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Investigation of Loose Sand Deposits by Blasting

Reconnaissance de dépots de sable meuble par des explosions

by O. KuMMENEJE and O. EIDE, Norwegian Geotechnical Institute, Blindern-Oslo

Summary

Several flow slides in marine deposits of loose fine sand have
occured on the West coast of Norway, particularly in Trondheim
Fjord and in some fjords further north. Some of these flow
slides, after originating in a sea bed, extended to land, while
others were initiated by a loading of the shore.

In addition to sampling and penetration tests, recent investiga-
tions of loose fine sand deposits carried out by the Norwegian
Geotechnical Institute have included blasting tests in the field,
designed to assess the probability of flow slides occuring. Blasting
tests have been carried out at four different sites. One of these
tests is described by the authors and others are briefly discussed.

Measurements have been made of the effects of blasting,
settlement and changes in soil strength ; in one case vibrations
were measured.

In all the tests, blasting caused only a limited liquefaction near
the blast point. In these cases, therefore, it was concluded that
soil conditions were not particularly favourable to the formation
of flow slides. The settlements, however, were rather large,
and it seems possible that loose sand deposits may be economically
compacted by blasting.

Introduction

An investigation of the stability of a marine deposit of
sand or silt must take into consideration the possibility of a
flow slide developing. Six extensive flow slides are known to
have taken place in a comparatively small area along and to
the north of the Trondheim Fjord on the west coast of Norway.
These slides have been described by Skaven-Haug (1955),
BierrUM (1956) and TEeErzAGHI (1956), and four of them
are located in the Trondheim Fjord. Fig. 1 indicates where
flow slides have been recorded in Norway and, in a detail
of the Trondheim Fjord, shows the locations where the
Norwegian Geotechnical Institute has carried out soil investi-
gations for projects where a consideration of flow slides has
been of decisive importance.

The material involved in these slides has been deposited
by rivers discharging into the sea. The slides have occurred
both in delta deposits and well out in the sea bed at greater
depths where the slopes are very gradual.

The condition necessary for the occurrence of a flow slide
is that the deposits have a metastable structure, If the soil
structure is stressed, for example by vibrations, earthquakes,
blasting, pile driving, excess pore-water pressures, or small
slides occurring in neighbouring slopes, then a collapse may
occur such that for a short time liquefaction takes place and
the soil particles float in the pore-water. Strength is only
regained after consolidation occurs and water is expelled.
If the sea bed slopes, such a fluid condition can lead to the
displacement of vast quantities of material.

Sommaire

Sur la cb6te de Norvége, plus particulierement dans le fjord
de Trondheim et dans quelques autres, au nord de ce dernier,
il y a eu plusieurs glissements (ruptures par liquéfaction) qui
se sont produits dans les dépOts sous-marins de sables fins et
meubles. Certains de ces glissements ont pris naissance sous la
mer, pour ensuite se propager vers le rivage ; d’autres ont été
provoqués par un chargement du sol au bord de l’eau.

L’Institut Géotechnique de Norvége, en examinant, ces
derniéres années, des dépots meubles de sables fins dans ladite
région — examens ou l’on s’est servi des méthodes classiques
de prélévement d'échantillons et de sondage (sondage par pression)
— a effectué des explosions, in situ, pour pouvoir ainsi se faire
une idée du risque de glissements par liquéfaction. Ces explosions
ont été effectuéesen quatre endroits, en tout. L’'un de ces essais
est décrit, les autres sont brievement mentionnés.

A Tl'occasion desdits essais avec explosifs, on a mesuré les
pressions interstitielles, les tassements, les variations de résistance.
Dans un seul cas on a également mesuré les vibrations.

A chaque essai, il n'y a eu que des liquéfactions limitées, se
situant dans une zone autour de I’endroit de I’explosion. On a
donc pu, dans ces cas, tirer la conclusion que le sol n’est pas tres
susceptible aux glissements par liquéfaction. Les tassements
sont cependant relativement importants, et il semble possible
de compacter, a I'aide d’explosifs, et de fagon économique, ces
dépbts meubles.

The normal investigations employed to determine whether
a sand deposit is liable to be involved in a flow slide include
field penetration tests, pore pressure measurements and sam-
pling to determine porosity and particle- size distribution.
In areas where flow slides have occurred and the results of
previous investigations are available, for example in Holland,
the tests described above can be used to assess whether or
not a flow slide is likely to take place. In Norway, however,
the results of these tests alone, without the benefit of corres-
ponding experience with flow slides, are not yet sufficient
to enable such an assessment to be made. In order, if possible
to establish a more certain basis for estimating the probable
danger of a flow slide, the Institute has recently made use of
blasting tests in such investigations.

The use of systematic blasting as a means of stabilizing
these areas has also been considered. The possibility of
consolidating large building sites by blasting, in order to
reduce the settlements of silos and other structures, is another
method that has been examined.

The Norwegian Geotechnical Institute has carried out
investigations by blasting at four sites ; the results from one
of these sites are given in detail, with a short description of
the work performed at the remaining three locations.

Blasting tests and field measurements

All blasting was performed in the sea at depths marging
from 5 to 10 m below the sea bed. Dynamite was generally
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Fig. 1 (a) Map of the area where flow slides have been registered

in Norway.

(b) Detail of Trondheim Fjord showing locations of
flow slides and the areas where site investigations
including blasting have been carried out.

(a) Carte synoptique de la Norvege, avec indication
de la région ou des glissements par liquéfaction
se sont produits.

(b) Partie du fjord du Trondheim, avec indication
des endroits ol il y a eu des glissements par liqué-
faction, et avec indication également des endroits
ou des explorations au tir ont été effectuées.

used, but some tests have been made using a fast detonating
explosive (Plastic High Explosive). The charges varied from
0-07 to 2:4 kg, and blasting has occasionally been repeated
at the same point up to seven times.

A 3 in.diameter casing was first installed by wash boring
down to the depth at which the explosion was to take place.
After the charge was placed, the casing was withdrawn 2 to
3 metres and the charge covered with sand up to the end of
the casing. Electrical detonation was used.

The most important measurement was that of pore-water
pressure, since the magnitude of the excess pore-water pressure
in relation to the effective overburden pressure gives an expres-
sion for the reduction in soil strength due to vibration. Before
blasting, a number of piezometers were installed at various
depths at differing distances from the blast point. Measur-
ements were taken at successive time intervals to determine
the rate of dissipation of excessive pore-water pressure. For
such measurements the Norwegian Geotechnical Institute
employ a piezometer of the type shown in Fig. 2. The filter
is 30 centimetres long with a diameter of 3.2 centimetres and
is made of porous bronze. Two plastic tubes are taken up to
a vacuum manometer. The double connection is used to
force water through the system for the purpose of expelling
any entrapped air. The equipment is pressed or driven down
into the ground.

The compaction which takes place due to blasting results in
settlement. Fixed points were therefore installed on the sea
bed, and observations of these were taken before and after
blasting.

Changes in soil porosity were also registered by cone pene-
tration soundings and loading tests on a screw plate. This
equipment is shown in Fig. 3. The penetration sounding appa-

492

—1/8 " plastic
tubing

i Valves

- Rubber seal

Vocuum manometer

5

Oc¢

= Filter stem

Filter length 3

—— Sintered bronze filter @ 32 mm

Fig. 2 Piezometer for pore pressure measurements.
Piézométre pour mesure des pressions interstitielles.

A\
~
c s
214 )
R o
f L
Steel
Steel tube f E{
\ t b
Steel core rods — o v
\ i ¥
\ \
Working clearance \ .f
N 3
\ O
a SRR 7
\
N
\ &
.
194" Steel tube ———‘.A—-lr
|
| |
| | Cane
|
|
| |
¥ [4
n_ | 17
| %
= o] ! A
— e E
e r—— 7 - )
! S—=—=— N . i
| A = | \\ ""/
X X /
! .
J——  Diometer 252 cm 3
Area 500cm? Arec e

Fig. 3 (a) Screw-plate for loading tests at different depths.
(b) Cone penetrometer point (Dutch type).
(a) Disque hélicoidal pour les essais de charge a des
profondeurs différentes.
(b) Cone de pénétrometre (type hollandais).
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Fig. 4 (a) Sketch map of Verdalsora.
(b) Section A-A.

(a) Plan de Verdalsera.

(b) Coupe A.

ratus is of the Dutch type, and the point resistance is measured
through and internal rod. The screw plate has previously
been used by the Institute for settlement investigations for
structures to be founded on sand. It consists of a slotted plate
of 25-2 centimetres diameter and is formed as a screw so that
it can be screwed down into the soil. The extension pipes
have a diameter of 1-25 in. Loading is generally applied up
to 2 metric tons, i.e. 4 kg per sq. cm, provided, of course,
that failure does not occur at a lower value. Sampling was
carried out before and after blasting in an attempt to measure
the changes in porosity.

Verdalsora—In 1959 the Institute carried out fairly com-
prehensive investigations for a proposed harbour and factory
at Verdalsora in the inner Trondheim Fjord. The site is situa-
ted at the mouth of the river Verdalselven, as shown on the
site plan in Fig. 4. A rapid clay slide at Verdalen in 1893,
involved about 55 million cu. m of soil, and took place 10 kilo-
metres upstream of the site.

At the river mouth is a large delta deposit, consisting mainly
of sand and silt. The site lies on the left side of the river,
facing the sea, about 2 kilometres from the river mouth.
A typical cross-section of the site is shown in Fig. 4. On the
shore, the ground level first rises to +2 metres,* and then
more gradually to about +4 to 5 metres. A shallow beach
extends 800 metres out to the lower shore edge which lies
at — 2 metres. The slope of the sca bed further out from the
lower shore edge is about 1: 3 down to — 15 metres, and then

* All levels are referred to mean sea level.

decreases gradually further out to sea. The depth of water
out in the fjord is approximately 400 metres. The variation
in level of the tide is 2 to 3 metres.

On this beach it was proposed to dredge out a harbour
basin, and to construct an embankment of dredged material
for an industrial site up to level +3-5 metres. Seismic measur-
ements indicated that the depth to rock varied from 120 to
160 metres.

The field investigations consisted of cone penetration soun-
dings with a cone diameter of 36 mm, and the taking of
undisturbed samples, generally to a depth of 25 m. One
sampling hole was sunk to a depth of 50 m. Soil conditions
were fairly uniform over the area and consisted mainly of
fine sand and coarse silt with occasional layers of coarser
sand. Fig. 5 gives the soil conditions to a depth of 21 metres
at borehole 3. The material has a porosity between 45 and 50
per cent and the point resistance measured by cone penetra-
tion sounding varied from 10 to 30 kg per sq. cm. Below
12 metres depth the soil strength increased slightly with depth.
Particle size distribution curves for the fine sand at boreholes
1 and 3 are shown in Fig. 6.

The sand contained some organic fibrous material, 0:15
to 0-30 per cent of the dry sample weight, and iron sulphide
was also present in several samples. The sand consisted mainly
of sharp-edged quartz grains, about 80 to 90 per cent, and the
remainder of dark minerals, hornblende, slate and pyroxene,
with a few rounded feldspar grains.

Three samples of fine sand with a natural porosity of 46
to 48 per cent gave the following values for maximum and
minimum porosity (KoLBUSZEwWsSKI 1948) :
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Fig. 5 Borehole 3. Samplings and cone soundings before
and after blasting carried out at a distance of 5 metres
from the blast point. Seven charges totalling 69 kg
dynamite exploded successively.

Trou de sondage 3. Le prélévement d’échantillons et
la mesure des pressions — avant et aprés le tir —
a été effectué a une distance de 5 meétres de ’endroit
du tir. Sept tirs avec, en tout, 6-9 kg de dynamite.

The tests were carried out with 0-5 kg of dry sand in a
1000 ml cylinder, and minimum porosities were obtained
by shaking the dry sand in the cylinder to a minimum volume.

Consolidated undrained triaxial tests with measurement
of pore-water pressure gave an angle of shearing resistance
with respect to effective stress of 36-5° for the silty fine sand.

A timber pile 13 metres long with a toe diameter of 6:5 in.
and a head diameter of 13 in. driven root up, gave a failure
load of about 50 tons, six weeks after driving. A corres-
ponding spliced timber pile, 20 metres long, failed at 95 tons.

A load of 7-6 t per sq. m was applied over an area 18 x 18
metres and settled 6 centimetres.

Blasting tests were carried out at three places, viz. near
boreholes 1 and 2, situated near the lower shore edge, and
near borehole 3, 400 metres further up the beach, as shown
on the section in Fig. 4.

The blasting test near borehole 3 was situated 5 metres
away from the borehole, and at a depth of 7 metres. The
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Fig. 6 Grain size distribution curves of fine sand in boreholes 1
and 3.
Courbes granulométriques du sable fin des forages
nos 1 et 3.,

position of the seven piezometers in relation to the blast
point is shown in Fig. 7 a. The first charge was 0-3 kg which
was then increased to 0-6 kg, followed by five charges of
1-2 kg, a total of 69 kg of dynamite. All blasting was carried
out at the same point.

The excess pore-water pressures resulting from the first
explosion of 1-2 kg are shown in Fig. 7b and 7c. At a distance
of 5 metres from the blast, the maximum excess pore-water
pressure was approximately 50 per cent of the effective
overburden pressure. The excess pore-water pressures decrea-
sed rapidly with horizontal distance from the blast, such
that at a distance of 15 to 20 metres, the maximum was only
5 per cent of the effective overburden pressure. The reduction
with depth was also great, as shown in Fig. 7b.

Between each explosion, time was allowed for the excess
pore-water pressures to dissipate fully. The maximum excess
pore-water pressures following each successive blasting of
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Fig. 7 Increase of pore pressure resulting from the explosion

of 1,2 kg dynamite in borehole 3.

(a) Cross-section showing the location of the blast
point and the piezometer installations.

(b, ¢) Increase of pore pressure expressed as a percen-
tage of the effective overburden pressure (b) with
depth and (¢) with distance.

Pression interstitielle en excés, résultant du tir avec

1-2 kg de dynamite, prés du trou No. 3.

(a) Coupe, montrant ’endroit de tir et les installations
de piézométrie.

(b, ¢) Pression interstitielle en excés, exprimée en
pourcentage de la pression efficace de surcharge,
en fonction (b) de la profondeur, (¢) de la distance
de ’endroit du tir.
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1-2 kg were approximately the same, decreasing only slightly
for each blast.

The settlements of the ground surface were measured after
each explosion, and as shown in Fig. 8, the settlements follow-
ing each of the five charges of 1-2 kg were approximately
equal. The total charge of 69 kg resulted in a maximum
settlement of 40 centimetres. A very slight, hardly measureable,
heave occurred at a distance of 25 metres. The total volume
of the bowl of settlement was 39 cu. m, i.e. 5:6 cu. m per kg
of dynamite. For borehole 1, the corresponding figure was
3-8 cu. m per kg dynamite.

A new sampling carried out at borehole 3, i.e. 5 metres
from the blast point, showed a reduction in porosity of 3 to
5 per cent, as shown in the profile in Fig. 5.

Two cone penetration soundings at a distance of 5 metres
on either side gave an average increase in strength as shown
in Fig. 5. The increase appeared to be a maximum in the
sand layers.

To investigate more closely the increase in soil strength
around the blast point, loading tests with the screw plate
were carried out. The tests were undertaken at distances of
1, 2:5 and 5 metres from the blast point, and at every metre
depth down to 8 metres. The ratio between the settlements
of the screw plate for a loading of 3 kg per sq. cm before and
after blasting, are shown in the cross-section in Fig. 9. A
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Fig. 9 Results of loading tests with the screw-plate carried
out before and after blasting with 6:9 kg dynamite
at 7 metres depth at borehole 3. The figures give
the ratio between the settlements of the screw-plate
before and after blasting for a test load of 3 kg per

sq. cm.

Résultat d’essais de charge, & 'aide du disque hélicoidal,
avant et apres le tir. Les chiffres donnent le rapport
entre les enfoncements du disque lorsque celui-ci
fut soumis & une charge de 3 kg/cm?, avant et aprés
le tir, tir qui fut effectué avec 69 kg de dynamite
a une profondeur de 7 m, prés du trou No. 3.

ratio less than 1:0 indicates that the soil had become looser,
and greater than 1-0, denser. The figure indicates a looser
zone with a diameter of about 6 metres a round the blast point.
Outside this zone, the soil was denser than it was before
blasting.

Near borehole 1, blasting was carried out at a depth of 5:5
metres, with increasing charges up to 2-4 kg. The excess pore-
water pressures as a function of the size of charge are given
in Fig. 10a. For the charge of 2-4 kg the maximum excess
pore-water pressure at a distance of 5-5 metres was 70 to 80
per cent of the effective overburden pressure.

The rate of dissipation of excess pore-water pressure is
shown in Fig. 10b. The maximum value was reached immedia-
tely after the blast, 0 to 5 seconds, and the subsequent decrease
was fairly rapid. At borehole 1, the excess pore-water pressure
was completely dissipated after 25 to 30 minutes, but at
borehole 2 where the soil was somewhat finer, a longer period
was required.

From an appraisal of the results obtained, the Institute
concluded that the silty fine sand was not prone to flow
slides, as the explosions had resulted only in a limited, local
break-down in the soil structure around the blast point.
With regard to the possibility of compaction of these deposits
by blasting, it was necessary to carry out several explosions
over a wider area before a reliable evaluation could be made.

Trondheim Harbour—The city of Trondheim is situated on
delta deposits from the river Nidelven.

Two large flow slides occurred in the western area of Tron-
dheim Harbour, one in 1888 and one in 1950. The slide in
1888 extended far out into the fjord where the slope of the
sea bed was approximately 10°. A railway embankment
7 metres high near the shore slid out, involving a length of
170 metres and a breadth of 10 to 15 metres.

In 1957, the Norwegian Geotechnical Institute was reques-
ted to investigate the stability of a U-boat bunker constructed
by the Germans during the last world war in the eastern area
of the harbour. During the excavation for this bunker, stabili-
sation and ground-water lowering by electro-osmosis was
used.

The soil to a depth of 15 to 20 metres consisted mainly
of fine sand and coarse silt with a porosity of 40 to 45 per cent,
and a point resistance of 10 to 20 kg per sq. cm. This was the
first site where the Institute used blasting tests to evaluate
the probability of the occurence of flow slides.

The explosions were carried out at a depth of 10 metres,
where the soil consisted mainly of fine sand. The charges
were increased successively from 0-07 to 1-4 kg, and the obser-
ved excess pore-water pressures were of the same order as
those observed at Verdalsera. The maximum excess pore-
water pressure measured at a distance of 5'5 metres from
the blast point was about 50 per cent of the effective over-
burden pressure. No excess pore-water pressures were mea-
sured at a distance of 33 metres from the blasts. A fast deton-
ating explosive, Plastic High Explosive, gave the same
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excess pore-water pressures as dynamite for the same weight
of charge.

Vibration measurements were taken on nearby small isola-
ted footings founded above the ground water level, and also
at the bunker.

The observed frequency was 15 cycles per second at a dis-
tance of 10 to 15 metres for a charge of 70 g, and decreased
with increasing distance and charge to 5 cycles per second.
The frequencies in the horizontal and the vertical directions
were approximately the same. The amplitude increased
approximately in proportion to the size of charge, and decrea-
sed proportionally with increasing distance from the blast
point. The amplitude was greatest in the vertical direction,
and at a horizontal distance of 11 metres from the blast point
amounted to about 2000 microns for a charge of 300 gm.

Vernes—Varnes Airport is situated near the mouth of
the river Stjordalselven on a large sand deposit.

In extending the existing airport, the plan is to lengthen
the existing runway by constructing a 500 m long embank-
ment in the sea, to within 150 to 200 m of the lower shore
edge. Borings revealed that down to a depth of 16 to 17 m
under the sea-bed, the soil consisted of loose fine sand, coarser
and not so well graded as the fine sand from Verdalsera
(see Fig. 6). The porosity varied from 45 to 50 per cent.

Blasting tests were carried out at depths of 5 to 10 metres
under the lea bed with charges varying from 0-6 to 1-8 kg
near the lower shore edge outside the area to be covered by
the proposed embankment. The work was carried out from a
piled platform using an observation bridge for the piezome-
ters. The observed rises in pore-water pressure were very
similar to those at Verdalsora. The maximum excess pore-
water pressure measured at a distance of 5-5 metres from the
blast point, using a charge of 1-8 kg was 63 per cent of the
effective overburden pressure.

At distances of 17-5 metres and 25-5 metres from the blast
point, reductions in pore-water pressures were measured as a
result of blasting. In one case the reduction was as much as
50 per cent of the effective overburden pressure.

The maximum settlement after S explosions with a total of
6 kg dynamite was 33 centimetres at the centre of the
bowl of depression. The volume of settlement was 3:2 cu. m
per kg dynamite, and a second blasting series carried out
nearer land, gave 2:8 cu. m per kg. This latter series was
carried out with charges of 1-2 kg at depths of 10 - 7-5-5 -
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2:5 metres, and indicated that the greatest settlements were
obtained with blasting at depths of 5 to 7:5 metres.

Mosjoen—In 1955 investigations were started for an alu-
minium factory at Mosjoen, sited on Dolstadora, a delta
deposit at the mouth of the river Vefsna. The soil to a great
depth consisted of loose sand with a small organic content.

The flow slide problem was considered, particularly as in
1940 a large submarine flow slide had occurred only a few
kilometres away. No blasting tests, however, were carried
out at that stage.

A large portion of the site was reclaimed using hydraulic
fill obtained from the river bed. In connection with the em-
bankment, a number of settlement observations was taken
which formed a basis for the evaluation of the settlement of
silos and other structures. The settlements were rather large,
up to 50 centimetres for silos weighing 10 000 tons.

The works are being extended in 1960 and new silos erected.
An investigation was carried out into the possibility of com-
pacting the soil by blasting, but as the bowl of depression
surrounding the test blast point extended considerably further
than at Verdalsora and at Varnes, a full-scale blasting
programme was decided against as neighbouring buildings
would be thereby endangered.

Laboratory tests on loose fine sand

In an attempt to explain the very low friction angles which
appear to be valid for flow slides, the Norwegian Geotechnical
Institute has carried out a large number of triaxial tests on
loose fina sand. These tests, which were carried out as consoli-
dated undrained tests with measurements of pore-water
pressure, indicate that failure occurs at a very small axial
deformation, 0-3 to 0-5 per cent. The angle of shearing resis-
tance with respect to effective stress has been found to be as
low as 10°, with a pore-pressure parameter 4 between 2 and 3.
On account of rising pore-water pressure after failure, the
samples collapse and have almost no strength.

Undrained tests on loose sand with repeated applications
and removals of a small deviator stress indicate that the pore-
water pressure increases for each load cycle, and the sample
fails under a lower load than that obtained by continuous
loading. These tests are described in a paper to this Conference
by Bjerrum, Kringstad and Kummeneje.



Conclusion

Flow slides in fine sand may be initiated by vibrations in the
ground, for example earthquakes, or additional stresses arising
from small failures and possibly tidal variations. At failure,
spontaneous liquefaction takes place in the materials and,
depending on the elevation of the bottom, the resultant
effects can be divided into two different types. On a sloping
bottom there may be a wast displacement of materials, whereas
with a horizontal sea bed the liquefection leads mainly to
settlements, An estimate of the possibility of flow slides
occuring is normally based empiricaily on particle size distri-
bution, porosity and cone penetration resistance of the
material. In addition to this, blasting tests may be used
to indicate the extent to which sand temporarily looses its
strength as a result of vibrations.

The blasting tests carried out in connection with the ground
investigations of the delta deposits at Verdalsera, Varnes,
Trondheim Harbour and at Mosjeen, resulted only in limited
liquefaction around the blast point, and it was concluded
that the soils were not prone to flow slides. Blasting never-
theless caused relatively large settlement.
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