QH”) Designation: D 5777 — 00

Standard Guide for
Using the Seismic Refraction Method for Subsurface
Investigation *

This standard is issued under the fixed designation D 5777; the number immediately following the designation indicates the year of
original adoption or, in the case of revision, the year of last revision. A number in parentheses indicates the year of last reapproval. A
superscript epsilon (€) indicates an editorial change since the last revision or reapproval.

1. Scope proven; however, other approaches or modifications to the

1.1 Purpose and Application—This guide summarizes theseisn"!ic refraction method that are technically sound may be
equipment, field procedures, and interpretation methods for thedbstituted. o ) o
assessment of subsurface conditions using the seismic refrac-1-2-5 Technical limitations and interferences of the seismic
tion method. Seismic refraction measurements as described fgfraction method are discussed in D 420, D 653, D 2845,
this guide are applicable in mapping subsurface conditions foP 4428, D 5088, D 5730, D 5753, D 6235, and D 6429..
various uses including geologic, geotechnical, hydrologic, 1-3 Precautions: o o
environmenta(1), mineral exploration, petroleum exploration, ~1.3.1 It is the responsibility of the user of this guide to
and archaeological investigations. The seismic refractiofollow any precautions within the equipment manufacturer's
method is used to map geologic conditions including depth té€commendations, establish appropriate health and safety prac-
bedrock, or to water table, stratigraphy, lithology, structure!ic€s, a}nd consider the safety and regulatory implications when
and fractures or all of these. The calculated seismic wav&Xplosives are used. _ _ _
velocity is related to mechanical material properties. Therefore, 1-3-2 If the method is applied at sites with hazardous
characterization of the material (type of rock, degree ofmaterials, operations, or equipment, it is the responsibility of
weathering, and rippability) is made on the basis of seismidhe user of this guide to establish appropriate safety and health
velocity and other geologic information. practices and determine the applicability of any regulations

1.2 Limitations: prior to use.

1.2.1 This guide provides an overview of the seismic 1.4 This standard does not purport to address all of the
refraction method using compressionB) (vaves. It does not Safety concerns, if any, associated with its use. It is the
address the details of the seismic refraction theory, field®Sponsibility of the user of this standard to establish appro-
procedures, or interpretation of the data. Numerous referencé§iate safety and health practices and determine the applica-
are included for that purpose and are considered an essentRility of regulatory limitations prior to use. _ _
part of this guide. It is recommended that the user of the 1.5 This guide offers an organized collection of information
seismic refraction method be familiar with the relevant mateOr & series of options and does not recommend a specific
rial in this guide and the references cited in the text and wittFfourse of action. This document cannot replace education or
appropriate ASTM standards cited in 2.1. experience and should be used in conjunction with professional

1.2.2 This guide is limited to the commonly used approacHudgment. Not all aspects of this guide may be applicable in all
to seismic refraction measurements made on land. The seisnfifcumstances. This guide is not intended to represent or
refraction method can be adapted for a number of special use§pPlace the standard of care by which the adequacy of a given
on land, within a borehole and on water. However, a discussioRrofessional service must be judged, nor should this document
of these other adaptations of seismic refraction measuremerf§ applied without consideration of a project's many unique
is not included in this guide. aspects. The word “Standard” in the title of this guide means

1.2.3 There are certain cases in which shear waves need @y that the document has been approved through the ASTM
be measured to satisfy project requirements. The measuremeift1S€NSUS Process.
of seismic shear waves is a subset of seismic refraction. This o ¢ renced Documents
guide is not intended to include this topic and focuses only on
P wave measurements. 2.1 ASTM Standards: o o

1.2.4 The approaches suggested in this guide for the seismic D 420 Guide to Site Characterization for Engineering, De-

refraction method are commonly used, widely accepted, and _Sign and Construction P.urpo§es. _
D 653 Terminology Relating to Soil, Rock, and Contained

Fluids?

L This guide is under the jurisdiction of ASTM Committee D-18 on Soil and o
19 GUIdE 1 UNGST he Juristicton o ommites o o7 S0 &% D 2845 Test Method for Laboratory Determination of Pulse

Rock and is the direct responsibility of Subcommittee D18.01 on Surface and
Subsurface Characterization.
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Velocities and Ultrasonic Elastic Constants of Rbck 5. Significance and Use
Diﬁgg_SlD 4428M Test Methods for Crosshole Seismic Test- 5.1 Concepts:

D 5088 Practice for Decontamination of Field Equipment  2-1-1 This guide summarizes the equipment, field proce-
Used at Nonradioactive Waste Sies dures, and interpretation methods used for the determination of

D 5608 Practice for Decontamination of Field Equipmentthe depth, thickness and the sgismic yelocity of .sub'surface ;oil
Used at Low Level Radioactive Waste Sites and rock or engineered materials, using the seismic refraction

D 5730 Guide to Site Characterization for EnvironmentalMethod. o
Purposes with Emphasis on Soil, Rock, the Vadose Zone 5.1.2 Measurement of subsurface conditions by the seismic

and Ground Watér refraction method requires a seismic energy source, trigger
D 5753 Guide for Planning and Conducting Borehole Geo<able (or radio link), geophones, geophone cable, and a
physical Logging seismograph (see Fig. 1).

D 6235 Guide for Expedited Site Characterization of Va- 5.1.3 The geophone(s) and the seismic source must be
dose Zone and Ground Water Contamination at Hazardoyslaced in firm contact with the soil or rock. The geophones are
Waste Contaminated Sites usually located in a line, sometimes referred to as a geophone

D 6429 Guide for Selecting Surface Geophysical MetRodsspread. The seismic source may be a sledge hammer, a

i mechanical device that strikes the ground, or some other type
3. Terminology of impulse source. Explosives are used for deeper refractors or
3.1 Definitions: special conditions that require greater energy. Geophones
3.1.1 The majority of the technical terms used in this guideconvert the ground vibrations into an electrical signal. This
are defined in Ref§2) and(3).* Also see Terminology D 653. electrical signal is recorded and processed by the seismograph.
. The travel time of the seismic wave (from the source to the
4. Summary of Guide geophone) is determined from the seismic wave form. Fig. 2
4.1 Summary of the MethedMeasurements of the travel shows a seismograph record using a single geophone. Fig. 3
time of a compressional (P) wave from a seismic source to ghows a seismograph record using twelve geophones.
geophone(s) are made from the land surface and are used t05.1.4 The seismic energy source generates elastic waves that
interpret subsurface conditions and materials. This travel timeravel through the soil or rock from the source. When the
along with distance between the source and geophone(s), égismic wave reaches the interface between two materials of
interpreted to yield the depth to refractors refractors (refractingjifferent seismic velocities, the waves are refracted according
layers). The calculated seismic velocities of the layers are use@ Snell’'s Law(4, 8). When the angle of incidence equals the
to characterize some of the properties of natural or man-madgitical angle at the interface, the refracted wave moves along
man subsurface materials. the interface between two materials, transmitting energy back

4.2 Complementary Data-Geologic and water table data to the surface (Fig. 1). This interface is referred to as a

obtained from borehole logs, geologic maps, data from outrefractor.

crops or other complementary surface and borehole geophysi-g 1 5 A number of elastic waves are produced by a seismic

cal mgthods may pe necessary to properly interpret subsurfa%%ergy source. Because the compressidhalave has the

conditions from seismic refraction data. highest seismic velocity, it is the first wave to arrive at each
geophone (see Fig. 2 and Fig. 3).

5.1.6 TheP-wave velocityV, is dependent upon the bulk

 Annual Book of ASTM Standards, Vol 04.09. . modulus, the shear modulus and the density in the following
4 The boldface numbers given in parentheses refer to a list of references at the
end of the text. manner(4):

Seismograph

Geophone cable

Seismic energy source

Geophones (hammer, explosives)

Trigger Cable
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FIG. 1 Field Layout of a Twelve-Channel Seismograph Showing the Path of Direct and Refracted Seismic Waves in a Two-Layer Soil/
Rock System ( «, = Critical Angle)



fil D 5777

¥, = seismic velocity in layer 1

¥, = seismic velocity i
Travel time of seismic wave i inkeyer2
from sound source to geophone
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Note 1—Arrow marks arrival of first compressional wave.
FIG. 2 A Typical Seismic Waveform from a Single Geophone

Intercept time

TIME

b) DISTANCE

FIG. 4 (a) Seismic Raypaths and ( b) Time-Distance Plot for a
Two-Layer Earth With Parallel Boundaries (9)

distance between them, the depth to the refractor and the
seismic velocities of the materials through which the wave

passes.
FIG. 3 Twelve-Channel Analog Seismograph Record Showing . .
Good First Breaks Produced by an Explosive Sound Source (9) 5.1.10 The depthtoa refr&}Ctor IS CalCUIa,ted using th? Source
to geophone geometry (spacing and elevation), determining the
Vo = VK + 4/31/p] (1)  apparent seismic velocities (which are the reciprocals of the
) slopes of the plotted lines in the time distance plot), and the
where: ; ; intercept time or crossover distances on the time distance plot
V, = compressional wave velocity, ) . :
K~ = bulk modulus, (see Fig. 4). Intercept time and crossover distance-depth
u = shear modulus, and forr_nula_ts have bee_n derived i_n the literatu{@8). The_se
p = density. derivations are straightforward inasmuch as the travel time of

5.1.7 The arrival of energy from the seismic source at eac€ seismic wave is measured, the velocity in each layer is
geophone is recorded by the seismograph (Fig. 3). The travériculated from the time-distance plot, and the raypath geom-
time (the time it takes for the seismfewave to travel from the ~ etry is known. These interpretation formulas are based on the
seismic energy source to the geophone(s)) is determined froffllowing assumptions: (1) the boundaries between layers are
each waveform. The unit of time is usually milliseconds (1 msPlanes that are either horizontal or dipping at a constant angle,
= 0.001 s). (2) there is no land-surface relief3)(each layer is homoge-

5.1.8 The travel times are plotted against the distanc@€ous and isotropic,4f the seismic velocity of the layers
between the source and the geophone to make a time distani@§reases with depth, ané)(intermediate layers must be of
plot. Fig. 4 shows the source and geophone layout and theufficient velocity contrast, thickness and lateral extent to be
resulting idealized time distance plot for a horizontal two-detected. Refereng®) provides an excellent summary of these
layered earth. equations for two and three layer cases. The formulas for a

5.1.9 The travel time of the seismic wave between thdwo-layered case (see Fig. 4) are given below.
seismic energy source and a geophone(s) is a function of the5.1.10.1 Intercept-time formula:



{; VoV

2/ (Vp)? = (V))?

where: .
z = depth to refractor two, 4 and d, are depths at shot poins
t; = intercept time, a). DISTANCE

V, = seismic velocity in layer two, and
V,; = seismic velocity in layer one.
5.1.10.2 Crossover distance formula:

x M-V b e

2= \% 7V, S . “ =
=
where: - . AN
z, \, andV, are as defined above ard= crossover distance. - .

5.1.11 Three to four layers are usually the most that can be
resolved by seismic refraction measurements. Fig. 5 shows the
source and geophone layout and the resulting time distance plot )
for an idealized three_layer Case,‘ . FIG. 6 (a) Seismic Raypaths and ( b) Time-Distance Plot for a

5.1.12 The refraction method is used to define the depth to Two-Layer Model With A Dipping Boundary (9)
or profile of the top of one or more refractors, or both, for

example, depth to water table or bedrock. . : .
5.1.13 The source of energy is usually located at or nea'Fy and the d'P of layer¢9) unless other data are available tha?
each end of the geophone spread; a refraction measurementfjgicate a horizontal Iaye_red earth._These two apparent velocity

! easurements and the intercept time or crossover distance are

made in each direction. These are referred to as forward andl qt lculate the t locitv. denth and dio of th
reverse measurements, sometimes incorrectly called reciproc“é\sf;e 0 caiculate the true velocity, depth and dip ot the
fractor. Note that only two depths of the planar refractor are

measurements, from which separate time distance plots af&'™ d using thi h Fio. 7). Debth to the ref
made. Fig. 6 shows the source and geophone layout and ypdtained using this approac (see Fig. 7). Depth to the refractor

resulting time distance plot for a dipping refractor. The velocity

Keu

obtained for the refractor from either of these two measure- 1501 ‘
ments alone is the apparent velocity of the refractor. Both(7A) 135
measurements are necessary to resolve the true seismic veloc- 1204
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is obtained under each geophone by using a more sophisticatesd normally used with a single geophone. The geophone is
data collection and interpretation approach. usually placed at a fixed location and the ground is struck with
5.1.14 Most refraction surveys for geologic, engineeringthe hammer at increasing distances from the geophone. First
hydrologic and environmental applications are carried out tseismic wave arrival times (Fig. 2 and Fig. 3) are identified on
determine depths of refractors that are less than 100 m (abotite instrument display of the seismic waveform. For some
300 ft). However, with sufficient energy, refraction measure-simple geologic conditions and small projects a single-channel
ments can be made to depths of 300 m (1000 ft) and rf&re unit is satisfactory. Single channel systems are also used to
5.2 Parameter Measured and Representative Values measure the seismic velocity of rock samples or engineered
5.2.1 The seismic refraction method provides the velocity oinaterials.
compressionaP-waves in subsurface materials. Although the 5.3.1.2 Multi-Channel SeismographMulti-channel seis-
P-wave velocity is a good indicator of the type of soil or rock, mographs use 6, 12, 24, 48 or more geophones. With a
it is not a unique indicator. Table 1 shows that each type omulti-channel seismograph, the seismic wave forms are re-
sediment or rock has a wide range of seismic velocities, andorded simultaneously for all geophones (see Fig. 3).
many of these ranges overlap. While the seismic refraction 5.3.1.3 The simultaneous display of waveforms enables the
technique measures the seismic velocity of seismic waves igperator to observe trends in the data and helps in making
earth materials, it is the interpreter who, based on knowledge qtliable picks of first arrival times. This is useful in areas that
the local conditions and other data, must interpret the seismigre Seismica”y noisy and in areas with Comp|ex geo]ogic
refraction data and arrive at a geologically feasible solution. conditions. Computer programs are available that he|p the

5.2.2 P-wave velocities are generally greater for: interpreter pick the first arrival time.

5.2.2.1 Denser rocks than lighter rocks; 5.3.1.4 Signal EnhancementSignal enhancement using

5.2.2.2 Older rocks than younger rocks; filtering and stacking that improve the signal to noise ratio is

5.2.2.3 Igneous rocks than sedimentary rocks; available in most seismographs. It is an aid when working in

5.2.2.4 Solid rocks than rocks with cracks or fractures; noisy areas or with small energy sources. Signal stacking is

5.2.2.5 Unweathered rocks than weathered rocks; accomplished by adding the refracted seismic signals for a

5.2.2.6 Consolidated sediments than unconsolidated sediyymper of impacts. This process increases the signal to noise
ments; ) ) ratio by summing the amplitude of the coherent seismic signals

5.2.2.7_ Water-sat_urated unconsolidated sediments than dyhile reducing the amplitude of the random noise by averag-
unconsolidated sediments; and ing.

5.2.2.8 Wet soils than dry soils. 5.3.2 Geophone and Cahle

5.3 Equipment—Geophysical equipment used for surface

o : ; : 5.3.2.1 A geophone transforms tfewave energy into a
seismic refraction measurement includes a seismograph, ge\?’ltage that is recorded by the seismograph. For refraction
phones, geophone cable, an energy source and a trigger caQVP )

or radio link. A wide variety of seismic geophysical equipment Srk, the frequency of the geophones varies from 8 to 14 Hz,
) X ' Y geophy quipment geophones are connected to a geophone cable that is
is available and the choice of equipment for a seismic

X ) ._connected to the seismograph (see Fig. 1). The geophone cable
rgfractlon survey should be made in order to meet the Obje%as electrical connection points (take outs) for each geophone,
tives of the survey.

5.3.1 Seismographs—A wide variety of seismographs ar usually located at uniform intervals along the cable. Geophone

available from different manufacturers. They range from reIae_}glrageﬁrrznrt]i2&$esdpsag?(:efgt))maagﬁmg éo :: Oﬂgreﬂs grf] rtr;eet?g((j of
tively simple, single-channel units to very sophisticated mul- P P gup

tichannel units. Most enaineering seismoaranhs sample record tail needed to describe the surface of the refractor and the
) Y 9 grap Pie, pth of the refractor(s). The geophone intervals may be

and display the seismic wave digitally. ; . S o
: : : adjusted at the shot end of a cable to provide additional seismic
5.3.1.1 Single Channel SeismograptA single channel n\éelocity information in the shallow subsurface.

seismograph is the simplest seismic refraction instrument a .
grap P 5.3.2.2 If connections between geophones and cables are
not waterproof, care must be taken to assure they will not be

TABLE 1 Range of Velocities For Compressional Waves in Soil shorted out by wet grass, rain, etc. Special waterproof geo-
‘ and Rock (4) . phones (marsh geophones), geophone cables and connectors
Materials Velocity are required for areas covered with shallow water.
Natural Soil and Rock ft/s m/s 533 Energy Sources:
\(’BVea“]ereC(’j SUffacg material 1288 :0 5888 igg :0 gig 5.3.3.1 The selection of seismic refraction energy sources is
ravel or dry san (0] (0] - . . .
sand (saturated) 1000 to 6000 122001830  dependent upon the depth of investigation and geologic con-
Clay (saturated) 3000 to 9000 915 to 2750 ditions. Four types of energy sources are commonly used in
‘é\’ater"t . 2‘;88 :0 gggg 1328 :0 1222 seismic refraction surveys: sledge hammers, mechanical
ea water (0] (0] - . . . .
Sandstone 600010 13000 1830103060  Weight drop or impact devices, projectile (gun) sources, and
Shale 9000 to 14 000 2750 to 4270 exploswes.
P 03000 Jh0 o 5.3.3.2 For shallow depths of investigation, 5 to 10 m (15 to
Granite 15 000 to 19 000 4575 to 5800 30 ft), adto?7 kg (10 to 15 |b$|edge hammer may be used.
Metamorphic rock 10 000 to 23 000 3050 to 7000 Three to five hammer blows using signal enhancement capa-
ADepending on temperature and salt content. bilities of the seismograph will usually be sufficient. A strike



TABLA 1rango de velocidades Para las ondas de compresion en el suelo y la roca (4)

materiales

El suelo y roca naturales

material de la superficie resistida
Grava o arena seca

Sand (saturado)

Clay (saturado)

agua Yne

El agua de mar Y"®

Arenisca

Esquisto

Tiza

Caliza

Granito

Roca metamérfica

A Dependiendo de temperatura y contenido de sal.

800 a 2.000
1500 a 3000
4000 a 6000
Del 3000 al 9000
4700 a 5500
4800-5000
6000-13 000
9000-14 000
6000-13 000
7.000 20 000
Entre 15 000 y de 19 000
10 000 a 23 000

240-610
460-915
1220-1830
915-2.750
1430-1665
1460-1525
1830 a 3960
2750 a 4270
1830 a 3960
2134 a 6100
4575-5800
3050-7000



