l i n e .  

Fan spreads from a c e n t r a l  point  can be used t o  determine d i r e c t i o n  and 

s lope  of dipping hard l aye r s .  This app l i e s  t o  s i n g l e  o r  multiplk- 

channel equipment with o r  without t h e  use of explosives.  

10. The geophones must be p lanted  f i rmly  and i n  a v e r t i c a l  

pos i t ion ,  regardless  of t h e  s lope of t h e  ground. I n  loose  o r  spongy 

s o i l ,  use a long spike (10-12 inches)  on t h e  geophone o r  bury t h e  

phone f i rmly  i n  a shallow hole. 

11. Tests  may be made with t h e  spreads extending up o r  down 

s t e e p  s lopes ,  but  t h e  r e s u l t s  r equ i re  a more thorough knowledge f o r  

proper i n t e r p r e t a t i o n .  Also t h e  p o s s i b i l i t y  of bur ied  rock ledges 

o r  c l i f f s  may cause d i f f i c u l t y  i n  i n t e r p r e t a t i o n .  

12. A short-cut method may be used i f ,  f o r  example, you want 

t o  l e a r n  whether rock occurs a t  o r  above t h e  designated bottom of a 

proposed channel. For designed depth of 12  t o  20 f e e t ,  hammer posi- 

t i o n s  a t  10 and 20 f e e t  and a t  40 and 70 f e e t  may give t h e  two 



ve loc i t i es  t o  determine whether rock occurs within t he  design depths. 

If these hammer posit ions p lo t  on a s t r a igh t  l i n e  indicat ing a low or  

moderate veloci ty ,  it i s  obvious t h a t  hard rock i s  deeper than 20 f ee t .  

For l e s s e r  or greater  depths, t he  hammer posi t ions  must be decreased or  

increased depending upon t h e  depth determinations needed. 

13. Velocity ca l ib ra t ion  surveys should always be made pr io r  t o  

invest igat ion shooting whether using mechanical or  explosive energy 

sources. These a re  normally made by laying out a short  l i n e  on out- 

crops of t h e  rock types expected i n  t h e  p ro f i l e .  These l i n e s  normally 

need not exceed 30 f e e t  i n  length i f  t he  exposure i s  good. Record velo- 

c i t i e s  p a r a l l e l  t o  and perpendicular t o  t he  s t r i k e .  A second useful  

survey i s  an uphole veloci ty  survey where an auger hole or  d r i l l  hole 

is avai lable .  I n  t h i s  survey, charges a r e  detonated a t  d i f fe ren t  l eve l s  

i n  t h e  d r i l l  hold t o  obtain values of v e r t i c a l  veloci ty .  These 

s o i l  and rock values a re  necessary f o r  t he  successful  in te rpre ta t ion  

of subsequent information. Also, when logged d r i l l  holes a re  avai lable ,  

seismic l i n e s  should be placed over these  holes f o r  fu r ther  corre la t ion 

purposes. These surveys w i l l  provide p r o f i l e  ve loc i t i e s  with which 

in te r face  depths may be extended away from the  d r i l l  holes o r  determined 

a t  other locations.  

Geophone Layout 

Reverse seismic p ro f i l e s  a r e  required i n  order t o  obtain a f ac tua l  

p ic tu re  of subsurface conditions. As w i l l  be shown l a t e r ,  subsurface 

in terfaces  which a r e  not p a r a l l e l  t o  t he  ground surface w i l l  c reate  

apparent V2 and subsequent ve loc i t i e s  which a re  e i t he r  greater  than 

o r  l e s s  than t h e  t r u e  veloci ty  of t he  mater ia l .  

The reverse p r o f i l e  permits detect ion of t h i s  condition. It i s  a l so  

necessary, when running reversed p ro f i l e s ,  t h a t  no new ear th  

sect ion be incorporated i n  t h e  p ro f i l e .  I n  other words, t he  reversed 

p r o f i l e  should encompass t h e  exact same subsurface sect ion a s  t he  

forward p ro f i l e .  The geophone (or  hammer) layouts i n  Figure 2-5 are  

designed t o  encompass t h e  exact same subsurface i n t e rva l  i n  t h e  for-  

ward and reverse spreads. 



1 2 3 4 5 6 7 8 9 1 0 1 1 1 2  
~ 0 0 0 0 0 0 0 0 0 0  0 0 forward 

5 ' 5 '  10' 10' 10' 10' 

1 2 3  10 1 1 1 2  
0 0 0 0 0 0 0 0 0 0  O O *  r e v e r s e  

10' 10' 10' 5' 5' 

5-5-10-10 spacing 110 ft.  spread 

8 9 10 11 12 
0 0 0 0 0 forward 

20' 10' LO' 10' 

6 7 8 9 10 1 1 1 2  
0 0 0 0 0 0 0 * reverse  

20' 10' 10' 5' 5' 

5-5-1C-1 C-20-20 s p c i n g  160 ft. spread 

1 2  3 4 P o s i t i o n s  4 to  10 10 11 
* 0 0  0 0 on  20 ft. s p a c i n g  0 0 

10' 10' 20' 20' 20' 20' 

10-1C-20-20 s p c i n g  220 ft. spread 

1 2 3 P o s i t i o n s  10 
0 0 0 3 t o 1 0 o n  0 

15' 15' 30' 30 f t . spac ing  

forward 

reverse  

forward 

reverse  

15-15-3&30 s p c i n g  360 it. spread 

T h e  numbered pos i t ions  c a n  e i ther  be  geophone loca t ions  for multiple-channel s y s t e m  or  hammer pos i t ions  for 
single-channel sys tems .  T h e  ' pos i t ions  a r e  shock  poin ts  for multiple-channel s y s t e m s  or rece iver  pos i t ions  
for single-channel sys tems .  T h e  various layouts  g ive  e i ther  more or  l e s s  definit ion near  the sur face  a s  required.  
Note the  c h a n g e s  of the  end pos i t ions  for forward and  reverse  spreads. T h e  number and  spac ing  o f  pos i t ions  
c a n  be modified a s  required. 

Figure 2-5. - Geophone Locations. 



Energy Sources 

Energy sources used in seismic survey can be either mechanical or 

explosive. 

Mechanscal Energy. 

Mechanical energy sources most commonly used include 8 to 10 pound sledge 

hammers striking a steel plate or thumper devices which strike directly 

upon the ground surface. These devices generate approximately 2,000 

foot-pounds of energy. These sources work well for shallow investigations 

and where the ambient noise level is low to moderate. In the cases of 

deeper investigations these methods sometimes do not provide the neces- 

sary amount of seismic energy because of high noise levels, unconsoli- 

dated alluvial materials or mucks and peats. 

For those instruments using starting switches on the hammer or tamper, 

the switch should be very sensitive for close-up hammer positions. Stiff 

switches may require such heavy pounding that distances of 10 feet or 

less may vibrate the g~ound too much to get reliable timing. 

Under good conditions and experience with the single-channel timers 

usually 3 or 4 blows with the sledge hammer or tamper are sufficient 

at each position. Experience with the instruments equipped with 

cathode ray tube will enable the operator to predict the required adjust- 

ments at each increasing tamper position, and sometimes only 2 or 3 

blows may be required. 

Complex geologic conditions and interferences are so common that more 

blows are usually required, and where anomalies occur at the critical 

distances some in-between hammer positions may be required. 



Explosive Energy. 

The safe and prudent use of explosive energy can effectively increase 

the reliability and amount of information gained through seismic inves- 

tigations. They do not preclude the use of mechanical ener&y devices 

where applicable to the site conditions. In many areas, however, they 

provide the means for seismic evaluation where site conditions are such 

that mechanical means will not suffice. 

Explosive energy sources can be used to excellent advantage where noise 

levels and signal attenuation require more energy than mechanical 

devices can produce. In contrast to an energy level of approximately 

2,000 foot-pounds for most mechanical sources, 114 pound of 50 percent 

dynamite (1/2 stick) will produce approximately 200,000 foot-pounds 

of energy. This is an advantage of about 100 times and will provide 

penetration of the most unconsolidated materials and permit the use of 

low gain receiver settings to eliminate noise. Single large blasting 

caps or firecrackers can be used under some conditions. 

If personnel do not have a blasters1 license or the local conditions 

do not permit the use of explosives, fircrackers have been found to be 

a useful alternate. They produce good shock waves at distances two or 

three times greater than sledge hammers. Their use will be described 

following the discussion on the use of dynamite. 

Use of Dynamite. - Numerous types and grades of explosives are avail- 
able (see W o n t  Blasters'  andb book) which cover a wide range of site 

conditions. For the average type of seismic investigation where 

shallow holes are used, a very satisfactory explosive is W o n t  50% 

"High Velocity" gelatin. This explosive imparts a quick, sharp blast 

desirable in seismic work and yet is not sensitive to shock or friction. 

It is also easy to split where 112 or 114 sticks are desired. This 

explosive is manufactured in sticks of 1/2 pound, 11/8 inches in dia- 

meter and eight inches long. Under most site conditions, 112 stick 

provides excellent results. Also available are 1 inch by 4 inch 
sticks of 40 percent gelatin. These are whole sticks and are easily 

handled and used without having to split larger sticks. These are ideal 



f o r  t h e  "usual" spreads and depths associa ted  with SCS work. This 

explosive can be bought by t h e  individual  s t i c k  (25 t o  30 c e n t s ) ;  how- 

ever ,  a 50 pound case contains about 200 s t i c k s  and cos t s  about $18. 

Seismic charges a r e  detonated by e l e c t r i c  b l a s t i n g  caps. Only instan- 

taneous caps should be used with multiple-channel instruments because 

these  caps provide t h e  instantaneous detonation required when dealing 

i n  time i n t e r v a l s  of thousandths of seconds i n  seismic work. 

Costs of explosives w i l l  vary with type and area.  Generally, they 

w i l l  average 30 cents  per s t i c k  of explosive and 30 cents  per  e l e c t r i c  

b l a s t i n g  cap. Bulk purchase w i l l  reduce t h i s  p r i ce .  A s  described 

under Storage and Transportat ion,  it has of ten  been found more conven- 

i e n t  t o  purchase only t h a t  amount required f o r  a s ing le  day's o p e ~ a t i o n .  

However, i f  approved storage i s  convenient, bulk purchases may be s tored 

and used a s  needed. A l l  types of seismic equipment can be used with 

explosives. Most equipment can be r e a d i l y  adapted t o  t h e  use of explo- 

s ives  by t h e  addi t ion  of an e l e c t r i c  b l a s t i n g  attachment which cos t s  

between $125 and $210. Most of t h e  multiple-channel instruments have 

b u i l t  i n  b l a s t e r s .  The single-channel instruments r equ i re  mult iple shot  

points ,  hence, more powder, caps, and layout time a re  required.  

The suggested shooting methods f o r  s ing le  and multiple-channel ins t ru -  

ments a r e  discussed below. 

Using a single-channel instrument, a l l  holes f o r  t h e  forward p r o f i l e  

a re  loaded and shot i n  one d i rec t ion ;  t h e  holes f o r  t h e  reverse p r o f i l e  

a r e  then loaded and shot  f o r  t h e  r e t u r n  l i n e .  Sympathetic detonation 

i s  not usual ly  a problem i f  hole spacing i s  5 f e e t  o r  more. I f  sympa- 

t h e t i c  detonation i s  a problem, a l t e r n a t e  holes can be shot .  

/ 

Using t h i s  method, a 220 foot  l i n e  (with shots  spaced a s  shown i n  Vigure 2-5) 

w i l l  r equ i re  approximately two man hours, (assuming one Geologist and one Tech- 

n ic ian)  , plus t h e  explosives and 24 b l a s t i n g  caps cost ing about $14.40. 



Multiple-trace seismographs are the most effective units to use with 

explosive methods. These units with up to twelve-channel recorders 

require only two shot holes per line. This feature significantly 

reduces the cost per line although the initial investment is higher 

($4,000-$5,000 as opposed to $1,000-$3,000 for single-trace models ) . 
The normal shooting layout is illustrated in Figure 2-5 ,  page2-25 Using 

this method a 220-foot shot line will require one man-hour plus the 

explosives, and two blasting caps costing about $1.20. 

Shot holes for explosive use are best prepared with a 1112 inch steel 

bar or hand auger. These holes should be 6 to 12 inches into the 

soil and well tamped (with wooden tamper) over the charge. Loaded 

holes should always be marked with red flagging. Precautions should 

be used if there is a chance that flying debris might cause damage or 

injury. 

Safety Precautions.--It should always be recognized that whenever 

explosive agents are used there is risk involved in the safety of 

personnel, equipment, and property. For this reason, every crew 

involved in these operations should have a current set of safety 

regulations which are enforced at all times and supervised by men 

trained in the use of explosives. 

Licensing.--All Federal personnel using or handling explosives must be 

licensed by a Federal examiner. These examinations are conducted at 

periodic intervals by the U. S. Forest Service and can be taken by 

personnel of all agencies. 

The examination consists of a written phase and a practical demonstra- 

tion of the use of different types of explosives. The examination 

usually includes from two to four days of classroom and practical 

instruction. These licenses must be reviewed and updated at periodic 

intervals. 

Storage and Transportation.--Most states and the Federal government 

have published regulations covering the use, storage, and transportation 



of explosives. Copies of these are available from the U. S. Forest 

Service and the applicable state agency (i. e. , Fire Marshal, Industrial 
Accident Commission, etc.). These regulations list the types of storage 

facilities required, transport containers, vehicle m&~ings, and general 

precautionary measures. Applicable Federal and state regulations must 

be followed in all cases. It has generally been found that for SCS 

seismic use it is best to procure only that amount of explosive required 

for each day's use. This eliminates the need for maintained powder bunker 

In areas of poor accessibility more than one day's supply may be stored 

at the site in temporary bunkers if state laws permit. 

Equipment.--Specific equipment required by crews varies with the type 

of operations, but should always include the following: 

(a) Safety helmets of the non-sparking type ; 

(b) static-free clothing; 

(c) non-sparking tools, shovels, bars, etc.; 

(d) foam rubber or wood lined metal containers for explosives 

and blasting caps (separate container for each); 

(e) safety warning signs indicating the use of explosives in 

the area; 

(f) red flags to mark buried explosives. 

Electro-Magnetic Radiation.--Extreme care should be exercised in using 

electric blasting caps near high voltage power lines and in the vicin- 

ity of high frequency radio or TV transmitting stations. It is 

possible with certain lead wire arrays to receive this energy and 

prematurely detonate the electric blasting caps. Cap wires should 

never be unravelled and the shunt removed until the charge is buried 

and the blaster wires are ready to be connected. Additional handling 

information is available from handbooks published by explosive manu- 

fachixrers . 

Use of Firecrackers.- Another source of explosive energy for seismic 

refraction studies employs the use of firecrackers. Where state law 

law permits, firecrackeas may be used without a Federal Blasters 

license. An M-80 salute (a type of firecracker containing one gram 



of black powder) i s  used t o  produce the  shock. This method was devel- 

oped during t he  course of a seismic survey by Criner (1966) i n  t he  

Trace Creek Basin, Humphreys County, Tennessee. 

The preparation of an M-80 requires  punching a hole about 1 / 4  inch 

i n  diameter i n  t h e  s ide  and inse r t ing  a squib (o r  match assembly) 

which has e l e c t r i c a l  lead wires. Tape may be used t o  s e a l  i n  t he  powder, 

t o  secure the  squib i n  place,  and t o  prevent absorption of moisture from 

the  ground. The f i recrackers  a r e  placed ih holes punched i n  the  ground 

with a crowbar o r  hand auger, and t he  holes a r e  backf i l led .  Experiments 

show t h a t  a s ingle  M-80 sa lu te  may be su f f i c i en t  f o r  distances up t o  

700 f e e t  from the  geophone; when greater  distances a r e  involved, one 

or more sa lu tes  a r e  taped t o  the  one f i t t e d  with a squib. 

An exploder un i t  i s  used with the  seismograph t o  detonate t h e  f i r e -  

cracker and s t a r t  t he  timing simultaneously. The f i recrackers  a l s o  

may be f i r e d  by a s ingle  f l a sh l i gh t  ba t t e ry  where the  s t a r t  geophone i s  

placed a t  t he  energy source. 

The use of f i recrackers  f o r  producing shock waves i s  Bafe and inexpen- 

sive.  The M-80 sa lu tes  cost  $2.50 t o  $3.00 per hundred and the  squibs 

o r  match assemblies about $17.00 t o  $25.00 per hundred, making each 

detonation cost  20$ t o  28$. One manufacturer has offered e l e c t r i c  

caps f o r  $3.00 per hundred which a r e  reported t o  serve t he  same pur- 

pose as  the  squib, and thereby reduce the  cost  t o  64 per detonation. 

Firecrackers a l so  may be f i r e d  a t  individual  posi t ions  by l i gh t i ng  t h e  

fuse,  providing it i s  long enough t o  be safe .  With t h i s  method a hole 

i s  punched two or  th ree  inches deep f o r  t he  f i recracker .  If the  

seismograph i s  supplied with a thumper o r  tamper, it i s  placed over t he  

f i recracker  as  soon as  the  fuse i s  lit. With seismographs using a 

s t a r t  geophone a t  the  energy source, the  geophone i s  placed e ight  t o  

12 inches from t h e  hole. When the  fuse i s  lit t h e  hole i s  covered 

quickly by a s t e e l  p l a t e  o r  a s l ab  of rock. This method i s  questionable 

from a safe ty  viewpoint, unless double-length fuses a r e  inse r ted  and t he  



operator works f a s t .  Seismographs using t he  cathode ray tube do not 

work well  with explosives. 

Computations 

Several of t he  references l i s t e d  and t he  manuals provided by manufac- 

t u r e r s  describe t he  procedures fo r  computing many conditions i n  addit ion 

t o  depth, depending upon t he  type of seismograph and geophone used. 

These may include apparent density and hardness of horizons, Ppisson's 

r a t i o ,  r i g i d i t y  o r  shear modulus, e l a s t i c  constants,  and other  physical 

charac te r i s t i c s  of mater ia ls .  

The following sketches i l l u s t r a t e  the  paths of re f rac ted  shock waves 

through ea r th  and rock mater ia ls  and t he  data  p lo t t ed  on time-distance 

graphs. The ve loc i t i e s  and depths of t he  d i f fe ren t  horizons a r e  computed 

from the  veloci ty  char ts  p lo t t ed  on t he  graphs. 

The f i r s t  p a i r  of sketches, Rigure 2-6, i l l u s t r a t e  t he  use of a single- 

channel seismograph with hammer posi t ions  (energy sources)  p lo t t ed  

a t  10-foot in te rva l s .  It i s  noted t h a t  t he  f i r s t  a r r i v a l s  from the  10 

and 20-foot distances travel. through t h e  s o i l ,  t h e  f i s s t  a r r i v a l s  from 

the  30 and 40 foot  distances t r a v e l  through s o i l  and weathered rock, 

while t he  f i r s t  a r r i v a l s  from greater  distances t r a v e l  most of the  

dlstance through t he  high veloci ty  hard rock. 

The second p a i r  of sketches ( s l i g h t l y  exaggerated), Figure 2-7, i l l u s t r a t e  

a seismogram from a 12-channel seismograph and i t s  project ion above on 

a time-distance graph. In  t h i s  case one shock wave (with i t s  source 

a t  the  l e f t )  is  reg i s te red  successively by t he  12 geophones with the  

a r r i v a l  time a t  each geophone recorded on t he  film. The paths 

t r ave l l ed  through s o i l  and rock by t h e  12 f i r s t  a r r i v a l s  would be a 

composite of 12 paths i n  t he  sketch i l l u s t r a t e d  f o r  t he  single-channel 

model ( ~ i g u r e  2-6) i f  it had been extended out t o  1 2  hammer posi t ions .  
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Upper: a 70 foot spread showing paths o f  f i r s t  arr ival  waves. 
Lower:  The  f i r s t  a r r i va ls  p lot ted on a t ime-distance graph. 

Figure 2-6. - Generalized Seismic Test and Velocity Curve for Single-Channel System. 
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T i m e ( M i l l i s e c o n d s )  

Upper :  V e l o c i t y  curve  p lo t ted  from the  120' spread on the  seismogram b e l o w .  

L o w e r :  Seismogram w i t h  t races  from 12 geophones spaced 10' apar t .  T h e  t i m e  

break fo r  eoch t roce  i s  measured on the v e r t i c a l  l i nes  I n d i c a t i n g  10 M s  intervals. 

Figure 2-7. - Time-Distance Graph and Multiple-Channel Seismogram. 



Time-Distance Graphs and Seismograms 

For proper interpretations, the shock wave travel time must be plotted 

on a time-distance graph from each hammer or geophone position. Charts for 

this purpose are printed by some companies. Graph paper 8 x 10 inches or 

larger is convenient or Form SCS-315A may be used. Form EWP-45~, Seismo- 

graph Data and Velocity Chart, Figure 2-8, is useful. The series of points 

indicating milliseconds of time from each hammer or geophone position on 

the forward and reverse spreads may be connected by one or more straight 

lines. Where points are several milliseconds off these lines, these posi- 

tions should be rechecked and perhaps tests made between these positions. 

It is not unusual that most points do not fall on one straight line, rather 

a line must be average through them. The slope of these lines indicates the 

seismic velocity in each horizon. It should be noted that the projected 

line for the first velocity usually begins at two or three milliseconds 

on the zero distance line. This results either from a time delay of two 

or three milliseconds built into the timing mechanism of some seismographs 

or from a very low velocity surface layer. 

Quite often a quick field interpretation can be made from seismograms from 

multiple-channel recording instruments. Other features from the seismo- 

grams beyond the first arrival shock waves may be plotted or used for 

additional studies. 

When plotting time-distance graphs for spreads up to 100 feet a scale 

of one inch = 10 feet and one inch = 10 milliseconds is recommended. For 

spreads greater than 100 feet a scale of one inch = 20 feet and one inch = 

20 milliseconds is recommended. 

Computations and Nomographs 

The velocity indicated by any one of these velocity lines may be computed 

by taking any given horizontal distance on the line, dividing by the milli- 

seconds time for this distance, and multiplying by 1,000 to get velocity 

in feet per second. Velocity chart templates (~igure 2-91 are 
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Figure 2-8. - mograph velocity chart 
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Figure 2-9. - Velocity overlay 



a v a i l a b l e  t o  p l ace  over t h e  t ime-dis tance graph and read  t h e  v e l o c i t y  

d i r e c t l y .  The v e l o c i t y  c h a r t  must be made f o r  t h e  s c a l e  used on t h e  

t ime-dis tance graph. That i s ,  1 inch  = 10 m i l l i s e c c  is and 1 inch  = 

10 f e e t  r e q u i r e s  a  d i f f e r e n t  v e l o c i t y  c h a r t  from t h e  graph us ing  one 

inch  = 10  mi l l i seconds  andone inch  = 20 f e e t .  Overlay E W P - 4 5 ~ ,  "over- 

lay-Seismograph Veloc i ty  cha r t "  ( ~ i g u r e  2-9),  may be used wi th  Form 

EWP-45~ ( ~ i g u r e  2-8) o r  10  x 10  o r  20 x 20 t ime-dis tance graphs. 

Each break i n  t h e  v e l o c i t y  l i n e s  on t h e  t ime-dis tance graph i s  a 

c r i t i c a l  d i s t ance  i n d i c a t i n g  t h a t  a m a t e r i a l  of d i , f f e r en t  e l a s t i c i t y  

( i n t e r f a c e )  r e f r a c t e d  t h e  shock waves. The two v e l o c i t y  l i n e s  on each 

s i d e  of t h i s  c r i t i c a l  d i s t a n c e  a r e  used i n  t h e  fol lowing formulas t o  

determine t h e  depth t o  t h e  i n t e r f a c e .  

To compute t h e  depth t o  t h e  f i r s t  i n t e r f a c e  ( H ~ )  t h e  fol lowing 

formula i s  used: ( c r i t i c a l  d i s t a n c e  method, s ee  page2-40 f o r  der iva-  

t i o n ) .  7 

v, - VL ( f o r  i n t e r f a c e s  p a r a l l e l  t o  
t h e  ground s u r f a c e )  

where X1 i s  t h e  d i s t a n c e  i n  f e e t  t o  t h e  f i r s t  c r i t i c a l  d i s t a n c e  shown 

on t h e  fo l lowing  t ime-dis tance graph ( ~ i g u r e  2-10 ) 

Figure 2-10. - Critical Distances. 

To compute t h e  depth t o  a second i n t e r f a c e  t h e  fol lowing s i m p l i f i e d  
formula can be used: 

H, = + 2 
zqm V 3 + V 2  - H:R ( f o r  i n t e r f a c e  para- 

l l e l  t o  t h e  ground 
su r f ace .  ) 



The V2 and V3 values  used i n  t h e  equat ions should be t h e  average 

va lues  f o r  t h e s e  m a t e r i a l s  obtained from t h e  forward and r e v e r s e  

spreads ( see  formula on page 2-51).  H1 and H2 a r e  t h e  depths i n  f e e t  t o  

t h e  f i r s t  and second i n t e r f a c e s .  X2 i s  t h e  d i s t a n c e  i n  f e e t  t o  t h e  

second c r i t i c a l  d i s t ance .  V1, V 2 ,  and V 3  a r e  t h e  f i r s t ,  second, 

and t h i r d  v e l o c i t i e s  ob ta ined ,  i n  f e e t  pe r  second. R i s  a f a c t o r  f o r  

whihh va lues  a r e  given i n  Table 2-1. 

TABLE 2-1. R Values 

Ra t io  of 
v1 

The Table 2-2 g ives  t h e  square f o o t s  of Becimal numbers and w i l l  assist 

i n  computations of depths T O  i n t e r f a c e s .  

TABLE 2-2. Square r o o t s  of Decimal Numbers 



Derivation of two Layer Formula 

V? - V L  
Figure 2-11 i l l u s t r a t e s  t h e  two layer  case f o r  which t h e  formula HI = 2 

v2 + v1 

i s  derived. 

Shock Po in t  

Figure 2-1 1. - Two Layer Case. 

Two bas ic  re la t ionsh ips  a r e  u t i l i z e d :  

S n e l l ' s  Law which s t a t e s  sin = 
s i n  r V2 

Rate X Time = Distance 

From Sne l l s  law we know t h a t  AB-BC-CD is t h e  minimum time t r a v e l  path f o r  t h e  re f rac ted  

wave because r = go0 

T = Total  time required f o r  re f rac ted  wave t o  t r a v e l  from shock point  t o  t h e  c r i t i c a l  

d i s tance ,  X. 

A,B,C,D,E,F, = Points  on Figure 2-11. 

X = c r i t i c a l  dis tance ( i n  t h i s  case = AD) 

T1, T2, T3 = Time of wave t r a v e l  from A t o  B, B t o  C ,  and C t o  D respect ively.  

H1 = Distance from ground t o  in te r face  

T = T1 + T2 + TS 

BC, TS = TI = E but ,  TI 1 e. T2 = - 
v2 v1 

B C = X - A F - E D o r B C = X - 2 A F  

t a n  i = AF = HI tan i 
H1 

BC = X - 2 H1 t a n  i 

Subs t i tu t ing  
i n  ( 2 )  

2  H I  + X - 2 H l t a n i  T = 
V1 cos i v2 

T = 2 H X 2  HI  s i n  i 
vl :os i + - ~2 eos i 

T = -  + 2 - - 2 HI  s i n 2 i  
v2 V1 cos i V2 cos i s i n  i 

bus, s i n  i = when r = 90' 
v2 

Bubst i tut ing 
i n  (7 )  

X T = -  + 2 - 2 H l s i n  i 
V2 V1 cos i V1 cos i 

T =  - + 2 H1 
( 1  - s i n 2  i )  

V2 V1 cos i 

b u t ,  s i n 2 &  + cos2 i = 1, cos2 i  = 1 - s i n 2 i  



at the critical distance, T .- X 
v 1 

X - - Substitute in (8) - - + 2 H , d x i  
v1 v7 v 1 

Solve for 
2 H ~ ~ / v ~ ~  -vI2 = - - -  X X 

H1 v2v1 "1 v2 

Another formula which can be used to compute the thickness of a second 

layer (v2)  is the following: 

where t3 is the time intercept when the V 3  line is projected to the 

time axis (see Figure 2-12). 

To determine the thickness of a third layer ( ~ 3 )  the following formula 

may be used: 

- 

where t4 is the time intercept when the V4 line is projected to the 

time axis. The values of H1, H2, H3, etc. are the thicknesses of the 

layers, and must be added in order to determine the depths to the 

interfaces. 

To simplify the depth determinations, several manufacturers have pre- 

pared nomographs on which the data are plotted from the time-distance 

I graph. (F'igure 2-13). The projection of the lines connecting these 

points on the nomographs will give the depths to the first two inter- 

faces. 



D i s t a n c e  

Figure 2-12. - Time Intercepts. 

Determination of the Location of Depth Measurements 

When seismic readings are made, the depths that are computed do not 

lie beneath any particular point along the spread. In fact, under 

field conditions, the depth is not measured at any particular point 

but rather is an average between two points. The location of 

these two points varies as the velocities of the materials vary. 

The following procedure will outline the method of determining these 

points : 

1. From the time-distance graph the velocities of the materials must 

be determined, V1, V2, V3. 

2. From Snellls Law determine the angle i for the V1V2 materials, 

(sin i 1 = v1 /v2) Plot the complement ( 90° - i 1 ) of the angle i 1 
from the point of origin and from the critical distance on a seismic 

profile as shown in Figure 2-14. 

3. Compute HI from the standard formulas. 

4. Plot a line parallel to the ground surface at depth HI on 

the seismic profile. 

5. The surface projection of depth HI should be taken as midway 

between points A and B. If the interface was not parallel to the 

surface, the determination of the H1 depth by this method would 

introduce the minimum possible error when the standard formulas are 

utilized. The formulas discussed on pages 2-38 and 2-41 were derived 



X ( f e e t )  

NOMOGRAPH FOR DEPTH TO FIRST 2 INTERFACES 
for any system of units (Feet, Meters, etc.) as used in Seismic Graph 

I S E I S M I C  G R A P H  

INSTRUCTIONS 

1 t DISTANCE FT. 
X I  x 2  

FIRST LAYER DEPTH DETERMINATION 1 
1. Obtain XI i n  f e e t  from seismic graph. This  is  X on t he  nomograph 
2. Divide V2 by V . This r a t i o  i s  V on t he  nomograph 
3 .  Lay straight-eige from X va lue  t o  V value  
4. Read D. This equa ls  depth of f i r s t  l aye r  D l  (or 1 s t  I n t e r f ace ,H l )  

SECOND LAYER DEPTH DETERMINATION 
1 

5. I f  second layer  i s  p resen t , read  across  from D t o  g e t  t he  d equiva len t  
6 .  Obtain X;! from seismic graph. This  i s  X on t k e  nomograph 
7.  Divide V3 by V2. This r a t i o  i s  V on t h e  nomograph 
8. Lay s t ra igh t -edge  from X t o  V 
9.  Read D. Add t o  d equiv. from s t e p  5.  This  equa ls  depth of second 

layer  q (or second In t e r f ace ,  H2) - - - - - - - - - - - - - - - - - -  

Figure 2-13 Sample Nomograph for Depth to Two Interfaces. 
(Adapted from depth computer prepared by Geophysical Specialties Division of Soiltest, 

Evanston, I l l . ,  used by permission of Soiltest.) 



C r i t i c a l  d i s t a n c e  f o r  H3 c 

C r i t i c a l  d i s t a n c e  f o r  H 2  

C r i t i c a l  d i s t a n c e  f o r  H j C .- 
i G r o u n d  s u r f a c e  
1 

rG1 

1 

V J  
S in  i j  =- 

v 2  

v 2  
S i n  i 2  = - 

v 3  

v 3  
S i n  i 3  =- 

v 4  

v7 
S i n  K j =  - 

v 3  

V J  
S i n  G j  =- 

v 4  

v2 S i n  G2 =- 
"4 

Figure 2-14. - Locat ion of Depth Measurements. 



f o r  p a r a l l e l  i n t e r f a c e  condi t ions  so s lop ing  i n t e r f a c e s  w i l l  c r e a t e  

e r r o r s  i n  t h e  depth de termina t ions .  For a s lop ing  i n t e r f a c e  condi- 

t i o n  both t h e  forward and t h e  r eve r se  p r o f i l e  depths must be p l o t t e d  

by t h i s  method t o  minimize t h e  e r r o r .  Thus t h e  two p o i n t s  would 

provide an i n d i c a t i o n  of t h e  behavior  of t h e  i n t e r f a c e .  I f  t h i s  i n fo r -  

mation i s  s tud ied  i n  r e l a t i o n  t o  t h e  p o s i t i o n  and v a r i a t i o n  of t h e  time- 

d i s t ance  p o i n t s  on t h e  seismogram, then  an i n t e r p r e t e d  "p ic ture"  of 

t h e  i n t e r f a c e  can be drawn on t h e  p r o f i l e .  

6 .  When more than one i n t e r f a c e  i s  involved t h i s  same procedure 

i s  u t i l i z e d ;  however, t h e  angles  of inc idence  f o r  t h e  r e f r a c t e d  r ay  

must be r e c a l c u l a t e d  each t ime it i s  r e f r a c t e d  along a deeper i n t e r -  

f a c e  ( s e e  Figure 2-14). 

7.  For p r a c t i c a l  purposes ( a s  seen i n  Figure 2-14) t h e  depth measure- 

ments f o r  each i n t e r f a c e  a r e  l o c a t e d  a t  one-half t h e  c r i t i c a l  d i s t a n c e .  

Determination of angle  of s lope  of a dipping i n t e r f a c e  

I f  a  seismic l i n e  i s  run  p a r a l l e l  t o  t h e  d i r e c t i o n  of maximum d i p  

of an i n t e r f a c e ,  it i s  p o s s i b l e  t o  determine t h e  angle of di.p ( a  ) . 
The fo l lowing  equat ion g ives  t h e  r e l a t i o n s h i p  between t h e  angle  of d i p  

( a ) and o t h e r  known parameters .  

V1 ,  V2 : V e l o c i t i e s  of m a t e r i a l s  ( t r u e ) ,  ( f e e t  per  m i l l i -  

second) .  

D : Distance on t h e  ground su r f ace  between t h e  p o i n t s  

f o r  measuring t h e  t ime d i f f e r e n c e  ( f e e t ) .  

T2, T1 : The d i f f e r e n c e  i n  t o t a l  e lapsed  t r a v e l  t ime f o r  

t h e  seismic wave between two po in t s  measured 

down d i p  from t h e  V2 l i n e .  (mi l l i seconds  ) - 

The t ime d i f f e r e n c e  must be measured from t h e  v e l o c i t y  l i n e  down 

d ip .  The equat ion i s  s i m p l i f i e d  by s u b s t i t u t i n g  known va lues  and 

then  so lv ing  f o r  a  quadra t i c  equat ion .  ( s e e  F igure  2-15). 

~1d-f- + (v22 - v12)  s ina  



V2 = 2 V down V u 
V down + V  ui 

D i s t a n c e  
I 1 

Figure 2-15. - Determination of Angle of Slope of Interface. 

Determination of Elastic Properties by Shear Wave Analysis 

Refraction seismic equipment can be used to measure the shear wave 

as well as the compressional wave. The only portion of the standard 

equipment that may require modification or replacement is the geo- 

phone. Shear wave geophones are available from some manufacturers. 

Under some circumstances that compressional wave geophone can be used 

as a shear wave phone. In fact, the compressional geophone will detect 

vertically polarized shear waves. For example, the Hall-Sears X-25 

geophone has the long axis of the moving mass in a vertical position, 

the normal position for compressional wave studies. By placing the 

long axis of the moving mass in a horizontal position (laying the 

phone flat, long axis transverse to the seismic line ) the phone can 

be used to detect horizontally polarized shear waves. 

Shear wave analysis techniques are not well developed. The applica- 

tion of current methods should be limited to relatively simple sub- 

surface conditions. The presence of dipping interfaces, thin or 



discontinuous strata, or irregular topography could present too complex 

a problem for analysis. 

Once a shear wave time-distance graph is ma.; for a given earth profile, 

depth computations can be made in a manner as previously described. 

Shear wave velocity values can then be grouped with the compressional 

wave values for the same materials. 

The formulas on page 2-4 establish the relationship between the 

velocities and the elastic properties such as: 

Poisson's ratio: , = %(V~/V,)~ - 1 
or 

(V~/V.)~ - 1 s 

Young's modulus: E = pvS2 r 3vp2 - 4vs21 

Table 2-3 allows direct conversion of the Vp/V, ratio to Poisson's 

ratio. 

In addition to determining the numerical values of the moduli of 

elasticity, the shear wave velocities permit another phase of material 

interpretation. Moisture content has little if any effect on shear 

wave velocities, whereas it significantly affects the compressional 

wave velocities. This difference permits a good means of determining 

the location of the ground water table. 

Contrasting shear and compressional wave velocities also permit inter- 

pretation in a manner similar to the comple.mentary usage of seismic add 

resistivity data. Figure 2-16 illustrates the relationships. 

Interpretations 

Depth to parallel horizons with distinctly increasing densities are 

determined easily by plotting the data on time-distance graphs and 



T A B L E  2 - 3 .  C O N V E R S I O N  F R O M  V P / V S  V E L O C I T Y  
R A T I O  TO P O I S S O N ' S  R A T I O  

PO I S S O N ' S  R A T I O  



Figure 2-16. - Relationship Between Vp/ Vs (or Poisson's ratio) and 

Characteristics of Earth Materials. 

(From: Geophysical Methods in Highway Engineering, by N.R. Patterson and T. Meidav, 1968, 

HUNTEC LTD., Toronto, used by permission of HUNTEC a Division of Kenting Exploration 

Services Ltd., Toronto, Canada.) 

making calculations as described in the preceding section on computa- 

tions. However, subsurface conditions such as very irregular rock 

surfaces, rock ledges, sinkholes, channels, steeply dipping formations 

and many other concealed anomalies will require experienced and detailed 

interpretation. These conditions will show as irregularities on the 

reversed time-distance graph, the seismogram, or on the shape of the 

flash on the cathode ray tube. 

Sometimes variable readings may be received at about the position of 

a critical distance. This could be due to a layer of disturbed material 

at the interface. Readings should be taken a few feet either side of 

this position along the survey line. 

When using a seismograph which has a cathode ray tube (CRT) or photo- 

graphic recording media, information can be gained from the shape of 

the flash or recorded wave. A second arrival refracted wave often 

can be seen as a smaller secondary wave on the upsweep or downsweep of 



the first or second wave of the seismogram: 

The difference in travel time between the first and second arrivals 

can be determined if desired either by reading the time of the first 

arrival, adjusting the delay to read the second arriv*ll, and substract- 

ing td get the milliseconds delay between the two, ( by measuring the 

time directly on the recorded seismogram. 

Sands, gravels, and sandstone bedrock usually give strong and distinct 

waves which retain good amplitude with distance. On the other hand, 

clays give fair shaped waves, some limestones and dolomites and also 

peat and muck give poor waves, and all of these decrease quickly in 

amplitude wibh distance. 

Good discussions and sketches regarding interpretations may be found 

in the references listed and expecially in some of the manuals and 

reports published by manufacturers. Information from Soiltest and 

DynaMetric describe many details on the interpretation of the flashes 

on the CRT. 

The following sketches of time-distance graphs and subsurface conditions 

illustrate some normal and some problem conditions which we may expect 

to find. In the sketches "T" indicates the total elapsed travel time 

for first arrival (P)  waves over a specific distance. "T" is always 

approximately equal for the forward and reverse spread. 

Parallel Layers 

On a typical graph with forward and reverse spreads over uniformly 

parallel layers, the velocity curves will be mirror images of each 

other as in Figure 2-17. 

Dipping Interface 

A dipping interface will give different critical distances, and V2 

velocities on the forward and reverse curves, as shown in Figure 2-18. 



I V-F = Ve loc i t y  for 

T 
forward spread 

V-R = Veloc i ty  for 

reverse spread 

Figure 2-17. - Parallel Layer. 

The velocities of the surface material are nearly the same on the 

forward and reverse graphs. The apparent velocities of the second 

horizon are quite different. The best approximation of true velocity 

of this horizon is determined from the equation. 

where Vu is run updip and Vd is run downdip. 

The average depth to the rock can be determined by averaging the two 

critical distances and using this value in solving the formula for 

depth if the dip of the rock interface is less than 10 percent. A more 

exact method is explained on page 2-42 . The approximate dip of the 

rock interface can be determined by using more complex formulas (see 

page 2-45 ) a  The total elapsed time for each spread (forward and 

reversed) must always be approximately equal. 

High or Low Rock Points 

Abnormally high or low points in the buried rock surface may plot 

below the average velocity line where there is a rise in the rock 

profile, or above the velocity line where a large depression exists 

( ~ i ~ u r e  2-19). Also, points will plot above or below the line where 

an uneven ground surface lies over a smooth rock surface. All "second 

arrival" readings will plot above the line. 



Figure 2-18. - Dipping Interface. 

- 
Figure 2-19. - High or Low Rock Points. 

V-D = V e l o c i t y  down d i p  

V-U = V e l o c i t y  u p  d i p  



Buried Rock Ledge 

Upon passing t h e  end of a bur ied  rock ledge t h e  v e l o c i t y  curve t u r n s  

upward, ( ~ i ~ u r e  2-20) ind ica t ing  t h a t  low v e l o c i t y  ma te r i a l s  e x i s t  

beyond t h e  end of t h e  ledge. 

Ground Surface 

Figure 2-20. - Buried Rock Ledge. 

Subsurface Stream Channel 

A subsurface deeply inc i sed  stream channel o r  c l i f f  w i l l  g ive unusual 

v e l o c i t y  curves. Note t h e  d i f ference  i n  t h e  curves f o r  t h e  forward 

and t h e  reverse  spreads i n  Figure 2-21. 

Subsurface C l i f f  

Somewhat s i m i l a r  t o  Figure 2-21, however, t h e  s lope  of t h e  break of t h e  

rock surface  i s  very s t eep ,  and t h e  v e l o c i t y  l i n e s  show a d e f i n i t e  up- 

or-down s tep  i n  Figure 2-22. 

Offse t  Velocity Curve 

An o f f s e t  i n  t h e  v e l o c i t y  curve a s  shown on Figure 2-23 may be caused 

by any one of seve ra l  condi t ions :  (1) s t a r t i n g  t o  p ick  up and p l o t  



Figure 2-21. - Subsurface Stream Channel. 

Figure 2-22. - Subsurface Cliff. 



"second a r r i v a l s " ;  ( 2 )  pass ing  a v e r t i c a l  o f f s e t  downward i n  t h e  rock 

p r o f i l e ;  o r  ( 3 )  a s  shown by t h e  dashed V2 l i n e ,  passing a  narrow 

f r a c t u r e d  f au l t  zone, a v e r t i c a l  mud seam, - -  a  l a r g e  open cavern or  

s inkhole.  

Figure 2-23. - Offset Velocity Curve. 

Parabol ic  Veloc i ty  Curves 

I n  an a r e a  of very deep s o i l s  o r  alluvium which gradual ly  i nc rease  i n  

dens i ty  with depth,  no i n t e r f a c e  can be p l o t t e d ,  but  i n s t e a d  t h e  velo- 

c i t y  curves w i l l  be pa rabo l i c  a s  shown i n  Figure 2-24. 

Figure 2-24. - Parabolic Velocity Curve. 



Abnormal Velocity Curves 

Abnormal curves like the following Figure 2-25 in which Y2a (v2 apparent) 
is less than true V2 velocity maj be found when: there is a change in 

dip downward on the surface of the second horizon, or the survey line 

starts up a grade, as shown by the reverse profile; or when there is a 

change in dip upward on the surface of the second horizon, or the survey line 

goes over a hill. 

Ground surface 

Figure 2-25. - Abnormal Velocity Curves. 

Subsurface Fault 

A forward and reverse spread across steeply dipping or faulted massive 

bedrock overlain by alluvium would give time distance curves similar 



to Figure 2-26. The V1, V2, and V3 and velocities are true velocities. 

Ground surface 

Figure. 2-26. - Subsurface Fault. 

Buried Ridge 

A vertical or steeply-dipping buried ridge of hard rock aligned at an 

angle to the direction of the survey line may give a curve similar to 

that shown in Figure 2-27. Unless an outcrop is found which will pro- 

vide an indication of thickness and direction of strike, several survey 

lines may be required to make these determinations. 

Critical Thickness 

In the three layer case with velocities V1, V 2 ,  and V3, it is possible 

for the V2 layer to be obscure. The U. S. Corps of Engineers (1948) 

has discussed this problem and their data is used in the example. 

On the time-distance graph ( ~ i ~ u r e  2-28) the V1, V2, and V3 layers have 

velocities of 1500 fps, 4000 fps, and 15000 fps respectively. The 

thickness ( H ~ )  of the top (vl) layer is 8.1 feet computed from the for- 
mula on page 2-38. 



' "OF1" \r Bur ied  r idge o f  s teep ly  d ipp ing  

rock a l igned  a t  an ang le  t o  the  

d i rec t ions  o f  survev.  

Survey l i n e  

P L A N  V I E W  

Figure 2-27. - Buried Ridge. 

I f  t h e  second c r i t i c a l  d i s t ance  i s  110 f e e t  ( v e l o c i t y  l i n e  I )  t h e  th i ck -  

ness  of t h e  V2 l a y e r  i s  40.2 f e e t  and t h e  depth t o  t h e  V3 l a y e r  i s  

48.3 f e e t  a s  computed from formula on page 2-41. If t h e  V2 l a y e r  i s  

t h i s  t h i c k  (40.2 f e e t )  s u f f i c i e n t  f i r s t  a r r i v a l s  w i l l  be obtained t o  

p l o t  t h e  V2 v e l o c i t y  curve. I f  t h e  t h i ckness  of t h e  V2 l a y e r  i s  19.7 

f e e t  ( v e l o c i t y  l i n e  11) t h e  d i s t ance  between t h e  f i r s t  (24 f e e t )  and 

second ( 5 6  f e e t )  c r i t i c a l  d i s t ances  i s  small  enough t h a t  only one 

f i r s t  a r r i v a l  from t h e  V2 l a y e r  may be de t ec t ed .  This i s  e s p e c i a l l y  

t r u e  i f  t h e  10-10-20-20 o r  15-15-30-30 geophone layout  i s  used ( s e e  

page 2-25 ) . 

I f  t h e  th ickness  of t h e  V2 l a y e r  i s  7 .5  f e e t  ( v e l o c i t y  l i n e  111) t h e  

f i r s t  and second c r i t i c a l  d i s t ances  coincide and t h e  V2 l a y e r  i s  



totally masked. Thicknesses between 19.7 feet and 7.5 fee5 will be 

difficult to detect. 

Also, if the true critical distances coincide, (v2 layer 7.5 feet 
thick) calculations for HI would give the jepth to the V3-15,000 fps 

layer as 10.9 feet completely ignoring tht V2 layer and would result 

in considerable error. 

The following formula will determine the critical thickness ef a 

layer of material. If the actual thickness is less than the computed 

value, the material will be undetected on the seismogram. 

Xo - first critical distance 
H2 - critical thickness 
V2 - an assumed velocity value for the layer in question. 
V 3  - The velocity of the material underlying the material 

in question. 

Masked Layer 

If a high velocity layer overlies a lower velocity layer, the lower 

velocity layer will be completely masked. In this diagram (~igure 2-29) 

the V2 velocity is higher than V3 but less than V4.  The time distance 

graph does not show any indication of the Vg velocity (or layer). 

The depth calculation, based on this time-distance graph, of the Vq 

layer would be in error because the V3 velocity is not used. The 

mount of error would depend on the velocity difference between V2 and 

V 3  and the actual thickness of the V g  layer. 

A different type masking problem occurs quite often. In the three (or 

more) layer case there may be a question if there is an intermediate 

layer present. If a recording multiple-channel seismograph is used the 

film record can be examined for strong secondary arrivals. An example 

of strong secondary arrivals is plotted in Figure 2-30. These second- 

ary arrivals may suggest the presence of an intermediate layer, but 
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Figure 2-28. - Critical Thickness. 
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Figure 2-29. - Masked Layer. 

the arrangement of the points suggests a material of increasing 

velocity with depth and not one velocity. Six theoretical velocity 

lines are shown in their proper location for the theoretical section 

in the right corner. First arrivals could be detected from the upper 

three ( v l ,  V 2 ,  and V3 ) layers and the V6 rock layer. First arrivals 

from the V3 layer would be very close to the critical distance for 

V 1 - - V 2  and V2-V6 and probably not be detected. First arrivals from 

layers between V 3  and V6 would be completely masked. 

The U. S. Army Corps of Engineers (1948) analyzed this problem and 

computed the depth to rock using two different methods of calculation 

and seven combinations of velocities. They concluded that the best 

method considering time involved and accuracy required is o use two 

average intermediate velocities and the velocity of the rock in the 

depth calculations. Depths calculated in this manner were within 21 

foot of true depth. 



Figure 2-30. - Masked Layer Problem. 



Discontinuous Layer 

A discontinuous layer can be difficult or impossible to detect by 

refraction seismic methods. The followiE example was encountered by 

Maine SCS Geologist Erinakes. 

The time-distance graph plotted from the seismogram of a twelve channel 

recording seismograph using 10-10-20-20 geophone spacing is shown in 

Figure 2-31. The interpretation of this time-distance graph provides 

the following results: 

Forward Profile 

V1 = 4,500 fps 

V2 = 10,ZOO fps 

~3  = 16,800 fps 

XI = 64 ft 

X 2  = 152 ft 

Reversed Profile 

V1 = 4,500 fps 

~2 = 16,500 fps 

xl = 88.5 ft 

sin i = 4490 and angle i = 21' 12,yoo 

The H 1  (forward) depth would be plotted 32 feet from the forward shot 

point. The H I  (reversed) depth would be plotted 44 feet from the 
reversed shot point. The V3 forward velocity of 16,800 fps might be 

interpreted as a slight rise in the rock surface at the outer end of 

the spread. 

Subsequently correlation test holes revealed the presence of an inter- 

mediate velocity discontinuous layer at both ends of the seismic spread. 

As indicated above, the presence of this layer was not suspected from 

the time-distance graph. 
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Figure 2-31. - Time - Distance Graph. 



The forward and reversed p r o f i l e s  i n  Figure 2-32 show t h e  a c t u a l  

subsurface condition. The paths of d i r e c t  and re f rac ted  waves and t h e i r  

time of a r r i v a l  a t  se lec ted  points  a re  shown. 

The time-distance graph ( ~ i ~ u r e  2-32) was constructed using t h e  computed 

time of f i r s t  a r r i v a l s  a t  se lec ted  points .  The points  were se lec ted  t o  

give t h e  bes t  d e f i n i t i o n  t o  t h e  time-distance graph and a r e  not neces- 

s a r i l y  t h e  a c t u a l  geophone locat ions .  

By studying t h e  paths of t h e  re f rac ted  and surface  waves and t h e i r  times 

of a r r i v a l  a t  various points  it beoomes obvious why t h e  discontinuous 

l ayers  were missed i n  t h e  f i r s t  in te rp re ta t ion .  

T h i s  again emphasiz'es t h e  necess i ty  f o r  cor re la t ion  of geophysical 

in te rp re ta t ions  with t e s t  holes e t c .  

Remember t h e  time-distance re la t ionsh ip  i s  a representa t ion of a physi- 

c a l  s i t u a t i o n  and i s  repeatable.  It i s  t h e  i n t e r p r e t a t i o n  of i t s  

meaning t h a t  c rea tes  v a r i a b i l i t y .  

Subsurf ace Drop-off 

I f  a subsurface ledge of rock or  a s teep drop-off i s  located ,  i t s  t r u e  

depth may be determined by running t h e  survey l i n e  above and p a r a l l e l  

t o  i t s  edge. I f  t h e  depth of t h e  s o i l  mater ia l  i s  needed below t h e  

face of t h e  buried escarpment, a survey l i n e  may be run perpendicular 

out from t h e  ledge or  p a r a l l e l  t o  i t s  edge, but f u r t h e r  away than t h e  

maximum depth t o  rock. See Figure 2-33. 

To determine t h e  depth t o  the  top  of t h e  rock escarpment a forward and 

reverse seismic l i n e  i s  run between points  1 and 2 ( ~ i ~ u r e  2-33). 

To determine t h e  locat ion of t h e  escarpment a forward and reverse seismic 

l i n e  i s  run between points  2 and 3. To determine t h e  depth t o  rock 

below t h e  escarpment forward and reverse  seismic p r o f i l e s  a r e  fun 

between points  3 and 4. This seismic l i n e  between points  3 and 4 must 



be located so that distance Dl always is greater than distance D2. If 

Dl is not greater than D2 the shortest time path for the seismic 

waves at distances greater than the critical distance would be through 

the rock in the escarpment instead of the rock b.elow the escarpment. 

This placement also applies to the distance away frowc a buried pipeline. 

Drill Hole Correlation 

In order to correlate seismic results with drill hole information it is 

necessary to make the seismic measurements as near as possible to the 

bore hole. 

As was previously demonstrated, the location of the depth measurements 

made by the seismic method is a function of the relative velocities of the 

materials involved and varies with a change in velocities. 

The following procedure is suggested in order to perform correlation 

seismic measurements. 

Lay out and run seismic spread (forward and reversed) over the drill 

hole (center over hole). 

Determine the velocities of the materials involved. 

Locate the depth measurements using the method described on page 2-42. 

With the information of where the depth measurements were made along 

the seismic spread, lay out and run a new seismic line so that the 

HI depth location is centered on the drill hole. In order to check 

the Hz, Hg etc. measurements, a new seismic layout will be required 

with each location centerd on the drill hole. 

Compare the depth measurements made under step 4 with the drill hole 
information. Compute the percentage of error and use it as a guide 

to the accuracy of other seismic measurements. 

Continuous Profiles 

Whenever possible, seismic lines should be laid out end to end in order 
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Figure 2-33. - Seismic Line Layout for Subsurface Escarpment. 



t o  e s t ab l i sh  "t ie-in" points .  Seismic l i n e s  t h a t  a re  run end t o  end 

as  continuous ~ p r e a d s  provide a means of checking t he  continuity of 

subsurface conditions and allow each p r o f i l e  t o  be checked against  

other p ro f i l e s .  

Figure 2-34 i l l u s t r a t e s  t he  method of es tab l i sh ing  t i e - i n  points .  It 

i s  important t o  note t h e  use of common shot holes o r  end points .  Only 

by t h i s  means a r e  t h e  continuous p ro f i l e s  zcalid. 

Veloci t ies  of Various So i l  and Rock Materials 

The p r inc ipa l  f a c to r s  influencing ve loc i t i e s  i n  s o i l  mater ia ls  a r e  

densi ty ,  e l a s t i c  constants,  degrees of wetness, and i n  cobbly or 

bouldery mater ia ls  whether t h e  individual  cobbles and boulders a r e  i n  

contact o r  a r e  separated by s o i l .  In  rock formations ve loc i t i e s  a r e  

influenced by e l a s t i c  constants,  degree of weathering, densi ty ,  cemen- 

t a t i o n ,  and amount of f rac tu r ing ,  jo in t ing ,  o r  f au l t i ng .  

Water has a seismic ve loc i ty  of about 4800 f e e t  per second. A s o i l  

mater ia l  having ve loc i ty  of about 1200 f e e t  per second when dry,  may 

have a ve loc i ty  of about 5000 f e e t  per second when sa tura ted.  Likewise, 

dry f ractured rock would have s l i g h t l y  lower ve loc i ty  than t he  same 

rock mater ia l  when sa tura ted.  Shales and sandstones may vary from 

3,000 t o  10,000 f e e t  per second depending upon whether they a r e  s o f t ,  

weak and poorly cemented o r  whether they a r e  hard and well-cemented. 

It i s  poss ible  t h a t  ve loc i t i e s  of 3,000 t o  7,000 f e e t  per second could 

ind ica te  e i t he r  s o i l  mater ia ls  o r  rock. This emphasizes t h e  importanne 

of t h e  geologist  being fami l i a r  with t h e  geology of t h e  area  and correla-  

t i n g  and ca l i b r a t i ng  instrument data  with proven data  from logged d r i l l  

holes o r  deeply exposed p ro f i l e s  of t he  s o i l  and rock. Table 2-4 l i s t s  

t h e  r e l a t i v e  seismic ve loc i t i e s  of some t y p i c a l  mater ia ls .  

Rippabi l i ty  and Rock Excavation 

Since t h e  middle 1950's seismic analys is  has been used by some 
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Figure 2-34. - Tie-in Points on Continuous Profiles. 



Table 2-4. Relat ive Seismic Veloci t ies  (P-waves). 

Feet Per Second 

600 - 1,200 - Dry, loese  t o p s o i l s  and s i l t s  

1,000 - 1,600 - Dry sands, loams, and s l i g h t l y  sandy o r  g rave l ly  s o f t  

c lays  

1,500 - 3,000 - Dry gravels ;  motst sandy and g rave l ly  s o i l s ;  dry heavy 

s i l t s  and c l ays ;  moist s i l t y  and clayey s o i l s  

3,000 - 4,800 - Dry, heavy gravel ly  c l ay ;  moist heavy c l ays ;  cobbly 

ma te r i a l s  with considerable sands and f i n e s ;  s o f t  sha les ;  

s o f t  o r  weak sandstones 

4,800 - 5,000 - Water; s a tu ra t ed  s i l t s  o r  c l ays ;  wet gravels  

4,800 - 6,000 - Compacted moist c lays ;  s a tu ra t ed  sands and gravels ;  

s o i l s  below t h e  water t a b l e ;  dry medium sha les ,  

moderately s o f t  sandstones, weathered moist sha les  & 

s c h i s t s  

5,500 - 8,000 - Hardpan; cemented gravels ;  hard c l ay ;  boulder till; 

compact cobbly and bouldery mater ia la ;  medium t o  

moderately hard shales  and sandstones; p a r t i a l l y  decomposed 

g ran i t e s ;  jo in ted  and f r a c t u r e d  hard rocks. 

8,000 - 12,000- Hard shales  and sandstones; interbedded shales  and 

sandstones; s l i g h t l y  f r ac tu red  limestones and c rys ta l -  

l i n e  rocks 

12;OOO'- 20,000- Unweathered l imestones,  g r a n i t e s ,  gneiss ,  and o ther  

dense rocks 

( ~ o t e :  t h e  ve loc i ty  of sound i n  a i r  a t  s ea  l e v e l  and 32 degrees F . ,  

i s  1087 f e e t  per  second.) 



consul tan ts  a s  a b a s i s  f o r  e s t ima t ing  t h e  r i p p a b i l i t y  of rock and hard 

s o i l  ma te r i a l s .  Some c o n t r a c t s  have been accepted f o r  rock excavat ion 

based on seismic v e l o c i t y  and an a n a l y s i s  of t h e  type  and cha rac t e r i s -  

t i c s  of t h e  rock. 

For t h e  purpose of rock excavat ion by t h e  SCS, t h e  fol lowing i s  

quoted from Construct ion S p e c i f i c a t i o n  21, Sec t ion  20, Nat ional  

Engineering Handbook: 

"Common Excavation s h a l l  be def ined  a s  t h e  excavat ion of a l l  m a t e r i a l s  

t h a t  can be excavated, t r anspor t ed ,  and unloaded by t h e  use of heavy 

r ipp ing  equipment and wheel t r ac to r - sc rape r s  wi th  pusher t r a c t o r s  o r  

t h a t  can be excavated and dumped i n t o  p l ace  o r  loaded onto haul ing  

equipment by means of excavators  having a r a t e d  capac i ty  of one cubic 

yard  and equipped wi th  attachments (such a s  shovel ,  bucket ,  backhoe, 

d rag l ine  o r  clam s h e l l )  app ropr i a t e  t o  t h e  cha rac t e r  of t h e  m a t e r i a l s  

and t h e  s i t e  condi t ions .  

"Rock excavat ion s h a l l  be defined a s  t h e  excavat ion of a l l  hard ,  com- 

pacted o r  cemented ma te r i a l s  t h e  accomplishment of  which r equ i r e s  b l a s t -  

i ng  o r  t h e  use  of excavators  l a r g e r  t han  def ined  f o r  common excavat ion.  

The excavat ion and removal of i s o l a t e d  bonlders  o r  rock fragments l a r g e r  

t han  one cubic yard i n  volume encountered i n  m a t e r i a l s  otherwise con- 

forming t o  t h e  d e f i n i t i o n  of common excavat ion Bhal l  be c l a s s i f i e d  a s  

rock excavation. 

For t h e  purpose of t h i s  c l a s s i f i c a t i o n ,  t h e  fo l lowing  d e f i n i t i o n s  s h a l l  

apply : 

" ~ e a v y  r ipp ing  equipment s h a l l  be def ined  as a rear-mounted heavy duty ,  

s ing le- tooth ,  r i pp ing  attachment mounted on a t r a c t o r  having a power 

r a t i n g  of at l e a s t  200 n e t  horsepower ( a t  t h e  f lywheel ) .  

"Wheel t r ac to r - sc rape r  s h a l l  be def ined  as a se l f - loading  (not e l eva t -  

i n g )  and unloading scraper  having a S t ruck  bowl capac i ty  of a t  l e a s t  

1 2  yards .  



" ~ u s n e r  t r a c t o r  s h a l l  be defined as  a t r a ck  type t r a c t o r  haying a power 

r a t i ng  of a t  l e a s t  200 net  horsepower (.at t he  flywheel) equipped with 

appropriate attachments . " 

Test p i t s  excavated with t h e  equivalent of a D-7 o r  D-8 bulldozer 

a re  the  most r e l i a b l e  means f o r  determining rock excavation. Cores 

from t e s t  holes w i l l  provide i den t i f i c a t i on  of rock mater ia l  but they 

may be misleading i n  est imating r i ppab i l i t y .  

Other than t e s t  p i t s ,  seismic analys is  and a study of t he  rock forma- 

t i ons  by a competent geologist  who i s  acquainted with excavating equip- 

ment may proyide t he  quickest and most r e l i a b l e  method f o r  determining 

rock excavation. 

Manufacturers and contractors  using crawler-type t r a c t o r s  have prepared 

t ab l e s  on t he  r i ppab i l l t y  of rock based on seismic analys is .  This 

method corre la ted with excavating experience i n  a given area  may of ten  

be r e l i a b l e .  However, it may have ser ious  and expensive p i t f a l l s  

which can be recognized by a competent geologist .  

For example, a t h i ck  bedded but poorly-cemented sandstone may be almost 

impossible t o  r i p  by t h e  SCS spec i f i ca t ions  when dry because t he  r ipper  

tooth  cannot en te r  t h e  mater ia l .  However, i f  t h e  sandstone i s  wet o r  

sa tura ted,  t he  r ipper  tooth  may penetra te  and r i p  it with ease. This 

same sandstone may have a seismic ve loc i ty  of 3,500 t o  5,000 f e e t  per 

second ( f p s )  when dry,  but may have a ve loc i ty  of 5,000 t o  8,500 fps  

when sa tura ted.  A thin-bedded hard sandstone o r  limestone with f rac-  

t u r e s  o r  jo in t s  may have a seismic ve loc i ty  of around 7,000 fps  but 

may be ripped because t h e  r ipper  tooth  may en te r  a t  t h e  Jo in t s .  

Some compact o r  indurated massive c lays ,  hardpans, claystones,  chalks,  

and shales may have moderate ve loc i t i e s  of 5,000 t o  6,500 fps  but may 

be almsst impossible t o  r i p  by the  SCS spec i f i ca t ions .  Important 

conditions a f fec t ing  r i p p a b i l i t y  include thickness of bedding, f r e  

quency of jo int ing,  amount of weathering, d i rec t ion  and degree of 

d ip ,  and i n  some cases wetness or  dryness. 



The following t a b l e  i s  only a genera l  guide and should not be taken 
l i t e r a l l y .  The condit ions described i n  t h e  preceding paragraph must 

I be considered i n  r e l a t i o n  t o  t h e  seismic v e l o c i t i e s .  

TABLE 2-5. Rela t ion  of Seismic Ve loc i t i e s  t o  Rippabi l i ty  

Ve loc i t i e s  i n  Ve loc i t i e s  Ind ica t ing  
Type of Rock Marginal Conditions Non-Rippability 

( ~ t .  Per Sec . )  (Ft . Per Sec. ) 
Clay Indurated,  t h i c k  bedded; o r  

claystone 5,000-6,500 over 6,500 

Glac ia l  T i l l  Boulder T i l l ,  4,500-6,000 over 6,000 

Bhale 
Compact with hard  lamina- 

5,500-7,000 over 7,000 

Dry,,poorly=cemented, thlck-bedded 
4,000-5,000 over 5,000 

Wet, poorly-cemented; thick-bedded 
Sandstone 5,000-6,500 over 6,500 

Thin-bedded, jo in ted  
5,500-7,000 over 7,000 

Thick-bedded, weathered 
5,000-6,000 over 6,000 

Limestone and Thin-bedded o r  c lose ly- jo in ted  
Chalk 5,000-7,000 over 7,000 

Medium t o  t h i c k  beds over 6,000 
- - 

Caliche 5,500-7,000 over 7,000 

Sch i s t  o r  S l a t e  5,000-6,500 over 6,500 

Gneiss o r  Frequent j o i n t s  
Q u a r t z i t e  4,500-5,500 over 5,500 

Granite  Weathered & j o in ted  
4,500-5,500 over 5,500 

Basal t  4,500-6,000 over 6,000 

The following s t e p s  should be considered i n  determining r i p p a b i l i t y  and 

rock excavation: 

1. Inqui re  from t h e  experience of p r o j e c t  cons t ruc t ion  engineers 

and con t rac to r s  about t h e  techniques and d i f f i c u l t y  of excavating t h e  



type of rock in question. 

2. Make careful observations on the type of rock and its condi- 

tion, especially apparent hardness, bedding thickness, jointing, inclu- 

sions of soft rock, interbedded soft layers, etc. 

3. Make seismic analysis to determine depth to the rock surface, 

the areal extent of the rock, and its estimated rippability. Correlate 

with drill cores or exposures when possible. 

4. Where a rock formation is exposed for 100 feet or more, its 

velocity may be measured directly with the seismograph. Likewise, if 

a rock layer extends through a ridge, and good exposures are found on 

each side of the ridge, the velocity of the formation may be measured 

by taking direct readings in the rock through the ridge. 

Cost Data For Seismic Surveying 

The cost of seismic surveys is composed of several parts. They are 

the instrument, travel, survey time, correlation test holes, and inter- 

pretations and preparation of a report. 

The cost of the various types of refraction seismic instruments has 

been discussed in a previous section of this technical release. Travel 

expenses depend on location, distance from headquarters, etc., and 

have to be evaluated separately for each site. 

Actual field survey time for a two man crew under average conditions 

will vary depending on equipment and method used and site conditions. 

As stated on page 2-24 using a single channel instrument and explo- 

sives a 200 foot line requires about 2 man-hours while a multiple 

channel instrument with explosives requires about 1 man-hour. Using 

a single channel instrument and a hammer or tamper, the usual maximum 

line length is about 100 feet. With a two man crew a 100 foot for- 

ward and reverse spread would require about 2 man-hours under good 

conditions. With bad conditions it may be impossible to receive the 



seismic s i g n a l s  us ing  t h e  low energy hammer o r  tamper method while  work 

could proceed unin ter rupted  us ing  explos ives .  

Corre la t ion  t e s t  ho les  a r e  r equ i r ed  a t  every ~ i t e  t o  enable v a l i d  

i n t e r p r e t a t i o n s  t o  be made. These t e s t  ho l  can be hand auger h o l e s ,  

t e s t  p i t s ,  power auger o r  core ho le s ,  o r  ou tcrops ,  depending on s i t e  

condi t ions  and equipment a v a i l a b l e .  This t ime should be considered a s  

p a r t  of t h e  s i t e  i n v e s t i g a t i o n .  

I n t e r p r e t a t i o n  of t h e  f i e l d  da t a  and p repa ra t ion  of t h e  r e p o r t  of 

i n v e s t i g a t i o n  r e q u i r e  about 112 t h e  man days t h a t  t h e  f i e l d  i nves t iga -  

t i o n  r equ i r e s .  If t h e  geo log i s t  and one he lpe r  spend one week i n  t h e  

f i e l d  ga ther ing  t h e  d a t a ,  it w i l l  r e q u i r e  about one week of t h e  geolo- 

g i s t ' s  t ime t o  make t h e  computat ions,  i n t e r p r e t a t i o n s  and prepare t h e  

r e p o r t .  
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CHAPTER 3. ELECTRICAL RESISTIVITY METHODS 

Electrical resistivity investigations are based on the principle of 

applying electric current to the earth through two electrodes and 

measuring the potential difference between two or more other elec- 

trodes. The distance between the electrodes and the measured potential 

difference are the data used to make interpretations of subsurface 

conditions. 

The theory of electrical resistivity surveying is more complicated than 

refraction seismology. The discussion on theory presented below is 

simplified but provides a basic understanding. If a more rigorous 

discussion is desired, the reader is directed to the references at the 

end of this guide, especially Van Nostrand and Cook (1966). 

Theory 

Various m'cerials differ in their ability to conduct electricity. In some materials at least 

one of the electrons in each atom is loosely held and it requires only slight external influ- 

ence to move or conduct some of the electrons from atom to atom through the material. In 

other materials there are very few free electrons and they conduct electricity poorly. This 

type of electrical conduction is called electronic conduction. Metals are excellent electronic 

conductors while rocks are poor to very poor electronic conductors. Another form of electrical 

conduction is electrolytic conduction, where the current is carried by ions, such as in minera- 

lized ground water, resulting in actual movement of matter. 

In electrical resistivity investigations both types of electric conductivity are involved; 

electronic conductivity through the soil particles and rock and electrolytic conducting in the 

ground water. The more mineralized (higher ion concentration) the ground water is, the higher 

its conductivity is. 

Ohm's Law 

In a given metallic circuit at a constant temperature a definite ratio exists between the 

current and the potential difference. This ratio is the resistance of the circuit. The equa- 

tions for Ohm's Law are: 

V = IR 

I = V/R 

R = V/I 

where V is voltage or potential in volts, I is current in amperes, and R is resistance in 

ohms. 

In electrical resistivity investigations, it is assumed that the earth acts as a linear 

conductor and Ohm's Law applies. 



Whenever an electric current flows, an interchange of energy takes place. If the moving 

particles which constitute the current have work done on them by an external force, they 

gain energy; if they do work on something else, they lose energy. The gain or loss in 

energy when one coulomb of electricity (one coulomb per second equals one ampere) is moved 

from one point to another in an electric circuit is called the difference in potential 

and is measured in volts. 

As can be seen fromOhm'sLaw, a ratio exists between the potential difference (v) and the 

current (I) which is equal to the resistance (R). Resistance is measured in ohms. 

Another convenient electrical unit is conductance (G). Conductance is the reciprocal of 

resistance and is measured in mhos. The equatian is: 

1 G = - =  I/V 
R 

The flow of electricity can be considered as analogous to the flow of water in an aquifer 

andOhmtsLaw and Darcy's Law as similar. 

It will be recalled that Darcy's Law states the volume of flow through a porous media is 

directly proportional to the hydraulic gradient and a constant depending on the character 

of the material. The equation is: 

V = kI 

Ohm's Law is: 

I = V/R 

and since 

R = 1/G 

restated, it is 

I = GV 

Darcy's V is volume of water andohm's I is amount of current. Darcy's k is coefficient of 

permeability which indicates the ease with which water flows through the media and ohm's G 

is conductivity which indicates the ease with which electricity flows through a conductor. 

Darcy's I is hydraulic gradient of difference in head and ohm's^ is potential drop or 
difference in potential. 

Resistivity 

The resistivity of a material is a fundamental property of that material in the same sense 

that bulk density is a fundamental property. 

The resistance of a conductor is proportional to its length and inversely proportional to its 

cross-sectional area. (see Figure 3-1) Expressed as an equation, this is: 

where R = the resistance in ohms 

II = length 

A = cross-sectional area 

If a current I is applied to a block of material as indicated in Figure 3-1 and the potential 

drop of V volts is measured between the ends of the block, the resistance (R) of the block 

is: 

R = V/I 

If the block is II centimeters long and the cross-sectional area is A square centimeters, the 

resistivity of the material in the block is: 
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Figure 3-1. - Resistivity 

9. 
R = p- 

A 
or  

A 
p = R - ohm centimeters 

P. 

where p i s  a  constant cermed r e s i s t i v i t y .  

R e s i s t i v i t y  i s  measured i n  various u n i t s  depending on t h e  u n i t s  used f o r  length and area.  

I f  length i s  measured i n  centimeters and area i n  square centimeters r e s i s t i v i t y  i s  i n  Ohm- 

centimeters. Likewise, it can be measured i n  Ohm-meters, Ohm-feet, e t c .  

In  r e s i s t i v i t y  prospecting there  must always be a t  l e a s t  two current  e lectrodes i n  contact 

with t h e  earth--one a s  a  source and t h e  other  as  a  s ink.  The t o t a l  p o t e n t i a l  a t  any point 

can be computed by algebraic  addi t ion of t h e  separate  po ten t ia l s  due t o  each of t h e  sources 

considered a s  though each were act ing alone. Since a  s ink i s  no more than a  negative source, 

t h e  p o t e n t i a l  a t  a  point may be computed f o r  any combination of s inks and sources. 

I f  current  i s  applied t o  t h e  ea r th  through two current  e lectrodes C 1  md'C2 (see Figure 3-2) 

spher ica l  equ ipo ten t ia l  surfaces develop. Since t h e  a i r  i s  considered t o  have i n f i n i t e  

r e s i s t i v i t y  t h e  f igure  only shows t h e  lower ha l f  of t h e  sphere of equipotent ial  surfaces t h a t  

a r e  developed i n  t h e  ear th.  Perpendicular t o  these  equ ipo ten t ia l  surfaces a r e  current  flow 

l i n e s  generated between t h e  two electrodes.  

This f igure  i s  s imi la r  t o  a  ground-water flow ne t .  The equipo ten t ia l  l i n e s  represent contours 

of equal head i n  ground water and equal p o t e n t i a l  ( v o l t s )  i n  e l e c t r i c i t y .  The flow l i n e s  

represent  amount of water flow i n  ground water and amount of current  flow (amperes) i n  

e l e c t r i c i t y .  

A plan view of t h e  same electrode arrangement and t h e  equ ipo ten t ia l  and current  flow l i n e s  

i s  shown i n  Figure 3-3. 

These f igures  a r e  ideal ized and assume t h e  e a r t h  has uniform r e s i s t i v i t y .  Any deviat ion from 

t h i s  uniform condition w i l l  cause displacement of t h e  equ ipo ten t ia l  and current flow l i n e s .  

As can be seen from t h e  f i g u r e  the  volume of mate r ia l  through which t h e  current passes 

i s  proport ional  t o  t h e  dis tance between t h e  current  e lectrodes.  



The p o t e n t i a l  a t  e l e c t r o d e s  P1 and P2 ( ~ i ~ u r e  3-2) and t h e  p o t e n t i a l  d i f f e r e n c e  between 

t h e s e  e l e c t r o d e s  can be c a l c u l a t e d  us ing  t h e  equa t ion  of Ohm's Law ( V  = IR) and r e s i s t i v i t y  

( p  = RAIL) d i scussed  above. This i s  done i n  t h e  fo l lowing manner: 

The p o t e n t i a l  a t  po in t  P1 i s  t h e  a l g e b r a i c  sum of t h e  p o t e n t i a l  between 

p o i n t s  C1 P1 and P I  C2.  Therefore :  

v ~ l  = v c l ~ l  - v ~ l c 2  

Figure 3-2. - Current flow lines and equipotential lines 

! h e  equa t ion  f o r  r e s i s t i v i t y  i s :  

from Ohm's Law: 

R = V / I  t h e r e f o r e :  

The a r e a  ( A )  o f  t h e  conductor between P1 and C1 i s  t h a t  of  a  sphere  of  r a d i u s  r l .  S ince  

t h e  a i r  has  i n f i n i t e  ( t h e o r e t i c a l l y )  r e s i s t a n c e ,  on ly  one-half t h e  sphere  i s  t h e  conductor 

and A = 4IIrI2/2.  



Rearranging the resistivity equation to solve for V it becomes: 

Substituting 4nr12/2 for A  and rl for P. it becomes: 

In the same manner the potential at P1 due to C2 is: 

- therefore: 
V ~ 1 ~ 2 -  2r[r2 

P I  PI 
V ~ l  = Vclrl- V ~ I ~ 2 =  zFl - zF2 

- 0 1  1 - 1  - 
V ~ l  - FF r2 

The potential at P2 is solved in the same way. 

v ~ 2  = v ~ 1 ~ 2 -  V~2c2 

v =PI 
C1P2 2nr3 

- P I  P I  = eI. 1 - 1 
V~2-%3-2r[r4 2n rg rq 

!Phe potential difference between P1 and P2 is: 

= v  - v  = PI 2-pl - - 1 1 - 1  
v ~ 1 ~ 2  P1 P2 2  '1 '2 2  3 '4 

-I 1 1 - 1 1  
v ~ 1 ~ 2  - 2n - 2 1-3 r4 

Solving this equation for resistivity, it becomes: 

This is the basic equation for determining resistivity. However, since the earth is not 

homogeneous and of constant resistivity the term p is called apparent resistivity. 

The method of resistivity investigation most commonly used and appropriate for SCS work 

is the Wenner electrode configuration used with the Barnes layer method of interpretation. 

This method will be explained more fully below under Operation Techniques. In the Wenner 

configuration the four electrodes are spaced equidistant. That is, the distance between 

each electrode is equal. If in Figure 3-2 above the distance between electrodes is " A " ,  

then: 1-1 = A 

'4 = A  

r2 = 2A 

1-3 = 2A 

Substituting these values in the equation for apparent resistivity, it becomes: 

v 
p = 2 n ~ - = 2 n ~ ~  1 

In a homogeneous material the apparent resistivity is equal to the true resistivity and, 

as long as the electrode spacing is constant, the location of the electrodes is not impor- 

tant. Even in heterogeneous earth material the apparent resistivity will be the same when 

the current and potential electrodes are interchanged. 



V current flow l ines 

Figure 3-3. - Plan view 

Current Density 

The general  theory a s  developed above has considered t h e  e a r t h  homogeneous and of the  same 

r e s i s t i v i t y .  The a c t u a l  condition encountered i n  t h e  f i e l d  i s  a hetergeneous mater ial  

v e r t i c a l l y  and of ten  l a t e r a l l y  as  well .  The a c t u a l  measurements a s  made i n  t h e  f i e l d  

only involve a small element of mate r ia l  between t h e  p o t e n t i a l  e lectrodes ( see  Figure 3-4). 

R e s i s t i v i t y  theory s t a t e s  t h a t  t h e  l i n e s  of current  flow w i l l  be def lec ted  toward a good 

conductor, t h a t  i s ,  one with a lower res i s tance  o r  higher conductance. This is  s imi la r  t o  

ground-water flow where t h e  flow l i n e s  a r e  more dense i n  t h e  aqu i fe r  of higher permeability 

(equivalent t o  G here ) .  The p o t e n t i a l  d i f fe rence  (v) between t h e  p o t e n t i a l  e lectrodes i s  

proport ional  t o  t h e  current  densi ty and t h e  t r u e  r e s i s t i v i t y  of t h e  small near surface 

element of mater ial  between the  p o t e n t i a l  e lectrode.  S ta ted  mathematically: 

V a p g i  

where V is  vol tage drop 

P O  i s  t r u e  r e s i s t i v i t y  

i is  current  density--the current  passing through a u n i t  cross-sect ional  area.  
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Figure 3-4. - Small element of material 

I f  t h i s  equation is  subs t i tu ted  i n t o  t h e  equation: 

v 
s ince R = - , then I v 

p = 2 n - A  
I 

and s ince 211 A i s  a  constant .  

P a (i11) P O  

which s t a t e s ,  t h e  apparent r e s i s t i v i t y ,  p, i s  proport ional  t o  t h e  t r u e  r e s i s t i v i t y  mult ipl ied 

by t h e  r a t i o  of t h e  current  densi ty t o  t h e  cur ren t .  

The current  densi ty i s  d i r e c t l y  proport ional  t o  t h e  t o t a l  cur ren t ,  the re fore ,  t h e  measured 

apparent r e s i s t i v i t y  i s  independent of t h e  t o t a l  current  applied. 



According t o  S o i l t e s t  (1968, p. 14)  t h e  equation: 

P a ( i / I )  P O  

"Contains t h e  key t o  t h e  q u a l i t a t i v e  i n t e r p r e t a t i o n  of r e s i s t i v i t y  e f f e c t s .  This key may a l s o  

be s t a t e d  i n  these  words: Different  subsurface condit ions w i l l  produce d i f f e r e n t  apparent 

r e s i s t i v i t y  readings. I f  a  small volume element i s  imagined as  extending along t h e  e a r t h  sur- 

face between t h e  two p o t e n t i a l  e lectrodes shown i n  Figure 3-4, then it w i l l  have a  ce r ta in  

current  densi ty i ,  acd a  c e r t a i n  t r u e  r e s i s t i v i t y ,  p g .  The measured apparent r e s i s t i v i t y  w i l l  

be d i r e c t l y  proport ional  t o  these  two quant i t i es . "  

Depth of Penetrat ion 

As s t a t e d  before ,  t h e  bas ic  procedure i n  r e s i s t i v i t y  surveying i s  t o  measure t h e  p o t e n t i a l  drop 

on t h e  ground surface associated with a  known current  flow i n t o  t h e  e a r t h  and then c a l c u l a t e  

t h e  apparent r e s i s t i v i t y  from t h e  equation. The r e s i s t i v i t y  determined by t h e  equation appl ies  

t o  a  volume of mater ial  t h a t  depends on t h e  e lec t rode  spacing, and a s  t h e  spacing i s  increased,  

t h e  current  penetrates  deeper i n t o  t h e  ea r th .  

For a homogeneous mate r ia l ,  consider a  v e r t i c a l p l a n e a t  t h e  midpoint between e lec t rodes .  

One ha l f  t h e  current  flows through t h i s  plane a t  a  depth equal t o  one ha l f  t h e  electrode 

spacing and one half  flows a t  a  g rea te r  depth. 

When t h e  mate r ia l  i s  not homogeneous t h e  r e s i s t i v i t y  ca lcu la ted  i s  apparent r e s i s t i v i t y  which 

depends on t h e  r e s i s t i v i t y  of t h e  various mate r ia l s  through which t h e  current  passes. As t h e  

electrode spacing i s  increased,  t h e  current  flows through a g rea te r  volume of mate r ia l  both 

hor izon ta l ly  and v e r t i c a l l y  and t h e  deeper mate r ia l s  w i l l  have an e f f e c t  on t h e  apparent 

r e s i s t i v i t y .  Thus, i f  t h e  t h e  deeper mater ial  i s  of higher res i s tance  (lower conductance) 

t h e  current  flow l i n e s  w i l l  be deflected upward and t h e  current  densi ty i n  t h e  near surface 

volume element i s  increased. I f  t h e  deeper mate r ia l  i s  of lower r e s i s t i v i t y  (higher  conduc- 

t ance)  t h e  current  flow l i n e s  w i l l  be deflected downward and t h e  current  densi ty w i l l  

be decreased. The increase or  decrease i n  current  densi ty i s  measured by t h e  r e s i s t i v i t y  

apparatus. In te rpre ta t ion  of t h e  apparent r e s i s t i v i t y  changes with change i n  electrode 

spacing w i l l  i nd ica te  changes i n  and types of mate r ia l  a t  c e r t a i n  depths. 

Empirical observatiogs have shown t h a t  f o r  t h e  Wenner electrode configurat ion changes i n  

apparent r e s i s t i v i t y  a r e  considered t o  occur a t  t h e  depth equal t o  t h e  spacing between adjacent 

e lectrodes.  



Capabilities and Limitations 

The resistivity technique if properly applied can furnish much useful 

information. Its capabilities and limitations will be discussed in 

this section. 

Good conductors (low resistivity) are wet clay and silt soils, miner- 

alized (especially saline) water, and metalliferous ores. On the other 

hand highly resistant materials are dry sands and gravels and dense 

massive bedrock free of metal ores. 

Table 3-1 shows a range of resistivity values for several types of soils 

and rocks in ohms per cubic centimeter: 

Table 3-1. Resistivity Values of Typical Materials. 

Resistivity (ohms/cc) Materials 

Less than 1,500 - Brine 

1,000 to 10,000 - Moist clay and saturated silts 
10,000 to 20,000 - Dry silts; clayey, sandy, or gravelly till 
15,000 to 50,000 - Sandy clays, saturated sands; well-fractured 

rocks filled with moist soils 

30,000 to 100,000 - Moist sands, moist sand-silt-gravel mixtures; 

slightly-fractured bedrock (moist) 

100,000 to 300,000 - Moist to saturated gravels; sandy gravel with 

some silt; slightly fractured bedrock with dry 

soil filling 

300,000 plus - Dry gravels and coarse sands; massive hard bedrock. 

There is considerable overlap in the resistivity of various materials 

due to moisture content and expecially to the dissolved solids content 

of the water. The dissolved solids content of ground water can change 

due to drouth, excessive rainfall, etc. The possibility of this changed 

ground-water condition should be appraised if an interruption occurs 

during the resistivity investigation. 



I n  New York, West Texas, and on Long I s l a n d ,  r e c e n t  i n v e s t i g a t i o n s  

have been made us ing  r e s i s t i v i t y  equipment t o  i n v e s t i g a t e  ground water 

p o l l u t i o n  from s e p t i c  tanks and o i l  f i e l d  b r i n e  d i sposa l  p i t s  ( ~ a r n e r ,  

1969).  The contaminated water had h igher  concent ra t ion  of d i sso lved  

s o l i d s  than  non-contaminated ground water .  I n  some cases  low apparent 

r e s i s t i v i t y  readings were i n t e r p r e t e d  a s  contaminated ground water .  

I n  o the r  cases  t h e  condi t ions  of r e s i s t i v i t y  of unsa tu ra t ed  m a t e r i a l  

overlying t h e  a q u i f e r ,  th ickness  and depth t o  t h e  s a t u r a t e d  a q u i f e r ,  

and r e s i s t i v i t y  of t h e  m a t e r i a l  underlying t h e  a q u i f e r  prevented iden- 

t i f  i c a t i o n  of contaminated ground water .  

The e l e c t r i c a l  r e s i s t i v i t y  method has an advantage over t h e  seismic 

method i n  t h a t  t h e r e  a r e  no masked l a y e r s  because of any dens i ty  o r  

r e s i s t i v i t y  changes. The l a y e r s  near  t h e  su r f ace  have p ropor t iona l ly  

g r e a t e r  e f f e c t  on t h e  apparent r e s i s t i v i t y  t han  deeper l a y e r s .  How- 

eve r ,  a  t h i n  l a y e r  of high ( o r  low) r e s i s t a n c e  a t  depth may be ind ica t ed  

by a  minor and unnoticed r e s i s t i v i t y  change a t  t h e  c r i t i c a l  e l ec t rode  

spacing.  The apparent r e s i s t i v i t y  measured a t  t h e  su r f ace  i s  a  weighted 

average of a l l  t h e  r e s i s t i v i t i e s  wi th in  t h e  zone of i n f luence ;  there-  

f o r e ,  deep, t h i n  zones have p ropor t iona l ly  l e s s  in f luence  on t h e  

apparent r e s i s t i v i t y  than  shallow o r  su r f ace  t h i n  zones. 

The r e s i s t i v i t y  method i s  unaf fec ted  by f rozen  ground bu t  t h e  e l ec t rodes  

should always be sea ted  i n  moist ground. I n  dry condi t ions  t h e  a r e a  

around each e l ec t rode  should be moistened. 

Extraneous e l e c t r i c a l  c u r r e n t s ,  e i t h e r  n a t u r a l  o r  a r t i f i c i a l ,  may cause 

e r r o r s  i n  apparent r e s i s t i v i t y  readings .  Natura l  e a r t h  c u r r e n t s  a r e  such 

th ings  a s  t e l l u r i c  c u r r e n t s ,  c u r r e n t s  caused by ox ida t ion  of o re  bodies 

o r  cor ros ion  of bu r i ed  p ipe l ines .  A r t i f i c i a l  extraneous c u r r e n t s  can 

be caused by t h e  ground r e t u r n s  of e l e c t r i c a l  i n s t a l l a t i o n s  such a s  

e l e c t r i c  r a i l r o a d s .  The commutated d i r e c t  cu r r en t  used i n  modern i n s t r u -  

ments e f f e c t i v e l y  e l imina tes  t h i s  problem except i n  t hose  cases  where 

t h e  extraneous e a r t h  cu r r en t s  have e s s e n t i a l l y  t h e  same frequency a s  t h e  

commutating r a t e  used o r  i f  t h e  capac i ty  of t h e  rocks i s  s u f f i c i e n t l y  



large so that the current transients do not cease before the potential 

electrodes are connected. 

As with the seismic refraction method it is always desirable and in 

many instances essential that good geologic control be established 

for correlation--either drill holes or outcrops. The location of the 

point of depth determination for electrical resistivity is considered 

to be the center of the spread (much easier to determine than in refrac- 

tion seismic). The depth determinations are generally not as accurate 

as in the seismic method but with good geologic control they can be 

quite good. 

A quite serious limitation of electrical resistivity investigations 

is the requirement that the interfaces and the ground surface be 

parallel or very nearly so. 

There are numerous configurations for the current and potential elec- 

trode for use in engineering investigation and prospecting. Three 

configurations are appropriate for SCS geologic investigations. They 

are the Wenner configuration, the Lee configuration, and the 

Schlumberger configuration. The Wenner configuration used with the 

Barnes layer method of interpretation is the technique that is probably 

rlost appropriate for SCS use but the other methods will also be disd 

cussed. A detailed discussion is given later under Electrode Configura- 

tions. 

These electrode configurations are used in surveying techniques termed 

horizontal profiling and vertical profiling. 

In horizontal profiling (also called traversing) the electrode spacing 

is maintained at a constant value and the whole configuration moved 

along a traverse with readings taken at regular intervals (stations). 

This technique has the advantage of covering a large area in a short 

period of time. However, since the effective depth of penetration 

is related to the electrode spacing, the depth of investigation is 

constant for all stations. This survey detects changes in apparent 



resistivity (and thus changes in material) laterally above a specified 

depth. 

In vertical profiling the center of the electrode configuration is fixed 

and the electrode spacing is increased (or decreased). Since the 

electrode spacing is increased, the depth of penetration is increased 

and indicates the vertical sequence of different resistivity zones 

(and materials). 

Portable Resistivity Equipment 

The portable resistivity instrument is composed basically of two compo- 

nents:-a current source and either a bridge type circuit for measuring 

the resistance or conductance, or separate circuits to measure the current 

and potential individually. 

The following descriptions are taken mostly from the specifications and 

capabilities described by the manufacturers. Not all known models are 

listed--only those owned by the SCS and some which have been demonstrated 

as suitable for SCS needs. The prices listed are approximate 1968 

retail prices. 

R-50 Stra tmeter -  manufactured by Soiltest, Inc. For deep electrical 

resistivity surveys. Electrode spacing to 500 feet or more, using 

either the Wenner or the Schlumberger electrode arrangements. The 

separate transmitter supplies up to 750 volts D. C. at a current capa- 

city up to 150 milliamperes. Power receiver has a range of .002 to 

10 volts on 3 scales. Weight of complete unit including probes, cables 

and reel is about 150 pounds. A generator is available for recharging 

the battery in the field. 

Earth R e s i s t i v i t y  Meter, Model ER-2- manufactured by Geophysical 

Specialties Division, Soiltest, Inc., 2205 Lee Street, Evanston, 

Illinois 60202. List price - $960. Uses 4 or 5 electrodes which measure 

electrical resistivity of soils, rocks, minerals, etc. A standard 



resistivity guide is supplied with the instrument. The fifth electrode 

is used for the Lee configuration. 

Michimho R-30 Earth R e s i s t i v i t y  Meter - manufactured by Soiltest, Inc. 
R-30 meter - $575, test kit with electrodes and cables - $155, complete 
set - $715. Uses four electrodes which measure the conductance (mhos) of 

soil and rock materials. Mhos are converted to ohms resistance for inter- 

pretations. General applications same as listed for the ER-2, except 

there is no fifth electrode. 

R-40 Strata  Scout R e s i s t i v i t y  Meter - manufactured by Soiltest, Inc. 
Set complete with electrodes and cable kit - $975. Uses four electrodes 

which measure directly in ohm resistance. Adaptable to a wide variety of 

resistivity techniques to depths of 100 feet. Current control regulator 

maintains constant current during readings. Instrument has built-in cali- 

bration circuit. 

Earth R e s i s t i v i t y  Meter Model 2310 - manufactured by Bison Instruments, 

Inc. 3401 48th Ave. North, Minneapolis, Minn. 55429. Set complete 

with electrodes and cable kit for electrode spacing to 50 feet - $945. 
Uses four electrodes. Direct digital readout of resistance with four 

multiplier scales (0.01-10.0) - value read is 2IIR. Has built-in test 

circuit. Voltage is 180 volts (peak to peak) and current is electroni- 

cally limited at 25 milliamperes. 

Earth R e s i s t i v i t y  Meter Model 2350A - manufactured by Bison Instruments, 
Inc. 3401 48th Ave. North, Minneapolis, Minn. 55429. Set complete with 

electrodes and cable kit for electrode spacing to 300 feet- $1150. Can 

be used with four or five electrode arrays. Direct digital readout of 

resistance with five multiplier scales (0.001-10.0) - value read is 2IIR. 
Has built-in test circuit. Voltage is 540 volts (peak to peak) and cur- 

rent is automatically controlled at 50 milliamperes. 

R e s i s t i v i t y  Unit,  Gish-Rooney Geohmeter lfDC - C o m t a t e d "  type - Model 
G-2697 . Available from Geophysical Instrument & Supply Co., 900 Broad- 

way, Denver, Colo. 80203. Set complete with measuring instrument and 

commutator, dry-cell battery power supply unit, 2000 feet of cable, four 



r e e l s ,  f i v e  e l ec t rodes  connecting cab le s ,  and i n s t r u c t i o n  manual - $3025. 

Reads from 0.01 t o  1000 ohms. Depth determinat ion t o  gene ra l ly  500 f e e t  

and under favorable  geologic  condi t ions  t o  1000 f e e t .  Commutator can be 

r o t a t e d  e i t h e r  manually by a  hand crank o r  e l e c t r i c a l l y  by an e l e c t r i c  motor 

contained i n  t h e  u n i t  connected t o  an e x t e r n a l ,  6 v o l t ,  automobile type  b a t t e r y .  

O ~ e r a t  ion  Techniaues 

As with seismic surveying, good opera t ing  techniques a r e  e s s e n t i a l  i n  e lec-  

t r i c a l  r e s i s t i v i t y  surveying i f  adequate f i e l d  d a t a  a r e  t o  be c o l l e c t e d  

f o r  i n t e r p r e t a t i o n .  

General Rules 

Some of t h e  same bas i c  r u l e s  descr ibed  under Operation Techniques i n  Seismic 

Surveying apply here  a l s o :  

1. Before going t o  t h e  f i e l d ,  check thoroughly t o  see  t h a t  b a t t e r i e s  

a r e  charged and t h e  equipment i s  complete and i n  good cond i t i on ,  inc luding  

e l ec t rodes ,  wire-spl ic ing t o o l s ,  p l i e r s ,  sc rewdr iver ,  water can,  hammer, 

measuring t a p e s ,  i n s t r u c t i o n s ,  and notebooks. 

2. Se l ec t  a  l o c a t i o n  with adequate a r e a  t o  make t h e  survey depending 

upon whether a r e a l  o r  depth survey i s  d e s i r e d  and which w i l l  g ive  t h e  most 

u s e f u l  subsurface information. Run a  c o r r e l a t i o n  t e s t  near  a logged d r i l l  

ho le  i f  a v a i l a b l e .  

3. Avoid in t e r f e rences  such as power l i n e s ,  f ences ,  bu r i ed  p i p l i n e s ,  

o r  t o o  c l o s e  t o  t h e  edge of a  b l u f f ,  c l i f f ,  o r  quarry,  Do not  p l ace  a  meta l  

t ape  o r  e x t r a  wire near t h e  survey l i n e .  

4. Set  up and ope ra t e  t h e  equipment according t o  t h e  manufacturer 's  

i n s t r u c t i o n s .  Be su re  t h a t  t h e  manual has a  chapter  on t rouble-shooting t o  

a i d  i n  f i e l d  checking any opera t ing  t r o u b l e s .  

5. I f  abnormal readings  a r e  found o r  suspected,  run an a d d i t i o n a l  

spread perpendicular  t o  t h e  f i r s t  o r  change from t h e  Wenner t o  Lee e l ec t rode  

conf igura t ion .  

6. Place  t h e  e l ec t rodes  seve ra l  inches i n t o  t h e  ground, be su re  t h e  

e l ec t rode  i s  i n  contac t  with moist ground. Add water t o  a r e a  around 

e l ec t rode  if necessary. Do not have t h e  e l ec t rode  i n  contac t  wi th  a  l a r g e  

rock o r  boulder .  

7.  Always run spread on t h e  contour ( h o r i z o n t a l )  o r  nea r ly  so.  



Electrode Configurations 

There are numerous configurations or arrangements for placing the 

current and potential electrodes for surveying. The three most 

appropriate for SCS geologic investigations 2 discussed. 

Wenner Configuration 

Figure 3-5, page 3-16 illustrates the Wenner Configuration ar arrange- 

ment. This configuration uses four electrodes equally spaced along a 

line. The outer electrodes serve as the current electrodes and the 

inner ones as potential electrodes. Theoretically the current and 

potential electrodes can be interchanged without affecting the apparent 

resistivity values. With this configuration lateral resistivity 

variations can be misinterpreted as resistivity variations with depth. 

A  second resistivity spread crossing at right angles at the midpoint to 

the first may aid in the proper interpretation of the subsurface condi- 

tion. The Lee electrode configuration will also aid in proper inter- 

pretation of this condition. 

A  convenient way of determining the location of electrodes from the 

center of the spread is to remember that the potential electrodes are 

always at the distance A 1 2  ( A  is electrode spacing) on either side of 

the mid-point and the current electrodes are at the distance 3 A / 2 .  

In the Moore Cumulative Resistivity Method, equal increments of elec- 

trode spacing are required and they are desirable in the Barnes Layer 

Method. 

A  table of distances from the mid-point for various electrode spacing 

increments is handy. The following table shows 3-foot increments: 

A short-cut method for rapid reconnaissance that minimizes the number 

measurements to be made is as follows. Make the first reading at the 

maximum electrode spacing (A,,,,,). Subsequent readings are taken at 

ba,/3, ha,/9, etc. In this method for the second and subsequent 

readings the current electrodes will be at the location of the potential 
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L e e  Configuration 

Schlurnberger Configuration 

Figure 3-5. - Electrode configuration 



Table 3-2. Electrode d i s t ances  from mid-point t o  t h e  cu r r en t  ( c )  and 

P o t e n t i a l  ( P )  e l e c t r o d e s  f o r  Wenner Configurat ion a t  

th ree- foot  increments . 

Elec t rode  Distance t o  Each Distance t o  Each 
Spacing P o t e n t i a l  E lec t rode  Current Elec t rode  

( A )  ( ~ / 2  ( 3  A/2) 

e l e c t r o d e s  f o r  t h e  previous reading .  The only measurements requi red  

a r e  f o r  t h e  l o c a t i o n  of t h e  p o t e n t i a l  e l e c t r o d e .  For example, i f  t h e  

maximum e l e c t r o d e  spacing d e s i r e d  i s  90 f e e t ,  t h e  l o c a t i o n  of t h e  

e l ec t rodes  i s  shown i n  t h e  fo l lowing  t a b l e :  

Table 3-3 

Amax = 90 f e e t  

Steps Elec t rode  Distance t o  each Distance t o  each 
Spacing P o t e n t i a l  E lec t rode  Current Elec t rode  

I A )  ( ~ 1 2 )  ( 3  A/2) 

Amax 90 4 5 135 

This method al lows r a p i d  comparison of v e r t i c a l  p r o f i l i n g  curves a t  var-  

ious  l o c a t i o n s .  The p o i n t s  a r e  widely spaced and a d d i t i o n a l  readings a r e  



usually necessary to provide good curve definitions. 

Lee Configuration 

Figure 3-5, page3-16, illustrates the position of the 5 electrodes in 

the Lee configuration. This configuration is a partition method where 

the apparent resistivities from P I  to Po and Po to P2 are measured. 

If they coincide (rare) or overlap, the resistivity changes are changes 

with depth. If they diverge, the resistivity changes probably are due 

to lateral variation in resistivity. The equation for apparent resis- 

tivity for PI Po and Po P2 is p = 4Il A R and is derived from the equa- 

tion on page 3-5 in the same manner as for the Wenner configuration. 

The field procedures for the Lee configuration are the same as with 

the Wenner configuration. The Lee can be used for both horizontal and 

vertical profiling. 

Resistivity meters built to be used only for a four electrode array 

can be converted to the five electrode Lee configuration by using a 

fifth electrode and a double pole double throw switch plus necessary 

short lengths of cable. By using two double pole double throw switches, 

it can be converted to use the Lee and Wenner configuration interchange- 

able without disconnecting any wires. Figure 3-6 illustrates the conver- 

sion to Lee configuration and Figure 3-7 illustrates the Lee-Wenner inter- 

changeable conversions. An alternate method would be to connect a sep- 

arate wire to the Po electrode and then interchange this lead with 

the P1 and P2 terminals on the instrument. Readings are then made as - 

previously described. The user will have to determine which conversion 

is most convenient to him. When using the Lee configuration for hori- 

zontal profiling the plotted locations for the apparent resistivity 

readings are not plotted at the mid-point of the spread (location of P O ) .  

Due to the partitioning dimension in this method the apparent resis- 

tivities are plotted at distances A14 to the left and right of the mid- 

point. In vertical profiling, the apparent resistivity is plotted 

against electrode separation and there are no special difficulties. 



Schlumberger Configuration 

Figure 3-5, page3-16 , illustrates the Schlumberger configuration, 
a four electrode arrangement in which only the two outer (current) 

electrodes are moved. According to Van Nostrand and Cook (1966, p .  41) 
"The principle advantage in the Schlumberger technique is that the 

influence of local inhomogeneities close to the potential electrodes 

can be clearly located on the apparent-resistivity curves. These 

effects are shown by the differences between results obtained with 

the same and different s: On the other hand, these local 

heterogeneities do not appreciably alter the shape of those arcs 

the resistivity curves which have been obtained with a given E; they 
only displace the arcs as whole units. This fact often allows one 

to make a correction and to trace the diagram which would have been 

obtained in a laterally homogeneous earth. The Schlumberger configura- 

tion apparently sacrifices accuracy, which comes from measuring 

potential differences between closely spaced potential electrodes." 

Soiltest (1968) gives the equation for apparent resistivity as: 

p = rI MN [(k/MN)2 - 1/41 R 
Van Nostrand and Cook (1968) simplify this equation to : 

and state that provided % does not exceed 2215 the discrepancies do 
not usually exceed 2 or 3 percent. 

Horizontal profiling has not been done using the Schlumberger configura- 

tion. The vertical profiling technique is an electrode expanding-type 

technique in which either the distance between current electrodes 

or potential electrodes is increased but only a single set of electnodes 

is increased between measurements. Usually MN is constant while succes- 
sive readings are taken for increasing distances of Q. When the capa- 

bility of the meter limits further readings, MN is increased and the 

distance Q is further increased. Two or three overlap readings of R 

when is increased must be taken. must not be less than 2215 for 

any readings. 



3-20 

Types of Surveys 

There a r e  b a s i c a l l y  two types of f i e l d  procedures f o r  e l e c t r i c a l  

r e s i s t i v i t y  surveying. The f i r s t  i s  ho r i zon ta l  p r o f i l i n g  i n  which t h e  

e l ec t rode  spacing remains constant  and t h e  whole a r ray  i s  moved along 

Rcr l r l i v l fy  aeluleen Clore  Swlrch 

P P 1 ro I 

I to 3 

Figure 3-6. - Conversm for Lee Conf~gural~on 

a  t r a v e r s e .  The second i s  v e r t i c a l  p r o f i l i n g  i n  which t h e  cen te r  of 

t he  spread remains f ixed  and t h e  e l ec t rode  spacing i s  increased t o  

determine apparent r e s i s t i v i t i e s  with inc reas ing  depth. A t h i r d  

method i s  a combination of t h e  f i r s t  two i n  which two o r  t h r e e  d i f f e r -  

ent  e l ec t rode  spacings a r e  used i n  t h e  hor i zon ta l  p r o f i l i n g  technique.  

Horizontal  P r o f i l i n g  

This method i s  normally used f o r  a  r a p i d  survey of an area .  It usua l ly  

i s  advisable  t o  make a  v e r t i c a l  p r o f i l e  f i r s t  t o  determine t h e  optimum 

e lec t rode  spacing f o r  t h e  hor i zon ta l  p r o f i l i n g  survey. This method i s  

bes t  s u i t e d  f o r  determining t h e  l o c a t i o h  of f a u l t s  o r  s t eep ly  dipping 

contac ts  between d i f f e r e n t  types  of ma te r i a l  (e .g .  rock and s o i l ) ,  

l o c a t i n g  sand and gravel  depos i t s ,  and prospect ing f o r  ore  bodies.  



Figure 3-7. - Conversion for Combination LeeWenner Configural~on 

This method is particularly adapted to locating a high resistivity 

anomaly in low resistivity material or the reverse. An example would 

be an investigation of the alignment of a proposed channel to deter- 

mine if the channel bottom would be in rock (high resistivity) under- 

lying alluvial (low resistivity) material. 

The apparent resistivities may be presented in two ways. First, for 

a single line the apparent resistivity versus station of the center of 

the spread is plotted on rectangular coordinate paper. Plottings of 

adjacent lines can be compared. Second, the apparent resistivity of the 

center point of each spread can be plotted on a map and equi-resistivity 

contours can be drawn. This equi-resistivity map has a failing accord- 

ing to Van Nostrand and Cook (1966, p. 42): "Although this map forms 

a very effective picture of the progress of the survey if it is kept 

current, it has one failing of which the inexperienced interpreter must 

be warned. The apparent resistivity varies according to the orientation 

of the line of electrode and thus the fact that the data were taken along a 



series of parallel traverses tends to flavor the resulting map. Ano- 

malies are abnormally elongated in the direction in which the traverses 

are run; and multiple anomalies occur even though their cause is one 

geologic feature only." 

See Figure 3-8 for an example of an equi-resistivity map. 

Vertical Profiling 

Vertical profiling is a technique used to provide information on the 

variations in the resistivity of subsurface materials with depth. It 

is used to estimate the variation of resistivity with depth, showing 

the sequence of zones of different resistivity, and estimate the thick- 

ness and depth of various layers. 

In this procedure the center o f  the electrode spread remains fixed 

while the electrode spacing is increased after each reading. 

The effective depth of investigation increases as electrodes increase. 

Gish and Rooney (1925, p. 162) stated it thus: "The value of the 

resistivity thus found must, however, in general be considered an aver- 

age in which the resistivity of the earth near the line of terminals 

is the more heavily weighted, while the weighting diminishes with dis- 

tance from this line until at a depth, or lateral distance, equal to 

the distance between adjacent terminals the weights have become so small 

that all the earth beyond this range contributes comparatively little 

to the total result. Thus, the body of earth involved in a single 

determination has linear dimensions of the same order as the interval 

between terminals. By increasing this interval, greater depths of 

earth may be included so that from a series of such measurements a 

fairly satisfactory knowledge of the variation of resistivity with 

depth can be obtained provided the series are repeated at positions 

suitably distributed over the region." 

The information from vertical profiling may be presented in graphical 

form on rectangular coordinate, semi-logrithmic, or log-log paper. 
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Figure 3-8. - Equi-resistivity map 

(From Van Nostrand and Cook, 1966) 



The plots are apparent resistivity versus electrode spacing at a scale 

that will show the resistivity breaks. Figure 3-9 is an example of 

rectangular and log-log plotting of the same data. 

The vertical profiling method requires more time for each station but 

provides more information at a particular point. 

Combination Method 

The combination method is as the name implies--a combination of horizon- 

tal and vertical profiling. It requires more time to run than a simple 

horizontal profiling but less than detailed vertical profile. The 

technique is to determine a depth range of particular interest and the 

two or three electrode spacings that will provide apparent resistivities 

of this depth range from an initial vertical profile. Then traverse 

the area of investigation using these two or three selected electrode 

spacings at each station. 

The information can be plotted on rectangular coordinate graph paper 

or in a table in the Barnes layer method format for the Wenner config- 

uration. Figure 3-10 is an example of the plot where the apparent 

resistivities are plotted at the location of the midpoint of the elec- 

trode spread for two electrode separations. Table 3-4 shows readings 

at two stations on a traverse. The readings are converted to 1/R 

(conductance) and the Barnes layer method of interpretation used in the 

table (~arnes layer method is explained more fully on page 3-31). Note 

that at station 1 a high conductivity (low resistance) material occurs 

between 30 and 35 feet. At station 2 this 30 to 35 foot interval con- 

tains high resistivity material similar to the 0 to 30 foot interval. 

The readings 63r a 30 foot interval at both stations are the same; this 

illustrates that the near surface materials exert greater influence on 

apparent resistivities than deeper material and occasionally mask the 

presence of lower lying material in a profiling survey. 

The two or three electrode interval resistivity data may also be inter- 

preted using the ohm-feet method explained on page 3-27. 
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Figure 3-51. - Plots of vertical profi l ing data 



Position of Center of Spread (feet) 

Figure 3-10. - Apparent resistivity versus center of spread 
(Adapted from Soiltest, 1968.) 

Table 3-4. - Resistivity data. 

Electrode Layer ohm- cm 
Interval 2IIAR - 1 / R  mhos (constant=957.5) 
Station 1 

35 ft 683 .322 .250 3830 
Station 2 

35 ft 2970 .074 .002 478,750 
(~rom Earth Resistivity Manual, Soiltest, Evanston, Ill., 1968. 
Used by permission of soiltest.) 

Computations 

Good geologic control is essential in making proper interpretations 

from resistivity data. Some techniques of computing depths from ver- 

tical profiling will be discussed below. The depths computed from these 

techniques are approximations and every use of geologic control and 

known depths for correlation should be made that are possible. 



Ohm-Feet Method 

The ohm-feet method was the first and simplest method of inter- 

pretation of vertical resistivity profiling. Apparent resistivities 

(in ohm-feet ) are computed for each electrode interval (~enner Config- 

uration). The apparent resistivities are plotted versus depth (elec- 

trode separation). A curve is drawn through the plotted points and the 

interpretation made by noting the depths at which breaks occur in-the 

shape of the curve. Either semi-logarithmic or rectangular coordinate 

paper can be used to plot the curve. The type and size of paper and 

scale used should be such that breaks in the curve are well defined. 

It is often necessary to plot the data on several types of paper and 

at several scales to determine which size and scale are best. 

The curves plotted in Figure 3-11 illustrate the ohm-feet method of 

interpretation. The plots are on four different types of paper - 

rectangular-coordinate and single-cycle, two-cycle, and three-cycle 

semi-logarithmic. They are plotted as apparent resistivity versus 

depth (electrode spacing). The breaks, indicated by arrows, can be 

emphasized or subdued by plotting on different types of paper as shown 

in this figure. 

Moore Cumulative Method 

Moore (1945) devised an empirical method of interpreting vertical pro- 

filing data. His method is not based on theoretical consideration but 

is a manipulative technique that has had some success. 

The Moore Cumulative method requires that resistivity readings be taken 

at equal increments of electrode separation. The computed apparent* 

resistivity for each electrode spacing is plotted versus depth (elec- 

trode spacing) on rectangular coordinate paper (similar to the ohm-foot 

method). The cumulative resistivity at each electrode separation, 

obtained by adding successive apparent resistivity values to the prevlous 

cumulative value, is then replotted on the same paper but usually at a 

different scale. Then as many points as possible are connected by 

straight lines. 



Table 3-5. Ver t i ca l  P r o f i l i n g  Data 

Electrode Resistance Apparent Barnes Layer Method 
Spacing Readings R e s i s t i v i t y  Conductance Layer Layer-Resist ivi ty 
( f e e t  ) ( ohms ) ( Ohm-f t ) (mas) ( M ~ O S  (ohm-h) Boring Log 

( 1 )  ( 2 )  ( 3 )  ( 4 )  ( 5 )  ( 6 )  ( 7 )  

S i l t y  Sand S o i l  
45 f e e t  

Hard 
Si l iceous  
Sandstone 
162 f e e t  

Sof t  
Sandst one 
containing 

c l ay  and 
ash l a y e r s  

( ~ d a p t e d  from S o i l t e s t ,  1968) 

' ~ i ~ u r e s  i n  parenthes is  a r e  adjus ted  because of r e s i s t i v i t y  back-up. 



rectangular plot two cycle semi-log plot 

- 
1DCm 
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I single cycle semi-log plot three cycle semi-log plot 

Figure 3-11. - Resistivity versus depth 

(From Earth Resistivity Manual, Soiltest, Evanston, 

111.,1968. UsedbypermissionofSoiltest) 



The e l ec t rode  sepa ra t ion  a t  which t h e  s t r a i g h t  l i n e s  i n t e r s e c t  i s  

considered t o  2 lose ly  approximate t h e  depth t o  a geologic  b-oundary. 

A known depth a t  a  con t ro l  po in t  and a  knowledge of t h e  l o c a l  geology 

a r e  used f o r  guidance i n  drawing t h e  s t r a i g h t  l i n e s .  

The f i e l d  d a t a  and r e s i s t i v i t y  computations i n  Table 3-6 a r e  p l o t t e d  i n  

Figure 3-12 t o  i l l u s t r a t e  t h i s  method. 

Table 3-6. V e r t i c a l  P r o f i l i n g  Data 

Apparent Adjusted 
Electrode Resis tance R e s i s t i v i t y  Apparent Cumulative 
Separa t ion ,  A Readings, R (191.5 x AR) R e s i s t i v i t y  R e s i s t i v i t y  

( f e e t )  ( d m s  ) ( ohm-cm) ( ohm-cm) (ohm-cm) 
(1) ( 2  ( 3  ( 4 )  ( 5  

If when us ing  t h e  Moore Cumulative method a  reading at an e l ec t rode  

i n t e r v a l  i s  missed o r  a  r e s i s t i v i t y  "back-up" ( s e e  page 3-53) occurs 

a t  a  p a r t i c u l a r  e l ec t rode  i n t e r v a l ,  a  s t r a i g h t  l i n e  conect ing two 

"good" readings on e i t h e r  s i d e  of t h e  mixed reading  w i l l  g ive  an 

approximation of t h e  value t o  be used i n  cumulative curve f o r  t h a t  

p a r t i c u l a r  depth. 

S o i l t e s t  (1968) s t a t e s ,  "The Moore Cumulative Method seems t o  meet i t s  

g r e a t e s t  success  i n  a r eas  conta in ing  a  sand and g rave l  depos i t  over- 

l y i n g  c l a y  wi th  a shallow water  t a b l e  conta in ing  e l e c t r o l y t e s .  I n  

genera l  t h e  Cumulative Method i s  b e t t e r  t han  o the r  methods a t  ignoring 

changes i n  e l e c t r o l y t i c  content  not caused by changes i n  t e x t u r e  



Depth 

Figure 3-12. - Moore Cumulative Method 



of the subsurface material. This is because the Moore Method employs 

approximations to the rate of change of the resistiyity values indew 

pendent of the actual resistivity value." 

Moore (1961) gives several illustrations of his cumulative method 

successfully predicting depths to sound rock and weathered rock over- 

lain by soil riaterial. 

Barnes Layer Method 

Barnes (1954) devised a method of interpretation for vertical profiling 

which considers that each incremental electrode separation involves an 

additional incremental volume of material. Figure 3-13 is a vertical 

section through a Wenner electrode array illustrating how the incremen- 

tal volume of material for each electrode separation increases at a 

lesser rate than the total volume of material being measured. In 

Figure 3-13A the resistivity is measured using a three foot electrode 

spacing, the volume of material being measured is V1. Figure 3-13B 

is with an electrode spacing of six feet and the resistivity of volume 

V2 being measured and Figure 3-13C with nine foot electrode spacing 

and volume V3. The volume V1 with three foot spacing is about 100 cubic 

feet and the volume V 3  with nine foot electrode spacing is about 2800 

cubic feet. This again points out that a small near surface layer 

usually has a greater effect on resistivity readings than massive deposits 

at depths and that resistivity curves (depth versus p ) are usually smooth, 

with no abrupt changes. By considering each increment of material (for 

each electrode spacing) separately the Barnes method attempts to par- 

tially overcome this masking effect of near surface layers. 

In the Barnes method the thickness of each layer is assumed to equal 

the incremental electrode spacing. An equal electrode increment is 

not necessary with this method but it is usually more convenient to use 

since the field data can then also be used with the Moore Cumulative 

Method. 



Figure 3-13. - Layers for 3 foot electrode increments 



The data  given i n  Table 3-5, page3-28, i s  based on a th ree  foot  incre- 

mental electrode separation. The data  i n  t h i s  t a h l e  i s  f o r  t he  Wenner 

configuration and i s  developed i n  t he  following manner. 

The electrode spacing (increment) i n  column 1 i s  determined i n  t h e  

f i e l d  and equal increments ( th ree  f e e t )  a re  used throughout. I n  column 

2 ,  t he  instrument readings of r e s i s t i v i t y  a r e  l i s t e d  f o r  each electrode 

separation.  Some instruments read d i r ec t l y  i n  ohms ( a s  l i s t e d  i n  col- 

umn 2 )  others read i n  mhos (column 4 ) .  Since t h e  values i n  column 4 
are  t he  reciprocal  of those i n  column 2 instrument read-out can be 

converted from one t o  t he  other.  

The values i n  column 3 a r e  t h e  product of A (column 1) times R (column 

2 )  times 211 and a re  i n  ohm-feet. These values a r e  used i n  t he  ohm-feet 

method of in te rpre ta t ion .  The values i n  column 5 a r e  then assumed t o  be 

t he  conductance of each t h r ee  foot l ayer  f o r  each th ree  foot  electrode 

increment. For example 0.0J.2 mhos i n  column 5 a t  nine foot  electrode 

separation i s  t he  reading a t  nine f e e t  minus t h e  reading a t  s i x  f e e t  

(0.087 - 0.075 = 0.012) and t he  reading a t  1 2  f e e t  i n  column 5 i s  0.104 - 
0.087 = 0.017, e t c .  Column 6 contains the  apparent r e s i s t i v i t y  values 

f o r  each l ayer  computed from the  conductance values i n  column 5 from the  

equation : 
p~ = 191.5 A 1 / R  

where pL = apparent r e s i s t i v i t y  of l ayer  

191.5 = a constant f o r  21[ times 30.48 cm/ft t o  convert pL  t o  

ohm-cm when electaode spacing (A)  i s  i n  f e e t .  

A = electrode separation i n  f e e t  

1 / R  = conductance (mhos) of l ayer .  

Figure 3-14 i s  p lo t t ed  from t h e  data  i n  column 1 and 6 of t he  t ab le .  

The apparent r e s i s t i v i t y  of each th ree  foot  l aye r  is  p lo t t ed  and the  bar  

graph drawn. A r e s i s t i v i t y  "back-up" has occurred a t  the  3 t o  6 foot  

i n t e rva l ;  on the  bar  graph an in te rpre ted  l aye r  i s  used but care must be 

used i n  t he  in te rpre ta t ion .  





Each layer ~alue is an average for that layer, the mid-point of the 

layer may be considered as a representatiye point for that layer. These 

mid-points are connected by straight lines, called by Barnes (1954) 

"transition lines." From a knowledge of the geology of the area and 

correlation with test holes the range of resistivities of the various 

materials are known. Vertical lines separating the resistivities into 

the ranges of the various materials are then drawn. The intereection 

of the transition lines and the range lines determine the depth of the 

boundary between the various materials. In this example the top of the 

siliceous sandskone is at about 2.5 feet and the bdlom 16 feet. If the 

ranges are unknown, group similar values into "layers." 

If a resistivity contour cross section is to be drawn the resistivities 

at any depth can be picked from the "transition lines." The data can 

also be plotted as shown in Figure 3-15 with the points plotted as the 

resistivity at the mid-point of each layer and connected by a straight 

line. It may be more convenient to plot resistivity versus elevation 

instead of depth. 

Table 3-7.is an example of vertical profiling data in a glaciated area. 

Table 3-7. Vertical Profiling Data. 

Electrode Conductance Conductance Resistivity 

(feet ) (mhos) (mhos ) 

The bar graph is plotted and the range lines and "transition lines1' 

are drawn in Figure 3-16. By correlation with bore holes, etc., in 

this area it is known that clay has resistivity range of 0 to 20,000 

ohm-cm, moist sandy clay 20,000 to 50,000 ohm-cm, moist sand, silt, 



Depth 

Figure 3-15. - Resistivity versus Depth 
- 



Clay Sand, clay Moist sand, s i l t ,  gravel mixture Gravel 

0'- 2' sand 

2 ' -  6' gravel  

6 ' -  10.5'sond, c l a y  

10.5+ c l a y  t i l l  

50 75 100 125 150 

Layer P2 Thousand ohm - cm 

Figure 3-16. - Barnes Layer Method 



gravel mixture 50,000 to 100,000 ohm-cm and coarse gravel over 100,000 

ohm-cm. The intersection of the "transition lines" and range lines leads 

to the interpretation that 0 to 2 feet is sand, 2 to 6 feet is gravel, 

6 to 10.5 feet is sandy clay ( ? ) ,  and below 10.5 is clay till. 

Figure 3-17 is a sample form for recording and computing field data. 

Table 3-8 is a tabular listing of various values of conductance (GN) 

from 0.0001 through 0.1000 and the corresponding values of resistance 

(RN) for three foot layers. 

According to Soiltest (1968, p. 39),  h here have been theoretical 

objections raised concerning the Barnes Layer Method. Most of the 

objections arise from the warping of the electric field lines by sub- 

surface conditions [see page 3-45]. However, in practice the Barnes 

Layer Method seems to work. 

"The Barnes and Moore methods have been found to complement each other. 

In general, the Layer Method is most responsive to subsurface changes 

in texture. When changes occur in the electrolyte concentration in 

ground water, the Cumulative Method works better. In forming contoured 

cross sections, good correlation will usually be obtained with one of 

the two methods. Good boring or seismic control data is essential for 

correlation of this kind." 

A computer program is available (upper Darby E & WP unit) for reducing 

field data for the Barnes Layer and Moore Cumulative Methods. It is 

suggested that the program be utilized when computations are required 

on more than ten vertical profiles. 

Int er~ret at ions 

The following discussion on interpretation should enable the reader to 

understand why variations in apparent resistivity readings are caused 

by variations both laterally and vertically in subsurface materials and 

how to plot and interpret by the various techniques field resistivity data. 



SCS.344 1-57 U. S. DEPARTMENT OF AGRICULTURE 
Tabular Computations SOIL CONSERVATION SERVICE 

EAJ3TH RESISTIVITY PROFILING 

Watershed: R Date 

S i t e  : Probe number: 

Location of setup: 

Tabulated fo r  instrument readings i n  mhos or  ohms and Wenner probe configurati 

I 
I I I I I 
, Figure 3-17. - Field resistivity data sample form 

Probe 
Set t ing 

( f t  

14 -44 

3 -9 
4s -13$ 

6-18 

7$-224 

9-27 

lo$-314 

12-36 

13%-4c+ 
15-45 

- 4  

J8-54 

1 4 - 5 @  

21-63 

224-67& 

24-72 1 

253-76$ 

27-81 

Remarks: 

Probe 
Separa- 
t ion 

(fi) 

Meter 
Beading 
Conduct. 

(mhos) 

Conduc- 
t a m e  

(mhos) 

3 

6 

9 

12 

15 

18 

21 

24 

27 

30 

33 

36 

39 

42 

45 
48 

51  

54 

-- 

- 

--- 

-- 

Resis* 
t a m e  
R=l/mho~ 

(ohms) 

- 

Apparent 
Resist.  

pa 

( ~ ~ c m )  

Moore 
Method 
Cumulat . 
Resist iv 

(ob!&) 
-----A 

Barnes 
Method 
Layer 

,Con uct  . 
(mhos %, 

Barnes 
Method 
Layer 
R e s i s t i ~  

( P a l  ohm-cm 





COHDI ICTAf !CE  PFS I S T l V  
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T A B L E  3-8. -  ( C O N T I N U E D )  

COHDUCTAIJCE R E S I S T I V I T Y  COI\'DUCTAt'CF R F S  I S T 1  V I  T Y  CYIFIDIJCTANCF R F S I  S T 1  V I  T Y  
( G N )  (RN)  ( G V )  ( RtJ ) (GP) ( R N )  
l lHOS OHNS W O S  Ok'FlS l lHOS OHMS 

0 .0540  
0.0542 
0.0544 
0.8546 
0 .0548  

0 .0550  
8.0552 
0.0554 
0.0556 
0.0558 

0.0560 
0.0562 
0.0564 
0 .0566  
0.1568 

0.1570 
0.0572 
0 .0574  
0.0576 
0.0578 

0.0580 
0.0582 
0.0584 
0.0586 
0 .0588  

0.0590 
0 .8592  
0.0594 
0.0596 
0.0598 

0.0600 
0.0602 
0.0604 
0.0606 
0.0603 

0.0610 
0 .0612  
0.0614 
0.0616 
0 .0618  

0 .0620  
0.0622 
0.0624 
0.0626 
0.0628 

0.0630 
0.0632 
3.G634 
0.0636 
0.0638 

0. 0 6 4 0  
0.0642 
0.0644 
0.0646 
0.0648 

0.0650 
0.0652 
0.0654 
0.0656 
0.0658 

Note : 

8,700 
8,600 
8,600 
8,6CP 
8,600 

8,508 
8,500 
6,51(1 
8,5110 
8,400 

s,soc 
8,400 
8,4118 
8,300 
8,300 

8,300 
8,300 
8,266 
8,700 
8,280 

8,200 
8,100 
s , l e o  
3,100 
8,110 

8,00F 
8,?P0 
8,nGn 
8,@0@ 
8,000 

7,900 
7,9@0 
7,900 
7,900 
7,€C@ 

7,8@0 
7,800 
7,EEO 
7, e o r  
787CP 

7,700 
7,789 
7,7@0 
7,700 
7,fiOfl 

7,610 
7,FPO 
7,6CG 
7,60? 
7,584 

7,500 
7,509 
7,500 
7, SO6 
7, k0I; 

7,406 
7 4 0 0  
7 :4 f@ 
7,400 
7,300 

Resistivity values in the units and tens columns have been 
truncated - not rounded 



Two Layer Case p l  < p 2  

Assume a simple two l a y e r  case i n  which a l a t e r a l l y  homogeneous l a y e r  

of r e s i s t i v i t y  p l  i s  under la in  by another l a t e r a l l y  homogeneous l a y e r  

of r e s i s t i v i t y  p 2 .  Further  assume t h a t  t h e  r e s i s t i v i t y  of p l  i s  l e s s  

than p 2 .  

A t  small e l ec t rode  spacings ( ~ e n n e r  conf igura t ion)  t h e  current  flow l i n e s  

a r e  a l l  uniform i n  l a y e r  p l  (Figure 3 - 1 8 ~ )  and t h e  apparent r e s i s t i v i t y  

equal t o  t h e  t r u e  r e s i s t i v i t y .  A s  t h e  e l ec t rode  spacing i s  increased 

t h e  p 2  l a y e r  a f f e c t s  t h e  current  flow l i n e s .  Since p 2  has a  higher 

r e s i s t i v i t y  than p l  t h e  current  flow l i n e s  a r e  compressed i n t o  t h e  p l l aye r  

( f u r t h e r  apa r t  i n  p 2  l a y e r )  a s  i n  Figure 3-18B. A s  was shown i n  t h e  

theory  sec t ion  on page 3-6 t h e  apparent r e s i s t i v i t y  i s  d i r e c t l y  pro- 

por t iona l  t o  t h e  current  dens i ty  and t r u e  r e s i s t i v i t y  and inverse ly  

propor t ional  t o  t h e  cu r ren t .  
P  a ( ? / I )  PO 

As t h e  current  dens i ty  i increases  t h e  apparent r e s i s t i v i t y  increases  

and t h e  .hue r e s i s t i v i t y  and current  a r e  unchanged. Figure 3-18C i s  a  

p l o t  of apparent r e s i s t i v i t y  versus e l ec t rode  spaci-ng f o r  t h i s  two l a y e r  

case. Point A1 would represent  t h e  apparant r e s i s t i v i t y  f o r  t h e  small  

e l ec t rode  spacing and point  A 2  would represent  t h e  apparent r e s i s t i v i t y  

f o r  t h e  l a r g e  e l ec t rode  spacing. 

As can be seen from t h e  curve, sharp breaks i n  r e s i s t i v i t y  such a s  t h e  

boundary between p l  and p 2  show a s  a  gradual  change i n  apparent r e s i s t i v i t y  

because t h e  current  dens i ty  i s  only changed gradual ly  a s  t h e  e l ec t rode  

spacing i s  increased.  

Two Layer Case P I  > p 2  

Assume t h i s  simple two l a y e r  case i n  which a high r e s i s t i v i t y  l a y e r  

o v e r l i e s  a low r e s i s t i v i t y  l a y e r  [reverse of Figure 3-18). 

Figure 3-19A shows t h e  current  flow l i n e s  e s s e n t i a l l y  unaffected by t h e  

underlying low r e s i s t i v i t y  l a y e r  a t  small  e l ec t rode  spacing. When t h e  
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electrode separation 

C 

Figure 3-18. - Current flow lines and plot for two layer case (adapted from Soiltest, 1968.) 



electrode separation 

Figure 3-19. - Current flow lines and plot for two layer case (adapted from Soiltest, 1968.) 



electrode spacing is increased, Figure 3-19B, the underlying layer affects 

the current flow lines. They are closer together in the low resistivity 

layer and further apart in the high resistivity layer. Therefore, the 

apparent resistivity is less. Figure 3-19C is a plot of apparent resis- 

tivity versus electrode spacing. 

According to Soiltest (1968, p. 16), "The effect on resistivity readings 

of a thin, horizontal deposit near the surface is much greater than 

its physical volume suggests it should be. Often such discontinuities 

are interpreted as being more massive deposits lying at greater depths 

or as vertical changes. If sudden changes occur in the readings, near- 

surface horizontal discontinuities or vertical changes should be suspected, 

Only rarely will material lying at depth produce sudden variations in 

electrical readings made on the surface." 

Effect of Topographic Features 

Topographic features such as cliffs, road cuts, hills, etc. affect the 

current flow lines and current density between current electrodes. The 

quantitative effect of these features is very difficult to calculate but 

the following graphical representations will illustrate the effect of 

these topographic features on current flow lines. 

Figure 3-20 illustrates how a cliff or steep road cut affects the current 

flow lines. As the electrode spacing increases in vertical profiling 

or as the spread approaches the cliff in horizontal profiling the current 

flow lines (in cross-section view) are compressed near the cliff because 

the air has infinite resistivity. The current density is increased and 

the apparent resistivity will show an increase. Notice in the plan view 

the current flow lines when a resistivity spread is run parallel to a 

cliff. The current flow around both current electrodes on the cliff 

side are compressed resulting in an increase in current density and 

erroneous increase in apparent resistivity. 



Effect of High Resistivity Lenticular Deposits 

Figure 3-21 illustrates the effect of a high resistivity lenticular 

deposit (such as gravel) surrounded by low resistivity material. 

In Figure 3-21A the electrode spacing is small and the lens has no 

appreciable effect on the current density. As the electrode spacing 

is increased the current flow lines and current density are affected 

and compressed upward giving an increase in apparent resistivity ( ~ i ~ u r e  

3-21~). 

The optimum electrode spacing or spacings to detect this lenticular 

deposit is determined from knowledge of local geology and vertical 

profiling. The horizontal profiling technique using this optimum 

electrode spacing or spacings can be used to delineate the lens. 

Profiling across Vertical Contacts 

The following figures illustrate the effect a vertical contact between 

materials of different resistivity has on plots of apparent resistivity 

versus electrode location.'~hese vertical contacts could be faults, 
'\ . 

dikes, breccia zones, the steep %<f a buried stream channel in 
--- . 

bedrock, etc. These are typical plots for Xirizontal profiling. 

Figure 3-22 illustrates horizontal profiling across a vertical fault 

with resistivities on opposite sides of 1 and 5 ohm-meters. The 

solid line is the plot of field data using the Wenner configuration with 

constant electrode spacing "a", and an interval between stations of 

"a/2." The dashed line is a continuous theoretical plot. 

. 
When the center of the spread is at locations in the vicintiy of -3 

from the fault, the fault is not affecting the current flow lines and 

the apparent resistivity (1.0 + ohm-meters) is approximately equal to 

the true resistivity (1.0 ohm-meter). When the lead electrode nears the 

fault the apparent resistivity shows a gradual increase (plotted point 

-1.8, lead electrode at -0.3). When the lead electrode crosses the 



escarpment 

Plan view 

Figure 3-20. - Effect of cl i f f  or road cut on current flow lines (adapted from Soiltest, 1968.) 

Figure 3-21. - Effect of high resistivity deposit on current flow lines 
(Adapted fron Soil test, 1968) 



f a u l t  t h e  apparent r e s i s t i v i t y  decreases s l i g h t l y  because of r e d i s t r i b u -  

t i o n  of current  flow l i n e s  ( p l o t t e d  poin t  -0.8). When one cu r ren t  and 

one p o t e n t i a l  e l ec t rode  cross  t h e  f a u l t  and t h e  cen te r  of t h e  spread 

p o i n t )  i s  exact ly  on t h e  f a u l t ,  t h e  apparent r e s i s t i v i t y  

would be 3.0 ohm-meters. If these  two e lec t rodes  c ross  t h e  f a u l t  but  

t h e  center  of t h e  spread i s  not on t h e  f a u l t  t h e  apparent r e s i s t i v i t y  

i s  a  weighted average depending on t h e  d i s t ance  t h e  e l ec t rodes  a r e  

from t h e  f a u l t  and t h e  r e s i s t i v i t y  of t h e  m a t e r i a l  on both s i d e s  of t h e  

f a u l t .  As p r o f i l i n g  across  t h e  f a u l t  continues a  sharp break occurs 

a s  each e l ec t rode  crosses  t h e  f a u l t  such as A'  when t h e  second p o t e n t i a l  

e l ec t rode  crosses  t h e  f a u l t  and B'  when t h e  second cu r ren t  e l ec t rode  

crosses .  

The sharp maximum A i n  t h e  continuous p l o t  i s  subdued and i s  d isp laced  

t o  t h e  r i g h t  t o  A' i n  t h e  f i e l d  p l o t  and t h e  minimum peak B i s  d isp laced  

t o  t h e  l e f t  t o  B ' .  This displacement of t h e  a c t u a l  p l o t  with r e spec t  

t o  t h e  t h e o r e t i c a l  p l o t  i s  caused by t h e  e l ec t rode  sepa ra t ion  and t h e  

l o c a t i o n  of t h e  e lec t rodes  f o r  each reading.  I f  by chance t h e  l o c a t i o n  

of t h e  e l ec t rodes  had been c l o s e r  t o  t h e  f a u l t  t h e  f i e l d  p l o t  would 

have approached t h e  t h e o r e t i c a l  p l o t  much c l o s e r .  Another problem i s  

t h a t  i f  t hese  peaks a r e  used t o  l o c a t e  t h e  f a u l t  exac t ly  t h e  displacement 

of peaks w i l l  l e a d  t o  e r r o r .  

Figure 3-22A is a  v e r t i c a l  r e s i s t i v i t y  p r o f i l e  across  h i g h - r e s i s t i v i t y ,  

s t eep ly  dipping beds using t h e  Lee Configuration. 

Figure 3-23 shows seve ra l  t h e o r e t i c a l  p l o t s  of Wenner conf igura t ion  

hor i zon ta l  p r o f i l i n g  across  a  b recc ia t ed  zone sepa ra t ing  ma te r i a l s  with 

a  r e s i s t i v i t y  of 1 :5 .  The s i x  p l o t s  show t h e  d i f f e r e n t  curves when t h e  

b recc ia t ed  a rea  with a  width of a / 2  has r e s i s t i v i t i e s  of 10 ,  0 ,  4 ,  

3,  and 2. 

For a  b recc ia t ed  zone of i n f i n i t e  r e s i s t i v i t y  a  pronounced peak l i e s  

v e r t i c a l l y  over t h e  a x i s  of t h e  zone (I?igure 3-23~). Fo? a  b recc ia t ed  

zone with a  r e s i s t i v i t y  which i s  g r e a t e r  than  t h e  r e s i s t i v i t y  of t h e  

ma te r i a l  t o  t h e  r i g h t  of t h e  zone ( i n  t h i s  case 10 u n i t s )  it a l s o  



DISTANCE FROM CENTER OF CONFIGURATION TO FAULT 
IN MULTIPLES OF ELECTRODE SEPARATION 

Fault 1 p = 5  

Wenner horizontal resistivity proflle over a vertical fault. Comparison 
of a theoretical field plot (solid line) and a continuous theorctical-resistivity curve 
(dashed line). 

Figure 3-22. - Horizontal profile across a vertical contact 

(From Van Nostrand and Cook, 1966) 

produces a peak vertically over the axis of the zone (Figure 3 - 2 3 ~ ) ,  

but less than the true resistivity of the material to the right of 

the zone. For zones with small resistivities (Figures 3-23 C, E and 

F) the peak shifts to the right and occurs a distance of a/2 to the 

right of the right edge of the brecciated zone. In Figure 3-23D 

the peak occurs over the right edge of the brecciated zone. The brec- 

ciated zones with high resistivity in Figure 3-238 and B produce pro- 

nounced peaks that can be interpreted as brecciated zones. The 
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ELECTRODE SEPARATION. a, IN FEET 

Vertical resistivity profile across high-resistivity steeply dipping quartzite bed, Mountain City copper district, Elko County, Nev., 
Leo configuration. Adapted lrom C. H .  Sandberg and K. L. Cook (1945), unpublished data. 

Figure 3-22A. - Vertical resistivity profile (From Van Nostrand and Cook, 1966) 



.Horlwntal realntivlty profiles acmss brecelated mne of different reslstlvltles, Wenner amlgurath. For all diagrams p'ld"-116 and wldth Is a12. 

Figure.3-23. - Horizontal profiling across brecciated zone (From Van Nostrand and Cook, 1966) 

remaining plots (~igure 3-23C, D, E and F)  produce peaks that are simi- 

lar to those obtained over a single fault and it would be difficult to 

recognize in field data any evidence of the brecciated zone as such. 

Resistivity "~ack-ups" 

The normal sequence of readings when vertical profiling is a decrease 

in resistance (R) or an increase in conductance (G = 1 / ~ )  as the 

electrode interval is increased. 

Occasionally this normal sequence of readings is reversed or"'backs-up1' 

for one or two readings (R increases or G decreases). Care must be 

exercised in interpreting this condition. Usually these "back-ups" 

occur when the equipotential surface induced around one current 



electrode encompasses a material of much higher resistivity than the 

material around the other current electrode. This distorts the current 

flow lines, increases the current density, and results in an abnormally 

high resistance reading. 

The following figures illustrate some of the surface and subsurface 

conditions that can cause resistivity "back-ups" when using the Wenner 

configuration. 

Figure 3-24 shows the effect of varying amounts of material around the 

current electrodes on the current flow lings (and current density). 

In Figure 3-24~ the additional material to the left end above the left 

current electrode has greater conductance (less resistance) than the 

air (infinite resistance) above the right current electrode. Thus the 

current flow lines are deflected to the left resulting in greater resis- 

tance measurements than would be measured on a horizontal surface. 

Figure 3-24~ shows the same result as A due to the infinite resistance 

of air to the right of the right electrode. 

Figure 3-25 shows the distortion of current flow lines when the spread 

is run across the slope instead of on the contour. Some distortion 

of current flow lines would occur even if the hill was not underlain 

by highly resistant bedrock. The bedrock causes further distortion 

that results in a resistivity "back-up". This points out again the 

desirability of running resistivity spreads on level ground or on the 

contour if at all possible. 

Figure 3-26 illustrates how a lens or localized high resistivity mate- 

rial (in comparison to surrounding material) near one current electrode 

distorts the current flow lines resulting in increased current density 

and resistivity "back-ups". An additional spread perpendicular to 

the first would help delineate the cause of the "back-upsM. 

Seating a current electrode on a boulder or in a coarse aggregate can 

cause distortion of the current flow lines ( ~ i ~ u r e  3-27). If the 



electrode must be moved to avoid a boulder, etc., it should he moved 

in an arc using the distance from the electrode to the cent,er of the 

@ 
Figure 3-24. - Effect of topographic features on resistivity back-ups (adapted from Soiltest, 1968.) 

spread as the radius. For moves that are small in comparison to the 

r~adius, the electrode can be moved perpendicular to the line of the 

spread. 

Curve Matching 

The last interpretative procedure to be discussed is curve matching. 

Van Nostrand and Cook (1966, pp. 89-99) have an excellent discussion 

of curve matching. A portion of their discussion including figures is 

quoted directly on the following 13pages. 

Theoretical Curves 

"our approach to the subject of theoretical curves of horizontal bedding 

problems is objective. Literally hundreds of apparent-reisitivity 

curves have been p-ublished for the two-, -t;nrce-, and four-layer cases 

(NIooney and Wetzel, 1956). Our principal objectives , therefore, are 



Figure 3-25. - Resistivity back-up caused by running spread on slope (adapted from Soi ltest, 1968) 

Figure 3-26. - Resistivity back-up caused by high resistivity material near one electrode 

(adapted from Soiltest, 1968.) 



Figure 3-27. - Resistivity back-up caused by one electrode seated in high resistivity material 
(Adapted from Soiltest, 1968) 

t o  d i g e s t  and analyze t h e  works of o the r s  on t h e  horizontal-bed pro- 

blems, and t o  g ive  an eva lua t ion  of t h e  b e s t  s o l u t i o n s  a v a i l a b l e  and 

t h e  b e s t  methods t o  use i n  a c t u a l  f i e l d  problems. It should be empha- 

s i z e d  t h a t  t h e  key t o  t h e  i n t e r p r e t a t i o n  of t h e  horizontal-bed problem 

l i e s  i n  t h e  r ecogn i t i on  of t h e  p r a c t i c a l  l i m i t a t i o n s  of t h e  r e s i s t i v i t y  

method t o  so lve  t h e  problem. 

"The most s e r ious  l i m i t a t i o n  i s  one of depth. We normally f i n d  t h a t  t h e  

e l ec t rode  sepa ra t ion  i n  t h e  Wenner con f igu ra t ion ,  f o r  example, must be 

of t h e  order  of two o r  t h r e e  t imes t h e  depth t o  t h e  beds of i n t e r e s t .  

Thus, even though cu r ren t  pene t r a t ion  can be obta ined ,  t h e  g r e a t  e lec-  

t r o d e  sepa ra t ions  needed f o r  t h e  e f f e c t s  of deep l a y e r s  t o  manifest  them- 

se lves  u sua l ly  r e s u l t  i n  l a t e r a l  e f f e c t s  superposed on t h e  depth e f f e c t s .  

Exceptions t o  t h i s  r u l e  a r e  r a r e  i n  t h e  f i e l d ,  and consequently t h e  

q u a n t i t a t i v e  i n t e r p r e t a t i o n  of horizontal-bed problems i s  u s u a l l y  r e s t r i c t e d  

t o  r e l a t i v e l y  shal low depths.  



"other limitations are sufficient resistivity contrasts and compatible 

thicknesses. Although the restrictions imposed by resistivity contrasts 

are fortunately not very stringent, the yast range of resistivities is 

not as important as it appears. As we found in the previous section 

on theory, the resistivity contrast invariably enters the problem in the 

form of the reflection factor kij=(pi-p )/(pi+p ) . The absolute 

value of the reflection factor ranges only from zero to unity. If the 

resistivity of a given bed is twice that of a neighboring bed, the 

reflection factor is one-third--which is already one-third of its entire 

range. If the resistivity of a given bed is 5 times the resistivity of 

an adjacent bed, the reflection factor is two-thirds. As the resistivity 

contrast rises above this value of 5 to 1, the reflection factor increases 

very slowly toward unity. For all practical purposes, a resistivity 

contrast of the order to 10 to 1 gives an anomaly of the same order of 

magnitude as an infinite resistivity contrast. This rule applies to 

almost all types of structures. 

 he thicknesses of the beds also govern our approach to the problem of 

horizontal beds. For example, if there exist three layers and if the 

niddle layer is of sufficient thickness, the three-layer problem can 

be solved by the successive use of methods normally applied to solve 

two-layer problems. As the thickness of the middle layer decreases, we 

find a stage in which the theroetical three-layer curves must be consulted; 

for an expanding electrode configuration, the effect of the bottommost 

bed appears in the apparent resistivity almost as soon as the effect of 

the middle layer. Finally, when the thickness of the middle layer becomes 

even smaller, the problem reduces to a simple two-layer case because 

the effect of the middle layer is no longer important at any electrode 

separation. It is obvious that the critical thicknesses of the middle 

layer in this hypothetical case are dependent on the resistivity con- 

trasts. 

"A working knowledge of what can or cannot be accomplished with resis- 

tivity techniques for the horizontal-bed problem is predicated upon 

a practical viewpoint of the manner in which these parameters of depth, 



thicknesses, and resistivity contrasts are interrelated. 

Two-Layer Case 

 or the plotting of vertical resistivity profiles in horizontal-bed 
problems, logarithmic plotting for both the apparent resistivity and the 

electrode separation is preferable to linear plotting. When both the 

observed and theoretical curves are plotted on the same type of 

logarithmic paper, the effect of scale is eliminated; and once a 

satisfactory match between the observed and theoretical curves is 

made, the parameters can be determined. For the observed curves, the 

apparent resistivity pa is plotted as the ordinate, and the electrode 

separation a is plotted as the abscissa. For the theoretical curves, 

the ratio of the apparent resistivity pa to the true resistivity p o  

of the top layer is usually plotted as the ordinate, and the ratio of 

the electrode separation a to the thickness zl of the top layer is 
plotted as the abscissa; it is convenient to plot the theoretical 

curves on transparent material to facilitate curve matching. 

"Figure 33[Figure 3-28] shows a master set of such theoretical curves 

for the two-layer case (adapted from Roman, 1941). The values of the 

reflection factor k are shown for intervals of 0.1 between +1.0 and 

-1.0. The theoretical curves are applicable for either the Wenner or 

Lee configurations. Assuming that a satisfactory fit occurs between 

the observed apparent resistivity curve and one of the curves in figure 

33[Figure 3-28], the following factors may be readily obtained when 

the curves are in superposition. (see Figure 34)[Figure 3-29]. 

The reflection factor k, which equals (pl-pO)/(pl+pO) is read imme- 

diately off the theoretical curve that fits the data. If an 

observed curve fits, but lies intermediate between the ones drawn 

on the master curves in Figure 33 [ ~ i ~ u r e  3-28], the estimated 

value of k can be obtained by interpolation from the chart. 

The resistivity p g  of the top layer is obtained by noting where the 

horizontal "resistivity index" line on the master chart intersects 

the axis of ordinates of the observed curve. This results from the 

fact that the resistivity index is the line (axis of abscissas) on 



Frowns 33.-Apparent-resistivity curves for two-layer m e ,  logarithmic plotting. (A) Positive and (B) negative values, respectively, of reflection factor k = 
(PI-PO)/(PI+PO) Adapted from Roman (1D11). 

Figure 3-28. - Apparent resistivity curves 
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F I G U R E  34.-Example or resistivity intorpretntion by curve matching, tu'o-layer case, logarithmic plotting. Adapted from Irwin Roman (1952, unpublished d ~ta) 

Figure 3-29. - Curve matching 

t h e  master cha r t  represent ing  k=O, which means t h a t  p a / p O  = 1, and 

consequently l o g  pa  = l o g  p g .  The fundamental reason f o r  t h e  v a l i -  

d i t y  of superpositiorl  i n  t h i s  manner, however, l i e s  i n  t h e  f a c t s  

t h a t  l o g  ( p a / p O )  = l o g  p a  - l o g  p g  and l o g  ( a / z l )  = l o g  a-log zl 

and because both  l o g  p o  and l o g  zl are cons tant .  Thus t h e  s l i d i n g  

of t h e  master cha r t  up and down, o r  back and f o r t h  t o  t h e  r i g h t  

and l e f t ,  does not a f f e c t  t h e  s c a l e .  

3. The depth z l  t o  t h e  bottom l a y e r  i s  obtained by noting where t h e  

v e r t i c a l  "depth index'' l i n e  ( ax i s  of o rd ina tes  ) on t h e  master cha r t  

i n t e r s e c t s  t h e  a x i s  of absc i s sas  (va lues  of e l ec t rode  separa t ion  a )  

on t h e  observed curve. This r e s u l t s  from t h e  f a c t  t h a t  t h e  depth 



index i s  t h e  l i n e  on t h e  master cha r t  r ep re sen t ing  l o g  (.a/zl)=O, 

which means t h a t  a / z l = l  and t h a t ,  t h e r e f o r e ,  a=zl. The f a c t  t h a t  

t h i s  e l ec t rode  sepa ra t ion  a i s  equal  t o  t h e  depth zl has nothing 

t o  do wi th  t h e  Gish-Rooney empir ica l  r u l e  mentioned e a r l i e r .  

4. The r e s i s t i v i t y  p l ,  of t h e  bottom bed i s  determined d i r e c t l y  from 

t h e  r e l a t i o n s h i p  

"1n t h e  example shown i n  f i g u r e  34 [ ~ i ~ u r e  3-29], t h e  va lues  of t h e  

f a c t o r s  l i s t e d  above a r e  given i n  t h e  diagram. 

"Though we recommend curve matching a s  t h e  b e s t  procedure f o r  q u a n t i t a t i v e  

r e s i s t i v i t y  i n t e r p r e t a t i o n ,  t h e r e  a r e  c e r t a i n  gene ra l i za t ions  t h a t  a s s i s t  

t h e  i n t e r p r e t e r  i n  making a  prel iminary a n a l y s i s  of observed apparent- 

r e s i s t i v i t y  curves f o r  t h e  two-layer case.  The f a c t  t h a t  l a r g e r  

anomalies a r e  obtained f o r  negat ive r e f l e c t i o n  f a c t o r s  t han  f o r  p o s i t i v e  

r e f l e c t i o n  f a c t o r s  ( s e e  f i g u r e  33[I?igure 3-28]) i n d i c a t e s  t h a t  a bed 

of b e t t e r  conducting m a t e r i a l  a t  depth can be de t ec t ed  more r e a d i l y  than  

a  poorly conducting one, o the r  t h ings  being equal .  The most va luable  

gene ra l i za t ions ,  however, apply t o  s i t u a t i o n s  i n  which t h e  r e s i s t i v i t y  

of t h e  bottom bed i s  assumed t o  be g r e a t ,  because usua l ly  t h e  r e s i s t i v i t y  

does inc rease  with depth. When t h e  bottom bed i n  t h e  two-layer case  i s  

a  p e r f e c t  i n s u l a t o r ,  t h e  appa ren t - r e s i s t i v i ty  curve f o r  a  v e r t i c a l  pro- 

f i l e  gives a  l i ~ i t i n g  s t r a i g h t - l i n e  curve which passes  through t h e  

o r i g i n  of coordinates  ( f o r  l i n e a r  p l o t t i n g )  and which has an i n c l i n a t i o n  

t a n  a  = 1.386. A l i m i t i n g  s t  a igh t  l i n e  a l s o  occurs wi th  logar i thmic  f 
p l o t t i n g .  For t h i s  l i m i t i n g  case t h e  l i m i t i n g  va lue  of t h e  s lope  w i l l  

be reached when a / z l  = 1 . 5 ;  t h i s  i s  a l s o  approximately t r u e  f o r  o the r  

r e s i s t i v i t y  c o n s t r a s t s  t h a t  exceed about p I / p O  = 10:l. This  proper ty ,  

which i s  important a l s o  i n  considering t h e  a n a l y s i s  of t h ree -  and four- 

l a y e r  cases  d iscussed  l a t e r ,  implies  t h a t  i n  a  two-layer reg ion  i n  which 

t h e  bottom bed i s  t e n  o r  more times r e s i s t i v e  than  t h e  t o p  bed, t h e  

conf igura t ion  w i l l  need t o  be expanded t o  only about two o r  t h r e e  t imes 

t h e  suspected depth t o  ob ta in  t h e  th i ckness  zl of t h e  t o p  l a y e r .  In  



addition, for large values of pl/pO, the apparent resistivity p, 

is 1.5 times the true resistivity p g  of the upper layer when a=zl, 

that is, when the electrode separationis equal to the thickness of the 

top layer. As the true resistivity of the ordinary alluvium is 

usually much lower than that of the bedrock below it, a valuable 

indication of the depth of.the bedrock can frequently be obtained by this 

relationship in simple two-layer depth-to-bedrock problems. Of course, 

this assumes that a determination of p o  can be obtained from the value 

of the apparent resistivity at small electrode separations. 

Multiple-Layer Case 

"The three-layer case comprises a top layer of thickness zl, a middle 

layer of thickness d, and a bottommost layer at depth z2 (z2 is defined 

by the equation z2=zl+d) that theoretically extends to infinity 

(see figure 38 [ ~ i ~ u r e  3-30]). As there are an infinite number of 

permutations and combinations of the factors of electrode separations, 

thicknesses of beds, and resistivity contrasts of the three beds, it is 

helpful in the analysis of the three-layer problem to first systematize 

the conventions and practices that will suffice for practical needs 

and at the same time keep the problem from being unwieldly. Our con- 

ventions and reasonings for the three-layer case follow those of Wetzel 

and McMurry (1937) with some modifications. The thickness zl of the top 

layer is always taken as our unit of length. Except in special cases, 

the assumed resistivity contrasts will be in ratios of 1/m, 1/100, 1/10, 

1/3, 3/1, 10/1, 100/1, and m/l. There are three main groups of possibili- 

ties concerning the resistivity of the middle bed in relation to that 

of the others; its resistivity may be higher than, lower than, or 

intermediate between the resistivities of the top and bottommost beds. 

The assumed thicknesses of the layers are either equal or are simple 

multiples of each other. Thin beds of thickness less than one unit 

will not be considered because, for all practical purposes, they will 

not be detectable in the field unless they are either nearly perfectly 

conducting or perfectly insulating; and if they are so, they fall into 

the category of special limiting cases of the three-layer problem that 

can be recognized from the families of theoretical curves that will be I 



shown l a t e r .  It should be emphasized, however, t h a t  t h e  presence of 

unhetectable t h i n  beds can s t i l l  cause erroneous i n t e r p r e t a t i o n s .  

"AS i n  t h e  two-layer case ,  logari thmic p l o t t i n g  i s  recommended, because 

it renders  t h e  shape of t h e  curves independent of t h e  f i e l d  u n i t s  used 

and allows t h e  i n t e r p r e t e r  t o  become f a m i l i a r  with t h e  curve t r ends .  

This i s  d i f f i c u l t  t o  do i f  l i n e a r  p l o t s  a r e  used. Provided t h e  three-  

l a y e r  assumption i s  co r rec t  and t h e  beds a r e  homogeneous, a  unique solu- 

t i o n ,  is  p o s s i b l e ,  a s  i n  t h e  two-layer case;  but  t o  ob ta in  a unique s o l u t i o n ,  

t h e  e l ec t rode  conf igura t ion  must gene ra l ly  be expanded -to much l a r g e r  e l ec t rode  

separa t ions  than  f o r  t h e  two-layer case.  Great ca re  must a l s o  be used i n  

obta in ing  t h e  apparent r e s i s t i v i t y  f o r  small  e l ec t rode  separa t ions .  

"The b e s t  depth determinations t h a t  can o r d i n a r i l y  be expected with 

t h e  r e s i s t i v i t y  method f o r  t h e  three- layer  case i s  t o  wi th in  an accuracy 

of only 10 percent .  When reference  i s  made t o  obta in ing  an "accurate" 

depth es t imate  i n  t h i s  paper,  t h e  inherent  l i m i t a t i o n  of t h e  method i s  

s t i l l  implied. 

  or t h e  s p e c i a l  three- layer  cases i n  which t h e  bottommost bed i s  e i t h e r  

a  p e r f e c t  i n s u l a t o r  o r  pe r fec t  conductor,  t h e  mathematics i s  g r e a t l y  

s i m p l i f i e d ,  and t h e  p roper t i e s  are t h e r e f o r e  e a s i l y  obta inable .  When 

t h e  bottommost l a y e r  i s  a p e r f e c t  i n s u l a t o r ,  t h e  asymptotic curve f o r  

l a r g e  e l e c t r o d e  separa t ions  passes through t h e  o r i g i n  of coordinates  

( f o r  l i n e a r  p l o t t i n g ) ,  and i t s  slope i s  i d e n t i c a l  t o  t h a t  f o r  t h e  two- 

l a y e r  case i n  which t h e  bottom l a y e r  i s  a  pe r fec t  i n s u l a t o r .  

" ~ i ~ u r e  38 [ ~ i ~ u r e  3-30] shows t h e  e f f e c t  on t h e  apparent r e s i s t i v i t y  

of varying r a t i o s  of t h e  top-layer  th ickness  zl t o  middle-layer th ick-  

ness d  f o r  t h e  Wenner o r  Lee conf igura t ion  ( . ~ e t z e l  and McMurry, 1937). 

The r a t i o s  of r e s i s t i v i t i e s  a r e  ~ 0 : ~ 1 : ~ 2 : : 1 : 1 / 3 : 1 .  The r a t i o  zl :d: :0:8 

i s  i d e n t i c a l  t o  a  two-layer case ,  and t h e  r a t i o  zl :d: :8:0 i s  t h e  homo- 

geneous case. Because f o r  l a r g e  separa t ions  t h e  s lopes of t h e  curves 

approach t h a t  f o r  t h e  two-layer case ,  it i s  c l e a r  t h a t  a  family of 

logari thmic two-layer curves can be used t o  ob ta in  approximately t h e  



depth z2 of the bottammost bed. The same is 

the depth 21. 

true in this case for 

P2' 1 All res~stwftfes fjxed I 
1 10 20 30 40 

~lou'na  38.-Diagram of three-layer mse showing the effect an the spparent resistivity of varying ratios of top-layer thickness z! to middle-layer thickness d, Wenner 
or Lee configuration. m:pl :PI: :l:1/3 :l. Adapted from Wetzel and McMurry (1937). 

Figure 3-30. - Three layer case 

"Figure 39 [Figure 3-31] shows the effect on the apparent resistivity 

of varying the resistivity p l  of the middle layer, all other factors 

remaining constant (~etzel and McMurry, 1937). The resistivities of 

the top and bottommost beds are equal, and zl:d::3:1. All curves are 

asymptotic to the value p,/pg = 1. In this case the logarithmic two- 

layer curves can be used to obtain approximately the thickness zl of 

the top layer, but they cannot be used to obtain the depth z2 of the 

bottommost layer because the curves on the right-hand side of the dia- 

gqam are not close enough to asymptotic values to allow the two-layer 

approximation to be applied. [Figure 3-32]. 

"Figure 40 I~igure 3-32] shows the effect on the apparent resistivity of 

variations in the resistivity p2 of the bottommost layer, all other 

factors remaining constant (~etzel and McMurry, 1937). the fixed 

resistivities are such that p1=3p0, and zl:d::1:3. The curve labeled 

p2=3p0 is for the two-layer case; and it fits the other curves so closely 



for abscissa values less than 3 that in this case also the thickness zl 

of the top layer can obviously be obtained approximately from the two- 

layer logarithmic curves for all resistivity contrasts involved. 

"Figure 41 [ ~ i ~ u r e  3-33] shows the behavior of certain types of resis- 

tivity curves by comparing three-layer curve A for z1:d::h:h with various 

limiting curves. The resistivities for curve A are p0:p1:~2::1:10:1/3; 

thus the resistivity of the middle layer is greater than that of either 

the top or bottommost layers, and the resistivity of the bottommost 

layer is least of all three. Asymptotic curve D is for the two-layer 

case in which the resistivities of the upper-two layers have been aver- 

aged according to Humel's (1929 c,d) method. Curve A approaches this 

asymptotic curve for much larger electrode separations than shown in the 

figure. Within the region of the chart shown, however, this asymptotic 

value cannot be used as a guide in the analysis of curve A. In this 

example the logarithmic two-layer curves, therefore, cannot be used to 

obtain even approximately the depth z2 to the bottommost layer. An 

attempt to do so in this example would involve a h~o-~ercent error in 

the determination of depth 22. 

"The mathematical expression for the apparent resistivity of the three- 

layer case reduces continuously to the expression for the two-layer case 

if either zl or d is allowed to approach zero. Applying this to our 

present example in figure 41 [I?igure 3-33] curve B is obtained when z l  

approaches zero, and curve C is obtained when d approaches zero. It 

should be emphasized that the apparent-resistivity curves B and C for 

the limiting two-layer cases are not enevelopes for the families of 

three-layer curves similar to curve A, as might normally be expected. 

In addition, it is possible for members of these multiple-layer resis- 

tivity curve families to cross; this fact makes the task of extrapolation 

of curve families difficult. 

"I?igure 42 r ~ i ~ u r e  3-34] shows an example of the interpretation of a 

three-layer case by superposition of the logarithmic theoretical (solid 

lines ) and hypothetical observed (dashed line ) curves (wet zel and McMurry , 



Figure 3-31. - Three layer case 

Figure 3-32. - Three layer case 

8 a / z 2  

FIGURE 4l.-Compar1son of three-layer curve A wrth lrmrtmg two-layer curves R 
and C and Hummel asymptotrc curve U (for the top layers only), Wcmer or 
Lee configuration. PO p l .p ,  1 10 113, V D ~ I O U S  values of ZI d. Adapted fronl 
Wetzel and McMurry (1937). 

Figure 3-33. - C~NI~ar ison of three layer and two layer curves 



1937). The family of theoretical curves are for fixed resistivities 

po:p1:p2::1:3:10 and for various values of z2:d. The "resistivity 

index" line, which is defined as the axis of abscissas on the theoretical 

chart for which = 1, is extended to the left to intersect the 

ordinate value of pa on the observed logarithmic chart; this gives the 

value of po, which in the present example is 33 ohm-centimeters. The 

fact that the observed curve matches a theoretical curve in this family, 

whose theoretical ratio is pO:p1:p2::1:3:10 indicates that the field 

resistivity values are p0:~1:~2::33:99:330. The "depth index'' line, 

which is defined in the three-layer case as the electrode separation 

equal to the depth of the bottommost layer--that is, a=z2--, corresponds 

in the Wetzel-McMurry charts with the abscissa point 8a/z2=8, and is 

found on the diagram to be z2 = 330 feet. Finally the zl:d ratio is 

read by noting that the field curve Lies about halfway between the theo- 

retical curves whose ratios are 2:2 and 1:3; therefore, the zl:d ratio 

for the field curve corresponds to about 3:5. Using the relationship 

z2=zl+d and knowing that z2=330 feet, we readily obtain the thickness of 

the top layer zl = 124 feet. The problem is thus completely solved. 

"The members of the Schlumberger school have pointed out the advantages 

of logarithmic curve matching and themselves have used it as a standard 

procedure for many years for both two- and three-layer problems. During 

1933 to 1936 the Schlumberger organization in Paris, la Compagnie 

Generale de Geophysique, computed an album of 480 master curves for two- 

and three-layer cases that were recently published (~ompa~nie Generale 

de Geophysique, 1955). Figure 43 [~igure 3-35] shows the values of the 

parameters used in the Schlumberger album and the generalized character 

of .the apparent-resistivity curves in each category with the Schlumberger 

configuration. The resistivity p 2  of the bottommost layer is assumed 
2 

to have only four separate values, namely, p2=0,p0, plIPO, and rn." 

"The four-layer case comprises a top layer of thickness zl and resisti- 

vity po and two successively deeper layers of respective thickness dl 

and d2 whose bottoms lie at successive depths of z2 and z3, respectiv?ly, 

below the earth's surface [ ~ i ~ u r e  3-36]. The bottommost layer, at depth 

23, is assumed to extend to great depth. 



ELECTRODE SEPARATION ( a ) ,  IN FEET 

FlaURE 42.-Example of interpretation of three-layer case by superposition or logarithmic theoretical (solid lines) and hypothetical observed (dashed line) curves. 
Wenner or Lee wnllguration. po:p,:p2: :1:3:10; various values of z l : d ;  zl=8 units (depth lndex). Adapted from Wetrel and MeMurry (1837). 

Figure 3-34. - Interpretation of three layer case by superposition 

A t  t h e  outsbar t ,  we repeat  our contention t h a t ,  except fo r  i dea l  and 

very r a r e  f i e l d  problems, l a t e r a l  va r ia t ions  i n t e r f e r e  too much fo r  

t h e  four-layer case analysis  t o  be applied with much degree of c e r  

t adnty . " 

Tables 3-9 and 3-10 .are  from Roman ( 1 $ 0 , ~ ~ .  10-11) and furn i sh  the  data  

t o  p l o t  the  two-layer t heo re t i c a l  curves discussed by Van Nostrand and 

Cook (1966) above. 

Cost Data 

The cost  of e l e c t r i c a l  r e s i s t i v i t y  surveys i s  composed of several  pa r t s .  

They a re :  t h e  instrument, t r a v e l ,  survey l i n e ,  corre la t ion t e s t  holes 

and i n t  erpretaf  f on, and preparation of a repor t .  

The cost  of t he  various types of r e s i s t i v i t y  instruments has been dis- 

cussed i n  a previous sect ion of t h i s  TR. Travel expenses depend on 

locat ion,  distance from headquarters, e t c . ,  and have t o  be evaluated 

separately fo r  each s i t e .  



*Two-layer case: z1 = z 2 : d = 0  * Two-layer case: z2 > > z l  

FIGURE 43. -Diagram showing values of parameters used in the Schlurnberger album 
of 480 master two- and three-layer curves and the generalized character of the 
apparent-resistivity curves in each category for vertical profiles, Schlumberger 
con6guration. Adapted from Compagnie GenPrale de GEophysique (1955). 

Figure 3-35. - Examples of Schlumberger curves 

Actual f i e l d  survey time for  a two man crew using Wenner configura- 

t i on ,  th ree  foot electrode increments f o r  v e r t i c a l  p rof i l ing  t o  a depth 

of 30 f e e t  would on t he  average take about 112 hour fo r  each survey 

point .  Considering time t o  pick up electrodes,  wire, instruments, e t c . ,  

t o  move t o  next survey point ,  an average of th ree  spreads every two 

hours would be good. I f  s i t e  oonditions a re  d i f f i c u l t ,  f o r  example, 

ateep topography, very wooded, rocky s o i l s ,  or  dry s o i l s  t h a t  have t o  

be moistened a t  each electrode considerable more f i e l d  time could be 

required f o r  each s e t  up. 



Figure 3-36. - Four layer case 

Correlat ion t e s t  holes a r e  requi red  a t  every s i t e  t o  enable v a l i d  

i n t e r p r e t a t i o n s  t o  be made. These t e s t  holes can be hand auger h o l e s ,  

t e s t  p i t s ,  power auger, o r  core holes  depending on s i t e  condit ions and 

equipment ava i l ab le .  

I n t e r p r e t a t i o n  of t h e  f i e l d  da ta  and prepara t ion  a f  t h e  r epor t  of inves- 

t i g a t i o n  requ i re  about 1 /2  t h e  man days t h a t  t h e  f i e l d  inves t iga t ion  

required.  I f  t h e  geologist  and one helper  spend one week i n  t h e  f i e l d  

gathering t h e  da ta ,  it w i l l  r equ i re  about one week of t h e  g e o l o g i s t ' s  

time t o  make t h e  computations, i n t e r p r e t a t i o n s  and prepare t h e  r e p o r t .  



Table 3-9 - Disturbing factor, Wenner or Lee configuration, buried conductor 
(~rom Roman, 1960) 

Disturbing factor for indicated values of Q 



Table 3-lO.- Disturbing factor, Wenner or Lee configuration, buried insulator 
(From Roman 1960) 
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CHAPTER 4. COMPLEMENTARY USAGE AND 

GEOPHYSICAL REPORTS 

A knowledge of the structural, lithologic, geomorphic, and ground water 

conditions in the study area is of prime importance for seismic and 

resistivity surveys. Drill hole logs, deep quarries, road cuts, or 

gullies are needed for checking and correlating the seismic or resisti- 

vity characteristics of the soil and rock horizons in the vicinity. 

Hand augering may be used to verify types of materials and depths to 

rock, water table, or gravel beds. Difficulties in interpretation may 

be expected in areas with steeply dipping rocks, sink holes, caverns, 

and faults. Abnormal velocities and resistivities are good indicators 

of these conditions. The ability to locate these problems may be 

valuable in selecting the exact locations where drilling is needed, and 

they may be good indicators of construction problems requiring further 

intensive studies. 

Both the seismic and resistivity methods have limitations in field appli- 

cation. Fortunately, these methods often supplement each other, and 

where one method gives uncertain results the other may verify or correct 

it. Areas with high noise, or vibrations from traffic, planes, or 

wind may make data from the seismograph questionable. However, in instru- 

ments with cathode ray tubes or recorders, the interferences often can 

be identified and ignored. Resistivity equipment may get the desired 

information, or if a seismic correlation is needed, a quiet day may be 

selected later for a recheck. 

Two or three layers with distinct increases in density will give excel- 

lent results in depth and velocity determinations with the seismograph. 

However, a low velocity layer underneath a higher velocity layer cannot 

be detected with the refraction seismograph but can sometimes be detected 

by resistivity methods. 

Examples of some materials which may cause difficulty in interpretation 

are : 



dry gravel 

dense rock 

Seismic (P wave) 
Resistivity Yelocity 

high low 

high high 

pure water high -medium 

saline water yery low medium 

dry compact boulders and cobbles very high moderately high 

saturated boulders and cobbles moderate moderately high 

From these few examples it is obvious that (1) moisture content usually 

makes a difference both in resistivity and velocity, except in massive 

rock; (2) most dry materials (soil and rock) usually have high 

resistivity, but the velocities may vary extremely; (3) the purity 

or salinity of water will give extreme differences in resistivity, 

but will have little effect on velocity. It is therefore advisable to 

use both kinds of equipment where there is some doubt as to the results 

obtained with one or the other. This is especially true if greater 

accuracy is needed or if reliable information is required in areas 

not accessible to power drilling equipment. Figure 4-1 is an example 

of a summary form for comparing results of resistivity and seismic 

surveys. 

It should be kept in mind that one type of equipment or a single survey 

will not always give conclusive answers to geologic problems in soils 

and rocks. The investigator must know what he is looking for, the 

capabilities of the equipment, and the general geology of the area. 

He should make some correlation tests on logged drill holes if avail- 

able or nearby deep cuts where profiles of the soils and rocks are 

exposed. 

A knowledge of the soils, rocks, and ground water is essential to pro- 

perly interpret geophysical data. This is especially true for premlimi- 

nary exploration in areas where requirements, time, and cost limit the 

use of large exploration equipment. Geophysical surveys are a valuable 

supplement to detailed drilling investigations by spacing drill holes 

farther apart and filling in between with geophysical surveys. 



SEISMIC AND RESISTIVITY TEST SUMMARY 

Location State Date 

Geology of Area 

Subsurface Conditions 

Depth Type of Resistivity Seismic Velocity 
(fi) Material (1000's ohms/cu.cm. ) (Ft . /see. ) 

Interpretation of Seismic (SM) and Resistivity (RN) Data 

Remarks 
Signature 

Figure 4-1. - Sample summary form 



In preliminary inyestigations for dam sites or channel relocations the 

geologist, having became acquainted with the area, can gain valuable 

and probably adequate information on the presence, depth, and hardness 

of rock, the depth to ground water, and whether or not unusual geologic 

problems exist. A seismograph or resistivity meter may indicate 

whether adequate borrow material is available near a dam site. Also 

short-cut methods may be used to determine whether hard rock occurs 

within the limits of proposed channels and emergency spillways, 

The depth to ground water often may be determined if the geologist knows 

that pervious soils exist in the horizon that may include the water 

table. Gravel beds and sometimes buried channels may often be detected 

with geophysical instcuments. Both the seismograph and resistivity 

equipment should be used to obtain more reliable result& where there 

is is any doubt in proper interpretations. 

In case geophysical surveys do not give conclusive results, its use 

will help to locate accurately any abnormalities which should be inves- 

tigated in greater detail by drilling or excavating deep pits. Faults, 

buried sinkholes, buried channels, gravel beds, and ground water often 

may be located where a normal drilling program might not find some of 

these conditions. 

To summarize, it should be emphasized that resistivity and seismic methods 

of subsurface exploration cannot logically be compared. Earth resis- 

tivity is based on the contrasts and comparisons of electrical resis- 

tances in various soil, gravel, and rock materials. On the other hand, 

the seismic method is based on the contrasts and comparisons of the trans- 

mission velocities of percussion waves through various soil and rock 

materials. Consequently, the seismic and resistivity methods can not 

be substituted for one another for conclusive data. It should be 

considered that one supplements the other. When geophysical data are 

calibrated to proven test data, considerable savings in time, costs, 

detailed investigations, and testing will result. 



Contracting for Geophysical Surveys 

Where there is a need for extensive geophysical surveying and SCS per- 

sonnel and equipment are not available, arrangements may be made for 

contracting this work to a consulting firm. Some contracts have shown 

that a considerable saving in expense and much useful information have 

been gained by contracting this work. The consultants usually require 

a few logged drill holes on the site for correlation purposes, and this 

provides a good check for the accuracy of the survey. 

Geophysical Report 

A report will be prepared on the results of the geophysical investigation. 

The report must set forth clearly the methods of investigation and the 

information obtained. Include copies of plans, profiles, time-distance 

graphs, logs of any test holes, etc. A section of the report will con- 

tain interpretations, recommendations, and conclusions. Figure 4-2 

is an example of a plan view showing the location of seismic and resis- 

tivity lines. Figure 4-3 is a profile showing how seismic and resis- 

tivity information is clotted. 

The purpose of a report is to inform the reader. To do this three 

things must be fulfilled (~ypherd, et al., 1943, p. 226). 

"1. Ascertain the necessary facts. 

2 Digest these facts and draw the correct conclusions. . . 
3. Present these conclusions so clearly and concisely that 

they can be grasped without effort or delay." 

Outline for Geophysical Investigation Report 

This outline may be modified as necessary and only those items that 

are pertinent to the investigation and report should be used. 

I. Summary 

11. Introduction 

A. Name of watershed or area 



B. Purpose of investigation 

C. Scope of investigation 

D. Previous studies or investigations (include plans and profiles) 

also logs of any test holes and show locations 

111.. Geology and Basic Dat,a of Study Area and Source 

IV. Method of Investigation 

A. Personnel 

B. Equipment (be specific - e.g. brand name and model) 
C. Procedures and techniques (outline in detail) such as Lee 

Wenner etc . , phone spacings, shot depths, type of energy. etc . ) 
D. Costs 

E. Weather (an important factor in considering subsurface readings) 

V. Interpretations and Conclusions 

VI. Recommendations 

VII. Date and signatures of persons making the survey 

VIXI. Attachments 

A. Geologic maps 

B. Profiles, cross-sections, and other diagrams 

C. Time-Distance graphs and computations. 

D. Logs of test holes and results of field tests 

E. Plan map showing location and extent of all geophysical tests. 
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Figure 4-3. - Example of a profile constructed using seismic and resistivity information 



REFERENCES 

American Society for Testing Materials 
1916 Race Street 
Philadelphia, Pa. 19103 

Symposium on Surface and Subsurface Reconnaissance, STP No. 122, 
1951, 228 p. 

Symposium on Dynamic Testing of Soils, STP No. 156, 1953, 261 p. 

Barnes, H. E., 1952. Soil Investigation Employing a New Method of 
Layer-Value Determination for Earth Resistivity Interpretation. 
Highway Research Bulletin 65, pp. 25-36. 

Belcher, Cuykendall, and Sack, 1950. The Measurement of Soil Moisture 
and Density by Neutron and Gamma-Ray Scattering. 
CAA Tech. Dev. Report 127. 

Birch, F., J. F. Schairer, and H. C. Spicer (eds.), 1942, Handbook of 
Physical Constants: Geol. Soc. Am. sp. Papers No. 36. 

Burroughs, E. R., Hughes, Hicks, and Haupt, 1965. 
Geophysical Exploration in Watershed Studies. 
Journal Soil and Water Conservation, January - February 1965. PP. 3-7. 

Criner, J. H., 1966. Seismic Surveying With Firecrackers. 
U. S. Geological Survey Professional Paper 550-B, pp. 104-107. 

Compagnie Generale de Geophysique, La, 1955, Abaques de sondage 
electrique [curves of electric profiling]; Geophys. Prosp., 
v. 3, supp. no. 3, 7 p. Many charts for three-layer case with 
explanation of Schlumberger configuration. 

Currier, L. W., "The Seismic Method in Subsurface Exploration of Highway 
and Foundation Sites in Massachusetts," Geol. Sur. Cir. 426, 1960, 
8 P. 

Denham, D., "The Use of Geophone Groups to Improve the Signal-to-Noise 
Ratio of the First Arrival in Refraction Shootingw, Geoph. Prosp., 
1963, p. 389. 

Dix, C. H., Refraction and Reflection of Seismic Waves I1 - Discussion 
of the Physics of Refraction Prospecting," Geoph., 1939, p. 238. 

Dobrin, M. B., 1960. Introduction to Geophysical Prospecting. 
McGraw-Hill, New York. 

Dobrin, M. B. and Dunlap, H. F. 1957. Geophysical Research and Progress 
, in Exploration. Geophysics, Vol. 22, pp. 412-433. 

Domzalski, W., "some Problems of Shallow Refraction Investigations," 
Geoph. Prosp. , 1956, p. 140. 



Donato, R. J., "Measurements on the Arrival Refracted from a Thin, High- 
Speed Layer, Geoph. Prosp., 1965, p .  387. 

Drake, C. L., "~eo~h~sics, GEOPHYSICS, and Engineering." Geoph., ~ o l .  
27, April 1962, pp. 193-197. 

DuPont, 1967. Blasters' Handbook. Fifteenth Edition. 
E. I. DuPont de Nemours and Co., Wilmington, Delaware, 19898. 

Dyna Metric, Inc., 330 W. Holly St., Pasadena, California, 91103 
Instruction manuals for the operation and interpretation of their 
siesmic timers. 

Electro-Technical Labs., Division of Mandrel Industries, 
6909 Southwest Freeway, P. 0. Box 36306, Houston, Texas, 77036 
A manual entitled: The Refraction Method of Seismic Prospecting. 

Gish, O.H., and Rooney, W. J., 1925, Measurements of Resistivity of Large 
Masses of Undisturbed Earth; Terrestrial Magnetism Atmos. 
Electricity, v. 30, pp. 161-188 Resistivity. 

Goguel, J. M., "Seismic Refraction with Variable velocity ," Geoph. , 1951, 
p. 81 

Green, R. ,  he Hidden Layer ~roblem," Geoph. Prosp. , 1962, p. 166. 

Hagedoorn , J . G. ,  he Elusive First Arrival (~efraction signal-to-~oise ) , 
Geoph. 1964, p. 806. 

Hawkins, L. V., "The Reciprocal Method of Routine Shallow Seismic 
Refraction Investigations, Geoph., 1961, p .  806.  i is cuss ion and 
Reply in Geoph., 1962, p. 534.) 

Heilbig. K., "~efraction Seismics with an Anisotropic Overburden - 
A Graphical Method of ~nterpretation," Geophys. Prosp. , 1964, p .  
383. 

Hubbert, M. King, 1934. Locations of Faults in Hardin County, Illinois, 
by Earth Resistivity Method. Transactions, American Inst. of Mining 
and Metallurgical Engineers, Vol. 110, 1934. 

Hughes, D. S., and Kelly, J. L., 1952. Variation of Elastic Wave 
Velocity With Saturation in Sandstone. Geophysics, Vol. 17, 
PP. 739-752. 

Huntec Limited, 1450 O1Connor Drtye, Toronto 16, Ontario, Canada, 
Instruction manuals for the use of the Huntec seismographs, including 
"Dynamic Testing of Soil With the Seismic ~ethod" by Tsvi Meidav, 
and "on the Hammer Seismograph Model FS-2 and its Use in   inland" 
by Stig Johansson. 



Institute of Makers of Explosives. Pamphlet 17 
Safety in the Handling oS Explosives, and 
Pamphlet 20, Radio Frequency Energy. 

Jones, R.,  on-~estructive Dynamic Testing of Soils and Highway 
Pavements," Highway Res. Board Bull. 277, Wash., D.C., 1960. 

Kisslinger, C., E. J. Mateker and T. V. McEvilly, "SH Motion from 
Explosions in soil," Jour. Geoph. Res., vol. 66, 1961, pp. 

I 3487-3496- 

Knox, W. A., "A Slide Rule for Near-Surface Refraction Problems," 
Geoph., 1958, p. 154. 

Krynine, D. P., and W. R. Judd, 1957. Principles of Engineering 
Geology and Geotechnics. 
McGraw-Hill, New York. pp. 259-268. 

Lennox, D. H. and V. Carlson, 1967. Geophysical Exploration for Buried 
Valleys in an Area North of Two Hills, Alberta. 
Geophysics, Vol. 32, No. 2, pp. 331-362. 

Linehan, S. J., D. and V. J. Murphy, "~ngineerin~ Seismology Applica- 
tions in Metropolitan Areas," Geoph., vol. 27, April 1962, pp. 213-220. 

McDonal, F. J., F. A. Angona and R. L. Mills, "Attention of Shear and 
Compressional Waves in Pierre Shale," Geoph., 1958, p. 421. 

McGuinness, W. T., W. C. Beckman, and C. B. Officer,  he Application of 
Various Geophysical Techniques to Specialized Engineering ~rojects," 
Geoph., vol. 27, April, 1962. pp. 221-236. 

Meidav, T., "Nomograms to Speed Up Seismic Refraction ~omputations," 
Geoph., 1960, p. 1035. (correction in Geoph., 1961, p. 102.) 

Meidav, Tsvi, 1960. An Electrical Resistivity Survey for Ground Water. 
Geophysics, 25 (5) , pp. 1077-1093. 

Meidav, Tsvi,  b bout 1966). Dynamic Testing of Soil With the Seismic 
Method. A 20-page reprint available from Huntec, Ltd., Toronto, 
Canada. 

Mooney, H. M. and R. A. Kaasu, " ~ i r  Waves in Engineering Seismology," 
Geoph. Prosp. , 1962, p. 84. 

Mooney, H. M., and Wetzel W.W., 1956, The Potentials About a Point Elec- 
trode and Apparent Resistivity Curves for a two-three-, and four- 
layer Earth; Minneapolis, Univ. Minnesota Press, 146 p. and 243 loose 
sheets of reference curves. GA 166-144. 

Moore, R. W. 1944. Prospecting for Gravel Deposits by Resistivity 
1 Methods. Public Roads, July, August, September 1944, Vol. 24, No. 1 



Moore, R. W., 1945, An bpirical Method of Interpretation of Earth 
Resistivity Measurements; Trans. her. Inst. Min. Met. Eng. 
v. 164, pp. 197-223. 

Moore, R. W., 1950. Geophysical Methods of Subsurface Exploration in 
Highway Construction. Public Roads, Yol. 26, No. 3, Aug. 1950. 

Mota, L., "~etermination of Dips and Depths of Geological Layers by 
the Seismic Refraction ~ethod," Geoph., yol. 19, 1954, p. 242. 

Neale, R. N.,  he Use of Isochron Charts in Seismic Refraction Inter- 
pretation," Geoph. Prosp. , 1964, p. 2.14. 

Nettleton, L. L., 1940, Geophysical Prospecting for Oil; McGraw- 
Hill Book Co. Inc., New York. 

Obert, Leonard, and Duvall,  ener era ti on and Propagation of Strain Waves 
in Rock," Part 1: Bur. of Mines Rpt. of Inv. 4683, 1950, 19 pp. 

OfBrien, P.N.S., "~odel Seismology - the Critical Refraction of Elastic 
Waves," Geoph., 1955, p. 227. 

------- ,  he Variation with distance of the Amplitude of Critically 
Refracted Waves," Geoph. Prosp., 1957, p. 300. 

------- , "The Use of Amplitudes in Refracting Shooting - A Case History," 
Geoph. Prosp. , 1960, p. 417. 

Officer', Jr., C. B., "The Refraction Arrival in Water-Covered Areas," 
Geoph., 1953, p. 805. 

Pakiser, L. C., and R. A. Black "Exploring for Ancient Channels with 
the Refraction Seismograph," Geoph., 1946, p. 32. 

Paterson, N. R., and T. Meidav," Geophysical Methods in Highway Engineer- 
ing," Huntec Ltd., Toronto, Canada. Paper presented at 48th Ann. 
Conv. of the Canadian Good Roads Assoc., Sept. 1965. 

Phelps , J. M. , 1964. Applied Shallow Seismology for ~n~ineerin~, 
Construction, and Research. Manual No. 4611-641. 
Joseph M. Phelps and Associates, 2955 E. Colorado Blvd., 
Pasadena, California, 91107. 

Prill, R. C. and W. R. Meyer, 1968. Neutron Moisture Measurements by 
Continuous- and Point-Logging Procedures. U. S. Geological Survey 
Prof. Paper 600-B, pp. 226-230. 

Quarles Miller, Jr., 1950. Fault Interpretation in Southwest Texas. 
Geophysics, Vol. 15, pp. 462-476. 

Roman, Irwin, 1960, Apparent Resistivity of a Simple Uniform Overburden; 
U. S. Geol. Survey Prof. Paper 365. 



Rosenbaum, J. H., "Refraction Arrivals through Thin High-Yelocity Layers 
(~ttenuation Wave) ," Geoph. , 1965, p. 204. 

Scholen, Douglas E. , (about 1963). The Seismic Timer and Road Design. 
U.S.D.A. Forest Service, Arcadia, California.  i is cusses rippability 
of rock and the use of the shear geophone). 

Sendlein, Lyle V. A., 1967. Seismic Refraction and Electrical Resistivity: 
Tools in Groundwater Exploration. Paper No. 67-726, American Society 
of Agricultural Engineers. December 1967. 

Slotnick, M. M., "A Graphical Method for the Interpretation of Refrac- 
tion Profile ~ata," Geoph., 1950, p. 163. 

Smythe, Richard E. , (about 1964). Utilization of the Seismograph in the 
Construction Industry. Geo Space Corporation, 5803 Glenmont Drive, 
Houston, Texas, 77036. 

Soiltest, Inc., 2205 Lee St., Evanston, Illinois, 60202. Instruction 
manuals for the operation and interpretation of their equipment, 
including the MD, the Terra-Scout, and the Michimho Resistivity Meter. 

Soiltest, Inc., 1968, Earth Resistivity Manual, Soiltest, Inc., Evanston, 
Ill., 52 pp. 

Sypherd, W. O., A, M. Fountain, and S. Brown, 1943. the Engineers Manual 
of English; Scott, Foresman and Co., New York. 

Soske, J. L.,  i is cuss ion on the Blind Zone Problem in Engineering 
Geophysics (~efraction,")~eo~h. , 1949, p. 359. 

Stam, J. C., "Modern Developments in Shallow Seismic Refraction Techniques," 
Geoph., vol. 27, April 1962, pp. 198-212. 

Tapp, W. N. , 1960. Resistivity Method Scans Geologic Conditions. 
Johnson National Drillers' Journal. 
September - October 1960, pp. 3-6. 

Tarrant, L. H., "A Rapid Method of Determining the Form of a Seismic 
Refractor from Line Profile Results," Geoph. Prosp., 1956, p. 131. 

Todd, D. K. 1955. Investigating Ground Water by Applied Geophysics. 
American Society Civil Engineers Trans. v. 81, separate 625, 13 p. 

Todd, D. K., 1959, Ground Water Hydrology., John Wiley & Sons, Inc., 
New York, pp. 219-244. 

U,. S. Army Corps of Engineers., 1948. Geophysical Exploration. 
Engineering Manual, Civil Works Construction, Part CXVIII, Chapter 2. 

U. S. Dept. Agriculture, Soil Conservation Service, 1968. Guide to 
Geologic Site Exploration, South RTS Area. EWP Technical Guide 
No. 4, Fort Worth, Texas, 76110. 



U. S. Department Agriculture, Soil Conservation Service, 1963. 
Section 8, Engineering Geology. National Engineering Handbook. 
Washington, D. C. 20250. 

U. S. Forest Service. Construction Handbook, Blastir Section. 

Van Nostrand, R. G., and K. L. Cook, 1966. Interpretation of 
Resistivity Data. Geol. Survey Prof. Paper 499. U. S. Dept. 
of Interior, Washington, D. C., 310 pp. illus. 
Govt . Printing Office $2.75. 

Van Zelst, Th. W., 1965. Geophysical Instruments in Highway Planning. 
Soiltest, Inc., Evanston, Illinois. 

Warner, Don L., 1969, Preliminary Field Studies Using Earth Resistivity 
Measurements for Delineating Zones of Contaminated Ground Water; 
Ground Water, v. 7, no. 1, pp. 9-16. 

Warrick, R. E., and J. D. Winslow, "Application of Seismic Methods 
to a Ground-Water Problem in Northeastern Ohio," Geoph., 1960, 
P. 505.. 

West, S. S., "Dependence of Seismic Velocity upon Depth and Lithology," 
Geoph., 1950, p. 653. 

Wetzel, W. W., and McMurry, H. V., 1937, A Set of Curves to Assist 
in the Interpretation of the Three-layer Resistivity Problem; 
Geophysics, v. 2, pp. 329-341. 

White, J. E., and R. L. Sengbush, "Velocity Measurements in Near- 
Surface Formations,'' Geoph., 1953, p. 54. 

White, J. E., and R.L. Sengbush, "Shear Waves from Explosive Sources," 
Geoph. , 1963, p. 1001. 

Wilson, S. D., and R. T. Dietrich, "Effect of Consolidation Pressure 
on Elastic and Strength Properties of Clay," ASCE Res. Conf.. on 
Shear Strength of Cohesive Soils, 'Boulder, Colo. , 1960, pp. 419- 
435. 

Wyllie, M. R., A. R. Gregory and L. W. Gardner, "~lastic Wave Velocities 
in Heterogeneous and Porous Media," Geoph., 1956, p. 41. 

------ , " ~ n  Experimental Investigation of Factors Affecting Elastic Wave 
Yelocities in Porous Media," Geoph. 1953, p. 459. 

Wyrobek, S. M., "Application of Delay and Intercept Times in the Inter- 
pretation of Multi-layer Refraction Time-Distance Curyes," Geoph. 
Prosp., 1956, p. 112. 



GENERAL INDEX 

Abnormal velocity curves 2-56 
Ampere 3-2 
Amplifier-recorder 2-14,2-15 
Angle of incidence 2-4 
Angle of refraction 2-4 
Angle of slope 2-45 
Apparent resistivity 3-5,3-8 

Barnes layer method 3-32 
Back-ups 3-53 
Bulk modulus 2-1,2-2 
Buried ledge 2-53 
Buried ridge 2-57 

Capabilities 2-11,3-9 
Cathode ray tube 2-13,2-19,2-49, 

2-50 
Cliff 2-53 
Compressional waves 2-3 
Computations 2-32,3-26 
Conductance 3-2 
Conduct ion 3-1 
Configuration 3-5,3-10,3-15,3-18, 

3-19 
Continuous profiles 2-66 
Contracting 4-5 
Correlation 2-65,2-66 
C,orrelation tests 2-65,2-66,b-2 
Cost data 2-76,3-69 
Coulomb 3-2 
Critical angle 2-5 
Critical distance 2-10,2-13,2-38 
Critical thickness 2-57,2-59 
Current density 3-6 
Curve matching 3-55,3-61 

Darcy's law 3-2 
Density 2-13 
Deposits 3-48,3-56,3-57 
Depth of penetration 3-8 
Dipping interface 2-45,2-50 
Discontinuous layer 2-63 
Drill hole correlation 2-66 
~rop-off 2-65 
Dynamite 2-27 

Elastic constants 2-1,2-2 
Elasticity 2-13,2-46 
Elastic waves 2-2 

Electrical resistivity 3-1 
Electro-mechanical 1-1 
Electrodes 3-3,3-4 
Electrode configuration 3-1,3-5,3-15, 

3-18,3-19 
Electrode spacing 3-17 
Electronic conduction 3-1 
Electrolytic conduction 3-1 
Energy sources 2-26 
Equipment 2-15,3-12 
Explosive energy 2-27 
Extraneous currents 3-10 

Fault 2- 56 
Firecrackers 2-30 
Forward profile 2-63 

General rules 2-22,3-14 
Geomorphic 4-1 
Geophone 2-13,2-14 
Geophone layout 2-24 
Gravity 1-1 
Ground water 4-1,4-2,4-4 
Gullies 4-1 

High points 2-51 
Horizontal profiling 3-20 
Huygen' s Principle 2-5,2-6 

Interface 2-38 
Interpretations 2-47,3-39 

Lame's constants 2-1,2-2 
Lee configuration 3-18 
Lenticuiar deposits 3-48,3-56, 

3-57 
Licensing 2-29 
Limitations 2-11,3-9 
Lithologic 4-1 
Location of depth measurements,?-42 
Logs 4-1 
Longitudinal waves 2-3,2-4 
Love waves 2-3 
Low points 2-51 

Magnetic 1-1 
Masked layer 2-59 
Mechanical energy 2-26 
Modulus of elasticity 2-12 



Moisture content 4-2 
Moore cumulative method 3-27 
Multiple-channel seismograph 2-15, 

2-16,2-20 
Multiple-layer case 3-63,3-65, 

3-67,3-69 

Nuclear moisture density 1-1 
Nomograph 2-35 

Offset velocity curve 2-53 
Ohm 3-2 
Ohm-feet method 3-27 
Ohm's Law 3-1 
Operation techniques 2-22,344 

P-wave 2-14 
Parabolic velocity curves 2-55 
Parallel layers 2-50 
Penetration 3-8 
Poisson's Ratio 2-1,2-2,2-47 
Potential 3-2 
Profiles 2-66 
Profiling 3-20,3-22,3-24 
Pollution 3-10 
Preliminary investigations 4-4 

Quarries 4-1 

Ray 2-4 
Rayleigh waves 2-3 
Refraction 2-5 
Resistance 3-1 
Resistivity 3-1,3-2,3-3 
Resistivity back-ups 3-53 
Resistivity curves 3-60 
Resistivity values 3-9 
Reports 4-5 
Reverse profiles 2-24,2-63 
Ridge 2-57 
Rigidity modulus 2-1,2-2 
Rippability 2-70,2-75 
Road cuts 4-1 
Rocks 4-2 
Rock ledge 2-53 

Schlumberger curves 3-70 
Second arrivals 2-55,2-59 
Secondary waves 2-3 
Shear modulus 2-1,2-2 
Shear waves 2-3,2-4,2-46 
Single-channel seismograph 

2-15,2-16,2-17 
Sledge hammer 2-26 
Slope 3-56 
Slope of dipping interface 2-45 
Snell'S Law 2-4,2-40,2-42 
Soils 4-2 
Stream channel 2-53 
Strain 2-1 
Stress 2-1 
Structural 4-1 
Subsurface cliff 2-53 
Subsurface channel 2-53 
Subsurface drop-off 2-65 
Subsurface fault 2-56 
Summary form 4-2 
Surveys-types 3-20 

Techniques 2-22,3-14 
Thickness 2-13 
Time-distance graphs 2-35 
Thumper 2-26 
Topographic features 3-47,3-55 
Transverse waves 2-3 
True velocity 2-51 
Two layer case 3-44,3-59 
~ w o  layer formula 2-40 

Velocities 2-11,2-70,2-75 
Velocity curves 2-53,2-55,2-56 
Vertical contacts 3-48 
Vertical profiling 3-22 
Volt 3-1 

Wave front 2-4,2-6 
Wave travel 2-4 
Wenner configuration 3-5,3-15 

Young's modulus 2-1,2-47 

S-wave 2-14,2-16 
Safety 2-29 
Salinity 4-2 
Schlumberger configuration 3-19 






