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Session 5/13

An Investigation for the Foundations of a Bridge on Dense Sand

Recherches concernant les fondations d’un pont sur sable dense

by G. G. M e y e r h o f ,  Ph.D ., M.Sc. (Eng.), F .G .S., A .M .I.C .E ., A .M .I. Struct. E., Building Research Station, Garston, W atford, 

Herts., England

Summary

T he paper outlines the investigations for the foundations o f  the 

new  D eptford  Creek Bridge in L ondon. A  site investigation was 

m ade for a schem e o f  piled foundations on the Thanet Sand stratum. 

Estim ates o f  the bearing capacity o f  the piles and the settlem ent o f  

the abutm ents are com pared with the results o f  field observations. 

Som e exploratory plate loading tests in a trial cylinder are also  

described.

Sommaire

La présente com m unication donne un aperçu des recherches 

exécutées pour les fondations d ’un nouveau pont sur le D eptford  

Creek à Londres. U ne étude de l’em placem ent a été faite en  vue 

d ’un projet de fondations sur pieux sur la couche de sable de Thanet. 

Les estim ations de la capacité portante et du tassem ent des fonda

tions sont com parées aux résultats des observations sur terrain. 

D es essais de charge sur plaques dans un cylindre expérim ental y 

sont décrits.

Site Conditions and Results o f Laboratory Tests

The bridge spans Deptford Creek near its junction with the 

River Thames in East London. The soil conditions obtained 

from geological records and exploratory soundings and bor

ings on the site are given in Fig. 1. As the bridge is sensitive 

to  differential movement, the foundations o f  the new abut

ments were designed to rest on the 50 ft. thick bed o f dense 

Thanet Sand with which the investigation was mainly con

cerned. In addition to the exploratory borings, a deep borehole 

was made near the East Abutment to obtain “ undisturbed” 

sand samples for laboratory tests.

The Thanet Sand consists o f uniform fine angular grains, 

pale grey in colour, with an average specific gravity o f  2.66. 

The upper 5 ft. o f the bed had up to 30 per cent silt and 

nearly 15 per cent clay; below that depth the sand became 

a little finer with less than 10 per cent silt and practically no 

clay (Fig. 2). The porosity o f the sand was fairly constant at 

about 38 per cent (relative density =  75 per cent) in the upper 

clayey portion o f  the bed. At greater depth where the sand 

became cleaner, the porosity o f  the borehole samples in

creased to about 42 per cent, which was not supported by the 

results o f adjacent penetration tests (Fig. 3) and indicated 

that the lower samples were disturbed. The natural sand was 

considerably denser, and the average field porosity was likely 

to be less than 38 per cent as deduced from the present upper 

samples and som e previous samples; that porosity was 

therefore used for the subsequent tests and estimates.

Consolidated-undrained and drained triaxial compression  

tests on the saturated sand samples gave very similar results, 

and at any given porosity the angle o f  internal friction de

creased with greater normal pressure on the shear plane
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Fig. 1 N ew  Deptford Creek Bridge— Geological Section

Nouveau pont sur Deptford Creek -  Coupe géologique
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Fig. 2 Particle Size Distribution o f  Thanet Sand

Analyse granolométrique du sable de Thanet

Fig. 3 Results o f  Cone Penetration Tests

Résultats des essais avec cône pénétromètre

NORMAL PRESSURE ON SHB/VR PLANE (.LB./IN2)
Fig. 4 Results o f  Triaxial Compression Tests on Thanet Sand

Résultats des essais de compression triaxiale du sable de Thanet

(Fig. 4). At the estimated field porosity o f 38 per cent the 

initial tangent modulus o f deformation o f recompacted samples 

was over 300 times the minor principal stress. In consoli

dation tests on similar recompacted samples about f  o f  the 

total movement occurred in the first i  min; a typical void  

ratio-pressure curve is shown in Fig. 5.

E stim ates o f  the B earing C apacity  and  Settlem ent 

o f  Piles

The theoretical unit point resistance o f a pile o f  width B

B N
and depth D  in submerged cohesionless soil is q =  y' —~

where Nyq is the bearing capacity factor depending on <p, 

D /B  and the earth pressure coefficient on the shaft K s (M eyer

hof, 1951). Two bearing levels to which the proposed 14 in. 

square concrete piles might be driven were considered in this 

investigation, i.e. the upper clayey portion o f the Thanet Sand 

(upper level) and the top o f the underlying dense portion  

(lower level).

Analysis o f the skin friction observed in the cone pene

tration test outside the caisson (Fig. 3) indicated that for the 

upper level (DIB  =  2) Ks =  £ so that for <p =  45° based on 

a mean pressure o f ql40 or about 3 tons/ft2 on the failure 

surface (Fig. 4), q =  120 tons/ft2. Since the pile shaft would 

be embedded in about 10 ft. o f stiff clay with an average 

shearing strength o f 1 ton/ft2 determined from undrained 

triaxial compression tests, the skin friction is about 50 tons 

giving a total estimated bearing capacity o f the order of  

200 tons. Similarly, for the lower level (DIB =  6) K s = 1 4  

and <p =  42° based on 4 tons/ft2 so that q =  180 tons/ft2 

and the total bearing capacity is o f the order o f 300 tons. 

Direct extrapolation o f  the penetration test gave a minimum  

unit cone resistance o f  200 tons/ft2 and over 500 tons/ft2 at 

the upper and lower levels, respectively (Fig. 3). The bearing 

capacity o f the whole foundation can be taken as that o f  the 

sum o f the individual piles because they are mainly point 

bearing and widely spaced (see below).

The settlement o f the two similar abutments was estimated 

on the assumption that the whole net load would be trans

ferred to the level o f the pile points where the average net 

pressure would then be about 1 ton/ft2. The total movement

Fig. 5 Typical Resuit o f Consolidation Test on Thanet Sand

Résultat typique d’un essai de consolidation du sable de Thanet
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consists o f immediate deformation, consolidation settlement 

and plastic flow o f the sand. The immediate deformation can 

approximately be estimated from the initial tangent modulus 

o f deformation o f the triaxial compression tests. The consoli

dation settlement is approximately obtained from the consoli

dation tests. The plastic flow cannot be estimated at present 

and was thought to be taken care o f by conservative estimates 

using a porosity o f 38 per cent for the whole stratum. On 

that basis the total settlement o f the foundation with piles 

at the upper level was estimated to be 2 in. and o f the order 

o f in. for the lower level. The movement would occur 

mainly during construction o f the bridge in view o f the 

permeable soil.

Pile Loading Tests and Settlement Observations 

on Bridge

Four reinforced concrete test piles were driven in the coffer

dam o f the West abutment after the ground had been excavated 

to the stiff clay. Details o f the piles are given in Fig. 6, which 

shows the rapid increase o f resistance after penetration o f the 

upper portion o f the Thanet Sand. From the driving records, 

which included measurements o f the temporary compression, 

the dynamic bearing capacity o f the piles was estimated using 

H iley’s formula and was 130 tons and 180 tons at the upper 

and lower levels, respectively. D ynam ic exploratory sound

ings were carried out in the neighbourhood with a composite 

pile similar to that o f the cone penetration tests; extrapolation 

o f the results by Hiley’s formula gave an ultimate load of 

about 300 tons and over 450 tons for 14 in. piles at the upper 

and lower levels, respectively, or about twice those obtained  

from the full-scale driving tests.

Static loading tests were made on 2 o f the large piles by 

jacking against kentledge resting on 4 widely spaced timber 

piles. The ultimate bearing capacity o f the 14 in. pile driven
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to the upper level was not quite readied owing to insufficient 

kentledge and slight extrapolation o f the results indicated an 

ultimate load o f about 220 tons (Fig. 7). The bearing capacity 

o f the 10 in. pile driven to the lower level was 165 tons, which 

for a similar 14 in. pile would correspond to about 320 tons 

when som e allowance was made for the smaller proportional 

increase o f skin friction. The approximate actual skin friction 

was obtained from 2 o f the 14 in. timber piles supporting 

the kentledge; these piles, which were driven into the stiff 

clay with their points about 2 ft. above the Thanet Sand, 

settled 2 to 3 in. when carrying 45 tons each corresponding 

to an adhesion o f 0.8 tons/ft2. Therefore the unit point 

resistance o f the main test piles was about 130 tons/ft2 and 

200 tons/ft2 at the upper and lower levels, respectively.
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Fig. 7 Results o f  Pile Loading Tests

Résultats des essais de charge des pieux

Fig.

No. OF BLOWS PEU IN.

6 Test Pile Driving Records

Résultats des essais de battage des pieux

Fig. 8 Load— Seulement—Time Records

Observations de tassement sous charge en fonction du temps
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Comparison o f the observed static bearing capacities with 

those estimated from soil tests and bearing capacity theory 

shows good agreements for both point resistance and skin 

friction. Direct extrapolation o f the static cone penetration 

test gave l j to over 2 times the observed loads; this result 

was mainly due to the small embedment ratio DjB  o f the main 

piles, which made that procedure unsafe (Meyerhof,\ 1951). 

The dynamic bearing capacity from the pile driving tests was 

only about one-half o f the observed loads, and the results 

from the dynamic soundings were about twice too large. 

Nevertheless these indirect methods gave a fair indication o f 

the relative bearing capacity at the upper and lower levels.

On the basis o f that investigation and the settlement esti

mates it was decided to drive the 14 in. foundation piles at

6 to 7 ft. centres to the lower level; that arrangement gave an 

average net working load o f 50 tons and a maximum load  

under the m ost unfavourable conditions o f  about 60 tons. 

Settlement observations on the corners o f the abutments 

(Fig. 8) show that the movements were very small until the 

load was equal to the original overburden. Subsequently the 

settlement increased with further loading and virtually ceased 

at completion o f the structure, as had been expected. The 

observed maximum movements were o f the order o f magnitude 

estimated for piles driven to the lower level; the East abutment 

settled somewhat less than the West abutment probably 

because the piles were driven harder and penetrated about

1 ft. further into the Thanet Sand. It is o f interest to  note 

that the settlement was up to 20 times greater than that 

indicated by the pile loading tests under the working load.

Fig. 9 Arrangement o f  Loading Tests in Caisson

Arrangement pour les essais de charge dans le caisson

During the preliminary stages o f the investigation a 6 ft. 

diameter trial cylinder had been sunk to the Thanet Sand at 

the East abutment and advantage was taken to carry out som e 

plate loading tests inside it. The loading tests were made on

Exploratory Plate Loading Tests

B E A R I N G  P R E S S U R E  ( T . / F T * )

Fig. 10 Results o f  Loading Tests on Submerged Sand in Caisson

Résultats des essais de charge sur le sable immergé dans le 

caisson

steel plates o f various sizes from 6 in. to 2 ft. square forced 

slowly into the surface o f the sand with the arrangement shown  

in Fig. 9. To avoid interference o f ground failures only 2 or 3 

tests were made at any particular level, and the caisson was 

lowered by about 18 in. before excavating for the next test 

series; the largest plate was tested on the lowest level.

Since the water table in the Thanet Sand was nearly 25 ft. 

above the stratum, the investigation was carried out in com 

pressed air. The working pressure of the air in the caisson  

was reduced to carry out loading tests with the water level at 

and about 1 ft. below the loading plates. In such a small 

caisson difficulty arises in fine adjustments o f pressure, and 

som e disturbance resulted from the upward rise o f water 

through the sand. The loading tests were therefore made on  

disturbed material, which had a fairly constant porosity of 

about 45 per cent (relative density =  35 per cent), and this 

condition was found to extend to a depth o f som e 6 ft. below  

final caisson level.

Typical load-settlement curves o f the tests are given in 

Fig. 10. The results support small-scale laboratory investi

gations on fairly loose wet sand (M eyerhof 1950) that for 

geometrically similar areas the ultimate bearing capacity in

creases with footing width at a decreasing rate, while for a 

given bearing pressure less than the ultimate the settlement is 

practically proportional to footing width.

The theoretical bearing capacity o f a footing o f width B  on 

the surface o f cohesionless soil with effective density y' is 

B N
q =  /  y where Ny is the bearing capacity factory depend

ing on <p (Terzaghi, 1943; M eyerhof 1948). For the loading
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tests on submerged sand, y' =  60 lbs./ft3 and <p =  45° based on 

an average normal pressure on the failure surface o f the order o f  

ql 10 (Meyerhof.\ 1948) or about £ ton/ft2 (Fig. 7). The corre

sponding theoretical bearing capacity is 4 tons/ft2 per ft. width 

o f plate which compares well with the observed values, parti

cularly when som e allowance is made for the variation o f <p 

with different pressures (Fig. II). The bearing capacity o f  

moist sand should be about twice that o f submerged material 

for footings o f the same width and is increased further by the 

apparent cohesion due to the lowered water table. The results 

o f the few loading tests on moist sand are consistent with this 

estimate (Fig. II).

Fig. 11 Relation Between Bearing Capacity and Width o f Plate for Sand 

in Caisson

Rapport entre la capacité portante et la largeur des plaques pour 

le sable dans le cylindre

In view o f the difficulty o f  obtaining undisturbed sand 

samples from a deep borehole, an estimate o f the field porosity 

o f the Thanet sand had to be obtained from the uppermost 

clayey samples, which were likely to be almost undisturbed, 

and the results o f cone penetration tests. Theoretical estimates 

from soil tests o f the ultimate bearing capacity o f piles driven 

to two bearing levels gave results close to the observed values 

from corresponding full-scale loading tests. W hile indirect 

methods were not found to be reliable, they gave a fair indi

cation o f  the relative bearing capacity at the two levels. The 

observed maximum movements o f  the abutments were o f the 

order o f magnitude estimated for piles driven to the lower 

level. The results o f exploratory plate loading tests in a com 

pressed air trial cylinder were also in reasonable agreement 

with theoretical estimates based on soil tests.
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