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abstract 
 

The tidal barrage situated at the mouth of the river Rance, near Saint Malo (France) has led to a 

considerable silting upstream of the barrage. The deposited material is fine estuarine silt which  is  

frequently dredged to maintain navigable channels; the use of this material is only possible after 

stabilisation. This study evaluates the possible use of this material as a sub-base for lightly trafficked 

local roads; therefore the stabilisation has to achieve the required geotechnical characteristics. 

Physico-chemical characterisation of the silt was carried out using SEM with XRD. The estuarine 

deposit comprises clay, silt and sand; the characteristics of this material result from its mineral 

composition and     its high organic content. Stabilisation tests were carried out with various mixtures 

of quicklime, Portland cement and a mixture of both. The results of the tests show an increase in the 

unconfined compressive strength and the CBR value with both lime and cement treatments. The 

characteristics of the deposit with  lime–cement  mixes  were  superior  to  those  obtained  with  lime  

only  and  cement  only  treatments. Finally it is concluded that the estuarine silt has the potential to 

be stabilised to a standard suitable for     use as a road sub-base; however further testing is required 

before proceeding to field trials. 

 

 

1 Introduction 
 

The Rance is a river on the north coast of Brittany; the geology of the catchment consists of granites, dolerites, diorites 

and briovenian schist. The river system consists of a fresh water river feeding into a saline estuary. A tidal barrage 

was constructed in the 1960s across the mouth of the Rance estuary near St Malo. An area of approximately 22 km² 

is impounded behind the barrage. The tidal range on the sea side of the barrage is of the order of 8 m whereas behind 

the barrage the range is reduced to approximately 2.5 m. Fifteen kilometres south of the barrage there is a second 

barrage at Châtelier, the site considered in this study, which is the upstream limit of the impounded tidal estuary. The 

tidal barrage at the mouth of the Rance estuary is responsible for the progressive silting of the impounded estuary. 

Dredging is regularly carried out to maintain navigable channels in the estuary, approximately 20 000 m3 of silt per 

year; the storage and disposal of dredged silt pose a considerable problem. This study considers the reuse of estuarine 

deposits from the area of Châteauneuf d'Ille et Vilaine, at the upstream end of the tidal estuary. Several applications 

have been considered for the reuse of similar materials, however they all require stabilisation prior  to use  (Keith and 

Murray,  1994;  Harvey  and Murray, 1997; Murray, 2000). The reuse of soils as a road sub-base is generally not 

possible without stabilisation as its characteristics fall below the minimum required (Kergoet, 2001). A number of 

parameters influence the soil properties: the time lapse after construction (Khattab et al., 2007); the temperature 

which controls the kinetics of stabilisation (Rao and Shivananda, 2005); the use of admixtures (Jha and Gill, 2006); 

mineral additions to the soil (Sivapullaiah et al., 2006). Some authors have demonstrated the possibility of stabilising 

organic mud from mangroves in the Niger delta (Konyeha and Ogbeide, 2007). 

Studies and field trials on the use of low grade materials as road sub-base have been carried out in the UK. A detailed 

study of the stabilisation of clayey silt was carried out by Chaddock and Atkinson (1997); they demonstrated that a soil 

could be stabilised with a lime– cement mix to achieve a material with characteristics comparable to a Type 2 sub-base. 

http://dx.doi.org/10.1016/j.clay.2010.09.004
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This work was followed up by field trials such as that carried out at Polgate by-pass UK by Waste & Resources Action 

Programme (WRAP) (WRAP, 2002). 

Sétra, a technical department within the French Ministry of Transport and Infrastructure, recently published a 

technical guide concerning the treatment of soils with lime and/or hydraulic binders (SETRA, 2007). This guide covers 

the mix design, pave- ment design, implementation and quality control of stabilised road base. 

The objective of the study is to evaluate the feasibility of using stabilised estuarine silt for a road base. This paper firstly 

considers the physico-chemical character of the dredged material and secondly, it studies stabilisation using lime and/or 

cement. The performance of the stabilised soil is evaluated by unconfined compressive strength (UCS) and Californian Bearing 

Ratio (CBR) value.  

 

 

2 Materials 
 

2.1 Untreated soil properties 
 

Estuarine silt is a sediment that is deposited in tidal areas of coastal mudflats and is generally composed of a sand 

fraction, with calcareous shell debris and a fraction of silts and clays. 

 

2.1.1 Mineralogical analysis 

The mineralogical content of the silt was determined by X-ray diffraction (XRD). The XRD patterns were obtained using 

a Philips PW 3710  X-ray  diffractometer  with  Bragg–Brentano  geometry  using Ni-filtered Cu Kα radiation, operating 

with the voltage of 30 kV and emission current of 20 mA. The step-scan covered the angular range 2–60° (2θ) in steps 

of 2θ= 0.02°, 2 s by step. The analysed material was ground to a powder passing a 50 μm sieve. 

The recorded XRD pattern for the estuarine silt is shown in Fig. 1. The crystal phases are: quartz, calcite and the clay 

minerals illite and kaolinite. Examination of X-ray diffraction intensity, although qualitative, indicates that the 

proportion of clay minerals is very low with regard to other phases. 

Further examination of the material was carried out using Scanning Electron Microscopy-Energy Dispersive 

Spectroscopy (SEM-EDS). This was carried out using a JEOL 6400 scanning electron microscope (accelerating voltage 9 

kV and working distance 15 mm) coupled with an Oxford INCA microanalysis system. Observations with better 

definition and higher magnification were obtained with an electron microscope with field emission JEOL JSM 6301 

FEG. 

The observation shown in Fig. 2 and the micro analysis show the fine plates of clay with Si and Al atoms which 

correspond to the kaolin detected by XRD analysis; similar to the Si, Al and K corresponding to the illite (confirming a 

mineral with 1 nm diffraction). 

The larger and rounded minerals are composed of Si (quartz). The organic fraction consists of spicules, coccoliths and 

diatoms; these particles are in some cases siliceous and others are calcareous. 

 

2.1.2 Granulometric analysis 

Granulometric analysis was carried out using a Laser Diffraction CILAS particle size analyser 1180 based on Mie and 

Fraunhofer scattering theories. A second analysis was carried out after a sample was attacked by hydrochloric acid to 

remove the calcareous material of organic origin. Fig. 3 and Table 1 show that the calcareous particles are of a larger 

particle size; after acid treatment the curve is moved towards the left. 

Table 2 shows the geotechnical classification of the material. The liquid limit was determined by cone penetration NF 

P94-052-1 and by the Casagrande Cup method (XP CEN ISO/TS, 17892-12). The linear shrinkage was determined by 

ASTM D423-1966 and the methylene blue test carried out to the standard NF P 94-068. The values shown in Table 2 are 

the average of four tests, each being carried out on separate sediment samples. 

The values of liquid and plastic limit obtained are characteristic of fine dredged sediments; the results are comparable 

with those obtained by other authors (Zentar et al., 2009; Boubaker et al., 2009). 

 

2.1.3 Geotechnical characterisation 

The Proctor Test is used to determine the optimal moisture content for compaction, that is to say the moisture content at 

which maximum dry density is achieved. The results from two Proctor Tests (carried out on different samples), dry 

density as a function of moisture content, are reported in Fig. 4. From these tests it was concluded that the optimum 

moisture content was of the order of 32% at which the dry density of about 1350 Mg m−3 was obtained. 

The Californian Bearing Ratio (CBR) Test is carried out on untreated soil with moisture content close to the optimum 

i.e. 30%. Table 3 sets out the force at the prescribed penetrations; from these results it is noted that the CBR for the 
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untreated soil is 5.5. 

 

2.1.4 Summary of the characterisation of the estuarine silt 

 

 The estuarine silt has a 9.4 ratio silt/clay with 11.6% organic matter. From the granulometric analysis it can be 

seen that most of the organic matter removed by acid attack is between 50 μm and 100 μm. The clay fraction 

is inorganic which is confirmed by XRD. 

 The methylene blue value of 2.7 and a Plastic Index of 25% classify the material as a silt of moderate plasticity 

(class A3 defined by NF P 11 300) the Casagrande classification for the clay is MH. 

 The Plastic Index of 25%, the clay/silt ratio of 9.4 and linear shrinkage of 12.5% would, according to 

Burroughs (2008), be a soil favourable for stabilisation, i.e. 93% probability of achieving a UCS of 2 MPa. 

 

2.2 Characterisation of lime and cement used for treatment 
 

The lime used for stabilisation is industrial quicklime (PIGEON Saint Pierre Lacour 35). This product is currently 

used for the stabilisation of road sub-bases and capping layers in the Brittany region. The mineralogical composition 

was determined by XRD, see Fig. 5; this analysis shows that the quicklime contained a small quantity of calcium 

carbonate in the form of calcite and vaterite. A very small quantity of lime was not burnt. 

The cement was a CEMI (without admixtures) (LAFARGE Saint Pierre Lacour). The mineralogical composition was 

determined by XRD and the XRD pattern is shown in Fig. 6. This cement contained principally alite C3S but it was 

strongly aluminous with significant quantities of C3A and C4AF. 

 

 

3 Methods 
 

3.1 Lime and/or cement stabilisation 
 

3.1.1 Lime stabilisation 

A sample of the estuarine silt was dried at a temperature of 100 °C and ground for 1 min with a planetary crusher. 

Quicklime was added to the ground sample to achieve a specified CaO/soil ratio defined by dry weight (1.5%, 3.0%, 4.0%, 

5.0% and 7.0%). Water was then added to the mixture to achieve the optimal moisture content previously determined by 

the Proctor Test. 

 

3.1.2 Cement stabilisation 

The mixing and storage methods were the same as those used in the lime stabilisation tests. Cement was added to the 

ground sample to achieve a specified cement:soil ratio defined by dry weight (1.5, 3.0, 4.0, 5.0 and 7.0). 

 

3.1.3 Lime–cement stabilisation 

For these tests the ratio of cement:lime was fixed at unity by weight; the 28 day strength of samples stabilised with 

various cement+ lime content of the soil (0.75% cement+0.75% lime, 1.5%+ 1.5%, 2.0%+2.0%, and 3.5%+ 3.5%). 

 

3.2 Preparation and curing of UCS specimens 
 

After mixing, the treated soil was statically compacted in a 40 mm diameter cylinder. This compaction was carried out 

on one layer of soil by two moveable pistons at the ends of the rigid mould. 

The applied compaction force and moisture content were set to achieve the optimum dry density with the untreated 

material; these parameters were then used for all mixes. 

Lime or cement treatments are known to increase the optimum moisture content and decrease the optimum dry density 

(Consoli et al. (2009)). It is to be noted that the compaction protocol adopted in this study resulted in dry densities lower 

than optimal for the various treatments. 

After compaction the samples were extruded from the mould; the samples were 40 mm diameter and had an aspect ratio 

of 1.5. Samples were stored in air for 7 or 28 days (15 °C and 50% RH) prior to strength testing. These storage conditions 

were appropriate as they reflect conditions typically employed on local sites where quicklime carbonates are exposed 

to atmospheric carbon dioxide. 
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3.3 CBR tests 
 

A CBR test was carried out on the estuarine silt stabilised with 4% quicklime and 4% cement (CEMI), with a water 

content of 30%, which is close to the optimal value. A sample was compacted in a CBR mould; to obtain a stable humidity 

the sample was sealed in a polythene bag for a period of eight days. This test protocol is commonly used for French 

highway studies (SETRA, 2007). 

 

 

4 Results and discussion 
 

4.1 Results of treatments 
 

4.1.1 Lime stabilisation 

The evolution of unconfined compressive strength (UCS) for the treated silt is shown in Fig. 7. As can be seen from this 

figure the UCS values at 7 days ranged from 0.8 MPa to 1.0 MPa for lime additions of between 3% and 7%. 

Samples stored for 28 days showed a significant increase in strength; as can be seen in Fig. 7 the UCS increased by a 

factor of two for 7% lime content. This increase is evidence of the relatively slow lime reaction kinetics in the storage 

conditions (approximately 15 °C, 50% RH). 

 

4.1.2 Cement stabilisation 

The UCS for the samples stabilised with cement CEMI are shown in Fig. 8. These strengths are greater than those seen in 

the case of lime stabilisation; 7% cement addition achieving a UCS of 1.7 MPa at 7 days whereas 7% lime achieved 0.8 MPa. 

However the increase in strength from 7 to 28 days seen in the case of lime treatment is less evident in the case of 

cement treatment; for 7% cement the strength increased from 1.7 MPa to 2.3 MPa. 

 

4.1.3 Stabilisation with cement–lime mix 

The UCS at 28 days are shown in Fig. 9. Previous 28 day results are superimposed on this figure and it can be seen that 

the UCS of lime+ cement mixes were greater than those for lime and cement alone. 

 

4.1.4 CBR results 

At the end of the period the CBR value of the sample was 31%; the penetration force data are shown on Table 4. It can 

be seen that the CBR value of the estuarine silt stabilised with a cement lime mix achieved a CBR six times greater than 

that found for the non-stabilised soil. 

 

4.2 Summary of the stabilisation treatments 
 

The difference in the kinetics of the lime and cement reactions can be seen in Figs. 7 and 8. In the case of lime treatment 

the increase in strength with time was dependent on the concentration, whereas for the range of cement content tested, 

treatment showed an increase in strength which is independent of the cement concentration. 

Fig. 9 shows the treatment with lime and cement led to the highest strengths; additionally a pre-treatment with lime 

would offer the possibility of controlling the moisture content prior to placement. Similarly quicklime added to a dry 

soil will modify the clay; the cement will bind the modified peds with a degree of long term strength gain due to the 

clay-lime reactions. 

With the French geotechnical classification of soil strength the estuarine silt compacted at optimal moisture 

content is class P1 (CBR 3% to 6%), considered deformable and liable to rutting. After stabilisation with cement–

lime at 5% the silt was class P4, slightly deformable and suitable for a 13t axle load. Referring to the UK 

specification for sub-base materials, it is seen that the estuarine silt stabilised with the cement–lime achieved a CBR 

value of 30% which is comparable with that required of a Type 2 unbound granular sub-base. The linear shrinkage of the 

material is of interest as  many stabilised clay sub-bases tend to suffer early age shrinkage cracking. The reduction in 

linear shrinkage (LS) achieved by stabilisation is significant—LS of untreated silt being 12.5% which is reduced to the 

order of 3% for all the treatments studied. 
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5 Conclusion 
 

1. Mineralogical, chemical and geological analyses of the estuarine silts, dredged from upstream of the tidal 

barrage, have been carried out. The mineral composition was principally quartz and calcare- ous materials 

emanating from biological species as well as clay minerals exist in the form of illite and kaolinite. 

2. The un-stabilised soil had a Plastic Index of 25%, linear shrinkage of 12.5% and a CBR value of 5 at optimal 

compaction (30% m/c). 

3. Stabilisation with a mixture of 3.5% cement plus 3.5% lime achieved the highest strengths, after 28 days the UCS 

being 3 MPa compared with 2 for 7% lime and 2.3 MPa with 7% cement. The CBR at 7 days was 31%, six times 

that of the un-stabilised material. 

4. The stabilisation has achieved its objective in that the stabilised material fulfils the criteria required of a 

road sub-base—Class P4 and comparable with a Type 2 granular sub-base. It is concluded that it is possible 

to stabilise the estuarine silts from the Rance Estuary—this resource of reclaimed material would offer 

significant financial and ecological benefits. 

5. Before adoption of this silt for an application as a road sub-base a second test programme is required:  

(i) Improvement to the stabilisation process; analysis of the influence of complementary sulphate 

admixtures; optimisation of compaction energy; strength development of the stabilised soil under various levels 

of humidity. 

(ii) A detailed characterisation of the final material; tests for swelling, frost resistance, module of 

deformation and tensile strength. 
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Fig. 1. XRD patterns of the estuarine silt (Cu Kα radiation). 

 

 

 

 

Fig. 2. SEM observations of the silt sample. 
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Fig. 3. Grain size distribution of the estuarine silt. 

 

 

 

Fig. 4. Proctor test for the un-stabilised soil. 

 

 

 

 

Fig. 5. XRD pattern of quicklime (Cu Kα radiation). 
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Fig. 6. XRD pattern of cement (Cu Kα radiation). 

 

 

 

Fig. 7. UCS of lime stabilised estuarine silt at 7 and 28 days. 

 

 

 

Fig. 8. UCS of cement stabilised estuarine silt at 7 and 28 days. 
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Fig. 9. UCS of estuarine silt at 28 days for all treatments. 
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Table 1 

Grain size distribution of the estuarine mud. 

 

 
 

 

Table 2 

Geotechnical properties of the estuarine silt (MB methylene blue test). 

 

 
 

 

Table 3 

CBR test on sample un-stabilised soil. 

 

Penetration (mm) Force (N) Resistance (MPa) ICBR 

2.5 703 0.36 5.1 

5 1140 0.58 5.5 

 

 

Table 4 

CBR test on sample treated with cement+ lime. 

 

Penetration (mm) Force (N) Resistance (MPa) ICBR 

2.5 74280 2.167 30.95 

5 6030 3.067 29.21 

 

 


