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ABSTRACT
The seismic refraction survey is a very important geophysical technique used in the investigation of
subsurface characteristics. This is why this study was carried out to emphasize the ability of the seismic
refraction method in determining the thickness of stratified layers of soil and rock. The results obtained are
generalized expressions that relate travel time, offset distance, velocity and thickness of subsurface layers.
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arrival signal at the geophones (arriving before the direct
arrival). Both compressional waves (P-waves) which
provide depth information of interfaces and Shear waves
(S-waves) which provide additional data about
engineering properties of the subsurface media can be
used in the seismic refraction method (Ayolabi et al.,
2009; Igboekwe and Ohaegbuchu, 2011; Gabr et al., 2012).
In seismic refraction method, the signal from the shot
returns to the surface by refraction at subsurface
interfaces and is recorded at distances much greater than
the depth of investigation (Igboekwe and Ohaegbuchu,
2011). The method relies on the tendency of acoustic
velocities to increase with depth, which sometimes
makes it insensitive to low velocity layers in the
subsurface. Based on the analysis of the field data, the
seismic surveyor draws a profile showing the thickness
of the subsurface and a good idea of what materials they
consist of (Ayolabi et al., 2009; Okiongbo et al., 2011;
Igboekwe and Ohaegbuchu, 2011; Varughese et al.,
2011; Gabr et al., 2012). Seismic refraction survey uses
the process of critical refraction to infer interface depths
and layer velocities. The data are usually presented as
cross sectional plots representing P-wave path, velocities
and depths to various interfaces.
The reason for this study is to present the field and
data analysis procedure of the seismic refraction

1. INTRODUCTION
The seismic refraction method is one geophysical
technique which is frequently used to determine the
characteristics of soils and rocks (Ugwu, 2008;
Ayolabi et al., 2009). Seismic refraction finds
application in the determination of rock competence for
engineering application, depth to bedrock, groundwater
exploration, crustal structure and tectonics (Kilner et al.,
2005; Asokhai et al., 2008; Varughese et al., 2011;
Chiemeke and Aboh, 2012). The seismic refraction method
is based on the measurement of the travel time of seismic
waves refracted at the interfaces between subsurface layers
of different velocity (Ayolabi et al., 2009).
The seismic signal is introduced into the subsurface
via a shot point using explosives, hammer blow, dropped
weight or an elastic wave generator (Igboekwe and
Ohaegbuchu, 2011). The energy generated either travels
directly through the upper layer (direct arrivals), or travel
down through the various layers before returning to the
surface (refracted arrivals). The energy is then detected
on surface at a series of receivers called geophones
spaced at regular intervals (Anomohanran, 2012). After a
certain distance from the shot point, known as the cross
over distance, the refracted signal is observed as a first
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method and present its ability to determine the
thickness of subsurface layers of the earth. This study
will obtain the mathematical expression relating time
of arrival of the waves, distance between source and
geophones, velocity and depth of various layers.

According to Snell’s law, sin θc =

The refraction survey gives rise to first arrival signals
whose time are picked up from a seismogram and plotted
as travel time curves (Igboekwe and Ohaegbuchu, 2011).
The interpretation of the seismic signal is therefore set to
determine the interface depths and layer velocities. This
will be carried out in stages.

Here we consider a two layer horizontal stratified
substratum as shown in Fig. 1 where x is the offset
distance from the energy source to the geophone. Z1 is the
thickness of the first layer, V1 is the signal velocity in the
first layer and V2 is the signal velocity in the second layer.
The path of the energy signal is defined as SABG (Fig. 1)
Using Fig. 1, we consider the wave SA which hits the
layer boundary at the critical angle θc. The total travel
time for the refraction signal to travel from the source ‘S’
to the geophone ‘G’ is expressed as Equation 1:
(1)

Which can also be expressed as Equation 2:
SA AB BG
+
+
v1
v2
v1

From Fig. 1, we deduce that SA = BG =

(2)

z1
and
cos θc

TSG =

x 2Z1 cos θc
+
v2
v1

(7)

t1 v1 v 2
2 v 22 − v12

(8)

The case of a three layered horizontal subsurface is as
shown in Fig. 3. The interpretation of the three layered
subsurface is based on the understanding that:

z1
x − 2Z1 tan θc
z1
+
+
v1 cos θc
v2
v1 cos θc

(3)

TSG =

z1
x 2Z1 tan θc
+
−
v1 cos θc v 2
v2

(4)

•
•

The time signals are the direct arrivals in the first
layer of thickness Z1
Critical refraction with angle θ2 takes place at top of
the third layer

We shall again consider the wave which leaves the
shot point S and travelled through the path SA, AB, BC,
CD and DG. The total travel time from the source ‘S’ to
the geophone ‘G’ is expressed as Equatin 9:

This can be re-arranged to give:
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1.3. Three Layered Subsurface

TSG =

x
2Z1
2Z sin θc
+
− 1
v 2 v1 cos θc v 2 cos θc

x
2Z1
+
[1 − sin 2 θc ]
v 2 v1 cos θc

Z=

AB = x=2Z1 tan θc
Hence we write that Equation 3 and 4:

TSG =

TSG =

Equation 7 represents the time taken by the wave to
travel to the bedrock and back to the geophone. The time
distance curve produces two segments with different
slopes as shown in Fig. 2.
The travel time curves as shown in Fig. 2 is used to
determine the velocities of the two layers. From Fig. 2, the
slope of the first part gives 1/v1 and the slope of the
second part gives 1/v2. The inverse of slopes gives us the
velocities of the subsurface (Igboekwe and Ohaegbuchu,
2011). The critical distance (xc) is the point on the surface
at which the direct wave and the head wave arrived
simultaneously. Before the critical distance, the direct
waves arrive first while beyond the critical distance, the
head wave arrives first. According to Fig. 2, t1 is the
intercept of the second segment of the straight line graph.
With all the necessary information obtained from the
plot, the depth of the first layer is obtained to be Equation 8:

1.2. Two Layered Subsurface

TSG =

while the

relations Sin2θ + Cos2θ = 1.
We can express Equation 5 as Equation 6:

1.1. Mathematical Consideration

TSG = TSA + TAB + TBG

V1
V2

(5)

TSG = TSA + TAB + TBC + TCD + TDG
858

(9)
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Following from the fact that cos θ1 =
cos θ2 =

z1
and:
SA

z2
AB

We can deduce that:
TSA = TDG =

z1
v1 cos θ1

TAB = TCD =

z2
v 2 cos θ2

And:
Fig. 1. A two layer horizontal stratified substratum

Since BC = X – 2Z1tan θ1 - 2Z2tan θ2:
TBC =

X − 2z1 tan θ1 − 2z 2 tan θ2
v3

Hence Equation 10 becomes Equation 11 and 12:
TSG =

Fig. 2. Travel-Time graph for two layer surface

2z1
2z 2
X 2z sin θ1 2z 2 sin θ2
+
+ − 1
−
v1 cos θ1 v 2 cos θ2 v3 v 3 cos θ1
v 3 cos θ2

 1 sin θ1 
2z 2
 −
+
v
v
cos
θ2
3 
 1

 1 sin θ2 
 −

v3 
 v2

=

X
2z1
+
v 3 cos θ1

=


x
2Z1  v1
2Z2  v 2 
+
1 − sin θ1  +
1 − θ2 
v3 v1 cos θ1  v3
v
v3 
2 cos θ 2 


Since sin θ1 =

(11)

(12)

(13)

v1
v
2
2
,sin θ2 = 2 and Sin θ + Cos θ = 1
v2
v3

Equation 13 becomes:
TSG =

Which again is expressed as Equation 10:
SA AB BC CD DG
+
+
+
+
v1
v2
v3
v2
v1
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The plot of the travel time against the offset
distance gives a straight line graph with three
segments as shown in Fig. 4.
The time intercepts t1 and t2 as shown in Fig. 4 can be
obtained and used to determine the thickness of the
different layers of soil or rock.
Using Equation 14, the time t1 and t2 are expressed as:

Fig. 3. A three layered horizontal stratified substratum

TSG =

x 2z1 cos θ1 2z 2 cos θ2
+
+
v3
v1
v2

t1 =

(10)
859

2z1 cos θ1
v1
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•
•

The time signals are the direct arrivals in the first
layer of thickness Z1
Critical refraction with angle θ3 also takes place at
top of the fourth layer

We shall again consider the wave which leaves the
shot point S and travelled through the path SA, AB,
BC, CD, DE, EF and FG. The total travel time from
the source ‘S’ to the geophone ‘G’ is expressed as
Equation 19:
TSG = TSA + TAB + TBC + TCD + TDE + TEF + TFG

(19)

Which again is expressed as Equation 20:
TSG =

Fig. 4. Travel-time graph for three layered subsurface

SA AB BC CD DE EF FG
+
+
+
+
+
+
V1
V2
V3
V4
V3 V2 V1

(20)

And:
Following the same steps as in the case of the three
layers subsurface, we have Equation 21 to 23:

2z cos θ2
t2 = 2
v2

TSG =

Which transforms to give Equation 15 and 16
respectively:
t1 =

2z1 (v 22 − v12 )1/ 2
v1 v 2

2z1 sin θ1 2z 2 sin θ2 2z 3 sin θ3
−
−
v 4 cos θ1
v 4 cos θ2
v 4 cos θ3

(15)

=

And:
2z (v 2 − v 22 )1/ 2
t2 = 2 3
v 2 v3

Using Equation 15 and 16, the thickness of the
different layers are determined as Equation 17 and 18:
(17)

t 2 v 2v3
2(v32 − v 22 )1/ 2

(18)

Z2 =

x
2z1
+
v 4 cos θ1

 1 sin θ1 
2z 2  1 sin θ2 
 −
+
 −
+
v
v
cos
θ2  v 2
v4 
 1
4 

2z 3  1 sin θ3 
 −

cos θ3  v3
v4 

(16)

t1 v1 v 2
Z1 =
2(v 22 − v12 )1/ 2

2z1
2z 2
2z3
x
+
+
+
−
v1 cos θ1 v 2 cos θ2 v 3 cos θ3 v 4


X
2z1  V1
2z 2
+
sin θ1  +
1 −
V4 V1 cos θ1  V4
 V2 cos θ2
 v2


2Z3  v3
1 − sin θ2  +
1 − sin θ3 
v
v
cos
θ
v

4

3
3 
4


(21)

(22)

=

(23)

Which reduces to Equation 24:
X 2Z1 cos θ1 2Z2 cos θ2 2Z3 cos θ3
+
+
+
V4
V1
V2
V3

1.4. Four Layered Subsurface

TSG =

The case of a four layered horizontal surface is as
shown in Fig. 5.
The interpretation of the four layered subsurface is
based on the understanding that:

The plot of the travel time against the offset distance
gives a straight line graph with four segments as shown
in Fig. 6.
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Fig. 5. A four layered horizontal stratified substratum
Z1 =

t1 V1 V2
2(v 22 − v12 )1/ 2

(28)

Z2 =

t 2 V2 V3
2(v32 − v 22 )1/ 2

(29)

Z3 =

t 3V3 V4
2(v 24 − v32 )1/ 2

(30)

1.5. Multi-Layered Subsurface
The multi-layered subsurface is considered as a many
plane horizontal layer as shown in Fig. 7.
The ray shown is refracted critically at the top of the
nth layer with speed Vn. Therefore, in determining the
total travel time for a multi-layered subsurface, we
consider the expressions in Equations 7, 14 and 21 and
generalize the interface travel time Equation 31 as:

Fig. 6. Travel-Time graph for three layered subsurface

The time intercepts t1, t2 and t3 are read from the plot
and their values used to determine the thickness of the
subsurface layers. The mathematical expressions are
written as Equation 25 to 27:
t1 =

2z1 (V22 − V12 )1/ 2
V1 V2

(25)

t2 =

2z 2 (V32 − V22 )1/ 2
V2 V3

(26)

2z3 (V42 − V32 )1/ 2
V3 V4

(27)

t3 =

TSG =

(31)

Where:
n = The number of layers,
θi = The angle of incidence at the ith interface
Zi = The depth at the base of a layer of velocity Vi
The generalized depth equation of the subsurface
layers is also obtained after considering Equation 8,
17, 18, 28, 29 and 30 as Equation 32:
Zi =

Hence the thickness of the subsurface becomes
Equation 28 to 30:
Science Publications

X n −1 2Zi cos θi
+∑
Vn i =1
Vi
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t i Vi Vi +1
2(Vi2+! − Vi2 )1/ 2

(32)
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Fig. 7. A multi-layered horizontal stratified substratum
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2. CONCLUSION
This study has highlighted the mathematical relations
involved in determining the thickness of the various
subsurface in a seismic refraction survey. A generalized
equation for the determination of both the total travel time
and thickness of the subsurface layers were obtained in this
study. The results obtained are useful expressions of the
physical parameters in the refraction interpretation.
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