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Ground moduli determined by seismic methods 

Le module du terrain déterminé par les méthodes sismiques

H.DENVER, Danish Geotechnical Institute, DGI, Denmark 
H.STEFFENSEN, Danish Geotechnical Institute, DGI, Denmark

SYNOPSIS: Seismic methods are frequently used to identify stratigraphy of the soil by the variation 
of wave velocity for the different types of waves. The paper describes a pilot test series where 
the modulus of elasticity determined by the wave velocity (E,3 vn) is compared with the modulus 
(E ,) determined by in-situ methods (pressuremeter tests, screw-plate tests, CPT and SPT). It 
ha! earlier been verified that E can be used for settlement calculations with satisfactory ac
curacy. In this preliminary invlstigation the relation between the moduli is Esj-at = 0-1 Edvn 
milar to the commonly used relation for shear moduli). If a common relation of Enis kind can-be 
established it is possible to perform settlement calculations based on an inexpensive seismic re
fraction survey performed on the soil surface.

1 INTRODUCTION

Determination of the modulus of elasticity is 
both time consuming (and expensive) and inac
curate for cohesionless soil.

Conventional in-situ methods (e.g. static 
tests in boreholes and penetration tests) have 
certainly advantages over testing in the lab 
because of the problems to collect intact 
samples of sand and gravel.

Seismic methods have the disadvantage that 
the modulus is determined at strains much 
smaller than those normally associated with 
foundations of structures, and it is known that 
the modulus depends strongly on the strain.

If, on the other hand, a general correlation 
between the modulus and the strain exists, 
seismic methods can be applied to calculate the 
various soil moduli.

Especially the methods where both the source 
and receivers are placed on the soil surface 
are interesting because this procedure is more 
inexpensive than procedures involving bored 
holes or penetration tests.

This paper describes a test series where some 
seismic methods are applied both on the surface 
and in bored holes. On the test site the 
Young's modulus was determined in an earlier 
investigation by means of pressuremeter and 
screw-plate tests. Furthermore, a settlement 
calculation procedure was derived and control
led by a comparison between estimated and ob
served settlements of structures.

This seismic test series is the first phase 
of a larger investigation. The main purpose of 
the phase was the literature survey and the 
tests are carried out as pilot tests to check 
the equipment and procedures.

2 TEST SITE

The test site is located in SBllerod in the 
northern vicinity of Copenhagen (Fig.l). 
Earlier investigations (Denver, 1982 and 
Steensen-Bach, 1988) show that the soil profile 
consists of fine (silty) sand to a depth of 15 
metres. The unit weight is Ymean=l7-5 kN/m*,

the void ratio e =0.63, the water content 
mean

w=9.3%, the grain diameter d5g=0.12 mm and the 

uniformity coefficient U (dgg/d^g)=2 . 0 . No 

water table is observed.

Fig.l: Test site in Sollerod
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Earlier standard penetration tests, cone pen
etration tests (Dutch mantle cone) and press- 
uremeter tests were performed on the site 
(Denver, 1982) on locations shown in Fig.l.

A profile of the Young's moduli (Egtat) is

calculated on basis of tests and shown in Fig.
3. Furthermore, the settlements of a water 
tower are calculated on the basis of the tests 
with reasonable accuracy (Denver, 1985). The 
Esfcat-prof iles have thus proven to be realistic

in connection with settlement calculations.

3 TEST PROGRAMME

3.1 Seismic refraction survey

In seismic refraction surveys a source of en
ergy is used to generate shock waves near the 
ground surface. Only the first arrival of the 
fastest (compressional) wave is detected and 
timed at increasing distance from the source; 
all other arrivals are ignored. From calcula
tions based on time-distance data it is poss
ible to obtain information on the thickness of 
the soil layers present, and also the seismic 
wave velocities of these layers.

From compression wave velocities Young's 
modulus, Edyn, can be calculated utilizing the

elastic theory of wave propagation.

A total of 7 surface profiles were carried 
out on the site. The locations of the profiles 
are shown in Fig.l. In profile 1 and 2 the 

geophone separation was 2 m, while in profile 
3-7 the separation was 3 m.

The distance between source and receiver was 
1 m for profile 1-3, and both 1 m and 10 m for 
profile 4-7. For all profiles reverse shooting 
has been carried out. The source consists of a 
sledge hammer striking a metal plate embedded 
in the gound. As receiver a multi-trace signal 
enhancement seismograph was used.

3.2 Seismic borehole survey

In order to perform the programme of seismic 
borehole pilot tests, 3 boreholes (No.86001- 
86003) 150 mm in diameter were made to 6 m 
depth. The locations are shown in Fig.l. No 
casing or borehole fluid was applied.

The seismic source in this test series was 
striking with a hand-held sledge hammer in ver
tical or horizontal directions on a plank 
pressed onto the ground surface by a wheel of 
the measuring van. In the boreholes the blows 
were transmitted to the bottom by a steel rod 
with a circular plate attached to the lower 
end. An accelerometer to measure the time for 
the stroke was mounted on the upper end of the 
rod.

The receiver was a probe containing 3 piezo
electric accelerometers in a waterproof house 
which was lowered into the borehole. The 
orientation was controlled by a system of alu
minium rods between the probe and the surface.

A string - controlled clamp kept the probe in 
close connection with the wall of the hole at 
the selected depth. The rod was disconnected 
from the probe during measurements in order to 
avoid waves to be transmitted between the rod 
and the probe. The arrangement is shown in 
Fig.2 .

Fig.2: Probe to measure accelerations in 3 
controlled directions

Downhole measurements were made in all three 
boreholes with the probe at 4 depths. Strokes 
were applied in both vertical and horizontal 
di rections.

A single uphole test was made in borehole No. 
86002 by means of a vertical blow in the bottom 
of the borehole (in 6 m depth).

Crosshole tests were made by vertical blows 
in the bottom of one borehole (No.86003) while 
a probe was placed in the bottom of each of the 
two other holes (No.86001-2).

The accelerations were visualized on a digi
tal storage oscilloscope and in the field re
corded on a four channel FM-Tape recorder. In 
the lab the signals were digitized in order to 
perform calculations and to plot the results.

4 TEST RESULTS

4.1 Seismic refraction survey

The test results from the seismic refraction 
survey are summarized in Table I. The profiles 
1-3 and 7 are interpreted as one profile in the 
time-distance diagram. The points as plotted 
show only a small scatter although the profiles 
are performed in different directions and with 
different geophone spacing.

From the time-distance diagram depths to 
layers and the different compression wave vel
ocities for the layers are derived and shown in 
Table I. Furthermore, the Young's modulus 
(Edyn) is calculated by means of equation (1)

and shown in the table.
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Profile Layer Depth

to top of 
layer 
(m)

VP

(Vs)

Edyn

(MPa!

1-3.71 1 0 335 134
2 4.2 558 370

4 1 0 135 22

2 0.5 360 159

5 1 0 350 146
2 3.2 43 8 228

6 1 0 200 48
2 0.7 365 159
3 3.5 505 304

1 Profile 1-3 and 7 interpreted as one 
profile

Table I: Results from seismic refraction 
survey

4.2 Seismic borehole survey

Only p-waves (Vp) have been recognized accu

rately in this test series for d o w n h o l e  
measurements - even for horizontal blows.

For the downhole measurements the mean wave 
velocities for the three intervals between the 
measuring points are calculated and the corre
sponding Young's moduli (E,jyn) are calculated

by

Test1 Bore Depth No. of
VP Edyn

Type hole (m) Tests (m/s) (m/s) (MPa)

D 86001 0 9 187+18 -
94

n l l 2.5 9 281+21 -
122

n II 4.5 9 297+23 -
206

it II 6.0 11 320+ 5 -

n 86002 0 12 177+13 -
134

n II 2.0 8 336+15 -
154

n n
4.0 8 348+18 -

174
H M 6.0 6 358+12 -
It

86003 0 4 172+27 -
93

n II 2.0 11 279+17 -
302

ii n
4.0 6 360+14 -

122
n n 6.0 12 345+11 -

u 86002 6 1 395 _ 180
n 86003 6 2 382 - 174

C 86002 4.5
3 667+47 340+13 529

86001 6.1

1 D - Downhole; U - Uphole; C - Crosshole 
1 Mean value of travel time from trig point 

to receiver (Up- and Downhole) or from 
receiver 1 to receiver 2 (Crosshole) 
(standard deviations are shown for Down- 
and Crossholetests)

* Calculated on the basis of v
P

Table II: Results from seismic borehole 
survey

_ _ n (1+u) ( l-2u) 
dyn - p (I-,.) vp

(1)

where p is the density of the soil and (i the 
Poisson's ratio. The average values for the 
three boreholdes are shown in Table II and 
Fig.3 for each interval.

Edyn from t*ie uPhole test is also calculated

by equation (1) and shown in Table II and 
Fig.3.

Both p- and s-wave velocities are measured in 
the crosshole tests, and the shearing modulus 
is calculated by

dyn
p v a (2)

where v is the shear wave velocity, 
s

The mean

value of the shearing modulus is Gdyn=206 MPa.

5 DISCUSSION

If the results for all 4 groups of the refrac
tion survey are treated together a rather large 
variation is observed for a top layer with 
thickness of 1 m where the p-wave velocities 
are v =135-350 m/s.

400 ( MPa)  I

Level c-dyn

Legend

6 SPT

E = {7/N)MPa

7 CPT (Dutch mantle cone) 

E = (8  /q77q7) M Pa 

q„= 1 MPa

O Pressuremeter test 

E=EP 

o Screw-plate test 

E =0,90 r0 dps/d 6 

r0 = 67 mm 

®Test no. N

-----Edy„,Surface seismics

-----E,jin , Downhole

+  Edyn , Uphole 

Crosshole*  E

60 ( MPa)

Fig.3: Edyn from seismic investigation (E-

moduli from in-situ tests are also 
shown)
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A large variation of the wave velocity in the 
top layer is expected because of important dif
ferences in material composition, vegetation, 
frost action, stress-history etc.

The next layer from 1-3.5 m depth has wave 
velocities v^ 2 350 m/s and for layers in

depths greater than 3.5 m the velocities vary 
between 360 and 560 m/s.

Furthermore, it is observed from the cross
hole tests, where s-waves are observed, that 
v s/ v p ~ 0.5 as expected from the theory of

elasticity for an isotropic material.

6 CONCLUSIONS

The corresponding average values of are

calculated by means of equation (1) and plotted 
in Fig.3. The values are based on a unit 
weight r = 17.5 kN/m‘ and a Poisson's ratio of 

H = 1/3.

For the shear moduli Det Norske Veritas 
(1977) has proposed general guidelines for a 
reduction for increasing strain amplitude - 
see Fig.4.

Shear strain amplitude,%

Fig.4: Reduction of shear modulus with in
creasing shear strain amplitude 
(from Det Norske Veritas, 1977)

A typical amplitude for an s-wave is y=10 ® 
and the corresponding value for a pressuremeter

test is r=10 1 . According to Fig.4 the value

^stat5 is

stat
0.1 G

dyn
(3)

If the same reduction applies to the Young's 
modulus the measured values of correspond

with the static ones, as shown in Fig.3 where 
the values of E tat from the in-situ tests are

plotted in a 10 times larger scale.

The variations with depth for up- and down- 
hole measurements correspond approximately to 
what is observed by the seismic refraction 
method.

The E^yn-value for the uphole test (shown at

the surface level in Fig.3 - although the test 
covers the upper 6 m of the profile) is ap
proximately equal to the mean value of the 
results from the seismic refraction tests.

The results from the downhole and refraction 
test show an equal variation for the upper 4 m 
but differ in the depth interval 4-6 m. The 
crosshole test (valid for approximately 6 m 
depth) resulted in a higher Edyn than found

from the other tests. The reason could be an 
anisotropy in the sand material, where the ver
tical p-wave velocity (uphole and downhole) is 
different from the horizontal velocity (cross
hole) .

From the investigations described the following
conclusions can be drawn:

(i) The calculated Edyn~ and Gdyn-moduli from

seismic tests are approximately 10 times 
larger than values calculated from in- 
situ tests, but show the same variation 
with the depth. The difference is dis
cussed in the paper and agrees with gen
eral experience.

(ii) The s-waves are probably most suitable to 
predict "static" settlement of structures 
from seismic measurements but were unfor
tunately only observed in the crosshole 
tests. The relation v_/v ~ 0.5 holds

S p
here (as expected from theory of elasti
city for an isotropic material with the 
Poisson's ratio n = 1/3). The reason is 
probably that the soil (fine sand) was 
not saturated.

(iii) If further investigation leads to a safe 
correlation between elastic behaviour of 
soil determined by seismic and in-situ 
methods, settlement calculations can be 
based on the first-mentioned methods. 
Here the method based on measurements 
performed on the soil surface are pro
mising because expensive boring technique 
or penetration testing can be avoided.

ACKNOWLEDGEMENTS

Acknowledgements are made to the Danish Na
tional Agency of Technology, from where grants 
have been received for this study. The authors 
would also like to thank the Danish Geotechni- 
cal Institute for sponsoring the preparation of 
this paper.

REFERENCES

Denver, H. (1982). Modulus of elasticity 
for sand determined by SPT and CPT. Proc. 
of the 2nd European Symp. on Penetration 
Testing, ESOPT II, Vol.l, Amsterdam.

Denver, H. (1985). Settlement calculation 
for footings on sand. Proc. of the 11th 
Int.Conf.on Soil Mechn. and Found.Engn.,
San Francisco.

Det Norske Veritas (1977). Rules for the de
sign, construction and inspection of 
offshore structures. Appendix G, Dynamic 
Analysis.

Steensen-Bach, J.O. (1988). Strength evalu- 
tion of an unsaturated natural sand. Paper 
submitted to the 12th Int.Conf.on Soil 
Mechn.and Found.Engn., Rio de Janeiro. 1989.

218


