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S U M M A R Y

The economic advantages of a soil-cement dam under certain 
conditions are outlined and the physical difficulties are discussed. 
Details are given of a series of triaxial cell tests carried out on a 
Nigerian soil stabilized with various percentages of cement and 
tested at various ages. The tests were carried out drained and 
undrained with pore-pressure measurement and the values of <? 
and <f>' for the soil-cement at various ages are compared with 
those of the untreated soil. The results of similar tests by Rocha, 
Folque, and Esteves were published in 1961 and they also sug
gested using soil-cement for dam construction.

S O M M A IR E

Dans cette étude, on expose les avantages économiques d’un 
barrage en sol-ciment et on présente les difficultés de cette 
réalisation. Des détails sont donnés d’une série d’essais triaxiaux 
réalisés sur des échantillons d’un sol Nigérien stabilisé avec 
divers pourcentages de ciment et soumis à des essais à diffé
rents délais après leur préparation. Les essais ont été effectués 
avec et sans drainage en mesurant la pression interstitielle. On 
fait ensuite une comparaison entre les valeurs de c' et de <j>' du 
sol-ciment à différents âges et celles du sol avant traitement. Des 
résultats d’essais similaires ont été publiés en 1961 par Rocha, 
Folque et Esteves qui suggéraient aussi l’utilisation de sol-ciment 
dans la construction des barrages.

T H E O R E T IC A L  C O N S ID E R A T IO N S

Economic

T H E  A T T R A C T IV E N E S S  O F  A S O IL -C E M E N T  D A M  lies in the 

steep slopes which are theoretically possible and which may 

reduce the volume of the section sufficiently to offset the 

increase in unit cost of the material. If the crest width may be 

assumed to be the same for such a dam as for an orthodox 

earthfill dam, then the saving in volume is restricted to the 

fill vertically below the upstream and downstream slopes and 

is thus dependent upon the mean height. If we assume that a 

soil-cement dam could be designed as a simple gravity 

section on the “middle-third” rule then comparing it with an 

earthfill dam having slopes of 1 on 3M upstream and 1 on 3 

downstream, the ratio between the volumes of the earthfill 

and soil-cement dams might range between just over one 

where the height of the dam is very small to about four for 

a dam 80 to 100 ft high. It is likely that the unit cost of 

soil-cement might well be appreciably less than four times 

the unit cost of earthfill— particularly where suitable 

materials for an earthfill dam are to be found only some way 

from the site. It may be, however, that the most pertinent 

question in this comparison is the height of the soil-cement 

dam which a designer would dare to develop for the first 
time, in other words whether the maximum height of a safe 

prototype would be adequate to develop the economic benefit 

which might accrue from a higher dam.

There are other economic considerations influencing the 

question, however. Those operating in favour of soil-cement 

include: additional saving in cost owing to shortening of 

diversion works, draw-offs, etc.; reduction in unit cost of 

soil-cement as techniques and experience improve— this 

might be expected to outstrip further reduction in cost of 

earthfill; the development of other new techniques which 

would help to solve some of the likely problems associated

with soil-cement dams, for example the use of thin plastic or 

similar membranes capable of being incorporated at or near 

the upstream slope. Furthermore, on sites where suitable fill 

for an earthfill dam does not exist, possibly because of a 

shallow depth of overburden above the bedrock, the eco

nomic comparison may be between soil-cement and not 

earthfill but some more expensive alternative such as a 

concrete gravity section. It may be remarked here that such 

circumstances would in general accompany the favourable 

foundation conditions which would be another prerequisite 

of a soil-cement dam.

Factors operating against the soil-cement dam include: the 

considerable variation in price of cement particularly in 

underdeveloped regions where transport is expensive (for 

instance, at the site of the Niger Dams Project, Nigeria, the 

unit cost of cement ranges upward from about £ 1 4  per 

ton, and this influenced the purely economic question of a 

soil-cement alternative to the saddle dam); the increased cost 

and difficulty of carrying out the pre-design testing and 

research necessary in the case of soil-cement and the corre

sponding tighter field control required; the additional protec

tive measures which may be needed to prevent deterioration 

due to extreme climatic conditions.

Physical

Certain problems of a mechanical or physical nature, 

which have not so far been completely resolved, are imme

diately obvious. These include:

Anisotropic permeability. Probably the cheapest method 

of construction of soil-cement, and for the purposes of the 

present discussion the most attractive, is the use of single 

pass, mix-in-place techniques in which successive layers of 

material about 6 to 8 in. in thickness are built up to form an 

embankment. This creates a laminar structure having a hori

zontal permeability which is likely to be many times its
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vertical permeability. This is, of course, to some extent a 

feature of all types of rolled earthfill, but may be expected 

to be considerably more marked with soil-cement at the 

horizontal junction between one layer and the next. The 

solution to this problem may be similar to that for earthfill 

dams, namely the inclusion in the downstream section of 

filter/drainage curtains incorporated in the fill, or the use of 

a more open, granular fill for the whole downstream shoul

der. This would not necessarily be an important incon

venience for a soil-cement dam, but in view of the con

siderably steeper slopes which would justify such a design, 

working space would be correspondingly more restricted. In 

general terms the cross-section should be a good deal simpler 

than that of many modern earthfill dams if the advantage of 

employing the simple repetitive method of construction using 

comparatively expensive plant is not to be lost.

"Sandwich” layers of uncemented material. Expert opinions 

vary as to the extent to which good plant and careful super

vision can eliminate the possibility of thin laminar seams of 

uncemented fill occurring between one layer of soil-cement 

and the next above. From the point of view of mechanical 

slope stability, this is probably of little or no significance, 

particularly as a very small increase in cohesion in the 

general fill is sufficient safeguard against surface slip. The 

effect of the cement on the permeability of the whole 

embankment depends largely on the nature of the parent 

material. Soil-cement may be more or less permeable than 

the untreated compacted fill, depending upon the initial 

grading curve of the soil. Thus the existence of uncemented 

soil lenses within the embankment may be less important 

than might at first be supposed. A trial embankment, incor

porating about five layers of fill constructed in connection 

with the Niger Dams Project and subsequently examined 

with this problem in mind, has shown that whereas 

deliberately casual construction can give rise to an inch or 

more of uncemented material between successive layers, 

careful control over construction can almost entirely (but 

not quite) eliminate it.

Transverse cracking. Possible causes of cracking are briefly 

discussed below. Clearly this is potentially of fundamental 

importance in any dam relying upon the soil-cement alone 

to provide an adequate and durable barrier against water, 

particularly as percolation through cracks may be expected 

to cause deterioration of the material on the boundaries of 

the cracks. Mechanical stability also could be affected by the 

introduction of seepage pressures within the dam. There is 

plentiful field evidence that transverse cracks occur in thin 

pavements but practically no evidence that similar, or sys

tematic, cracking would occur within the body of a substan

tially deeper mass. It would have to be assumed that such 

cracking would occur and any dam of soil-cement would 

have to include provision either for sealing the cracks, an 

independent waterproof membrane, or at least an intercep

tion drainage system capable of controlling seepage water. 

This last solution would presuppose that the material up

stream of the drain could withstand the effect of percolation 

without undue deterioration.

The stress-strain problem. Probably the most important 

problem in the study of semi-rigid and granular materials is 

the absence of any known general laws governing stress- 

strain relationships. Apart from the influence of this problem 

on the selection of a relatively rigid foundation, which is 

mentioned elsewhere in the paper, it imposes limits upon the 

variety of materials which can be placed in conjunction in 

an embankment section. (This is already a problem in ortho

dox earth dam design, casting doubt on the validity of pure 

stress solutions to stability problems involving heterogeneous 

fills and foundations.) Thus, whereas from pure considera

tions of “strength” compared with statically determined 

stresses it would generally be quite possible to incorporate 

uncemented, comparatively plastic material as a core between 

supporting shoulders of soil-cement (an apparent solution to 

some of the problems already mentioned), the latter would 

have to withstand the lateral earth pressures exerted by the 

core material under rapid drawdown conditions. The dam 

would thus in effect comprise two gravity sections, not one, 

and a good deal of the economic benefit would be lost.

Long-term Stability

One of the advantages of an earth dam lies in its ability to 

deform where necessary, e.g. due to consolidation of the soil 

beneath it. Although some of this consolidation may have 

taken place before all the fill has been compacted, it is 

possible for movement to continue for some decades after 

the dam is completed. The laboratory tests show that soil- 

cement when tested under high pressures, or undrained, has 

more plasticity than had previously been supposed, but never

theless any deformation would be likely to reduce its strength 

and possibly induce cracking which would be most un

desirable.

The coating of cement around the grains of soil initially 

brings about a reduction in pore water pressure, a property 

which might be of value where undesirably high construc

tion pore pressures would otherwise develop. But thereafter 

with continuing hydration a competition for water develops 

between the cement and the clay minerals with their accom

panying layers of adsorbed water and this is probably the 

main reason for cracking. There is some evidence from 

laboratory tests to show that this takes place in the Nigerian 

soil.

When the reservoir is impounded there will be a tendency 

for steady seepage to remove reaction products, particularly 

calcium hydroxide, from the cement paste. This may be 

accompanied by ion migration and base exchange in the clay 

minerals. Clearly the material will change its properties with 

time. And if the dam were to be built from a residual soil in 

a state of decomposition like the Nigerian soil described 

below, the grains of soil might well be unstable and fresh 

cleavage surfaces would not have the initial cement bonding.

L A B O R A T O R Y  T E S T S

Apart from tests reported by Rocha, Folque, and Esteves 

(1961), little appears to be known about the shearing resis

tance of soil-cement in terms of effective stresses. It is 

necessary to know the probable values of c' and <j>' of the 

material to be used in the construction of a dam, and a series 

of carefully controlled tests was therefore carried out to 

determine these parameters (Jardine, 1964).

The soil used in this investigation was a Nigerian evenly 

graded sand containing about 5 per cent clay, 8 per cent silt, 

72 per cent sand, and 15 per cent gravel which was derived 

from decomposing granite. All particles greater than 3 /16  

inch were removed and the resulting soil which was non

plastic had a liquid limit of about 27.

Samples containing 2, 4, and 6 per cent cement by dry 

weight of soil were cast at Proctor maximum dry densities 

and optimum water contents. Each sample was prepared 

separately from a fresh mix of soil, cement, and water. The 

elapsed time between the start of mixing and the end of 

compaction was ten min. The samples were cast in a split



mould to give specimens IJ2 in. in diameter and 3 in. long 

and were carefully sealed for curing.

Drained Tests

The lengths of curing time were 3, 9, 16, 30, 56, and 84 

days for the samples with 2 and 4 per cent of cement; and 3, 

9, 16, and 30 days for samples with 6 per cent cement. The 

temperature was maintained at about 16 C.

At the required ages the samples were set up in the triaxial 

cell with a sheet of Nylon cloth of fairly coarse weave which 

had been boiled in water, wrapped around the sample to 

overlap boiled porous discs placed at each end. The relatively 

strong Nylon side drain and the double membrane which 

was used were considered allowable because of the high 

strength of the soil-cement. The samples were tested under 

cell pressures of 0, 20, 40, 60, 150, and 250 psi. The pres

sures up to 60 psi were obtained with compressed air. For 

the higher pressures a commercial constant high pressure 

unit was used capable of maintaining a constant pressure 

within ± 3  psi. The samples were allowed to consolidate 

under the cell pressure. This was usually achieved very 

quickly, that is, within an hour. The readings of volume 

change taken during the consolidation have little quantitative 

significance as the samples were unsaturated.

After consolidation the samples were sheared under

f i g . 1. Stress/axial-strain/volumetric strain curves for 
samples with 4 per cent cement at 16 days of age.

Direct Ef f ect ive St r ess d ' -  p s i

f i g . 2. Strength envelopes of samples with 2 per cent cement at 
various ages (drained tests).

Direct  Ef fect i ve St r ess (5 - p s i

f i g . 3. Strength envelopes of samples with 4 per 
cent cement at various ages (drained tests).

Direct Ef fect ive Stress d ’- p s i

f i g . 4. Strength envelopes of samples with 6 per 
cent cement at various ages (drained tests).
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drained conditions. The compression stage lasted between 

two and five hours to failure, defined as maximum principal 

stress difference. Stress was measured by the deflection of a 

proving ring, and axial deformation by the deflection of a 

dial gauge graduated in l/10 ,000ths of an inch. At least four 

samples were tested for each cement content and age.

Typical principal stress difference/axial strain/volumetric 

strain curves are shown in Fig. 1. These are for samples with

4 per cent of cement at 16 days of age. The strength 

envelopes for these tests are shown in Fig. 3. The strength 

envelopes obtained from tests on samples with 2 and 6 per 

cent of cement are shown in Figs. 2 and 4.

Undrained Tests

The procedure for the undrained tests with pore-pressure 

measurement was similar to that of the drained tests except 

in the following respects: The samples were saturated prior 

to test by immersion in water under vacuum for 30 min. This 

method, although it had many disadvantages, was preferred

Axial Deformation -  In. x 10^

f i g . 5. Stress/axial-strain/pore-pressure curves for samples 
with 4 per cent cement at 16 days of age.

Direct Effect ive Stress d - p s i

NOTE: Dash lines — drained
Full lines—undrained

f i g . 6 . Comparison of strength envelopes from 
drained and undrained tests with pore-pressure 

measurement (samples at 16 days of age).

Age - Days

f i g . 7. Increase in apparent cohesion 
with time.

to that of saturation by back pressure, because the initial 

degree of saturation was so low that very high back pressures 

would be required to achieve a suitable degree of saturation. 

In this soaking method the surfaces of the samples were often 

roughened with the spalling of soil-grains. The sample had 

then to be set up in the triaxial cell in the same manner as 

above but with the removal of as much air as possible from 

around the sample. Consolidation was then allowed against 

a back pressure when the pore-pressure coefficient B had 

reached a value of 0.95. The pore pressures were measured 

using a mercury null indicator modified slightly for the high 

pressures. Samples containing 2, 4, and 6 per cent cement 

were tested in this way at 16 days of age. Typical stress./axial- 

strain/pore-pressure curves are shown in Fig. 5. These are 

for samples with 4 per cent of cement. The strength enve

lopes obtained are shown in Fig. 6 and compared with those 

of the drained tests.

Conclusions from Tests

From the results of both the drained and undrained 

(effective) strength envelopes it can be seen that with cement 

added there is a marked increase in c\  but not in <j>' except at 

low pressures. The envelope is similar to that of an overcon

solidated clay and it appears that at high pressures, where 

the failure is plastic, the cement may not contribute any

thing to the strength, and the envelope may coincide with 

that of the untreated soil. This, however, occurs well beyond 

the range of pressures likely to be encountered in a dam of 

this type.

The increase in c' at low pressures means that very steep 

slopes of the intact soil-cement would be stable.

C O N C L U S IO N S

At present it appears that progress towards the develop

ment of a safe, durable, and economically advantageous dam 

consisting primarily of soil-cement on a rational (as opposed 

to empirical, trial and error) basis would involve a good deal 

more research, together with field experiments.

It has been possible to incorporate a limited amount of 

field experimental work into a small trial embankment, speci

fied and constructed in connection with road contracts at the 

Niger Dam site, and this work continues on a necessarily 

limited scale.

The development of plastic or similar thin membranes 

offers the hope of solving in one stroke most of the more 

intractable problems bearing on mechanical feasibility. There 

is further the hope that at a future date some temporary 

structure, such as a coffer dam, may lend itself to a soil-
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cement construction and provide a valuable object of long

term study.
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