
ROYAL SWEDISH 

GEOTECHNICAL INSTITUTE 

PROCEEDINGS 

No. 5 

Tl-IE LANDSLIDE AT SURTE 

ON THE GOTA RIVER 
SEPTEMBER 29, 1950 

By 

BERNT JAKOB SON 

With a Geological Chapter by 

ERIK MOHREN 

STOCKHOLM 1952 





ROYAL S\VEDISH 

GEOTECHNICAL INSTITUTE 

PROCEEDINGS 

No. 5 

TI-IE LANDSLIDE AT SURTE 

ON TI-IE GOTA RIVER 

SEPTEMBER 29, 1950 

By 

BERNT JAKOBSON 

With a Geological Chapter by 

ERIK i\101-1,REN 

STOCKHOLi\I 1952 



Ivar J-JreggstriJms 

BOKTRYCKElU AB. STOCKHOLM l!J52 



Contents 

Preface . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 

§ 1. Brief Description of Site and Events . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 

§ 1 a. Conditions before the Slide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 

§ 1 b. The Slide Events . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10 

§ 1 c. Remedial Measures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17 

§ 2. Geology of the Region and of the Site . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20 

§ 2 a. Prequaternary Development of the Province . . . . . . . . . . . . . . . . 20 

§ 2 b. Quaternary Development of the Province . . . . . . . . . . . . . . . . . . 21 

§ 2 b 1. The lee Age . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21 

§ 2 b 2. The Marine Limit . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21 

§ 2 b 3. Regression and Transgression of the Sea . . . . . . . . . . . . 22 

§ 2 b 4. Climatic Conditions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22 

§ 2 c. The Quaternary Stratification at Surte . . . . . . . . . . . . . . . . . . . . . . 23 

§ 2 c 1. Boreholes just outside the Slide Area . . . . . . . . . . . . . . . . 23 

§ 2 c 1 a. Examination of Core E 14 . . . . . . . . . . . . . . . . 23 

§ 2 c 1 b. Examination of Core E 226 24 

§ 2 c 1 c. Examination of Core E 376 24 

§ 2 e 1 cl. Investigation of Micro-Fossils . . . . . . . . . . . . . 24 

§ 2 c 2. Boreholes within the Slide Area . . . . . . . . . . . . . . . . . . . . 27 

§ 3. Field Investigations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31 

§ 4. Laboratory Investigations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43 

§ 4 a. Ordinary Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43 

§ 4, b. True Cohesion and Angle of Internal Friction . . . . . . . . . . . . . . 47 

§ 4 c. Effect of Remoulding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53 

§ 4 cl. Effect of Stratification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59 

§ 4 e. Grain Size Distribution and Clay Minerals . . . . . . . . . . . . . . . . . . 63 



§ 5. Course of the Slide 67 

§ 5 a. Measured Movements of the Ground Surface ............. . 67 

§ 5 b. Where Did the Slide Begin? ............................. . 71 

§ 5 c. Where Is the Slip Surface? ............................... . 72 

§ 5 d. Hypotheses Regarding the Course of the Slide ............. . 78 

§ 5 e. How Was the Slide Propagated as far as the River? ......... . 82 

§ 5 f. Movements alter the Principal Slide ....................... . 82 

§ 5 g. The Starting Time of the Slide, Its Speed and Its Duration .. 84 

§ 5 h. Development of the Convex Slip Surfaces in the Upper Part 

of the Slide Area . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85 

§ 5 i. Limitation of the Slide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86 

§ 5 k. Previous Slides of the Same Type . . . . . . . . . . . . . . . . . . . . . . . . . . 87 

§ 6. The Causes of the Slide . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89 

§ 6 a. The Stability of the Gronnd . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89 

§ 6 b. Increase in Shearing Stress . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90 

§ 6 e. Decrease in Shear Strength . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90 

§ 6 d. Influence of the Water Level in the River . . . . . . . . . . . . . . . . . . 91 

§ 6 e. Influence of the Sensitivity of the Clay . . . . . . . . . . . . . . . . . . . . . . 91 

§ 6 f. Variations of the Ground Water Pressure . . . . . . . . . . . . . . . . . . . . 91 

§ 7. Conclusions to Be Drawn from the Slide . . . . . . . . . . . . . . . . . . . . . . . . . . 93 

§ 8. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94 

Appendix A 98 

Appendix B 106 

Appendix C 115 

Appendix D 118 

4 



Preface 

The large landslide at Surte was investigated from a geotechnical point of 

view by the Research Department of the undersigned Institute under lVIr B. 

Jakobson. The field investigations involved and the stability computation in 

Appendix C were carried out mainly by lVIr L. Cadling, whereas lVIr N. Flodin 

interviewed the eye-witnesses and made part of the field investigations. Mr J. 

Goldschmidt performed the laboratory investigation of the true cohesion and 

the true friction of the clay, and lVIr L. Silfverberg was charged with the 

determination of the grain size distribution, the weight loss analysis, and the 

differential thermal analysis. 

The geology of the region and the site was studied by lVIr E. Mohren, of 

the Geological Survey of Sweden. The X-ray analysis of some samples was made 

by lVIr E. Forslind, of the Swedish Cement and Concrete Institute. 

The results of all these investigations are presented in this report. The report 

was prepared by lVIr Jakobson, except § 2, which is dne to lVIr lVIohren. 

The geotechnical investigations of the slide area and the adjacent regions 

needed for practical purposes were carried out by the Consulting Department 

of the undersigned Institute and by the Geotechnical Department of the State 

Railways. 

Stockholm, May, 1952 

RoYAL SwEDISH GEoTECHNICAL INSTITUTE 
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§ 1. Brief Description of Site 

and Events. 

On the 29th of September, 1950, a huge landslide occurred at Surte, on the 
G6ta River, in the southwest of Sweden. 

§ 1 a. Conditions before the Slide. 

The G6ta River carries the water of Lake Viinern from the town of Vil.ners
borg 66 km in a southerly direction to the town of Kungiilv. Here the river 
branches, the Gothenburg branch taking 25 % of the water 23 km in a southerly 
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Fig. 1. General 1nap showing the slide area. The •map also shows some 
other slide areas, namely SK07'1'0RP (1)1 and Sv..,InTA 

(see § 5 le in this report). 

1 The numbers in parentheses refer to the bibliography at the end of this report. 
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Fig. 2. J.11.ap showing the slide area with its surroundings. 

direction, and the Nordre River carrying 75 % of the water 16 km in a south
westerly direction into Kattegat (see Figs. 1 and 2). Surte is situated on the 
east bank of the Gothenburg branch, 3 km south of Kung,\lv. 

Geologically, the Gota River Valley has, broadly speaking, a bottom of 
Quaternary clay and sides of Archaen rock. On many places, ho,vever, rock 
ridges protrude as far as the river, dividing the bottom cf the valley into a 
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Fig. 3. Aerial photograph taken in 1947 for mapping. (Photo Geographical Survey Office). 



series of clay regions on each bank. }\Jany of these ciay regions show scars left 
by large landslides, some of which occurred in historic time.1 

The Gota River is the most important inland waterway of Sweden. The 
Nordre River being navigable only by small vessels, the sea traffic uses almost 
exclusively the Gothenburg branch, whose downstream part forms the harbour 
of Gothenburg. Two other very important channels of communication, namely 
the Bergslag Railways and the highway Gothenburg-Viinersborg, follow the river 
on its east bank and pass through Surte. 

Surtc, an industrial village with 2 600 inhabitants, is known for the Surte 
Glass ,vorks, the largest in Scandinavia. The village extends along the highway, 
that is in a. north-south direction. It has in its centre a railway station and a 
bus stop, both called Surte C, and about 1 km to the south a railway stop and 
a bus stop, both called Surte S. 

The south part of the village was built on a clay region bounded by rock 
ridges in the north, east, and south, and by the river in the ,vest. Fig. 3 is 
a vertical aerial photo of this region taken in 1947; since then three oth0.-r 
houses had been built, as shown in Fig. 65 (houses Nos. 10, 11, and 31). The 
ground surface in the region was inclined, as shown by contour lines in Fig. 4·. 
The inclination ,,;ras greatest, namely 1: 6, in the northeast part of the region, 
decreased gradually to 1: 30 at the highway, and was only 1: 70 on an average 
on the 200 m long stretch from the highway to the river. The level of the 
highway was only ,1, m above the level of the river. The river was 5.:i m deep 
and 150 111 wide. 

§ l h. The Slide Events. 

The landslide, which occurred at 8 o'clock in the morning, extended over 
nearly the whole clay region in the south part of the village, as seen in Fig. 5.2

, 
3 

It had a width (parallel to the river) of ahout 400 m, a length of about 600 m, 
and a volume of roughly 4 million m3 • 

Not less than 31 dwelling houses and about 10 outhouses were swept away 
towards the river through distances varying bcbvccn 50 and 150 m. As a rule, 

j_ A slide on the 7th of October, IG48, at lntagan, 52 km north of Surte but on the west bank, 
caused 85 deaths and moved a piece of land across the riYcr, "·hich at that time formed the fron
tier bet\"veen Norway and Sweden. Tradition says that the Norwegians claimed remuneration fot 
the land thus lost but were met with an inYitalion Lo come and fetch it back. It can still be rccog·· 
nized on the cast bank. 

There is another scar due to an old, very large slide only 2. km up the river from Surte. The 
cuplike formation has a length of about 1 000 m and a ·width of about 300 m. We have found no 
historical documents about the time of this slide but it certainly oeeurr.ed seYCral centuries before 
that at Intagan. The name of the place ("Jordfallet", in English "Earth fall") indicates that the 
memory of the event has been retained in the oral tradition. 

2 On all maps and vertical aerial photos in this .report the north is upwards. Some readers, how
ever, may see the depth of the slide cavity on the photos easier, if they turn the north downwards. 

:.: The photograph was taken 7 days after the slide. By that time a. dredger had arriYCd, but only 
little dredging had been done. The work on the new highway through the slide area is proceeding. 
Otherwise the disposition or the ground is almost the same as immediately after the slide. The 
earth flow at the upper limit of the slide area has just begun. 
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Fig. 4. Plan of the slide area with contour lines indicating the ground surface before 
the slide. Only the houses farthest to east are shown. 

'25 

E 500m 



Fig. 5. Aerial photograph ta/am 011, the 6th of October1 i. c. 7 days after the slide. (Photo Geographical S-urvey Office). 



,._ 
co Pi[!. 6. Aerial JJhotograph of the slide area tali:en towards east the same day as the slide occurred. The bu.'1 in the 

middle of the picture hw; stopped a few metres fr01n the bus stop Snrtc S. (Photo lJ(1wi-Joto, Gothenburg) 



Fig. 7. The house turned over (house No. 13). (Photo B Jakobson) 

the basements or foundations were demolished, so that the houses were n1ore 
or less tilted. One house (house No. 13,1 see Figs. 6 and 7) even turned over 
and fell with its front on the ground. Another house (house No. 5, see Fig. 8) 
was split vertically into two halves. As a rule, however, the superstructure of 
the houses, which was wooden, proved to have a surprising ability to hold 
together. i\1ost of the window-panes were unbroken, and in many houses the 
furnishings remained in place, even the flower-pots in the windows and the 
books on the hook-shelves. 

In one house, whose ground floor door was jammed, an elderly woman tried 
to escape through the cellar door but was caught and crushed, when the base
ment was demolished. This was the only fatal accident. Several persons were 
severely nerve-shocked. As a result of the slide 300 persons became homeless. 

The highway was moved up to 90 m towru:ds the river, broken and sharply 
tilted laterally. A bus going southward within the slide area at the time of tht> 
slide stopped a few metres north of Surte S (Fig. 6). 

The railway was moved up to probably 60 m towards the river and buried 
in the clay masses. The breaking of the electric overhead contact wire caused 
a sharp flash visible over the whole area. Of the Surte S station house only 
the roof was visible (see Fig. 6) after the slide; the station-master escaped 
through a hole cut in the roof. 

1 The numbering of the houses is shown in Fig. 65. 
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Fig. 8. The cleft house (house No. 5). Photograph towards east. (Photo Dayens 
Nyheter, Stockholm) 

The bottom of the river was raised by the slide from 5.5 m below to about 
4 m above the previous water level. The water was lifted into the air and then 
ran off laterally, the whole phenomenon being perceived by the witnesses as 
a huge cascade. Thanks to the Nordre River, the upstream water was not 
dammed up appreciably. The canal traffic, however, was paralyzed except for 
small vessels, which used the Nordre River. A great number of ships were shut 
up in Lake Viinern, and heavy economic losses were incurred by the ship
owners, the harbours and the industries in this region. 

Considering the circumstances, the slide occurred at a fortunate time of the 
day. The factory workmen, as well as the schoolchildren, had left the area, 
and the smaller children were still inside the houses. A full railway train had 
just left Sm-te S and got outside the area. 

lVIany people were eye-,vitnesses of the slide; those within the slide area, 
however, had difficulties in making observations, and underestimated, withont 
exception, the amount of the horizontal movements of the ground. A few peopie 
did not even notice the slide until they came out of the houses. A number of 
persons have been questioned about their observations, some of which were 
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Fig. 9. Photograph towards east taken from the overturned home on the day of the slide. 
(Photo Sallstedt's photo o//iee, Stoclchol,n) 

of value for the analysis of the mechanism of the slide. The 25 most important 
of these aceouuts are reproduced in Appendix A. (See also Fig. 65, which gives 
the numbering of the houses and the positions of the eye-witnesses outside the 
slide area.) 

The witnesses are practically unanimous in stating that the slide started 
some distance up the slope cast of the highway, and thence propagated down
wards to the river in 3 or 4 minutes. At the same time it spread upwards to 
the comparatively even boundary-line seen in Fig. 9. Later a heavy earth flow 
set in there, a number of ravines ,vere gradually developed and smaller slides 
also occurred. Therefore the boundary-line assumed the uneven form seen 
on the photo Fig. 10, which was taken one month after the slide. Afterwards 
additional earth flow took place. 

According to the account of one witness (No. XXIV), it seems that a slow 
movement was already going on in the ground the day before the slide. Several 
witnesses said that the vibrations produced in the ground by the railway trains 
and by a pile-driver working in the area (marked X in Fig. 65) had increased 
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during the last days before the slide. Be those things as they may, the slide 
had certainly been on the point of starting for some time, and the vibrations 
were probably the impulse that set it going. 

In Fig. 9 light-coloured patches arc seen in the upper part of the slide area. 
These patches, which are upwardly convex, seemed at first sight to consist of 
moist rock surfaces, which had, apparently, limited the depth of the slide. It 
soon became evident, ho,vever, that they were slip surfaces in clay. 

In Fig. 5 the rows of dots in the south part of the slide area are rows of grain 
shocks. West of the highway and east of the slide area there are hay-drying 
hurdles. The approximate location of these shocks and hurdles before the slide 
is shown in Fig. 11. Thus, they help to show the movements of this part of the 
slide area. 

§ 1 c. Remedial Measures. 

Immediately after the slide provisory lodgings for the people, who had Jost 
their homes, were arranged in the uninjured central and north parts of the 
village. Planning and building of new residential areas were immediately started. 
The first houses in these new areas were ready for occupancy three 1nonths after 
the slide. 

The highway traffic was temporarily by-passed along a minor road around 
the east edge of the slide. In order to relieve the situation, a pontoon bridge 
over the river was built by military personnel at the north end of the village. 
Within the slide area the reconstruction of the highway in its original position 
also started at once. The house which had been overturned, and another one 
north of it, were both in the path of the highway and had to be removed; this 
was done by means of burning, in order to save time. The highway traffic Wds 
resumed 10 days after the slide. 

The railway traffic was temporarily lead partly via Uddevalla, west of the 
river, and partly via Herrljunga, east of the river. ,vithin the slide area the 
railway was reconstructed in its original position in plan. However, as the 
ground surface in this place after the slide was up to 3 m higher than before 
it, the track was placed up to 2 m higher than originally, in order to save 
time. The railway traffic was resumed 19 days after the slide, reduced speed 
being prescribed in the immediate future. 

The large goods transports between Lake Vlincrn and I(attegat were tempo
rarily taken over by the raihvays in this part of the country, though with 
considerable difficulties and at additional cost. In order to Testore the canal 
at Surte as soon as possible, hvo dredgers were put into action, one on the 
upstream side of the slide and the other on the downstream side. As the 
ground surface on the cast bank after the slide was 5 m higher than before it, 
there was a considerable risk of local slides, which might da1nage or jam the 
dredgers. In order to reduce this risk, the canal was moved some distance 
westwards, and its east bank was lowered by means of a scraper. Son1e local 
slides occun-ed, but nothing happened to the dredgers. On the 18th of October 
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Fig.10. Photograph towards south talccn on the 28th of October 1950 and showing 
the uneven upper limit of the slide area. (Photo B Jakobson) 

a narrow and shallow passage had been excavated for small ships and unloaded 
larger ships. This passage was then widened and deepened step by step. After 
about two months the whole canal was restored. 

Remedial measures were taken to stop the heavy earth flow at the north
eastern boundary of the slide area. In one big ravine, where much ground 
water emerged, the steep clay slopes were stabilized by means of heavy sanrl
fills, and the whole bottom was covered with a sand layer; where the water 
reached the sand surface, the sand was covered with a layer of gravel and 
stones. In another big ravine the inclination of the slopes was reduced by 
excavation, and the water was conducted down the slopes by means of some 
drains, each consisting of a string of gravel surrounded by sand. 

It was deemed fair that all those who had suffered losses from the slide 
should be indemnified by the State. Therefore the State bought all properties 
within the slide area at a price corresponding to their value before the slide. 
In this way also those difficulties were avoided which would othenvise have 
arisen from the fact that, after the slide, each house-owner had his house and 
garden upon an estate belonging to somebody else. 

Most of the houses in the slide area have now been removed. The remaining 
ones will be moved to suitable places according to the future town plan. The 
ground has been levelled, except in the slide cavity proper, and new houses 
will be built as soon as the settlements cease. 
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Pl. 1 (at the end of the report) shows an aerial map made after the slid,,. 
This map is based on aerial photographs taken on October 12th, i.e. 13 days 
after the slide ( the delay was caused by the weather which was unsuitable for 
aerial photography). By that time the highway was practically ready for use 
again. The two houses mentioned above (houses Nos. 9 and 13 in Fig. 65) 
have been removed. Most of the grading for the railway (roadbed) is finished, 
and also some dredging at the river. In the upper part of the slide area the 
earth flow is going on. Therefore the contour lines on Pl. 1 in the parts of 
the slide area referred to do not show exactly the level of the terrain immedi
ately after the slide. 

Concerning the costs caused by the slide, there has been mentioned a smn 
of 10 million Sw. Cr. Of this, about 5 million are due to the interruption of 
the canal traffic, while the rest comprises the costs of injuries and remedial 
measures. 

According to the newspapers, a cat named lVIalin jumped out of a ,vindow 
during the slide and disappeared into one of the cracks in the ground. Jlowever, 
she was found six months later in the cellar of her old home, where she had 
a good time, living on mice. She now lives in her mistress's new home. 

§ 2. Geology of the Region and of the Site. 1 

§ 2 a. Prequaternary Development of the Province. 

The province consists, broadly speaking, of a peneplain at a level of 100 
to 120 m above the present sea level. This peneplain forms the floor below 
the Cambra-Silurian table-like mountains of Vasterg6tland, e.g. Halleberg 
and Hunneberg close to Vancrsborg, and is therefore of Pre-Cambrian age. 

The bedrock of the peneplain consists of gneisses, which were developed, 
folded and partly dislocated during the middle Archean age, i.e. during the 
evolution of the Gothian cycle. The strike of the gneisses in the neighbourhood 
of Surte is generally N-S or NNE-SSW, the dip 50-60° towards W. Some 
gneisses are reddish-grey, acid and rich in potash feldspar; others are dark, 
basic and rich in plagioclases. 

The overthrusts in the province seem to have developed in late Gothian or 
early Karelian time. The joints and fissures that now divide the peneplain 
into a mosaic are, however, of later origin. Those running N-S or NE-S,V 
may partly have developed during the Caledonian folding, though slides along 
them apparently occurred as late as in Tertiary age (P. II. Lundegardh 1951'). 

1 A more complete and detailed topographical and geological description will be published in the 
series Ca, No. 27, of the Geological Survey or Sweden. 

2 Bibliography will be given in the above-mentioned publication. 
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The fissures running ,vN,V-ESE have been interpreted as IIercynian; part 
of them are now filled with dolerite, probably of Permian age (S. Hjelmqvist 
1939). 

The valleys, such as the Gota River Valley, were formed by erosion along 
fissure zones, in which dislocations had once occurred. Owing to an elevation 
of Fennoscandia during Tertiary age, the erosion lowered the bottom of the 
valley to a level of 50 to 100 m below the present sea level. 

§ 2 h. Quaternary Development of the Province. 

§ 2 b I. The Ice Age. 

,vhile the great land-ice covered the province, the ice masses passed acro3s 
the ground carrying away all underlying loose material. Owing to this fact, 
tertiary sediments have never been found, nor real interglacial deposits. As 
the thickness of the ice at its maximum probably was 2 000-3 000 m, the 
glacial erosion must have been considerable even on the hard naked rock. 
This is confirmed by the so-called "roches moutonnCes" and the ice scourings 
in the province. During the latest phases of the Ice Age the ice moved from 
the direction N 50-70° E. 

The retiring ice left behind a very thin, but solid bottom moraine, i.e. till. 
In many places this till cap was later removed by wave erosion. On the bottom 
of the valleys the till was covered by younger deposits. To-day the till covers 
the bedrock surface only within a small fraction of the area, and its thickness 
there scldon1 exceeds a few metres. 

During the regression of the ice, gravel and sand carried by the melt water 
were deposited just in front of the ice border. These glacifluvial deposits form 
more or less even plateaus; the long ridges, called eskers, which are typical 
of Sweden in general, are rare here. 

Silt and clay were carried farther away, and were scdimentated where the 
water was more quiet. As the ice frontier retired, the region of clay sedi
mentation follmved at some distance. Thus we generally find the coarsest sedi
ments lowermost and the finest uppermost. 

§ 2 b 2, The Marine Limit. 

On account of the heavy weight of the ice cap, the land surface was deeply 
depressed. When the ice frontier receded, the sea followed it and covered 
wide areas as far as the shore line of that time, "the marin'.e limit". Since 
then the land has risen, as has been described in the following section, so that 
the marine limit is now to be found at a considerable height above the present 
sea level. This height is different in different places. The marine limit is, how
ever, not a synchronous shore line, but has developed successively as the ice 
border retired towards the NE. 
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Above the marine limit the till is non-eroded. Below this limit it is more or 
less eroded, often marked by a zone of stones and blocks, and generally trans
formed into out-wash sediments except where it is covered by glacifluvial 
deposits or marine sediments. Glacifluvial deposits are found above a.s well as 
below the marine limit; marine sediinents, of course, only below it. 

The position of the marine limit in the Surte region is shown in Fig. 12. 
Its height above the present sea level is 112 m just north of Sm-te and 95 m 
at Gothenburg. 

§ 2 b 3. Regression and Transgression of the Sea. 

At the end of the Ice Age the land surface was so deeply depressed in Centr,1 
Sweden that the Kattegat and the Baltic here were connected by a wide sound. 
This sound served during some time as the outlet of the Baltic, the south part 
of Sweden having then land connection to Denmark and Germany. Owing 1-o 
the elasticity of the earth's crust, the ground was lifted and the shore line 
descended. The sound narrowed down developing the Svea River, the Lake 
Viinern, and the Gota River but still constituted the outlet of the Baltic. This 
was the situation about 7 000 years B.C. Somewhat later the Svea River ran 
dry, and a new outlet was formed S of the Scandinavian peninsula between 
the Danish islands. 

But fron1 this 1110ment, mving to the discharge of great amounts of 1nelt 
water from land-ice, the sea level rose considerably. Earlier this rise had been 
slower than that of the earth's crust. As a result, the shore line transgressP.d 
the land surface up to a line called the post-glacial limit (PG), which is now 
marked in the terrain by well developed raised beaches and terraces. The rise 
was 7 m at Gothenburg, 6 m at Surte and very small in Lake Viinern. The 
height of the post-glacial limit, which was developed 4 000 to 5 000 years B.C., 
aboYe the present sea level is to-day 22 111 at Gothenburg and 27 m at Surte 
(Fig. 12). 

Then the shore line began to descend again relatively to the terrain and has 
been doing so ever since. The rate of sinking (= land upheaval) is now 10 cm 
per century at Gothenburg and twice as high at Viinersborg (Bergsten 1930). 
This indicates that the fall of the river still is increasing, and that erosion 
takes place in its upper part, whereas there is equilibrium between erosion and 
sedimentation in the lower part. 

§ 2 h 4,. Climatic Conditions. 

During the first period of the recession of the ice, when the ice frontier was 
still rather near, the sea in the province of Surte must have been a high glacial 
one. This is confirmed by an examination of the molluscs, diatoms, foraminifera, 

Fig. 12. :Afap of the surroundings of Surte with the marine limit (lvlG) and the post 
glacial limit (PG). Scale 1: 25000. 

(Publication npproved by the Geographical Surn•y office, June 5, 1!152) 

22 



/7 Outcrops of' 
U 'rock ground • •.•.Till 

0 500 

0
o 

0
o 

O Glacif'luvial J!>..."The marine A"The postglacial 
0 0 0 gravel ~ limit" c.v>' limit" 





and pollen grains, as will be seen later. The distribution of the arctic fossils 
also confirms the existence of a wide gulf extending into the Vanern region 
as far as the ancient outlet of the Baltic. 

Later, when the ice border got farther away and the efflux of cold water from 
the east to Lake Vanern ceased, the local climate meliorated. But also the 
climate of the whole northern hemisphere meliorated definitely. There was now 
an opportunity for wood plants to immigrate. 

When the large waters from the Baltic ceased to pass through the Gota River 
Valley, warm, salt water from Kattegat invaded the valley but only as far 
upwards as the thresholds at the outlet of the Vanern Lake, which now reached 
close up to the sea level because of the contemporaneous land upheaval. 
Consequently, a Lusitanian fauna immigrated. The presence of salt in the water 
also caused coagulation and sedimentation of fine-grained clay and organic 
mud, which coloured the sediment olive green. 

§ 2 c. The Quaternary Stratification at Surte. 

§ 2 c I. Boreholes just outside the Slide Area. 

The original stratification of the clay region in the south part of Surte, as it 
was before the slide, was studied in Section 966 passing E-W just south of the 
slide area. In this section three continuous soil cores taken by means of a 
sampler with metal foils (2) were investigated. They were examined on the 
spot, and samples cut out of them were then analysed in the laboratory for 
micro-fossils. 

The location of the boreholes is shown in Fig. 18. 

§ 2 c 1 a. Examination of Core E 14.1 

The soil consists of clay down to 36.G m below the ground surface, where 
the borehole ended. Down to a depth of about 8 m the grey colour of the clay 
is uniformly greenish from organic mud. Between 8 and 16 m it is bluish owing 
to sulphide of iron. From 16 to 19 m the amount of sulphide is less, but.between 
19 and 22 m it is greater again. The colour changes gradually. Down to this 
depth the sulphide is either diffusely spread or concentrated in flamelike stains. 
Below 22 m, on the other hand, it is aggregated in distinct bluish black hori
zontal layers with bluish grey or grey clay between them. 

Coarse mineral grains are completely absent down to a depth of 17 m. 
Between 22 and 25 m, however, they are fairly abundant; probably they were 
amply supplied from the sides of the valley and/or produced there by erosion, 
and then washed out towards the centre of the valley. At a depth of 23.2 :.n 

1"E" denotes east and "W" west. The figures express the distance in metres from the position 
of the railway before the slide. 
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there is a layer of sand with remnants of shells indicating erosion. At 32.o and 
36.s m there are thin layers of clayey fine sand. 

Shells of a Lusitanian mollusc species are abundant down to 14 to 17 m in
dicating post-glacial climatic conditions and salt water, but are rare below this 
depth, where arctic, robust shells dominate. 

§ !2 e 1 b. Examination of Core E :2!26. 

The soil consists of clay down to a depth of 9.o m. The uppermost 1 m layer 
is sandy, and was produced during the regression of the sea from the post
glacial limit. Between 1 and 9 m the clay is greenish grey from organic mu<l, 
between 9 and 9.o m it is bluish grey from sulphide of iron. Molluscs are abun
dant, particularly lowermost at the boundary of the substratum. 

Between 9.o and 10.rn m the soil consists of gravel, sand and silt with 
admixture of clay, indicating rapid changes of the stream velocity during 
sedimentation. From 10.15 to 11.24 m there is clay with varvcs which are bluish 
grey from sulphide of iron and contain solitary grains of gravel. Between 11.~4 
and 12.55 m the soil consists of sand, partly rather coarse, with pieces of soft 
grey clay. From 12.5' to 13.5 m, where the borehole ended, irregularities of the 
stratification suggest that slides have occurred in earlier time, probably when 
the clay sedimentatcd and in any case before the Post-Glacial Age according 
to the records of the micro-fossil analysis. 

§ !2 c 1 c. Examination of Core E 376. 

The soil consists uppermost of sand of the same origin as the superficial soil 
in borehole E 226. Beneath it is clay with regular layers of fine sand, and 
still deeper there is sand with varves of clay. The molluscan fauna is rich in 
individuals but poor in species. It consists of arctic, even high arctic, species. 
The borehole ended at a depth of 10.G m. 

§ !2 c 1 d. Investigation of 1vficro-Fossils. 

The results of the micro-investigation of core E 14 as to pollen grainf), 
foraminifers, and diatoms is given in Fig. 13. It shows that the clay with organic 
mud prevailing down to a depth of S m sedimentated during a hot period, 
extending from shortly before to shortly after the time when the sea. reached 
its post-glacial limit. This event is marked in the pollen diagram by the be
ginning of the curve of the linden-tree at a depth of 5 m. Foraminifers and 
diatoms indicate a high salt content of the water. The production of organic 
matter was intense, the supply of mineral matter, on the contrary, rather 
small in the relatively wide fiord valley. The intrusion of the salt water into 
the valley happened at the time which is marked in the pollen diagram by 
the beginning of the continuous ("rational") curve of the alder at a depth 
of 17 m. 
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Fig. 14. Pollen diagram and sedimentary colmnn. of borehole 

E 226 in Section 966. 

The lower part of the sedimentary column below 17 m, was-judging from 
the diatoms - deposited in a gulf of the sea, where the surface water was cold 
and fresh, the bottom water salt and probably a little warmer. In fact, the 
diatom flora sho,vs a mixture of fresh water species and marine planktonic ones. 
The clay particles and partly even the finer silt were able to remain suspended 
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in the fresh snrface water and therefore to be transported fairly far away, but 
were rapidly coagulated in contact with the salt ,vater. 

Thus the supply of mineral matter in the arctic and subarctic time was much 
greater than in the post-glacial time, and the mean diameter of the particles w:1s 
larger. During high arctic conditions still coarser material was deposited an-::1 
periodically interlaminated with more or less pure sand layers. 

The result of the micro-investigation of core E 226 is given in Fig. 14. It 
shows that the upper 10 m layer of the soil consists of post-glacial matter, 
while the lower strata belong to the high-glacial period. The result of the in
vestigation of the core E 376 is not given here, but it shows that the whole 
core belongs to the high-glacial period. 

Thus, the post-glacial clay with organic mud thins out between the bore
holes E 226 and E 376, i.e. somewhere between the levels +7 and +13 m (Fig. 
17). The limit of the post-glacial clay deposits is probably just at the foot of 
the steep slope where the slide started. 

§ 12 c 12. Boreholes ,oithin the Slide Area. 

In order to determine, in the first place, the position of the slip surface or 
the slide bottom, five cores from Section 764, which passes right through the 
slide area, were investigated on the site. These cores were cut through longi
tudinally and closely examined as to colour, consistency, molluscan content, etc. 
Traces of disturbances in the stratification, i.e. cracks, slip surfaces, and 
remouldings ,verc searched for in particular. The observations were marked out 
on a slip of paper attached to the wooden trough in which the cores were lying. 

The following table gives all observed disturbances. 

Level 
+ 4.0. 
- Q.:, 

- 0.7 

- r., 
- 2.1 
- 2.2 
- 2., 
- 3.s to -4,.o 
- 4,.7 

=~::I 
- 0.7 
-17.e 
-17.!i 

Borehole TV 137 

Ground surface ( after the slide) 
Crack 
Slip surface in 60°1; plane surface 
Curved crack 

Curved cracks 

Slip surface in 50° 

Curved slip surfaces 

Crack in 60° 
Irregular sand lens 
Crack in 45° 

1 The angles are reckoned from Lhc horizon ta!. 
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Level 

+ 3.5 
..L 2 ,, l' + l.G:i J 
+ O.i 

- 2.7 
- 9.1 

- 9.G to -10.% 
-21.2 
-23.ri to -25.5 

Level 

+ 5.3 

+ 4.5 to +2.s 
+ 2.1 

+ 2.1 to +o., 
+ 0.5 to +o., 
- 0.1 
- 0.2 to -1.5 
-2.!J 

- 3..15 

- 5.s to -7.sa 
-11.4 
-15.o 

Level 

+ 4.DO 
+ 3.:J5 

+ 2.10 

+ l.e to + O.s 
+ O.s to - 1.2 

- 3.n 
- 3.Ki 

- 4,:J5 

- 5.55 

-11.:ia to -12.25 
-12.7 to -13.G 

Borehole E 19 

Ground surface ( alter the slide) 

Solt clay 

Crack in 0° 
Slip surface in 75° 
Slip surface 
Solt clay 
Crack lilied with sand 
Dip of strata 10 to 15° 

Borehole E 99 

Ground surface (alter the slide) 
Very soft clay 
Slip surface 
Solt clay 
Sand stratum, kneaded in 
Overthrust in the strata 
Solt clay 
Slip surface 
Sand stratum, kneaded in 
Solt clay 
Dip of strata 55° 
Slip surface in 35° 

Borehole E 190 

Ground surface ( alter the slide) 
Very soft clay 
Crack in 0° 
Remoulded zone, irregular sand stratum in 75° 
Slip surfaces in 0° 
Irregular sand stratum 
Dip of strata 5 to 10° 
Solt clay 
Old slip surface 
Old slip surfaces 
Large, old disturbance 
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Fig. 15. Schematic drawing of the details of the ground surface between 
the old and the new highway in Section 764. 

Level 

+ 5.40 

' 1.2 T 

+ o., 
5.:l 

to +o., 
to +OA 
to -6.7 

Borehole E 280 

Ground surface (after the slide) 
Slip surfaces in 25 to 30° 
Slip surfaces in 55 to 65 ° 
Healed old slip surfaces 

E 

As is seen from the table, many disturbances ,vere found. Several of them, 
however, have probably been produced by slides in ancient times, perhaps when 
the clay sedimentated. In most cases it was impossible to discern whether a. 

disturbance was ancient or recent. Unfortunately, it was also impossible to find 
out whether any disturbance belonged to the slide bottom of the present slide. 

In some places, particularly in core E 99, a. clear overthrust was observed, 
late-glacial clay being found above post-glacial clay. However, the surface 
topography of the slide area between the old and the new highway suggests 
folding, Fig. 15. 

Among those disturbances which were judged to be recent, the lowermost 
in each borehole is assumed to indicate the slide bottom, and is plotted in 
Fig. 16. Thus, the depth of the slide bottom below the ground surface a!t,,r 
the slide may be taken to be only 5 m in the eastern part and only 13 m in the 
western part of the slide area. 

/l"''----------'~----~"t99e,6c.... ____ f=Ef/9"'0'--~T~7iE280 
~f-(31 £/9 LL / ,,// 

,o,.J...------------4------4°------+--../--~-~-+ u ::l;,{.~;~:-/--
•5 

L L --·;;::::~ 
-TO ~~ !------::..-,..... , ... 

1------------ -----L--·c.:::.::.:::-:.-=.L L ... __ ,..... . ... _,, 

' ,oo ' 0 ,oo 

:.;: 

' 200 

Fig. 16. The deepest tectonic disturbances caused by the actual landslide 
observed in Section 764. 
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§ 3. Field Investigations. 

An extensive field investigation has been made in the area of the slide and 
in the adjacent regions. A collocation of all those points at which borings ~)r 
measurings were made is given in Fig. 18. The investigation included the 
following phases: 

a. Taking of cores by means of a soil sampler with metal foils in two sec
tions, one of which (764) passes about the centre of the slide area, and the other 
(966) is located close outside this area on the south side. The cores were first 
examined on the site by a geologist (see § 2). From three cores in each section 
specimens were taken at intervals of about 50 cm; small samples of these speci
mens were sent to the Geological Survey of Sweden for closer examination (see 
§ 2), and samples 17 cm in height were sent to the laboratory of the Geo
technical Institute (see § 4). 

b. Taking of samples by means of a piston sampler with stationary piston. 
The treatment of these samples is described in § 4. 

c. From the convex slip surfaces in the upper part of the slide area a number 
of superficial samples were taken simply by driving open brass tubes (such as 
are used as liners in the piston sampler) into the ground. First some samples 
were taken at right angles to the slip surface (Sections a to d). After that 
samples were taken close to each other in three series (in sections not shown 
in Fig. 18): one series with the samples perpendicular to the slip surface, the 
second at an angle of 45° to the slip surface, and the third parallel to the slip 
surface. 

d. Soundings were made by means of the Swedish sounding method ( diameter 
of the rod 19 mm and diameter of the point 36 mm) in one section north of 
the slide area and in some sections mostly perpendicular to the boundary of the 
slide area. Soundings were also made by means of a machine (3) in one section 
between the railway and the highway. When boring with this machine, only 
the point resistance is measured. The maximum driving force of the machine 
is 1,000 kg. The diameters of the conical drive point were 40 mm and 25 mm. 
This machine has a much greater driving capacity than the sounding device 
mentioned above. 

The results of the soundings are shown in Figs. 19 to 24 (the results of the 
soundings in Sections D, F, and H are not shown in this report). The numbers 
to the left of the boreholes mark the load on the sound in kg (the weight of 
the rod, 2 kg/ m, is not included); the numbers to the right indicate the number 
of half turns (when the sound no longer sinks under the maximum load-100 kg
it is screwed down at this load) . 

Underlined figures express the numbering of the samples taken by means of 
the piston sampler. 

The soundings in Section G (Fig. 23) show that there is no obvious difference 
in firmness between the ground within the slide area and that outside it. The 
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boring in Section aao. 

reason ,vhy a cape was left at the upper part of the slide area seems to be 
Lhat the firm ground is higher there (Fig. 22). 

The firm ground in the slide area is cup-shaped. The thickness of the clay 
increases from east to west and from north and south to the centre. The greatest 
depth reached in the borings is 63 m. 

e. Vane tests were made in several boreholes in the section through the slide 
arc,i (Section 764) and in one hole in each of Sections A, B, and 660. The result 
is shown in Figs. 19, 20, 25, and Pl. 2 and is discussed in connection with the 
laborator~r tests in § 4. 

f. J\1easuremcnts of the pore water pressure in the ground were made h;-.· 
.1neans of a special apparatus (Fig. 26) in one borehole of each of Sections 76-:t 
and 660. The results are shown in Fig. 27. The crosses indicate the individual 
measurements. The dash-dot line indicates the pore water pressure with the 
ground water level in the ground surface, in consolidated clay and at no artesian 
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Fig. :26. Pore 'Water pressure 
cell designed by the Institute 
and used in the investigations. 
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pressure. The diagram above shows to the left the position of the observed 
~and- and "mo"-layers during the taking of cores. The diagram below shows lo 
lhe left the result of a sounding close to the borehole for pore water pressure 
measurements. 

In addition, quite a simple measurement by means of an open tube was made 
at a point in Section 860 and at a point 15 m south of Section 966. This 
method is to be regarded as approximate since it was not possible to prevent 
leakage outside the tube. At the former point the water in the tube rose to a 
height of 2.o m above the ground surface, and at the latter point, to l.!) m. 

As the measurements of this pore water pressure ,verc made after the slid,~, 
and the slide probably caused a change in the pressure, the magnitude of 
this pressure before the slide is not known exactly. If, however, the pressure 
has changed after the slide, the pressure was probably reduced. '\Ve must there
fore confine ourselves to the statement that there obviously existed an artesian 
ground water pressure, and that this pressure amounted to several t/m2• 
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The borehole 15 m south of Section 966 was sunk right in the place mentioned 
in the statement by witness No. XXV (sec Appendix A); the ground at this 
point has always h::id a. low bearing capacity. This seems to be the result of an 
upward ground water flow. 

§ 4. Laboratory Investigations. 

§ 4 a. Ordinary Properties. 

A number of samples taken from the six cores were tested in respect of unit 
weight, natural water content, plastic limit, liquid limit, undisturbed shear 
strength, and sensitivity. 

The undisturbed shear strength was determined by the unconfined compres
sion test and by the Swedish cone test (4). 

It vrns not possible to determine the sensitivity by the unconfined compression 
test, since the remoulded shear strength was too lmv. The cone test was used, 
however, and from its results we have computed the so-called '"}I-quotient", 
which roughly equals the sensitivity, and is denoted by this word in what 
follows. 
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The HH-quotient'r is somc,vhat higher than the sensitivity, as is shown below. In 
Lhc vane borings, however, the sensitivity is determined according to the usual definition, 
and in this case the sensitivity obtained is somewhat too low because when the shear 
strength in a remoulded state is very small, the internal friction in the borer may have 
an influence. 

The immediate result of the cone test is the "strength number" ("htillfasthetstal"). 
which is supposed to bear a definite relation to the shear strength. The strength number 
is denoted by IL in an undisturbed state and by H1 in a remoulded state. Hi: H1 is 
the I-I-quotient. 

For clays in western Sweden, the undisturbed strength in tfm::! is supposed to be 

H,, 
-----"--- and a corresponding relation may be used for the remoulded strength, 
40 + 0.055 H

3 

. HI }I I . . . . 40 + 0.055 H, l-1, l Q l 
i. e. FI,. ence t 1e seus1ttv1ty proper 1s ___:_ = ,: , w 1crc 

· · 40 + 0.055 • ,,o + 0.055 IL J-1
1 

Q is the H-quotient and k is a coefficient. The values of Ha obtained at Surte vary 
roughly from 50 to 250, and those of H1 from I to 10. Thus k = 0.7ri to 0.n;-; in this case. 

The observed values of the unit weight, natural water content, plastic limit, 
liquid limit, undisturbed shear strength, and sensitivity are shown in Figs. 28 
to 32. The values of the shear strength should be compared with those obtained 
with the vane borer and those oblained by testing samples taken with the 
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piston sampler. As has been stated in § 3, the results of the vane- boring tests 
are shown in Figs. 19, 20, 25, and Pl. 2, and the results of the tests on the 
samples taken with the piston sampler in the table on page 47. 

In examining the results, we must remember that in Section 764 the soil 
above the slip surface is now located some distance further \Vest than before 
the slide, namely 14<0 m in the eastern part of the slide area and about 50 m 
in the western part. 

As is seen from the figures, the plastic limit is about 20 to 30. The liquid 
limit is about 50 in the upper part of the slide area and somewhat higher, about 
70, in the lower part. Normally the natural water content is approximately 
equal to or somewhat higher than the liquid limit; for the quick clay, hmvcvcr, 
it is naturally considerably higher than the liquid limit. 

Down to a depth of 10 to 15 m the shear strength in the upper ( eastern) 
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part of the slide area is roughly 2 to 3 t/m 2, and in the lo\Yer (western) pact, 
1 to 2 t/m2• I-Iowevcr, the shear strength increases with the depth by about 
I t/1112 eYcry 10 111. 

Section 

i 
A j 

I 

C 

Result of Laboratory Investigation of Samples Taken with 

Piston Sampler. 

Shear strength 
Uuil iu kg/cm 2 by 

Sample S::iil classification weight 
t/m~ unconf. I cone 

compr. tesl test 

3 646 Cluy ... . ...... .. ................. .... l.HS I 0.2G3 0.405 

2 030 Clay .... .... ... ..... ................. 1.55 0.U8!i 0.130 

3 2lti Clay ... .. ....... .. ... . . . . . . . . . . . ..... 1.011 0.102 0. I •15 
3 073 C!ay .. ..... ... .... ... ······ ...... l.tif.i 0.080 0.135 

2 672 Clay wilh layers of fine sand . . . . . . . . . . . 1.5G 0.079 0.095 

23i4 Varvcd clay ... .. ..... ........ ...... .. 1. 7() 0.ViH 0.110 

1 016 Varvcd clay ............... ········· 1. 78 U.OD2 0.0&2 

2 395 Clay with fine sand . . . . . . .............. - - 0.425 

2 944 C!ay with layers of sand ......... ...... 1.95 0.092 0.205 

20:!7 Clay ..... ........ .................... 1.till 0,:!50 0.310 

1 702 Clay with gnwcl .. ............... ... ... l.72 - 0.U&13 

3 206 Clay with fine sand and shells ........ .. 1.Sd 0.136 0.1G5 

1 27l Clay with layers of fine sand .. ...... l.78 0.185 0.325 

2 GOS Clay wilh shells ..................... .. 1.1-ii.l 0.05fi 0.1153 1 

l 421i Clay .. ... .... .................. ... 1. 7 ·1 0.2:rn 0.305 

2 G:?5 Clay with layers of fine sand ....... .... 1.U2 u. 788 l.130 

7!i1 Clay .... .. .... ... .. ........ .. ... . ... 1.8!) 0. i7G 0.116r1 

SH8 Clay with sand ........... .. ... .... l.8-! U.131 0.2115 

134'! Clay with gravel ............. .. .... ... - - -
il 064 Clay ........ .. ...... . . . . . . . . . . . ...... - - 0.132 

3 750 Clay with layers of fine sand ............ - - -
' Disturbed 

The sens1tivy is very high in the upper part of the slide area, especially in 
a region just above the highway, where quick clay occurs (the clay is said to 
be quick, when the sensitivy exceeds 50). Nearer the rive1\ the clay has a 
sensitivity of 5 to 10, which is n10rc normal for Swedish clays. 

§ 4 h. True Cohesion ancl Angle of Internal Friction. 

Two or three samples from each core have been examined for true cohesion 
and friction. 

In accorclance with the theory due to Hvorslev (5), the frictional part of the 
shear strength is a function of the effective normal pressure onlv, or, more 

47 



accurately expressed, is directly proportional to this pressure, whereas the true 
cohesion is a function of the void ratio only. Thus 

, = C + O tg cp, 
where r::::: shear strength 

c = f (,) = true cohesion 
e ::::: void ratio 
a ::::: effective pressure 

cp == true angle of in tcrnal friction 

In a virginal consolidated clay the void ratio is also determined entirely by 
the effective pressure. Therefore I-Ivorslev has. introduced the equivalent 
effective pressure, Pc, i.e. that effective pressure ,vhich gives the actual void 
ratio on the virgin curve. I-I vorslcv then takes the true cohesion to be a func
tion of p, (the true cohesion is assumed to be directly proportional to pJ. 

This method of treating the problem was possible for I-Ivorslcv, who workrd 
with remoulded samples. In our case, however, it is necessary to use another 
method, since we do not kno,v the virgin consolidation cttrve. 

In the ground the pore water pressure in the clay varies with the water pressure in 
the sand layers and also with freezing and drying of the surface layer. Thus a sample 
must not be considered to be consolidated only under the weight of the overlying soil. 
For an ovcrconsolidated clay, the void ratio, and hence also the true cohesion, depend 
not only on the present effective pressure but also on the history of the clay. 

It is not necessary to introduce the equivalent effective pressure 7>(.. If we 
know the shear strength of the sample at two different effective pressures but 
at the same void ratio, the true cohesion being the same in both cases, we can 
very simply compute the difference between the frictional parts of the shear 
strength in both cases, and hence also the angle of internal friction. It is 
hardly possible to make the tests in exactly this way, i. c. to get just the same 
void ratio in both cases, but we can make three shear tests on slices of each 
sample, one test (test A) at a higher value of the effective pressure and at a 
certain definite value of the void mtio, and two tests (B and C) at a lower 
effective pressure (exactly the same in both cases) but at two different values 
of the void ratio, and then we can interpolate between the shear strength values 
at these two void ratios so as to obtain a value corresponding to the void ratio 
in test A. The values of the void ratio in tests B and C must lie on both sides 
of that in test A, and they must not differ too much from each other. The 
method is demonstrated in Fig. 33.1 

Test A was made at an effective pressure of 0.Ds kg/cm2 and with a void ratio 
obtained at the consolidation under that pressure. Test B was made at an 
effective pressure of O.:is kg/cm2 and with a void ratio obtained after consoli
dation under that pressure. Test C was made at an effective pressure of 

l In this method we do not need lhe assumption made by Hvorslcv that the true cohesion i.,; 
directly proportional to Pc 
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0.38 kg/cm2 but with a void ratio obtained by overconsolidating the sampie 
under an effective pressure of 2.4s kg/cm2

• 

In this way thirteen samples were investigated by drained direct shear tests. 
As each test was made hvicc, the average values of the shear strength and the 
void ratio being used, we had to cut slices of each sample. Each slice was 2 cm 
in height and 6 cm in diameter. 

If the respective values of the shear strength in the three tests (A, B, 
and C) are 

TA, Tn, and Tc kg/cm2 

the cohesion 
cA, cn, and cc kg/cm2 

.? 

and the void ratio 

0
\, en, and c0 

we get 

'"'P = _1_ ( "" ru
" 0.6 En - l'c 

CA == TA - 0.9S tg rp; 

en == Tn - 0.as tg rp; 

cc= re - 0.:is tg cp; 

The results of the tests arc shown in the table on page 00. The tests were 
rather difficult to make owing to the stratification of the clay. Thus the differ
ent parts of the same sample may have been slightly different, particularly 
h1 the void ratio. Some samples contained shells, and then, of course, the 
separate parts of the samples differed in the void ratio. This may have been 
the reason for the divergent results relating to Samples Nos. 1226, 971, and 
:3766, ,vhich are probably not correct. 

The angle of internal friction in the upper part of the slide area (where the 
quick clay occurs) does not seem to show any tendency to vary fron1 that nearer 
the river. The mean value of the tangent of the angle of internal friction for 
all thirteen samples is 0.rns, and that for all samples except the three uncertain 
ones, 0.1!.l--L The clay may thus be said to have a coefficient of friction of 0.rn. 

Fig. 34, shows the true cohesion as a function of the void ratio for each of 
the samples, except the three uncertain ones. 

Three samples (Nos. 632, 784, and 952) taken by the piston sampler in 
Section 966 quite close together were tested in the same way as described 
above, but with more widely different void ratios (the maximum effective 
pressure being now 6 kg/cm'). As each test corresponding to the above tests,,, 
B, and C was trebled, one sample (17 cm high) was not enough. The coefficient 
of friction was in this case 0.rn, and the cohesion as a function of the void 
ratio is sho,vn in Fig. 34. 

50 



kgftm ' 1+ 

C 
0 

"' (lJ 

..c: 
0 
u 

QJ 
::, 
L 
l-

I 

I 
0.3 I 

I 

I 

~ ~632, 784 and 952 

\ 

\ r2604 •. 

0.2 

\ 
~J 

I '\ 

+ \ J,r2971 , r 723 \ 

"', '~~ ~\ ' V 

" 
3245 

.s14 7, '-, 

"" 
574 

' ,,. "' ~~ t, ~ 642 ''• ,. "' \ ·, ' ~ 828 

'- '\ ·, :x ' i'<'x 2190 ' '· " 
r--, 
• 

~~' 
• " 1,, 

• 

o., 
U' ' 498 ,, 

', + 

0 
1.0 1.5 2.0 

Void ratio 

Fig. 3.i,. Cohesion of the samples as a function of the ·void ratio. The figures 
at the curves indicate the numbering of sa-rnplcs. 

2.5 

51 



Detennination of True Cohesion and Internal Friction 
in the Clay. 

fl T C 
Section/Borehole 

I 
Sample 

I kg/cm~ I kg/cm~ I E I kg/cm2 

723 0.38 
I 

0.220 2.00 0.151 

764</E2S0 , 0.98 
I 

0.366 1.86 0.188 
, 0.38 I 0.283 l.76 0.21'! 

2 971 0.38 0.232 1.77 0.169 
, ... . . , 0.98 0.361 1.59 0.18fJ 

, 0.38 0.265 1.52 0.198 

2 604 0.38 0.210 1.92 0.143 

764/E230 , 0.98 0.331 1.82 0.158 
, 0.38 0,278 1.5-1 0.206 

642 0.88 0.212 1.8& 0.136 
, . . .. , 0.!18 0.354. 1.74 0.158 

, 0.38 0.267 1.57 0.191 

514 I 0.38 I 0.230 I 1.28 0.lH 

0.98 0.3!)0 
I 

1.I 7 0.160 , , 

I 
I 

I , 0.1:18 I 0.289 l.fl2 0.203 ! 

574 0.38 I 0.220 1.94 0.1a.i, 

76'1-/E19 , 0.98 

I 
0.305 1.76 0.174 

, 0.38 0.297 l.f>S 0.211 

2 190 0.88 0.196 2.00 0.127 
, , 0.98 0.351 1.77 0.173 

, 0.38 0.275 1.f)4 0.206 

828 o.,rn I 0.220 2.09 0.Hl I 
, .. , 0.98 

I 
0.372 l.90 0.168 

, 0.38 0.275 1.70 0.l!J7 

1226 0.38 0.180 2.03 0.J.17 

966/E22G .. , 0.98 0.282 1.74 0.197 
, 0.38 0.266 1.52 0.233 

498 0.38 0.161 l.8,.1 0.093 
, , 0.08 0.332 l.63 0.156 

, 0.38 0.266 l.-19 0.198 

3 245 0.38 0.210 2.32 0.112 

966/E14 ..... , 0.98 0.849 2.23 0.173 
, 0.38 0.292 1.98 0.224 

971 0.38 0.233 1. 77 0.185 
, .. , 0.98 0.343 1.65 0.22tJ 

, 0.38 0.307 1.51 0.259 

2 766 0.38 0.2H 1.58 0.133 
, ... , 0.fl8 0.398 1.62 0,112 

, 0.38 0.320 1.31 0.209 
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Obviously the cohesion increases very rapidly as the void ratio decreases, 
and this will probably be particularly apparent when the void ratio approaches 
the value corresponding to the plastic limit. The plastic limit, the liquid limit, 
and the corresponding void ratios for the three samples in question are 

Sample No. 
I 

Plastic limit 
I 

Corresp. 

I 
Liquid limit 

I 
Corresp. 

void ratio void ratio 

€32 28.2 0.77 73.6 2.01 
784 32.G 0.89 75.7 2.07 
952 30.1 0.82 75.5 2.06 

§ 4 c. Effect of Remoulding, 

As is pointed out in § 5 c, it is of interest to find out how remoulding and 
reconsolidation of the clay affect the shear strength and other properties. For 
this reason, four samples were chosen from Section 764, two of the1n being quick 
clay and the other two more normal clay. The location of the samples and their 
characteristics are given below. The values of the plastic and liquid limits arc 
shown in Figs. 28 and 29. 

Unit Water 
H,/H, Borehole Sample Depth weight content 

No. m t/mS % 
(Sensitivity) 

E 19 389 20 1.6G 76.1 8.6 
, 571 21 1.59 53.o 11.2 

E 230 1 750 8.5 1.56 74.3 70.3 
, 1193 13.5 1.55 75.o 95.7 

The shear strength was determined by drained direct shear test as well as 
by cone test on 2 cm high slices of the samples treated in various ways as 
described below. 

1) First some slices ,vere consolidated under various pressures. Shear tests 
,vere then made and after that cone test on the- same slices. In order to make 
the cone test, we had to take the slices out of the shear apparatus and thus 
to remove the load. This had to be done very rapidly, as we wanted to prevent 
water absorbtion, so as to keep the effective pressure constant. To make sure 
that the water content did not change in that part of the slice which was 
touched by the cone, a layer about 5 mm thick was cut off before the cone test 
was made. The curves connecting the values obtained in these tests, which are 
shown in Figs. 35 to 38, are marked "U + C + Sh" and "U + C + cone". 
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Fig. 85. Tests of ·undisturbed and remoulded clay. 

Sample No. 389. 

2) The slices used in case 1) were remoulded, and the the shear strength 
was determined, in this case only by cone test. The curves obtained in this 
case are marked "U + C + R + cone". 

3) New slices were remoulded and then treated as in case 1). The curves are 
marked "R + C + Sh" and "R + C + cone". 

4) The slices used in ease 3) were remoulded, and then the shear strength 
was determined by cone test. The curves are marked "R + C + R + eone". 
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Fig. 36. Tests of undisturbed and remoulded clay. 
Sample No. 571. 

By combining the results of I) and 3) with those of 2) and 4), we obtain 
the value of H/H1 (the sensitivity, see p. 00), both for the undisturbed, 
consolidated clay and for the remoulded, consolidated clay. The curves thus 
obtained (top, Figs. 35 to 38), are marked '"U" and "R" respectively. These 
figures also show the void ratio in tests 1) and 2) (designation "U") and tests 
3) and 4) (designation "R"). 

The following conclusions may be drawn from the experiments. 

55 



56 

~ 

60 

50 
6 

0 

7 40 

30 "--

20 

ID 

D 0 

0.9 

0.8 

0.7 

0.6 

~E 
"( 
o,0.5 
-"' 
.c 
~ 
O> 

~0.4 
L 

'ti 
L 

g 0.3 
.c 

"' 
o., 

0 
0 

u 

R 

"\ 
\ 
\ 

u 
R 

" ~ 
I 

U = Undisturbed 
R = Remoulded 
C = Consolidated at a 
Sh "' Direct shear test 
cone = Cone test 

0.5 1.0 1.5 2.0 

Effective pressure kg/cm1 

} Void ratio a 

R 

u 

2.o 

Fig. 37. Tests of 1.mdisturbed and remoulded clay. 

Sample No. 1750. 



H,/H 
120 
'/ 

110 

100 

90 

80 

70 

60 

50 
E 
2 40 

30 

20 

10 

0 0 

0.9 

0.8 

0.7 

0.6 

NE 
'SC o,0.5 
X 

.c 
~ 

"' £ 0.4 
~ 

ts 
~ 

~ 0.3 
.c 
if> 

0.2 

0 
0 

------

~ 

-

"' " 
"'-

'\ 
i\u 

\ 
\ 

u 
R 

R -
U = Undisturbed 
R = Remoulded 
C = Consolidated at rr 
Sh "' Direct shear test 
cone = Cone test 

\ 
\. 

\. 

u+C+R+cone 

O.s 1.o 1.5 2.o 
Effective pressure kg/cm2 

} Void ratio e. 

"' H,/H1 

2.5 

Fig. 38. Tests of 'Undisturbed and remoulded clay. 
Sample No. 1193. 

57 



a. At low pressures the shear strength of a remoulded and consolidated sample 
becomes lower than that of an undisturbed and consolidated sample (which 
seems quite natural), but at higher pressures the exact opposite is the case. 
Thus, at a certain definite value of the normal pressure the same shear strength 
may be obtained in both cases. This normal pressure for quick clay (here about 
1 kg/ cm2) seems to be lower than for more normal clay (here about 2 kg/cm2)1 . 

(3. The sensitivity of both quick clay and normal clay decreases with remould
ing and consolidation, but to a much higher degree in quick clay, so that the 
clay can no longer be characterized as quick (as is stated on page 00 a clay 
is considered to be quick when the sensitivity is greater than 50) . The sensitivity 
of undisturbed clay also decreases with consolidation. 

y. The cone test gives too low shear strength values for consolidated clay. 

The statements made under points a) and /3) are of course connected with 
the fact that pore water is partly released in the course of remoulding and then 
squeezed out during consolidation, so that a lower void ratio is obtained. 

It would have been of interest to investigate how the cohesion and the angle 
of internal friction are affected by the remoulding, but such tests have not 
been considered to be within the scope of this work. 

The result that the shear strength of a clay which is remoulded and then 
consolidated is greater than that of the clay which is consolidated at the same 
pressure (but is not remoulded before that) is to be regarded as quite natural 
(provided that the pressure not is too low). This effect is due to the squeezing 
out of pore water by remoulding and consolidation and by the following increase 
of cohesion. This result is very important for the can-ying ca pa city of friction piles. 
It has sometimes been found surprising that a pile in clay often has a can:ying 
capacity, expressed in terms of the shearing stress in the surface of the pile, 
which equals or even exceeds the shear strength of the undisturbed clay. How·· 
ever, this is simply explained by the results of the above-mentioned test, 
especially when we take into consideration the increase in the lateral pressure 
in the soil which is caused by the driving of piles. The resurgence of shear 
strength varies with the depth below the surface as a result of the variation i;1 

pressure. 
In our tests the specimens (which were 2 cm high, with porous stones · on 

both sides) were allowed to consolidate for 24 hours. The influence of the period 
of consolidation has not been investigated, but it is unlikely that any sig
nificant change in the shear strength would have occurred after the period 
used. 

The points in the diagrams which give the shear strength obtained by cone 
test at zero pressure are not entirely correct, as it is the applied pressure that 
is zero, while the effective pressure is unknown. 

The curves which connect the observed values are drawn, for ease in reading, 
without regard to those shapes which might be theoretically correct. 

' The value of this pressure is certainly also dependent on the value of the e£rective pressure in 
the ground. 
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§ 4 d. Effect of Stratification. 

The samples from the convex slip surfaces in the upper part of the slide 
area ( see § 3 c and Sections a, b, c, and d, Figs. 18 and 39) were partly taken 
in order to find out if the slip surface was parallel to the stntta of the clay. 
The samples first mentioned in § 3 c, which were taken at right angles to the 
surface, were simply stored in the air to dry out and shrink. The result is 
shown in Fig. 40. It is seen from the photos that the strata are parallel to the 
slip surface. 

In order to investigate why the slip surface follows the strata, although 
they have an inticlinal shape in this region, a number of samples were taken 
in different directions. As has been pointed out in § 3 c, one third of the 
sarnples were taken at right angles to the strata, one third parallel to the 
strata, and one third at an angle of 45° to the strata. The shear strength 
of these samples was determined by the unconfined compression test and the 
cone test. The results arc shown below. 

Samples Taken at Right Ansles to the Strata. 

Sample 

I 
Unit weight I Shear strength in kg/clJl2 by 

No. t'm3 I unc. compr. test I cone test 

2 649 l.GO 0.1H4 0.1·15 

~ 443 l.ii3 0.223 0.305 

2 303 l.63 0.211 0.255 

3433 l.G2 0.2·1A 0.345 

980 l.G3 0.219 0.310 

3 717 l.G3 0.!G-l 0.335 1 

3 275 1.fi3 0.23± 0.385 

1 Disturbed 

Samples Taken at 45° to the Strata. 

Sample 

I 
Unit weight I Shear strength in kg/cm2 by 

No. t/m8 j unc. compr. test) cone test 
. 

2 924 1.61 0.220 0.320 

1978 1 G4 0,19,1 0.295 

19 1.ill 0.194 0.255 

2 480 l.63 - 0.320 

974 l.G3 0.179 0.280 
259 l.65 

I 
0.1G5 I 0.335 

1123 1.64 0.lG-l I 0.375 
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Samples Taken Parallel to the Strata. 

Sample 
I Unit weight I Shear streuglh in kg/cm:: by I 

No. I t/m3 I unc. compr. test I cone test 

3 472 1.()1 0.225 0.310 

1 863 l.G4 0.208 0.280 
3 463 l.G2 0.228 0.325 

1 755 l.G8 0.22>1 0.335 

2 788 1.GG 0.200 0.310 

1028 

I 
l.tH 0,l!J6 0.3,15 

1447 l.Gi 0.HIG 0.396 

The mean of the shear strength values was taken for the three sets of samples. 
Sample No. 2649 was excluded, as it clearly deviated from the others in shear 
strength, and also to some extent in unit ,veight; sample No. 3777, which was 
disturbed, ,vas also excluded. The mean error was computed for all samples from 

,u = V[fnr] , where fl= mean error in computed average 

c == residual errors ( difference between arithmetical 
mean and observed values) 

n = number of observations 

The following results were obtained: 

I Compression test I Cone test 
I 

Samples taken at right angles to the 
strata . . . . . . . . . . . . . . r=0.22G±0.012 kg/cm2 T=0.320±0.o,rn kg/cmll 

Samples taken at 45° to the strata 
I 

7=0.186±0.019 kg/cm~ 
I 

'l=0.311±0 03G kg/cm, 

Samples taken parallel to the strata 
-I 

i=0.211±0.013 kg/cm2 

I 
T=0.329±0.033 kg/cm2 

There is evidently no eonsiderable differenee in the values obtained from the 
various sets of samples by the cone test. The compression test, however, shows 
a lower strength for the samples taken at 45 ° to the strata than for the others. 
It is only in the f'Ormer samples that mpture along a stratum was possible. 
For these reasons there must be a weakness in the direction along the strata, 
even though the reduction in the shear strength does not appear to be very 
great. 

It was intended to determine the true cohesion and the true angle of internal 
friction in the same way as mentioned under § 4 b. For this purpose three 
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Fig. 40. The dried samples talce-n in Sections a-d (see Fig. 39). The upper photograph 
shows on the left the samples in Section a and on the right those in Section d ( from 

which only four samples are shown). The lower photograph shows on the left the 
sarnples in Section b and on the right those in Section c. 
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samples were examined. I:Iowever, as the void ratio varied in different parts 
of the samples, it was not possible to make these determinations. The values 
of the shear strength obtained by the direct shear test arc shown below. 

Shear strength in kg/cm~ at test 
Sample No, 

A B C 

[ 1 348 (taken at right nngles1 to the strata) 0.3Gl 0.2:113 0,268 
871 (at 45° to the strata) ........ . 0.378 0.23i 0.280 

1 735 (parallel lo the strata) ... . 0.401 0.238 0.300 
1 \\'hen the sample is taken at rig-ht nngles to the strntn, it is sheared pnrnllel io the strain. 

Tests A, B, and C have the same significance as in § 4 b (page 00), i.e. 
test A is the shear strength of a sample normally consolidated at a pressti,·e 
of 0.os kg/cm', test B is the same at a pressure of 0.38 kg/cm', and test C is the 
shear strength under a pressure of O.:is kg/cm2 for a sample overconsolidatcd 
under a pressure of 2.-ts kg/cm2 • 

These results, too, indicate that the shear strength is lower in planes parallel 
to the strata, but the difference is very slight. 

§ 4, e. Grain Size Distribution and Clay Minerals. 

Four samples were subjected to special investigations. They consisted in w~t 
n1echanical analysis, weight. loss analysis, differential thermal analysis, and 
X-ray investigation. 

Two of the samples were taken from quick clay and hvo fro1n more normal 
clay. The ordinary properties of these samples are shown in Figs. 28, 29, 
and 31, but they arc also given below. 

Depth Natural Shear slrength 
Unit Plastic Liquid in kg/cm~ by H,/H, 

Sample Section below waler weight limit limit (sensiti-
No. Borehole grnund 

t/m3 content ,, . unc. I cone vity) 
surface1 m •' 

,. " ,. compr. test test 

764 I 
4i4 E 230 9.9 1.56 72.5 28.G 51.2 0.185 0.200 115 

1106 76-t 13.2 1.5!) 62.9 26.3 51.9 0.157 0.210 137 E230 

1317 764 
12.0 l.5G 71.5 26.5 67,8 0.131 0.155 7.o E 19 

2 985 966 
35.7 1.5G 73.6 30.G 72.4 0.218 0.4.05 11.0 E 14 

1 Ground surface after the slide. 
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I. The wet mechanical analysis was made by means of Andrcasen's pipette 
apparatus dmvn to a grain size of 2 ,a and by means of a micropipette apparatus 
(constructed by ahe Institute) down to a grain size of 0.11 ,,. The result is 
shown in Fig. 41. There is no obvious tendency to any difference between the 
samples, and it is therefore not possible to distinguish the two types of clay 
by means of the grain size distribution. 

2. In the weight loss analysis each sample was heated to 20°, 100°, 150\ 
200°, etc., to 800° C in turn. At each temperature the heating continued until 
the weight became constant. Before weighing, the samples were allowed to 
cool in an exsiccator. 

The result is shown in Fig. 4,2. There is no obvious difference between the 
curves representing the weight loss as a function of the temperature (lower 
curves), but in the upper curves, which are the first derivates of those below, 
there is a slight difference between the samples of quick clay and the other 
samples in the temperature interval from 500° to 550° C. 

3. In the differential thermal analysis the temperature gradient was about 
10° /min. The differential thermocouple consisted of chromel-alumel, and a Moll 
galvanometer (type A 42) with a series resistance of 200 Q was used. The 
deflection was recorded by a drum camera at a distance of DO cm. 
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Temperature 

Fiy. 43. Differential thermal analysis of four samples. 

The result is shown in Fig. 43. All samples contained more or less humus, 
which produced the great exothermic effect visible in the curves between the 
temperatures of 250° and 500° C. The endothermic effect between 500° and 
600° C is a typical clay mineral effect, in this case probably clue to the 
presence of illite. The small tip at the bottom of the curves in this interval 
indicates the presence of quartz. An endothermic effect in the vicinity of 
800° C indicates the presence of calcite in the samples Nos. 474, 1106, and 
1317 (for No. 1317 at about 730° C). An addition of acid also produced gas 
in these three samples (but not in sample No. 2985). The effects in the interwl 
from 850° to 950° C of the curves are typical of illite. 

The only fundamental difference between the curves of the two types of 
day seems to be the slope of the curves in the interval from 520° to 550° C. 

66 



4,. The X-ray investigation ·was made on samples untreated (with the natural 
water content), on samples treated with glycerine, and on samples treated with 
peroxide of hydrogen and acid ammonium oxalate. 

In all the untreated samples it was possible to identify illite-, quartz, and 
felspar. The samples Nos. ll06, 1317, and 2985 showed a diffuse band in the 
interval 6 to 11 A, probably due to organic admixtures. 

The tests on the samples treated with glycerine gave negative results regard
ing the presence of minerals of montmorillonite type. 

After treating the samples with peroxide of hydrogen and acid ammonium 
oxalate and centrifuging (during 3 minutes in a 30 cm rotor at 3 000 rpm) 
the disturbances disappeared, and we got an interference diagram of illite type. 
Inter alia., the presence of interferences in the interval 3 to 3.G A and at about 
5.!l A and 7 A indicated a mixed-layer structure of hydrobiotite character. 

The investigations showed that illite was the dominating clay mineral in 
the samples. However, they were not sufficient for determining the cause of 
the difference between the quick clay and the other clay. Among other things, 
it seems necessary to make an analysis regarding the exchangeable ions. 

§ 5. Course of the Slide. 

§ 5 a. l\,leasured l\Iovmnents of the Ground Surface. 

Herc we know - contrary to what is usually the case with slides - the 
magnitude and the direction of the horizontal movement at a large number 
of points in the slide area. The disposition of the buildings in the slide area 
before the slide is known from existing maps (see, for instance, Fig. 3, which 
constitutes the basis of a photogrammetric map drawn in 1947), and after 
the slide the are,i with the disposition of the buildings was surveyed (Pl. I). 
The magnitude and the direction of the movements of the buildings obtained 
from these maps arc plotted in Fig. 4,4 as vectors of moYement. 

In constructing the vectors of movement, we must consider the fact that 
the shed nearest to the river was lying after the slide about 20 m southeast 
of its foundation. It was certainly the water current that moved the shed from 
its foundation, when the water raised by the slide was running off. Therefore, 
in constructing the vectors, the location of the foundation, and not that of 
the shed, \Yas considered. Further we have to remember that house No. 31 
(the numbering of the houses is given in Fig. 65) started to move only after 
the other houses had been in motion for some time. As it was originally situated 
on the edge just north of the slide area, its vector of movement in Fig. 44( 
does not give the correct movement of the ground surface. 

This diagram ,Yas used for constructing lines connecting points of equal 
1novement. These lines, ,vhich have been given the name of isokines [frorn 
Greek iso (equal)+ kinein (to move)], may be referred either to the terrain 
before the slide, as in Fig. 45, or to the terrain after the slide, as in Fig. 4,6. 
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Fig. 1,.7. Crack in the ~tpper part of the slide area, -which the Author 
originally assumed to indicate the first scarp. 

From Figs. 45 and 46 it is seen that the movement of the ground surface wns 
greatest in the eastern part of the slide, where it varied from 14,0 to 150 m, 
and that it then decreased gradually towards the river. Thus the superficial 
layer of the ground was greatly compressed horizontally during the slide. This 
compression, which is greater where the isokines are closely spaced, amounts 
to 20-60 o/o. Therefore it is natural that folds were formed, as described in 
§ 5 cl. 

§ 5 b. Where Did the Slide Begin? 

It can be taken as clearly established (mainly from the accounts of the 
witnesses) that the slide started some distance up the slope east of the highway; 
the question then is, where the first scarp of the slide developed. A study ,of 
the terrain made on the site shows that the flakes of the original ground 
surface west of a certain crack are as a rule inclined downwards to the west, 
while the flakes cast of the same crack are inclined downwards to the east. 
This crack, which appears in Fig. 47, is located about 20 m cast of the house 
(No. 28) situated highest in the slide area. It is a reasonable assumption that 
this crack constitutes the upper limit of the area which \Yas set in motion 
first. 

However, according to the acount of witness VII, the first crack developed 
\Yest of the houses highest up. The statement of witness IV also supports this 
observation, and no other account contradicts these statements. It is clear, 
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Fig. 48. Obviously remoulded part of a core at a depth of 17.s m . The core 
was taken in Section 764, E 230 m . 

therefore, that we should seek the first crack below that shown in Fig. 47. 
We have only two continuous cracks near these houses to choose from; one 
is right east of house 29 and the other is between hou5es 26 and 2!J. However, 
an iron railing which runs across the latter crack is still (that is, after the 
slide) attached on both sides. This leads us to the conclusion that the first 

• scarp in the soil developed in t he crack right east of house 29. This crack 
was therefore traced out in both directions. The folds in the surface made it 
difficult to be sure of the location of t he crack near the edges of the slide, 
but, in general, the crack after the slide is situated as shown in Figs. 4, 11, 
45, and 46. With the guidance of the isokines described in § 5 a, the location 
of the crack before the slide has also been reconstructed as shown in the 
figures. 

§ 5 c. Where Is the Slip Surface? 

In the main cross-section through the area of the slide (Section 764), the 
vane borings show an appreciable reduction in shear strength at some depth 
in boreholes E 315, E 280, E 230, and E 137, but not in the two holes farther 
west, and not in borehole W 157 in Section 660. This zone of lower strength 
lies in the different boreholes at a depth varying from 10 to 18 m below the 
surface after the slide. In addition, the core taken from borehole E 230 (next 
to the hole in which the vane boring was done) has a clearly disturbed zone 
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Fig. :~O. Portion of the slip surface in the upper part of the slide area. 
The photouraph 1rns taken on the day after the slide. Small 

fissures hm,;e appemecl. (Photo B Jalwbson) 

at a depth of 17.;1 m, i.e. the depth where the low reading was obtained from 
the vane test (sec Fig. 48). In the other cores it ·was not possible to observe 
any such disturbed zones, but, on the other hand, we found a multiplicity of 
discontinuities obviously indicating slip surfaces. }lost of them certainly <leri\·ed 
from old slides, probably in pre-historic times. It was not possible to follow 
the different slip surfaces from borehole to borehole, and very little guidan12e 
was therefore afforded by the cores in finding the slip surface. 

In the eastern part of the slide area the Yane borings probably show the 
position of the slip surface, but nearer the river it was necessary to emplor 
other means of determining it. This can be done by means of the knmn1 moYe
ments of the ground surface if we make three assumptions: 

1. Originally vertical sections (perpendicular to Section 764,) in the terrain 
remained vertical during the slide. 

2. The masses moved parallel to Section 764. 
3. The volume of the masses remained constant during the slide. 
Assumption 1 may be correct near the river but is certainly not correct in 

the upper part of the slide area, as is shown below. Assumptions 2 and 3, taken 
together, imply that "the missing area" in the upper part of Section 764, i.e. 
the area behvcen the ground surface before the slide and that after the slide, 
shall be found in the lower part of the section as a "surplus area". In Section 
764 we find that "the missing area" (in the upper part of the slide area) is 
1 400 m' but "the surplus area" (in the lower part of the slide area) is 1 200 m 2, 

that is, 14.:i % smaller. It follows that the masses must also have moved later
ally, and this can be seen, for instance, in Fig. 44. I-Iowever, the difference is 
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so small that assumption 2 may be regarded as allowable. Assumption 3 is 
certainly quite correct, as ,Ye may exclude the possibility of compression or 
swelling of the masses during the slide. 

Using these three assumptions, "·e can compute the position of the slip 
surface, starting at the lower (west) end of the section (see Fig. 50). VVe have 
to make) say) area a equal to area a

1
, if point A has moved to AP and we thus 

get the slip surface between A and Ar By choosing other points we obtain 
the whole slip surface, as shown in Fig. 50. 

If, on the other hand, we start at the upper (cast) end of the section (sec 
Fig. 51) we have to make) say, area b equal to area b1, if point B has moved 
to B • Thus we get the slip surface shmvn in Fig. 51. 

1
The slip surface can of course not have the shape shown in Figs. 50 and 51 

in the upper part of the slide area. The most probable explanation is that 
assumption 1 is not correct in this part of the slide area. Unfortunately, it 
seems impossible to arrive at a reliable determination of the position of the 
slip surface. The best we can do is to use the vane borings in the upper part 
of the slide area and the computation illustrated in Fig. 50 in the lower part. 
1.Vc then get the slip surface shmvn in Fig. 52. The same slip surface dnnn1 
to equal vertical and longitudinal scales is shmYn in Pl. 3. 

The slip surface thus obtained can be used together with assumption's 2 
and 3 to study the movements in the cast part of the slide. In Fig. 52 point A 
has moved to A • As area b must equal area bl' the original vertical section AB

1
is not plane after the slide but has a shape as, for instance, A 1 B1 or A 1 B:.!. 
Thus the surface layer has moved more than the underlying mass. The cause 
of this is not quite clear. The slide may have started along a shallow slip 
surface, and not until it had gone on for a while, did the final slip surface 
develop. Or the surface layer was subjected to further compression horizontally 
after the underlying soil had stopped moving) or even v;·hile this movement was 
in progress. This further compression may have been caused by secondary slides 
dashing against the rear of the primary slide. 

The reason why the vane borings do not show the position of the slip surface 
in the lower part of the slide area may be that the slip surface here is lying 
below that level where the n1ne borings "·ere stopped. But there mny also be 
other reasons, as discussed below. 

During the slide the clay was remoulded in a zone along the slip surface. It 
then recovered its strength to some degree) and this degree might be dependent 
on the type of clay and on the pressure. In order to elucidate this problem. 
the investigations described in § 4, c were made. These investigations showed 
that the two types of clay at Surte (quick clay and more normal clay) were 
much alike in respect of recovery of strength, but the pressure had a great 
influence on the recovery. A clay recovers its strength under a high pressure 
to a greater degree than under a low pressure; in the former case the strength 
may even be greater than it was before the remoulding. Tims) if ,ve judge by 
the Yane borings, the clay in the zone along the slip surface must have been 
consolidated at a higher pressure nearer the river. The slip surface should 
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then be at a greater depth nearer the river, but the artesian pressure can be 
contributory, since it is in all probability considerably higher in the upper part 
of the slide area than in its lower part, where it may have disappeared com
pletely after the slide. Here we may add that the remoulded zone mts probabl,· 
thin and that the consolidation of the remoulded clay took place rapidlj·, 
especially as the slip surface probably followed a coarser layer, so that the 
surplus pore water could easily escape. (The vane borings were made 6 days 
after the slide. II they had been made immediately alter the slide, it is con
ceivable that the slip surface might have been located near the river as well.) 

§ 5 cl. Hypotheses Regarding the Course of the Slide. 

The following hypotheses regarding the course of the slide were among those 
put forward after its occurrence. 

I. The slide started close to the river, and then, as the resistance of the soil 
ceased there, the entire area was set in motion along an extensive slip surface. 

2. The slide started some distance up the relatively steep slope east of the 
higlnvay, and was then propagated downwards by stages ·which took the form 
of local slides along circular slip surfaces, each of these slides increasing the 
stress upon the area below it, so that new slides "·ere successively started. 

3. The slide started some distance up the slope as in hypothesis 2, and was 
then successiYely propagated downwards towards the river, so that, finally, 
a large area was in simultaneous motion along a slip surface, which was on the 
whole plane. This is the view which is held by the Author and shared by several 
of his colleagues. 

The accounts given by the many eye-\vitnesses (Appendix A) are very helpful 
in deciding which of these hypotheses is most nearly correct. The theoretical 
analysis in Appendix B, and the sketches of possible slip surfaces shown in 
Fig. 53, may also be of some use in considering hypotheses I and 2. 

To begin with hypothesis 1, Fig. 53 a shmvs how a probable slip surface is 
clcvelopecl in a slide at the river (the slip surface to the right). A second slip sur
face might also possibly be developed behind the first, as shown. The result would 
be that the terrain would assume the irregular contour indicated by the full line 
in the drawing; £. e., the differences in elevation are gradually levelled out. The 
slide- cannot be propagated any great distance when-as in this case-the 
surface of the ground is practically horizontal behind the original slope. The 
stability calculated on the assumption of an extensive slip surface is not ip
flucnced by these local slides. Another argument against this hypothesis is the 
relatively high water level in the river at the time of the slide (sec § Gcl). 

Hypothesis 2 is stated to have partly been based upon the accounts of 
,vitnesses (such as the remarks in accounts IX and X: '"The houses moved like 
boats with a rocking motion.") and partly upon the existence of many undu
lations in the slide area (such as in Fig. 54). 
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Fig. 54. Earth fences formecl in the middle part of the slide area. Both photographs 
were taken towards north. (Photo B Jalcobson) 

Let us begin by assuming that the slide was really propagated in accordance 
with hypothesis 2, and let us see how it can proceed when it reaches the region 
west of ,the highway, which is horizontal in the main. In this region masses of 
soil have been pressed up above t he original surface, n.pproximately as shown 
by the heavy clash line in Fig. 53 b. A new slip surface can develop as the 
drawing shows, but then the difference in elevation will be levelled out, and 
the slide cannot propagate farther. It is conceivable, however, that the slide 
might occur as shown in Fig. 53 c; but h ere, too, levelling will soon take place 
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Fig. 55 . Part of the highway after the slide. Photograph towards south. 
(Photo B Jakobson) 



Pig. 5G. The inclination of the houses hi the slide area was quite irregular after the slide. 
Photograph towards south of the houses in the eastern part of the area. 

(Photo B Jakobson) 

and the slide will stop. Therefore. hypothesis 2 cannot explain the fact that the 
slide extended all the ,vay down to the river. 

Neither do the undulations indicate that the mechanics of the slide were in 
accordance with hypothesis 2. The visible parts of the old surface should then 
be inclined downwards to the east in the manner shown in Figs. 53 b and 53 c; 
in fact, however, their inclination is in many cases the opposite of this (Figs. 
54 and 55). Besides, the many undulations can be explained very simply as 
the result of folding (Fig. 1/5). 

The analysis in Appendix B shows that, with the ground surface inclinations 
which concern us here, there is only little difference in shearing stress between 
a flat slip surface and a circular one, but this analysis assumes a homogeneous 
soil. In fact, the shear strength is greater in the upper soil layers, and there 
is also a reduction in strength at a certain depth on account of the artesian 
pressure (§ 3 f). Both these facts speak for the existence of an extensive slip 
surface, mostly flat; and against a series of short curved slip surfaces. 

The account of witness IX gives a complete picture of how the slide pro
ceeded: after the movement had begun in the steepest part of the slope, suc
cessiYe soil masses were set in motion, until, finally, a Yery large mass of s01l 
·was in simultaneous motion. This account indicates that, on the whole, the 
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slide proceeded in the manner described in hypothesis 3, even though the move
ment was somewhat irregular. This has been discussed under § 5 a and c. 

The slide certainly started in the northeast part of the slide area, where the 
inclination of the ground surface was greatest. The length of the mass that was 
set in motion first was somewhat less than 100 m, according to the stability 
computations made in Appendix C. 

§ 5 e. How Was the Slide Propagated as far as the River? 

It appears most natural that the slide should have been limited by a line 
some distance east of the highway, beyond which line the gradient of the 
ground surface was slight. Instead of following at this line a passive plane of 
rupture of about 45° up to the ground surface, the slip surface extended about 
300 m farther, all the way down to the river. 

This is very remarkable. To explain the behaviour of the slide, it seems 
necessary to presuppose an artesian pressure before the slide extending all the 
way down to the vicinity of the river and causing a weakness in a zone along 
the potential slip surface. A contributory circumstance, of course, is the sensi
tivity of the soil to disturbances. For the passive pressure to develop at the 
lower end of the sliding mass, a certain motion is required, which may be 
accompanied by a reduction of the shear strength in the extension of the slip 
surface. 

The stability computations made in Appendix C show that the shearing 
stress is at least as great in a slip surface extending down to the river as in 
a shorter surface (for Section 764), but we have to remember that the active 
and passive pressures on the end planes of the sliding mass have been computed 
on the assumption that the shear strength of the "active" and "passive" parts 
of the slip smface was much higher than the shearing stress in the rest of the 
slip surface (Fig. 72). 

§ 5 £. Movements after the Principal Slide. 

Secondary slides naturally took place above the first scarp after the support 
disappeared. These slides, which were observed by witnesses III, IV, VI, and 
VII, were clearly of a more ordinary type, and had slip surfaces of circular 
cylindri cal shape. The clay ridges characteristic of such slides were also de
veloped in this case (Fig. 57). 

The cleft house (house No. 5, Figs. 8 and 65) has been adduced as evidence 
that a secondary shifting of the ground took place also in this region, in a 
north-western direction. However, it appears unlikely that both halves of the 
house would have stood so close to each other afterwards as they did, if this had 
been the case. Furthermore, the accounts of the witnesses XVI, XVIII, XXI,. 
and XXII show that the house was split during the primary movement. 
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Fig. 57. Clay ridges in the 
t•astcrn part of the slide 
area. (Photo B Jakobson) 

Naturally, there was some settling and consolidation after the slide itself 
had stopped. For instance, the film taken by witness It on which no move
ments arc to be observed, shows that house 21 had at that time a somewhat 
smaller inclination than later. Three months after the slide, a survey of the 
settlement in the area ,vas begun. During the year 1951 the maximum settlement 
was about 9 cm and the mean settlement 4 to 5 cm at the points investigated. 

Fig. 58. Earth flow in the eastern part of the slide area. Photo to the left shows the 
V-slwped opening of a ravine; photo to the 1·ight shows the inner part 

of this ravine. (Photo B Jakobson) 
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Fig. 59. The clochs in the houses indicate the time of the slide. 
(Photo lliiwi-foto, Gothenburg) 

In addition, horizontal movements of a few centimetres tmvards the river were 
found within a limited area.. 

As a final stage in the upper part of the slide, there occurred earth flow 
phenomena which caused considerable trouble. As a result, the east boundary 
line of the slide area, which had been even, assumed the jagged appearance 
shown in Fig. 10. After the photograph was taken and the map in Pl. 1 was 
made, there has been further earth flow in the northeastern part of the slide 
area, as shown in Fig. 58. 

§ 5 g. The Starting Time of the Slide, Its Speed and Its Duration. 

Several witnesses touched upon the timing of the slide in their accounts 
as detailed below. 

The slide was in progress near the river from 8.10 to S.u (witness I). 
The slide ended at S.rn (witness VI). 
The slide reached house 4 at S.on (witness XIV). 
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Fig. GO. One of the convex slip surfaces. (Photo S Odenstad) 

The slide reached house 10 between S.rn and 8.11 (witness XVII). 
The slide reached the road at 8.10 ½ (allowing 1 y;; minutes for the bus trlp 

from Surte C to Surte S, a distance of about 800 m) (witness XXI). 
The electric current was interrupted at 8.11 (witness XXIII, who seems to 

be most accurate in respect of the time). 
It can be seen that the various statements agree well. On this basis we can 

compute that the slide began at 8.os or 8.09, and that the slide proper lasted for 
about 3 minutes. 

An analysis of the speed and the duration of the slide has been made in 
Appendix D. According to this analysis, the maximum speed of the slide seems 
to have been less than 0.9 metres per second. That the accel<=ration was quite 
small is evident from the fact that several persons in the slide area did not 
observe the movement while it went on. 

§ 5 h. Development of the Convex Slip Surfaces in the Upper 

Part of the Slide Area. 

These surfaces, ,vhich are located in the secondary part of the slide area, 
were at first the cause of considerable discussion regarding their unusual con
figuration. Ho,vever, it soon became clear that they followed the direction of 
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Fig. 61. Slip surface approximately perpendicular to the strata. 
1'he slip surface ha.<; not followed the strata in all places. 

(Photo B Jakobson) 

the strata in the soil, indicating a weakness of the soil in the potential slip 
surface. The question then arose vvhether there is generally a constitutional 
weakness in stratified soil in surfaces parallel to the strata or whether the 
weakness arose from other causes, most probably artesian pressure. The investi
gation reported in § 4 e shows that such a constitutional weakness actually 
existed, but that it does not seem to be sufficiently great to explain why the 
slip surface assumed the convex shape of the strata. VVc can therefore suppose 
that the pore water pressure, which spread much easier along the strata than 
across them, was the principal cause. 

§ 5 i, Limitation of the Slide, 

Apart from the notable circumstance discussed in § 5 e that the slide pro
ceeded all the ,vay down to the river, the slide was nat11rally terminated in the 
north and in the east by firm soil and rock. In the south the borings do not 
show any difference in strength between the soil inside and that outside the 
slide area. llere it was clearly the small inclination of the ground surface that 
limited the slide. It is evident from Fig. 5 that great shearing stresses were 
developed in the boundary surfaces between the sliding mass and the soil lying 
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Fig. 62. Slide at Sviirta (in the eastern Su·eden) on the 
9th of September, 1938. 

north and south of it. A number of vertical slip surfaces with an inclination of 
about 45° to {he direction of the slide movement can be observed in the lower 
part of the slide area. 

§ 5 k. Previous Slides of the Same Type. 

The slide at Surte is the greatest slide known in S,vcden, but slides of the 
same type have occurred before, although infrequently. 

A much more characteristic slide of the same type occurred at Svilrta (in 
eastern Sweden, about 80 km southwest of Stockholm, Fig. 1) on September 9th, 
1938. The area of this slide had a width of 40 m at the upper end and 250 m 
at the lower end, and a length of 150 m measured along the direction of 
1n0Yement. The surface layer in the area of the slide held together surprisingly 
well; only a few small fissures were formed, as can be seen in Fig. 62. The slide 
area was bounded at its lower end by a stream and at its upper end by a 
highway fill which was to some extent involved in the slide. It is notable that 
the average slope in this case was only 3 to 4 per cent (Fig. 63). 
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§ 6. The Causes of the Slide. 

The first question about a slide usually concerns its cause. It is not possible, 
however, to state a single cause; there are always several contributory causes~ 
In this case-as in most cases-the first cause is the inclination of the grouncl 
surface (Fig. 4) and the fact that the shearing stress set up in the ground by 
the inclination is great in comparison ,vith the shear strength of the soil. 

Howeve1\ this state of things must have existed for a very long time, and the 
factor of safety must have been very low-only a little above unity. In some 
manner or other the factor of safety was then reduced so that a slide occurred. 
This reduction of the factor of safety may have been the result either of m1 

increase in the shearing stress, or of a decrease in the shear strength, or of 
a combination of these two factors. 

In this reduction of the factor of safety we may find a dominating influence, 
and we may also call this influence the dominating influence in causing the 
slide. Sometimes we may also speak about an impulse of a slide. According to 
lhe Author's opinion, the impulse is a factor of usually little magnitude, which 
appears suddenly just before the slide starts, and thus provokes it, However 
a slide may, and often docs, start without any impulse ... A_ccorcling to § 5 g, the 
slide at Smte started when the train left Surte S, and it therefore appears likely 
that the vibrations produced by the train were the impulse which initiated the 
slide. 

§ 6 a. The Stability of the Ground. 

A stability computation has been made in Appendix C for a mass confined 
in the cast by the line discussed in § 5 b, bounded downwards by the assumed 
slip surface, and having different lengths in the direction from east to west. 
For the main section through the slide area (764), the computations are 
extended right down to the river. The greatest shearing stress in this section 
is produced in such an extensive slip surface. 

Here we may add that the active and passive pressures on the end planes of 
the sliding mass are computed from values of the shear strength which arc 
greater than the shearing stress in the slip surface, namely the values obtained 
from the vane borings. If the value of the shearing stress is constant along the 
whole slip surface, that is, also in the computation of the active and the passive 
pressures, the shearing stress in an extensive slip smface will be less than in 
a shorter one, but the difference is remarkably small. The result of such 
a computation is shown in Fig. 72. 

The maximum shearing stress is produced in Section II-II, where the in
clination of the ground surface is greatest. This maximum value is obtained 
at a comparatively short length of the sliding mass (less than 100 m). Here 
the terrain may not have been stable in itself but the ground has probably been 
partly hanging on the masses on both sides of the section. 
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§ 6 h. Increase in Shearing Stress. 

The shearing stress is dependent on the angle of slope, the unit weight of 
lhe soil, and the load on the ground surface. 

The angle of slope can be considered to have been the same since a long time 
ago. Therefore, it cannot have caused any change of the shearing stress. 

The unit weight of the superficial layer of the soil ,Yas increased as a result 
of saturation with water. According to Appendix C, the increase of weight can 
be estimated to correspond to a load on the ground surface of O.oo t/m!! at most. 
This implies an increase of less than 0.01 t/m!! in the shearing stress. 

The houses in the slide area of course constituted a load on the ground. How
ever, in the steepest part of the slope, ,vhere the slide certainly started, there 
,verc no houses. Thus the houses seem not to have had any influence upon the 
formation of the slide. If we distribute the weight of the houses over the whole 
breadth of the slide area, ,ve get an increase of O.092 to O.G!JG t/1112, that is only 
O.oo-t t/m2, in the shearing stress in the longest slip surface (Section I-I in 
Appendix C). Consequently, we can state that there has been only a very little 
increase in the shearing stress. 

§ 6 c. Decrease i11 Shear Strength. 

A decrease in the shear strength can hardly occur in any other way than 
owing to an increase in the pore water pressure. In order to study this question, 
the cohesion and the true angle of internal friction in the clay were determined 
in accordance with § 4 b. As i.:- shown below, it is not possible to determine the 
variations of the ground water pressure, but it has certainly varied by a few 
metres. According to the laboratory investigations, an increase of 1 m in the 
ground water pressure corresponds to a decrease of O.rn t/m2 in the shear 
strength. 

Let us consider Section 764, point E 230. The unit weight of the soil j5 

about l.H t/m2. According to the measurements shown in Fig. 27, the maximum 
pore water overpressure after the slide is 7 m water gauge, and this nrnximum 
is reached in the vicinity of the slip smfaee, that is about 18 m below the 
ground surface. The pore ,vater overpressure may be considered to have been 
about the same before the slide. Therefore, the vertical effective pressure at the 
slip smface was about 18 X (1.a-1) -7 = 3.s t/m2• At this pressure the clay 
has a shear strength of about 2 t/m' (according to the laboratory tests). 
A silt or fine sand may, under the same pressure, have a strength of about 
3.s lg 30° = 2.2 t/m'. 

This calculation shmvs that the risk of the development of a slip surface 
in the clay was about the same as in the layers of silt and fine sand. Probably 
the slip surface developed in the clay close to a layer of fine sand in which 
the artesian pressure had increased. 

In conclusion ,ve can state that the decrease in the shear strength must have 
had the dominating influence in causing the slide. 
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§ 6 cl. Influence of the Water Level in the River. 

During earlier discussions of the causes of the slide, the relatively high level 
of the river was commented upon (see Fig. 64), as it was considered that a low 
water level would have caused a more critical situation. 

It is well known that most slides in river banks occur at IO\v water. The 
weight of the water in a river contributes directly to the stability of its banks, 
so that the sinking of the water reduces the factor of safety. In most cases the 
pore water pressure in the clay bank has no time to follow the sinking of the 
river, and the clay may therefore be considered to keep its shear strength 
constant. 

In Surte, hmYever, the slide started east of the highway, and the weight of 
the water in the river did not contribute to the stability of the soil mass located 
there. From this point of view a low ,vatcr level in the river could not possibly 
have been more dangerous than a high one. But if we consider an extensive 
slip surface right down to the river, the relatively high water level must have 
been a favourable factor, though of a very little magnitude. 

On the other hand, if the pore water pressure in the soil mass which was set 
in motion first was influenced by the water level in the river, a high level 
would have been more dangerous, since it would have caused a higher pore 
water pressure, and hence a lo,ver shear strength of the soil. However, this 
influence was certainly very small. Therefore, the conclusion is that the risk 
of slide was fairly independent of the water level in the river. 

§ 6 e. Influence of the Sensitivity of the Clay. 

As has been pointed out in § 5 e, the relatively high sensitivity of the clay 
was undoubtedly a contributory factor in making the slide as large as it ,vas. 
This factor, however, could not have had any effect in starting the slide. It is 
interesting to note that, for example, in Section 764, borehole E 230 (Pl. 2), 
lhe slip surface passes under and not through that zone ,vhere the clay is quick. 

The soil mass involved in the slide seems, as a whole, not to have lost much 
in strength. From this ,ve may infer that it was not much disturbed. Clearly, 
there was a major reduction in the strength of the soil only close to the slip 
surface. 

§ 6 f. Variations of the Ground Water Pressure. 

A reliable determination of the previous Yariations of the artesian pressure 
in the slide area, or the ground water level in the area above it, is unfortunatelr 
not possible. No direct measurements have of course been made before the 
slide. On the opposite bank of the rive1· there was a precipitation station, but 
the observations there ended in 1924. Some 15 kilometres south-easbvards there 
is another station having a complete series of observations of the precipitation 
since about 1900, but this series does not agree very well ,vith that mentioned 
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above, and the station was provided with a screen in 1939, so that the obscr
Yations made before and after that year are not quite comparable. Further, 
the actual area. of precipitation is Ycry limited, and, finally, it is not possible 
in this case to compute the influence of the eYaporation \Yith any accuracy. 
Therefore, we have to content ourselves wjtl1 establishing that the years 1940 
and 1950 had a high precipitation. The precipitation per year at the station 
south-east of Surte since 1940 is shown in the table below. 

Year Prccipitat!on mm 

1940 825 
1941 635 
1942 703 
1943 9:37 
1944 1 03:3 
194.5 922 
1946 918 
1947 554 
19,;s 758 
1949 1 106 
1950 1 065 

Note: "·e haYe thus found that the artesian pressure must lun·e b:en the dominating factor in 
causing the slide. It may seem strange thal the artesian pressme has not been greater dming all the 
preceding centuries when the slope of the terrain has been the same. Bul, on the other hand, it is 
difficult lo find any cause of the decrease in the shear strength other than the artesian pressure. 
HoweYel', the opinion has somelimes been expressed that the shear strength of a clay may decrease 
\'cry slowly owing to an exchange of ions or lo leaching of salt. It is of course not possible to dis
pute that this may have been :i contributory cause of the slide. 

§ 7. Conclusions to Be Drawn from the Slide. 

Like other Swedish geotechnical investigations, the study of the slide at 
Surtc has primarily contribntcd to the knowledge of the Swedish clays. One uf 
the special conclusions to be drawn from this slide is that it has still more 
accentuated the necessity of taking the pore ,vater pressure, or rather the over
pressure, into consideration. EvCn if the samples are prevented from swelling 
during the taking, so that the effective pressure is kept constant and they 
are quite undisturbed for the rest, and if the shear strength is correctly deter-
111ined in the laboratory, a calculation of stability may be misleading, as the 
shear strength of the ground may change, from time to time owing to a variable 
pore water pressure. Even if the shear strength is measured directly in the 
ground, e.g. by means of the vane borer, the same deficiency may occur. 

Usually, when the soil is consolidated, the pore water pressure probably 
varies relatively slightly, but whCre there is an artesian overpressure, the 
-variations are certainly much greater. The uncertainty of the calculation is 
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due to the great praetieal difficulty or impossibility of determining the limits 
of the variations in the pore water pressure. 

This may be exemplified by another, very small slide, ,vhere the pore 
water pressure probably also was one cause of the slide. The slide occurred in 
a small road embankment, only l,;i m high. The laboratory investigations uf 
samples had shown that the ground-,vith an ordinary factor of safety-ought 
to carry the bank. However, when the bank had reached full height, the ground 
failed. (This occurred in the beginning of October 1950, i.e. a few clays after 
the shear strength. The results of the: tests arc shown in the table on page 52. 
made two n1onths after the slide, showed an overpressure of I.1 t/m!! in the 
ground beside the bank. This is quite enough to explain the slide, provided that 
the overpressure did not exist in the ground when the samples were taken 
(in 1948). 

Another conclusion to be drawn from the Surte slide is that the extent of 
a slide can become very great under certain conditions. Formerly we knew 
that extensive slip surfaces can develop on an inclined ground surface of great 
extent, but the slip surface at Surte extended several hundred metres over an 
almost horizontal terrain. It is notable that the shearing stress in such an 
extensive slip surface does not differ very much from that in a shorter slip 
surface. 

§ 8. Summary. 

On the 29th of September, 1950, immediately after 8 o'clock in the morning, 
a very large landslide occurred in the valley of the Gota River in the southwest 
of Sweden. The site of the slide is located on the east bank of the river in 
a village named Surte, about 15 km from the mouth of the river in l(attega-::, 
near Goteborg (Gothenburg) (Figs. 1 and 2). Geologically this province can 
briefly be characterized by archaean rock hills with Quaternary clay between 
them. 

The area which slipped has a width of about 400 m (parallel to the river) 
and a length of about 600 m, and the volume of the slide can be estimated 
at 4 million m" (Fig. 5). 

The bank of the river had practically no height, and within a distance of 
about 200 m from the river the terrain was practically horizontal. Beyond that 
the terrain had a slope varying from I: 30 to 1: 6. The slope was steepest in 
the northeast part of the slide area. 

An extensive field investigation was made in the area of the slide and in 
the adjacent regions. This investigation consisted in taking samples mainly 
by means of the soil smnplcr with metal foils and the piston sampler, sound
ings, vane tests, and measurements of the pore water pressure. 

A great number of samples were tested in respect of unit weight, natural 
water content, plastic limit, liquid limit, undisturbed shear strength, and 
sensitivity. The results are shmvn in Figs. 28 to 32. Normally the natural 
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water content is approximately equal to, or somewhat higher than, the liquid 
limit. Quick clay occurs in the middle of the slide al'ea, and the natural water 
content of this clay is of course considerably higher than the liquid limit. 

The shear strength of the clay is-down to a depth of 10 to 15 m-in the 
upper ( eastern) part of the slide area roughly 2 to 3 t/m2 and in the lower 
(western) part, 1 to 2 t/1112 . The shear strength increases with the depth by 
about 1 t/m' every 10 m. 

Extensive tests ,verc n1ade to detern1ine true cohesion and true angle of 
internal friction. These properties were of great interest since we had found 
a high pore water pressure (artesian pressure) in the ground (up to 7 t/1112 

overpressure), and had therefore to determine the influence of this pressure on 
the shear strength. The results of the tests are shown in the table on page 52. 
As an average, the clay may be said to have a coefficient of friction of 0.rn. 
Thus a variation of 1 t/m:.! in the pore water pressure (probably the variation 
has been much greater than this value) corresponds to a variation of 0.rn t/m2 

in the shear strength. 
Four samples, two from quick clay and two from more normal clay, ,vere 

subjected to special investigations. They consisted in wet mechanical analysis 
(Fig. 41), weight loss analysis (Fig. 42), differential thermal analysis (Fig. 43), 
and X-ray investigation. All these investigations showed only very little differ
ence between quick clay and other clay. The investigations showed that illitc 
was the dominating clay mineral in the samples. 

Contrary to what is usually the case with slides, we here knmv the magnitude 
and the direction of the horizontal movement of a large number of points of 
the surface of the slide area. The disposition of the buildings in the area before 
the slide is known from existing maps, and after the slide the area with the 
disposition of the buildings was surveyed. Fig. 45 shows lines connecting points 
of equal movement (these lines have been given the name of isolcines). The 
probable position of the first developed scarp of the slide, according to obser
vations in the field, is shmvn in the same figure. 

The vane borings showed the' position of the slip surface in the eastern part 
of the slide area,, but not in the ,vcstern part. In order to analyse this circum
stance we determined the effect of remoulding of the clay. We found-quite 
naturally-that a clay which is remoulded and then consolidated at a relatively 
high pressure will have a greater shear strength than a clay consolidated at the 
same pressure without previous remoulding. This may explain why we did not 
find the slip surface in the western part of the slide area, where the depth to the 
slip surface seems to have been greater and the artesian pressure probable 
lower, and hence the effective pressure greater, than in the eastern part. An 
accurate determination of the position of the slip surface was not possible, 
but we found by means of several methods that it must have been located 
15 to 20 m below the ground surface. 

It is remarkable that the slide was not limited by a line east of the highway, 
beyond which the gradient of the ground surface was slight, but propagated 
about 300 m farther, all the way clown to the river. To explain the behavior 
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,of the slide it seems necessary to presuppose an artesian pressure extending all 
the way down to the vicinity of the river and causing a previous weakness 
in the potential slip surface. A contributory circumstance is the sensitivity 
·Of the soil to disturbances. 

Several hypotheses regarding the course of the slide have been discussed. 
In this respect ,ve have had help from many eye-witnesses of the slide, 
outside and inside the slide area. A large nmnber of people have been 
questioned about their observations, some of which were of value for the 
analysis of the mechanism of the slide. On the basis of the reports on these 
-observations in the slide area, and the investigations, the Author arrived at 
the opinion that the slide started some distance up the slope, and that it tlH!n 
successively propagated downwards towards the river, so that, finally, a large 
area was in simultaneous motion along a slip surface that was, on the whole, 
plane. 

Several witnesses touched upon the timing of the slide in their accounts. 
On this basis we can compute that the slide began at S.os or 8.m1, and that the 
-slide proper lasted for about 3 minutes. A train departed from Surte S at 8.11s, 
and it appears likely that the vibrations produced by the train were the impulse 
which initiated the slide. 

However, the slide was clue to many causes. The first cause may be the 
inclination of the ground and the great shearing stress-great in comparison 
with the shear strength-induced in the ground by the inclination. The factor 
-0f safety must have been very low-only a little above unity-for a long time. 
In some manner or other the factor of safety was then reduced so that a slide 
occurred. This reduction of the factor of safety may have been the result 
-either of an increase in the shearing stress, or of a decrease in the shear strength, 
-or of a combination of these two factors. 

An increase in the shearing stress may have been caused by the saturation 
of the superficial layer of the soil with water and by the weight of the houses. 
llo,vcver, stability computations show that the influence of the saturation on 
the shearing stress is less than 0.01 t/m2, and that the influence of the houses 
is also very small, about O.004 t/m2• In the steepest part of the slope, where 
the slide probably began, there were no houses, and it is therefore doubtful 
if the houses have had any int1uence at all. 

A decrease in the shear strength may have been caused by an increase in 
the artesian pressure. Unfortunately it is not possible to determine the previous 
variations of the ground water pressure, but it has certainly varied by a few 
1netres. According to the laboratory investigations, an increase of 2 m in the 
artesian pressure corresponds to a decrease of O.:is t/m2 in the shear strength. 
Thus we can state that the decrease in the shear strength must have been the 
determining factor in causing the slide. 

\Ve have thus found that the slide has probably been caused by an increase in the 
shearing stress due to the saturation of the superficial layer of the soil with water and 
by a decrease in the shear strength due to an increase in the artesian pressure. It may 
seem strange that the artesian pressure has not been greater during all the preceding 
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centuries when the slope of the terrain has been the same. But, on the other hand, it is 
difficult to find any cause of the decrease in the shear strength other than the artesian 
pressure. However, the opinion has sometimes been expressed that the shear strength 
of a clay may decrease ver;y slowly owing to an exchange of ions or to leaching of salt. 
It is of course not possible to dispute that this may have been a contributory cause of 
the slide. 

The main conclusions to be drawn from the slide are that a small slide can 
under certain conditions grow to a great extent, and that we have to take 
the pore water pressure into consideration in a greater degree than hitherto. 
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APPENDIX A. 

Interviews with Witnesses. 

Eye~Witnesses outside the Slide Area. 1 

I. Mr Gunnar Wallberg, AB Skitnska Cementgjuteriet. 

Mr Wallberg was driving his truck from Gothenburg to Surtc. As he was 
approaching the slide area he noticed that the dwelling house elosest to the 
river (house No. 17, Fig. 65) was moving sidewise. At the same time he- obscrv,~d 
that the clay mass seemed to be flowing out into the river. He estimated tlrnt 
he was then about 4,00 m from the edge of the slide and that it was 10 or 15 
minutes past eight. From the ground "·est of the road he turned his attention 
to the road ahead and then saw one of the houses slowly topple over and 
come to rest on one side (house No. 13, Fig. 65). He also noticed that the 
road was broken up. At about the same time the overhead contact ,Yire of 
the electric railway broke, causing a heavy arc. VVallberg's next impression 
was that the whole area west of the road was moving at a considerable speed 
towards the river. 

VVhilc making these observations, \;\,'allberg had driven his truck about 
BOO m. He then stopped it about 100 m from the edge of the slide. From the 
truck he now observed that the ground and the houses continued to move for 
some seconds. However, as he did not consider the location of the truck quite 
safe, he began backing and did not approach the site of the slide agam for 
about 5 minutes. 

IL Mr Carl Alfred.son, Gothenburg. 

I\1r Alfredson came by car in the direction from Gothenburg and a man he 
encountered drew his attention to the fact that the houses at Surte were 
moving. He left the car and ran to the edge of the slide, returned to get a 
motion-picture camera from his car, which was some 100 m further back, and 
then came back and succeeded in taking a few metres of film. I-le was under 
the impression that the ground had then stopped moving, although the 
houses continued to settle. He also noticed that at least two houses were 
turning about. 

III. Mr Sigfrid Jansson, Surte. 

Mr Jansson observed the slide from his house in the declivity above the 
slide area. He noticed that all houses were moving. He cannot say whether the 
uppermost houses started to move later than the others, as he did not pay 

1 The positions of the witnesses are indicated in Fig. 65. 
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Fig. GD. Plan showing the places of the witnesses (Rornan figures) and the nwnberinrJ 
of the houses (Arabic figures). Houses Nos. 10, 11 and :31 have been built since the 

photograph was taken (in 1947). 

particular attention to this, but on the ~ther hand he does not think it im
possible. He observed that the field to the left (southeastern part of the slide 
area) seemed "to move upward in waves" after the houses had started to move. 
As he was not certain how far the slide was going to proceed, he ,vas thinking 
of moving farther up to rocky ground when he noticed that the slide suddenly 
stopped. 

IV. Mrs Ida Berntsson, Nedergi\rden, Smte. 

Mrs Berntsson was inside the Nedergi\rden farmhouse looking out of the 
window down at house No. 28 where her daughter was living. She noticed 
a strange soughing noise and sa,v a birch in the garden begin to sway and to 
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sink straight dow1nvards. Then a hedge close by also began to move and to 
sink. Directly afterwards the house too began moving. Then the ground be
tween the house and NedergU.rden started to move. This movement proceeded 
in stages; large strips gradually broke away and mo,·cJ down into the ,~alley. 
The depth of the strips grew as the slide spread upwards towards NeclcrgUrclen. 
From her position l\Irs Berntsson could see only houses Nos. 27, 28, 20, and 30. 
It was her impression that all these houses were moving simultaneously. 

V. Mr Tme Berntsson, Ncderg,trdcn, Surtc. 

Mr Berntsson's mother (witness IV) called her son, who witnessed the slide 
too. He sums up his i111pressions as follows. 

The whole ground was moving rather slowly; the speed can approximately 
be compared to that of the Bohus ferry (a ferry-boat on the river some kilo
metres north of the slide area; the speed of this ferry can be estimated at a few 
metres per second). The movement, ho,vever, did not proceed al the same speed 
all the time; the speed increased progressively and the movement finally ceased 
when the ground piled up against the opposite side of the river. Then the 
ground rose and folded. Hmvcver, folding had already begun during the first 
stage of the movement. House No. 13 toppled very slowly when the slide was 
approaching the opposite side of the river. Water and clay were lifted very 
high. Cracks of various sizes were forn1cd during the com·se of the slide. At. 
first the ground moved straight down towards the river, but farther down the 
slide widened, while the main part of the ground continued straight ahead. 

VI. Mr Oscar Zaar, Surte. 

l\Ir Zaar was driving from his home in the declivity above the slide area to 
Gothenburg and had his neighbour Mrs Hedstrom as his passenger. He hap
pened just to have set his clock by the wireless, and Mrs Hedstrom stated that 
she had done the same. Therefore they were able to ascertain that they started 
their trip exactly at 8.15 o'clock. When they came onto the road which goes 
from cast to west across the slide area they observed the steep scarp which 
had been formed at the slide. At that time l\'lr Zaar did not notice any move
ment of the ground but i\Irs Hedstrom stated that she saw some of the houses 
move slightly. 

Note: The distance travelled can be estimated at 450 m and the time used 
at 45 seconds. Thus it should have been about 8.16 o'clock when the slide was 
practically finished. 

VII. Mr Gunnar Ahlgren, Surte. 

l\Ir Ahlgren was standing together with his wife outside his tractor shed on 
the high ground to the east of the slide area and was facing the river. Thus 
he was looking straight towards the slide area when the slide occurred. He 
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noticed that the two houses, J\'os. 28 and 30, situated on the highest groun<l 
remained in their places, while othL·r houses farther down were moving. Owing 
to the fact that his view was parlly obstructed, he was not able to determine 
how many houses were involved in the first movement. After some time the 
uppermost houses started to move, and they mo,·ed more quickly than the 
others. At about the same time one of the multi-family houses (house No. 13) 
was lifted and toppled over slowly. Then, as the slide spread backward, i\Ir 
Ahlgren and his ·wife moved to higher ground. 

"\Vith regard to the jet of water mentioned in the press, which was said to 
have been obsc1Tecl on the slope two days prior to the slide and which was 
regarded as foreboding it, l\Ir Ahlgren said that there were many drains in the 
declivity and that water frequently escaped from them after prolonged rain. 

VIII. Leif O/ausson, Surte. 

Leif Olausson (11 years old) gives the following account. He was standing 
at the window of his home in the Solbacken house looking southward. First 
he saw a crack in the ground which 1nostly ran in line with the house. The 
crack widened more and more and the houses started to slide. At the same time 
a soughing noise was heard. After the houses had been sliding for a time, he 
became frightened and ran away. 

IX. klr Arthur Lilja, Surte. 

l\Ir Lilja was on his way to a foundation of a house outside the north-eastern 
edge of the slide area. He turned round on hearing a noise 1 but at the same 
time he was conscious of the fact that a sort of soughing noise had been going 
on for perhaps half a minute or so. He also noticed that the ground was be
ginning to sink in the eastern part of the slide area, and then turned his eyes 
towards the houses and the highway. The highway and all the ground west 
of it appeared to be at rcsL while the houses cast of the highway were 1noving 
down towards the river. He also noticed that the uppermost houses were mov
ing faster than the others. As the ground cast of the highway pushed on, the 
ground \Yest of tl1e highway slowly started to move, and finally the whole area 
was moving. The houses moved like boats ,Yith a rocking motion. The undula
tory motion appeared to be more pronounced higher up, while the houses 
farther clown were floating more evenly. One of the houses toppled over very 
shortly after l\Ir Lilja turned round. l\Ir Lilja also noticed that the ,rntcr in 
the river was raised. He estimated the time taken by the whole slide at three 
minutes from the moment he had lurned round. 

X. Mrs Iljordis Svensson, Surte. 

l\Irs Svensson was standing at her kilchen window facing clue south in her 
home, Villaplatsen 2 (house on firm ground close to the northern edge of the 
slide). She first noticed that the pile-driYer and the ground around it started 
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to slip and that the men engaged in pile-driving started to run away. Then she 
observed that the houses beyond were also moving. After a time, before the 
other houses had stopped, house No. 31 went sliding down. The pile-driver 
did not topple over until the final stage of the moYement. A large 11umber of 
cracks ,vere formed in the ground. The moYement was wavelike and smooth. 
The houses seemed to sail along. 

1\Irs Svensson remained at the window during the whole slide and also saw 
its termination, which was almost imperceptible. 

The lawn, which was cast of house 31 prior to the slide, is now west of the 
house. 

XI. 1vlr W. Funke, Surte. 

l\Ir Funke was standing on the highway at the northern edge of the slich 
talking to a person who left immediately when they noticed the slide. He paid 
attention only to the 1novcmcnts within the nearest part of the slide area 
(the view was partly obstructed). The road rose approximately 4 m with a 
crackling sound and then sank slowly back, moving sidewise at the same time. 
House No. 2 was moving on an upward convex curve during its lateral move
ment so that it first moved obliquely upward and then sank obliquely do,Yn
ward. The maximum upward movement ,vas estimated at 2 m. 

XII. Mr Wallblacl, Surtc. 

Mr Wallblad was on the second floor of his house directly to the west of the 
higlnvay some 10 m from the edge of the slide. He noticed that the house 
was beginning to shake and went out onto the balcony facing west. He observl1 d 
that the telegraph poles along the railway were moving. Then he ,vent out onto 
the balcony which faced south. The houses were then sliding and had almost 
reached their final positions. A ground wave came rolling towards l\Ir \Vall
blad's house directly from the south and finally stopped about 10 m from the 
house. 

Eye~Witncsses within the Slide Area. 

XIII. Mr and Mrs Efraim Olsson (house No. 2). 

1\Ir Olsson, who was not at home at the time of the 5lide, observed two clays 
before the slide that clayey water had run down into the garden. This water 
had come from a spring as thick as a man's arm, high on the slope, 30 to 40 m 
above the pile foundation. The spring seemed to be "boiling" the whole morn
ing but ran dry in the afternoon. 

During the slide, Mrs Olsson observed a clay wave to the east of the house 
and also saw that the pile-driver was moving. Then the house started to move, 
but very slowly. All objects in the house retained their places during the slid,,. 
The river was lifted while the house ,vas still moving. 
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XIV. Mrs 1lina 1vfal1nberg, (house Ko. 4). 

l\Irs Malmberg looked out of the window and observed that the houses above 
(Nos. 10 and 11) were tilting. Just then a cracking noise began in her own 
house. She did not notice any sliding at all, but saw only that the house was 
tilted. Large cracks were produced in the ground before the movement ceased. 
Two clocks had stopped at S.o,. 

XV. Mr and Mrs Uno Johansson (house Ko. 5). 

The first noteworthy occurrence observed by 1\ir Johansson was that a person 
on the highway was staggering as he walked. The last car of the train had just 
passed the slide area. No movement of house No. 5 was noticed, but only a few 
seconds later a cracking noise began in the house. 1\Ir Johansson looked out 
towards the cast and saw that his flagpole had been tilted. After the rattling 
in the house, the roof tiles worked loose from the roof. The movement of the 
house was very smooth. 

l\Irs Johansson did not notice any movement of the house, but felt only that 
it was shaking. The mantelpiece clock, which had been set by the wireless on 
the preceding night, stopped at 8.08. The ground had been shaking considerably 
during the pile-driving, and the shaking had increased for a time before the 
slide. 

One of the tenants of the house had stated that the house was lifted so high 
that the ground floor was raised level with the third floor of house No. 6. 

XVI. Mrs Greta Lundgren (house No. 6). 

l\Irs Lundgren was on the third floor. The train had left Surte S when she 
heard a cracking sound from the roof. The house was shaking and after a 
rnoment it tilted. After a time :i.\Irs Lundgren went to the window on the south 
side and smv house No. 13 toppling over. Then she proceeded to a window on 
the western side. By that time house No. 5 was lifted so high, while her own 
house was sinking, that the ground floor of house No. 5 was level with h('l" 
window. Then house No. 5 was at its highest position it broke and its northern 
part turned counter-clockwise in the horizontal plane. 

The house had been shaking previously owing to pile-driYing and traffic on 
the road and the railway, but the shaking had been increasing of late. 

XVII. 1',Jrs Gerda Kristiansson (house No. 10). 

l\Irs I(ristiansson was lying in bed when the bed began to shake and the 
house to sway. Before she managed to dress, everything was quiet again. She 
had not noticed that the house was sliding. The household clock which may 
have been several minutes slow had stopped at 8.10. 
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XVIII. Mr Oskar Gullbrandsen (house No. 19). 

l\Ir Gullbrandscn noticed such a strong wind that he thought the roof tiles 
would come down. Then he ran downstairs and out to the cement slab 
directly opposite the bus stop. Ile did not notice any moYcmcnt of the ground 
or the houses, but when he "·as on lhc slab it broke and was lifted. Then the 
houses began to slip downward in waYcs. Afler house :No. 5 had cracked, ail 
moYement ceased. 

The prcYious night i\Ir Gullbranclscn had heard knocking noises in the hou-;c 
and the sound of something tumbling down in the chimney. The Yibrations 
from the trains had been increasing in recent days. 

XIX. Mrs Ulla Adielsson (house No. 28). 

First l\Irs Adielsson heard cracking sounds in the kitchen. Then she hurried 
down from the upper floor, noticing that the house "·as slightly swaying. ,vhen 
she had reached the outer door, which was jammed, she fell that the house ·was 
rapidly sinking into the ground. Then she managed to open a window and to 
leap out. By this time the movement had ceased. She had not nolicccl that the 
house had been sliding sidewise. 

XX. Mrs Lilja (house No. 12). 

l\Irs Lilja. was standing in the courtyard lo the west of her house when she 
heard a soughing sound followed by a. crackling sound. Directly afterwards she 
noticed that the ground was moving. Then she ran towards the house and 
observed that the houses to the east of her were sliding down towards her with 
slow rocking movements. House No. 31 did not begin moving unlil lhc other 
houses had been sliding for a time. 

XXI. 111r Arvicl Pettersson (bus passenger). 

l\ir Pettersson rode on the bus into the slide area. The bus ought to have 
left Surte C at about S.o;i o'clock but it was ,_t minutes late. It was a few metres 
short of the stop at Surtc S, when the highway, with the bus on it, began to 
slip sidewise. 'i\'hen l\Ir Pettersson came out of the bus about one minute latet, 
he heard a dull rumbling sound from the ground which ,Yas still moving. l\Ir 
Pettersson crossed the highway to the stall where he met a woman who asked 
him to take care of a child. At the same moment house No. 5 was cleft. This 
house had previously been lifted very high and the cleaving probably occurred 
,vhen it sank back. J\Ir Pettersson and the child then took a turn onto the 
undisturbed ground south of the slide, where he met the child's mother. After 
some time he returned to the slide area. By this time 10 minutes might haYe 
passed since the bus had stopped; l\Ir Pettersson then observed a new crack iu 
the ground while the highway ,vas rising at the same time. 
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XXII. Mr Axel Persson, Surte. 

l\Ir Persson was standing at the bus stop Surte S, waiting for the bus. The 
bus had not reached the stop when the ground began shaking. I-le then looked 
up and saw the houses begin to move in waves. The highway was then com
pletely broken up. He also saw house No. 5 lifted and deft. Then he ran in 
lhe direction of Gothenburg. As he reached the undisturbed ground, the slide 
stopped. 

Other Persons. 
XXIII. Railway Staff. 

The train left Surte C on time, i. e. at 8.04 o'clock. It stopped at Surte S at 
about 8.07 o'clock and left at S.os o'clock. The electric current was interrupted 
when the train had reached a point about 100 m from Agnesbcrg station. Since 
the running time from Surte S to Agnesberg is about 3 ½ minutes, the current 
must have been interrupted at about 8.11 o'clock. 

XXIV. 1vlr and Mrs Kihl (house No. 25). 

There was a loud cracking in the walls of the house on the night prior to the 
slide. Potatoes in a box in the cellar had started rolling. Vibrations from the 
railway had been increasing since pile-driving was begun. 

XXV. Mr Simon Gustafsson, Surtc. 

About 75 m east of the long barn (the building directly to the south of house 
No. 21) water spouted, about a week before the slide, from a hole in the ground 
several decimetres in diameter. The water ceased flowing after some days. 
l\Ir Gustafsson interpreted this as an overload on some drain. The ground had 
always been s,vampy in a region to the east of the highway and some 10 metres 
to the south of the slide area, and as a rule it had not been possible to drive 
a tractor there. 
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APPENDIX B. 

Comparison between Circular and Plane Slip Surfaces 

in Computing the Stability of Slopes. 

A fundamental comparison between circular and plane slip surfaces is of 
interest in connection with the slip surface computation made in Appendix C 
and for the discussion of the mechanics of the slide in § 5 d. 

The following simple computations are based on the assumptions that the 
material is homogeneous down to firm ground and that the firm ground is 
parallel to the ground surface. Further it is assumed, as usual, that the shearing 
stress is constant along the whole slip surface. 

Notation 

The following symbols are used. 
-. = shearing stress along the assumed slip surface 
y = unit weight of soil 
l = length of the slip surface along the ground surface 

L = length of the slope 
d = depth of slip surface 

D = depth to firm ground 

The other symbols are explained in the illustrations. 

A. Slope of Great Length. 

I. Circular Sliv Surface (Fig. 66). 

Equating the moments about the axis of rotation of the slip surface gives 

G X f X sin o = 2 .-ar2
, where G x f = y l

3 

and r = --~- ; 
12 2 Sill a 

. . y . sin~ a 
. 'I:' = - l Sm O -- . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (1) 

6 a 
• 2 

sm a reaches its maximum 0.725 for a = 66° 47' 
a 

._. .. max= 0.12 y l sin 0- ... ................................. . (2) 

The shearing stress thus increases in proportion to y, l, and sin o, and we get 
the greatest value for l = L. At L = oo, -. also becomes oo, but then the slip 
surface reaches an infinite depth. Therefore, on a slope of great length it is 
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Fig. GG. Circular slip surface. 

the depth to firm ground that determines the position of the slip surface, and 
11ence also the necessary shear strength. 

The depth of the slip surface, which is equal to the depth to firm ground, D, 
is determined by 

L 1 - cos a 
0D = r (1 - cos a)= - . . ............................ (a)

2 Slll a 

At a= 66° 47', d is O.aa l. At D > o.,, L, the slip surface does not reach firm 
ground. At D < O.aa L, the quantity 

L = 2 D sma 
· 1 - cos a 

is inserted in the expression for r, Eq. (1), which gives 

yD .., sin a (1 + cos a) 
7:= 3 s1nv a 

From Eq. (3) we obtain 

41? 
L 

sin a = ---D~' and cos a 

lt-4L' 
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These values arc inserted in the expression for r: 

41) 
?.v L 

-r=-3sin6D( D')' 
1 + -IL' 

h •· I . ID 1 ,v ere ~ 1s a unction o L on y. 

4 D 
L 

arcsm ---D-2 

1+4u 

t;vD sin b ....... (4) 

It is easily demonstrated (for instance, by expansion into a series) that f 

increases as D decreases, and the greatest value of ; is therefore obtained 
D L 

when L == 0, that is, L = co; then 

2 /' . 
rL=== ;f D s1116 ...... ' ................................ . (5) 

Consequently, the most critical slip surface is of infinite length, and the 
necessary shear strength is directly proportional to y, D, and sin 0. For a slip 
surface of finite length, the necessary shear strength is determined by Eq. (4) 

I) 
when O < L :;;; O.:ia and by Eq. (2) when D ;::,: O.aa. In Fig. 69 the coefficient /; 

is plotted against D (Case 2). 
L 

II. Plane Slip Surface (Fig. 67). 

The sliding mass we arc to consider is assumed to be bounded below by 
a plane slip surface of the length l, parallel to the ground surface, and to be 
bounded on either side by a plane perpendicular to the ground surface, see 
Fig. 67. 

First we compute the active and the passive earth pressures on these end 
planes. The active pressure is obtained from a simple equation of stability 
(Fig. 68). 

PA = _/_ coso + ---v d
2 

( sin b) 
2 tg Cu 

1 + tg-2c,J rd 
tgw 

where w is determined by 

tg 01 = \/ J - z_cl_ sin 6 
I 2-r 

Similarly, the passive pressure is (Fig. 68) 

P _ y d' ( -' sin 6) + 1 + t~',,, 
p - -- cos u---

2 tgcu tgw 
rd 

(6) 

where w is determined by the same expression as that given above for the 
active pressure. 
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For the whole mass we obtain the following cqnation of stability (Fig. 67) 

P,, + G sin o= PP+ K . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . (7) 

Inserting G == '}-' l d, K == r l, and the above expressions for P.\ and Pp, we 
obtain 

. cl" sin b 0 

T I = Y / cl Slll O + )' --- - L,
tg(,) 

L 

I 
--- d I 

I

/~p
---..1 

Pig. 07. Plane slip surface. 

a. b. 

JG __-
----..... 

-~'.° N dPA ----.....___,_ 

------,___ 
-....___ 

Fig. 68. Computation of the active and pas.~ive pressures on the end planes 
of the sliding mass ( Fig. 67 ). 
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or, after reduction, 

r = y cl sin () 

' d tO' W 1-
0 l 

tg '" + 2f + 2 tg20Jf .......................... . (S) 

The simplest way of treating this problem 1s to insert the value of -c rn the 
expression for tg w, Eq. (6). We then obtain 
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If this expression is inserted in the expression for r, Eq. (8), we 0btain 

d . c) 1 
1 .. · · · · . . . . . . . . . . . . (9)T = }' Slll (cl)' cl /(cl)' _L_1-47 +4r\ 7 '2 

r reaches its greatest value when ~ == 0, and then becomes T = y cl sin 0, that is 
l 

the slip surface reaches firm ground, and we get 

, = y D sin c) •••••••••••..••............•••.•.......••••.... (10) 

This equation is to be compared with Eq. (5). Thus, on a slope of great 
extent a plane slip surface is more dangerous than a circular one. 

B. Slope of Finite Length. 

The slope is assumed to be confined by horizontal ground surfaces on bolh 
sides, sec Fig. 70. 

I. Circular Slip Surface. 

A circular slip surface through the points in which the slope changes its 
gradient can be treated in accordance with the preceding Section A. ,vc have 

r = § y D sin ii for ~ < 0.33 Eq. (4), where the coefficient 

. 1· D§ is a single-valued funct10n o L and 

r = 0.12 y L sin c) for LD 
> 0.33. 

The latter equa.tion can be written in the same way as Eq. (4): 

~ D . -' l " 0.12 r = " y sm u , w 1crc !; = -])- · 
L 

The relation between $ and ~ is shown in Fig. 69 (Case 2). 

I-Iowever, the most dangerous slip surface begins somewhat to the left of 
the upper break of the slope, and therefore such slip surfaces ,vcre also in
vestigated. In order to avoid cumbersome calculations, we still assume that 
the most dangerous slip surface terminates at the lower break of the slope. 

DThis assumption seems, in fact, to he quite probable at small values of L 

Using the notation of Fig. 70, a moment equation gives 

2 rn r' = r[i a' sin /3 + ; L sin cl (2a cos {3- L cos cl) 

[rsin(a+/3)- ! acos/J+ !Lcoso]]····················· (11) 
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r,sin (cx+p) / ~ 1· _/ ' 
I _7 ;ro-~ \ 
120-cos§-L·cosll 3

1 
(-2Lcoso+acosB\ ·\ 

, r < . 'I 1/ ~ 

\ 
\ 

Fig. 70. Circular slip surface at a slope of finite length and at a finite 
depth to finn ground. 

From the following relations obtained from Fig. 70 

a 
r= -.

s111 a 

r-D = r cos (a+ o- f]) 

2 a sin j3 = L sin 0 

we get the following relation for f, a, f], and Ii; 

sm a= 
A +BI/A" + B2 

- 1 
A"+ B' 

where A= 2 D sin f] - sin (Ii - f]) 
L S111 <) 

and B = cos (o - f]) 

From Eq. (11), rand a are eliminated by inserting 

a L sin ii 
r=-- and a= -- , 

sin a 2 sin() 

We then obtain 
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1 sin 2 a 
r=yD sin ii ---

D " 
L 

[~ + sin (a + fl) cos fl (i _ tp; fl) + 
6 2s1na tgO 

+ cos' f] (3 trr cl trr f]- trr' fl-? trr2 o)] 3 tg20 0 0 0 ..., 0 
= ," y D sin cl 

(12) 

(13) 



In this manner the equation is transformed into the same type as Eq. (4,). 

1'he coefficient ; Yarics with D, a, /l, and O. However, when the values of 
Lf, (J, and o arc given, "' is determined by Eq. (12), and therefore "' can be 

eliminated from Eq. (13). Then we must choose that value of fJ which gives 

a f a· gIYen l L l l uc 1 a t·maxnnmn. vaIuc o ~ · t . va ues o f" D anc ( . S l so u l 1011, 110wcvcr, 

is not mathematically possible. The problem should preferably be treated by 

trial and error. For different pairs of values of Zand o, different values of fJ 
were tried until the maximum value of ~ was obtained. The results of these 

computations arc shown in Fig. 69 (Case 1). 

II. Plane Slip Surface (Fig. 71). 

A projective equation along the direction of the slope gives 
PA cos o+ G sin o= K -1- Pe cos o; 

Inscrling 

P _ yd'. -2rd,.\ - 2 

p - )' c1:]'- 2 +2-rdl 

G = yl cl 1 cos o 
K=rl 

we obtain by rcduclion 

cos!) 
r = y d1 sin CJ ---d-c---=JJ 

1 -1- 4 7: cos o 

A simple inYcsligation shows lhat T mcreascs with d and l. 1,Vc then ha\·c 
lo insert d == D and / == L, and we get 

r == $ y D sin V, 

1
where ,/: == --~~ l). 

+ -1-
L 

The value of the coefficient; is obtained from Fig. 69 (the upper dash-line curve). 
In the computation aboYe we haYc assumed that there are no shearing 

stresses in the end planes of the sliding mass, i.e. that the main stresses are 
vertical and horizontal. However, there are certainly some shearing stresses in 
the end planes, though it is doubtful whether these stresses reach the shear 
strength of the soH. If we assume that the shearing stress in the end planes 
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Piy. 71. Plane slip surface at a slope of finite length and at a 

finite depth to firm ground. 

is equal to that in the slip surface, that is to the shear strength, Lhc horizontal 
component of the active and passi\'c earth pressure becomes 

I) )'" d; , ,1-:- )'tl; ,:-,\ = ~ - :2 :2 • r d1 and Pp = 
2 

+ 2 :2 • r <l 1 

and we get the coefficient t 1 in the expression -r == ~1 y D sin /j 

1- D 
1 + + V2 · -L 

The value of the coefficient f1 is also shown in Fig. 69 (the lower dash-line 
curve). The correct value of the coefficient probably lies between ~ and ~1 • 

C. Conclusions. 

Fig. 69 no,v shows which slip surface is more dangerous, the- circular or the 
plane. It is evident that a plane slip surface is more dangerous at low values 

D 
of L , that is, if the extent of the slope is great in comparison with ihc depth 

lo firm ground. 

All this applies to homogeneous soils. ,vhen a weaker stratum lies parallel 
to the ground surface at some depth, as seems to have been the case at Surte, 
judging by the artesian pressure, there is another argument in favour of a. 
plane slip surface. In the stability computations in Appendix C we have there
fore to use the plane slip surface for the most part. 
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APPENDIX C. 

Calculation of Stability. 

As has been mentioned in § 5 b, it is evident that the slide started on the 
slope east of the highway. I?or this reason, it is of great interest to examine 
the stability of this slope. The plan in Fig. 72 shows the hvo sections dealt 
with in the calculations. One of them, Section II-II, is situated in the northern 
part of the slide area, where the gradient of the slope was greater than in the 
other parts. The other section, I-I, is the main section through the slide area 
(Section 764). 

The upper boundary line of the sliding ground has been assumed in accord
ance with § 5 b. It is doubtful how far dmvn the slope the lower boundary line 
is to be set, or, in other ,vords, how long a mass took part in the first move
ment. For each section, a series of different lengths of the sliding mass has 
therefore been chosen. 

The shearing stress is dependent on, among other things, the depth to, and 
the gradient of, the slip surface. The position of the slip surface in Section I-I 
has been assumed in accordance with § 5 c. J-i'or Section II-II, the position 
of the slip surface- has been assumed to be similar to that in Section I-I. 

For the calculation of stability, an actiYc pressure has been assumed at the 
upper boundary surface of the sliding mass and a passive pressure1 at the 
lower. These pressures have been computed in an ordinary \Yay by assuming 
plane slip surfaces. They have been assumed to act horir,ontall,v. HoweYcr, 
a reasonable deviation from this direction has but \'cry little influence on the 
result. In computing the acliYc and the passive pressures, we have used the 
values of the shear strength obtained from the vane borings. They show that 
the shear strength may be considered to be 2 t/m2 down to those depths which 
interest us here. 

The results of the calculation of stability have been summed up in Fig. 72. 
Quite naturally, the- maximum shearing stress (2.11 t/m:.:) is obtained in Section 
II-II, ,vhere the gradient of the ground surface is greatest. This maximum 
shearing stress is obtained for a rather limited length of the sliding mass. In 
Section I-I, however, the greatest shearing stress is obtained for the greatest 
length of the slip surface, but the shearing stress in this section is much smaller 
than in Section II-II. 

1 IL may be qucslioned. if a passi\'c pressure \\'as de\'doped al the lower bc1tmdar,v stu-fare of 
Lhe sliding mass. There musl be a certain mo,·ement for the passi,·e pressure lo deYelop, and before 
this movement has happened, the slip surface ma~· ha,·e propagated owing to progressive failure. 
In this case, howe\'er, lhe course of the slide (the great horizontal compression of the earlh) 
indicates that there eannol han: been any great differenee between the actual pressure al the lower 
boundary surface and a passiYc pressure computed in an ordinary way. 
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For Section I-I we ha\'c also computed the shearing stress when it is 
constant along the whole slip surface, and hence also in the computation of 
lhc actin,' and passiYc pressures. Then we gd a maximum value of the shearing 
stress for a limited lenglh of the slip surface, but the difforcnce from the Yalue 
for a slip surface down to the riYt'r is not very great. The Yalucs obtained from 
this computation are put in brackets and shown below Section I-I in Fig. 72. 

As has been pointed out in § 6, an increase of the shearing stress in the 
soil may have contributed to the slide. Such an increase in the shearing stress 
can have been caused only by an increase in weight, since we can assume that 
the gradient of the slope was not altered. The increase in weight may have 
been due to an increase in the unit weight of the soil (owing to saturation with 
water) and to a load on the ground caused by the houses. Since the surface 
layer of the soil is to a certain extent traversed by cracks, a slight increase in 
weight is produced when these cracks arc filled with water. Even if the total 
volume of these cavities in the soil is taken to be as great as 4, % and the dry 
crust is assumed to extend down to a. depth of 1.:-i m, the increase in "·eight 
caused by saturation with waler would not be more than O.n.1 • I.;>== O.nG t/m~. 
As the slip surface is assumed to lie at a depth of about 18 m, the saturation 
of the dry crust with ,vatcr corresponds to an increase in weight of only about 
0.2 o/o. The increase of the shearing stress is about the same. 

To calculate the increase in weight caused by the buildings we must estimate 
the weight of the houses and distribute the total wr-ight over the slide area. 
All houses were made of wood, and we can estimate their weight at 2 to 4 t/m:!, 
according to the number of storeys. In this ,n1y we get a lotal weight of the 
houses of about 10 000 tons. "\Ve assume that the ground excavated for the 
foundations of the houses was spread out over the sites (otherwise the increase 
in weight would be less than the weight of the houses). 

The computations show that the houses have a very slight influence on the 
shearing stress in the short slip surfaces. Certainly, the houses cause an increase 
of the weight hut at the same time the passive pressure at the lower boundary 
surface of the sliding mass is increased by the weight of the houses beneath 
this boundary surface. For the slip surface dmvn to the river, the shearing 
stress is increased by the weight of the houses from O.mi·~ to O.rnG t/111 2, that is 
by only 0.G o/o. 
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APPENDIX D. 

Computation of the Velocity of the Movement. 

It is naturally impossible to compute accurately the Yclocity of the mov0-
mcnL because of the many factors affecting it. Assuming highly simplified 
conditions, however, an approximate evaluation is possible. 

The following forces act upon a sliding mass of soil (see Fig. 73). 

Weight of the mass . . . . . . . . . . . . . . . . . . . Q 
Normal force on the slip surface . . . . . . . . N 
Shearing force in the slip surface .......................... I( 
Passive pressure on the lower boundary surface of the mass ... P 
Shearing forces in the lateral surfaces of the sliding mass .... S 

Before the moYcmcnt starts there is also an active pressure upon the upper 
boundary surface of the mass, but this pressure can be assumed to cease as 
soon as the movement starts or it can be regarded as included in the force P. 

If the slip surface in that part where the sliding mass is located is inclined 
by angle a from the horizontal (this angle Yarics during the- moycmcnt). we 
obtain the equation of motion 

Q sin a- (P + K + S) = Q f; 
g 

where g == acceleration of graYity 

f == acceleration of sliding mass. 
Thus 

f . P+K+S ................... (!)-= SJll Cl. -
g () 

'With the guidance of the slip surface as assumed in § 5 c, we can plot sin (t 

as a function of the distance covered, s (the upper curYc in Fig. 73). Herc we 
haYc assumed the length of the sliding mass to be 100 m and the distance 
coYered to be 80 m. 

The passive pressure, P, can probably be assumed to be approximate-Ir con
stant. The force K falls during the first short part of the movement to a 
small fraction of its original value, but then it doC"s not decrease much more 
(sec Fig. 74 showing the results of two vane Lorings in clays differing in 
sensitivity St). Therefore K can also be assumed to be constant. 

If wc assume the forces S to be constant, too, the whole last term in Eq. (1) 

is a constant, and the curve for the relatiYc acceleration, i, is obtained by a 
g 

parallel displacement of the curve for sin a (see the lower full-line curve in 
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Fig. 73). Then the question is how great Lhis downward displacement (value of 
P+K+S 
~~Q- ) shall be. 

Quite generally we have 

dv Y dv 
f=-=-

dt <ls 
where v == velocity 

s == distance 
L == time 

Hence 

1f ds =fv dv = v' -'- C · J J 2 ' ' 

At l = 0 we have}- f ds = 0 and v = 0 and so C = O; 
Thus we obtain 

/i· ds = v' J J 2 ................. (2) 

At the encl of the movement, v == 0 and hence also the integral== 0. This 
implies that the two shaded areas in Fig. 73 should be made equally lar"ge, and 
this condition determines the magnitude of the downward displacement of the 
curve for sin a. In this way we get the acceleration of the mass as a function 
of the distance covered. 

The velocity is obtained by means of Eq. (2) from the acceleration curve 
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The velocity is represented by the full-line curve in Fig. 73. From this curve 
we can finally obtain the time of the total movement 

LL,.s
t= ~ 

V m 

that is, by summation of the times of elements of length L'.',.s in which the 
average velocity is vrn. ,ve then get a time of the total movement of about 
30 seconds. 

However, according to the "·itnesses, the slide was going on for a much 
longer time, and the acceleration of the mass was certainly much less than that 
shown by the full-line curve in Fig. 73, probably more in accordance with the 
dash-line curve in the same figme. Then we get the velocity represented by 
the dash-line curve in Fig. 73 and the time of the tolal movement of about 
2J·f minutes. This is in better agree1i1ent with the evidence furnished by the 

. P+K+S
witnesses. Consequently, the value --=--- cannot have been constant but 

Q 
must have decreased during the slide. 

The assumption that the force K is constant is certainly correct. The pressure 
P may have decreased during the slide, but this is not very probable. Therefore, 
the forces S in the lateral surfaces of the sliding mass must have decreased to 
a great extent during the slide, and this is quite understandable. 

It thus seems that the maximum velocity of the slide did not exceed 0.11 m/sec. 
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