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• Last 60 years: dramatic increase in transport infrastructure
– Motorways, airport, high speed lines, platforms, etc.

• Why?
– Better use of the materials available on site, 
– Reduction of external borrowing and landfills, 
– Reduction of heavy trucks traffic, 
– Reduction of cost and duration of earthworks. 

• How big?
– European survey: 100 Mm3 in 2012, equivalent to a 1000 km motorway (Paris – Berlin)

• Slow development in hydraulic works
– Icold Bulletin 54: “Soil cement for embankment dams” (1986)

– Some applications: cement as well as lime (often for correction of expansive or dispersive soils)  

1. Soil treatment: a proven technic
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• Standardized binders:
– Cement

– Calcium air lime Lime (from calcium carbonate):

• Quicklime: from limestone burning
CaCO3 + Heat ➔ CaO + CO2

• Hydrated lime: from quicklime hydration
CaO + H20 ➔ Ca(OH)2 + Heat

• Or a combination of two or several of the followings:
– Cement, lime,

– Fly ash and/or supplementary cementitious materials (e.g. slag)

2. What cementitious materials?
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3. PRODUCTS AND MATERIALS 

3.1. BINDERS 

3.1.1. General 

The first feature of this bulletin compared to Bulletin 54 is its openness to other binders 
than cement only, and particularly to calcium air lime. 

The ternary diagram of Figure 3.1 below shows schematically the composition of 
mineral products obtained by thermal treatment. They have potential binding properties and 
are used in construction. They are positioned in the diagram according to the typical three 
main components of hydraulic binders which are silica (S), alumina (A) and calcium oxide 
(C). 

 

Fig. 3.1 
Composition of the main binding products based on the content 

of silica (S), alumina (A) and calcium oxide (C) 

This representation makes it possible to differentiate three groups of products: 
hydraulic binders, pozzolanic binders and calcium air lime. 

1. Hydraulic binders: silica, alumina and calcium are in such proportions that they are 
able to combine and to set and harden when mixed with water without any addition, 
particularly of calcium. 

2. Pozzolanic binders: the content of calcium is not high enough to enable setting and 
hardening when mixed with water. An addition of calcium is necessary. 

3. Calcium air lime: sometimes called “high calcium lime”, calcium air lime is obtained 
by calcining limestone with a very high content of calcium carbonate. Impurities 
may be present in the natural limestone deposit (clay, sand) leading to the 
formation of alumina and silica after burning. However, the small proportions and 
the thermal process do not make it possible to obtain measurable mechanical 
strengths by combination with the calcium content of the product in presence of 
water. 
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• Limits: depend on capacity of available technology and compatibility soil/binder(s)
– Bulletin 54 (1986):

• Dmax less than 40 mm

• % fines preferably below 10 to 20%

• PI preferably below 5 to 10

• Limited content of organic matters, SO3

– CSD Bulletin (2022):

• Dmax up to 100/150 mm

• % fines: no limitation

• PI over 45 (up to 60 to 80 in the USA)

• Limited content of organic matters, SO3, chlorides, nitrates, micas
(these elements, when in sufficient proportion, combine with the clay
and the binder and can cause damages or prevent the binder from setting)

3. What soils?
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1986 and a more rational use of lime have contributed to pushing some limits imposed by the 
presence of plastic clay or coarse elements. 

Figure 3.4 provides a schematic representation of the positioning of soils suitable for 
use according to criteria of Bulletin 54 (B54) compared to soils suitable for use according to 
the present Bulletin CSD (CS). 

 

Fig. 3.4 

Main characteristics and positioning of soils suitable for use according to Bulletin 54 (B54) 
compared to soils suitable for use in bulletin CSD (CS). 

3.2.2. Limiting criteria 

The first limiting criteria are related to the capacity of the current technology.  

Fines content 

Today it is possible to treat clayey sands, clayey gravels, silts, clays, weak rocks 
(shale, marl, chalk) and their alteration products without any limit regarding the content of 
fines: thus, their proportion may be up to 100 % of the material. 

Plasticity index: 

There are examples, in hydraulic and transport infrastructure works, of treatment of 
soils with PI up to 45 (Europe) and even up to 60 to 80 (USA). Where plasticity and moisture 
content are high, lime treatment is recommended. It can be done in two steps (first treatment 
with a part of the lime dosage followed, after a maturation period in a slightly compacted 
state, by a second treatment with the rest of the lime dosage) to facilitate the operations and 
obtain better results. 

• In California (USA), sections of the Friant Kern canal, built in the 1940s, had to 
be treated in the 1970s because of the collapse of banks due to the presence 
of swelling clays. The natural soils are Porterville clay rich in montmorillonite. 
Plasticity index varies between 23 and 50. About 330,000 m3 of these materials 
were treated in place with 3 to 4% of quicklime by dry weight of the soil. This 
treatment made it possible to reduce the plasticity index to less than 13 and to 

B54: soils according to Bulletin 54 (cement)
CS: soils according to CSD Bulletin (cement & lime)
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• Cement

– Comparable to a glue

• Lime

– A chemical reactant with a high pH: 12,4

– Action on wet soils: Quicklime reduces water cont. 
(CaO + H2O➔ Ca(OH)2 + Heat)

– Actions on clayey soils:

• Short term

Flocculation, modification of Atterberg Limits, increase of
bearing capacity

• Long term

Progressive combination with clay particles to make a
cementitious material, similar to a cement, leading to an
increase in mechanical performance

4. Cement: OK!  But what about lime?
• Cement treatment

– Need for clean material (no clay or low clay content)

• Lime treatment

– Suitable for clayey materials

• Alone when clay content is enough

• Before cement treatment (low to medium clay content)

Based on Petrographic, EPMA, and X-ray diffraction analyses of thin-sections of soils

(from Harris & Scullion)

39	
	

In general, a small dosage of lime is sufficient to trigger these immediate changes. 
Depending on the nature of the clay, its propotion in the soil and the water content, it is 
generally between 1 and 3% by dry weight. 

The lowering of the water content is less important with hydrated lime because of the 
absence of hydration of quicklime and thus of exothermic reaction. At the opposite, the milk 
of lime (or lime slurry), as a suspension of lime into water, increases the water content of dry 
soils. However, the other short-term phenomena (flocculation, change of geotechnical 
properties), as well as long-term ones are identical to the effects of quicklime. 

4.2.2. Middle to long term actions 

Middle to long terms actions are the result of pozzolanic reactions, the combination of 
calcium from the lime with the clay minerals of the soil to form a slow setting and hardening 
binder. 

The minerals produced by the reaction are comparable to those resulting from the 
hydration of the cement: calcium silicate hydrates (CSH) and calcium aluminate hydrates 
(CAH), and sometimes a combination of both (CASH). But the process is different. On the 
opposite of cement treated soils, in which the cement, acting as a glue, stays around the 
clayey soil agglomerates and actually does not diffuse inside, calcium cations of lime 
progressively migrate into the agglomerates to combine with the clay and form cementitious 
components. This was shown by Harris and Scullion (Figure 4.5): lime treated soils clearly 
show high concentrations of calcium throughout the clay agglomerate (brown part), as 
opposed to cement which forms a coating around the clay agglomerate [5]. 

 

Fig. 4.5 
Compared actions of lime and cement on clay soils after 365 days of curing (after Harris and Scullion). 

In these figures, “unmodified material” designates unmodified clay. 

 

The combination is possible thanks to the solubilisation of silica and alumina of the 
soil at high pH (12.4) due to the lime addition (Figure 4.6). 

Lime treated soil – Size of agglomerate : 5mm Cement treated soil – Size of agglomerate : 4mm

Sand Cementitious 

products
Air void Unmodified 

material
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• Flocculation

• Atterberg limits

5. Lime: focus on short term actions on clayey soils

• Proctor curve and bearing capacity
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4.2. LIME 

As already said, lime is a strong base and a chemical reactant. Its interactions with 
other chemichal, organic or mineral products may be complex. This is why this chapter needs 
more development than the former one. 

The action of lime on clayey soils is characterized according two time-dependant 
processes: short-term and medium to long-term. 

4.2.1. Short-term actions 

The most commonly used lime being quicklime, its action will be discussed first. 

The immediate action is the reduction of the water content of the moist soils. The 
reasons are threefold: 

• supply of dry product (quicklime), 
• water consumption by hydration of quicklime: 

CaO + H2O è Ca(OH)2 + production of heat, (1555 kJ/kg of CaO) 

• evaporation of water due to the heat released by the chemical reaction. 

In theory, 1% quicklime (expressed in weight of lime by weight of total dry soil) 
decreases the water content by approximately 1%. In reality, mixing on site causes aeration 
which can increase evaporation and lead to a reduction of 3 to 5% by favorable weather 
conditions (sunny, windy). 

Simultaneously with the hydration of quicklime, a flocculation phenomenon of the clay 
minerals occurs: the material instantly adopts a less plastic and more sandy appearance. 
This is the result of the substitution of the adsorbed cations at the surface of the clay by Ca++ 
cations of lime. A new arrangement of clay particles is created. (Figure 4.2). 

 

 Silty soil (PI = 12)    Clayey soil (PI = 45) 

Fig. 4.2 
Examples of grinds before (right side of each picture) and after lime treatment (left side of each picture) 

In terms of geotechnical properties, this results in: 
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• an increase in the shrinkage limit and therefore a lesser sensitivity to the 
shrinkage-swelling phenomenon according to water content variations (Figure 
4.3), 

• a modification of Atterberg’s limits (Figure 4.3), 
• a modification of the Proctor and immediate CBR curves (Figure 4.4). 

 

Fig. 4.3 
Modification of the water content, the shrinkage limit and 

the Atterberg’s limits after treatment of a soil with calcium air lime 

 

Fig. 4.4 
Modification of the water content and Proctor and CBR curves 

after treatment with calcium air lime. 

It is important to note that in soil treatment, it is a common practice to refer to the 
standard Proctor test. For the purposes of this bulletin, the term "Proctor" alone refers to the 
"Standard Proctor". 

As a result of the short-term action, the lime treatment of a clayey material immediately 
facilitates the handling, reduces the sensitivity to water and increases the bearing capacity 
after compaction, particularly of wet soils. 
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• The Friant Kern canal (USA)
– Irrigation canal

– Built during the 40s

– Bank slides due to expansive plastic clays (PI > 35)

– Repaired during the 70s

• Surface protection with lime treated sediments

• 3 to 4% quicklime

• No more damages since

6. Example of application: lime treatment
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As its title indicates, and as already said, Bulletin 54 is entirely devoted to cement 
treated soils. And yet, there are also many examples of hydraulic structures using lime treated 
soils. 

During the XIXth century, lime treatment was used to reduce the water content of wet 
soils and facilitate construction, or to avoid clay shrinkage and thus seal dams or canals. 
Since the middle of the XXth century, lime treatment has undergone a new development, 
particularly to improve the behaviour of low-quality materials. For example, lime treated soils 
have been used as a protective barrier for dispersive clays, thus avoiding the initiation of the 
erosion process. Most of the examples can be found in the United States, but also in South 
Africa and Swaziland, Australia and Thailand. Eighteen small dams in the state of Mississippi 
have been repaired using a soil treated with lime, in addition to several hundred km of flood 
protection levees which have been repaired all along the Mississippi river. Lime treatment 
was adopted for several dams of significant height, like the Los Esteros dam in New Mexico, 
a 67 m high dam for which the contact of the core with the foundation has been treated with 
4% hydrated lime on a 13 cm layer, and in the 80’s, the Mac Gee Creek dam in Oklahoma, 
a 49 m high dam for which the soil-lime was used not only for the protection of the core, but 
also for the 0.7 m thick downstream facing. 

An outstanding testimonial of the durability of the lime treated soils is the Friant-Kern 
irrigation canal in California. Since the construction period (late 1940’s), several kilometers 
of banks are suffering periodic damages from cracks, slips and slides. In 1972, it was decided 
to restore approximately 8.5 km of failed sections using lime treatment (3 to 4% of quicklime) 
of clays taken from the banks of the canal. The mixing operations were followed by placement 
on the slopes in layers of 30 to 40 cm thick, and compaction with a vibrating padfoot roller 
(kneading compaction) winched up and down the slope (yo-yo method), or placement by 
succession of compacted horizontal lifts (stair-step construction) before grading. A typical 
cross-section of the rehabilitated canal is shown in figure 2.1 (From Howard, 1976) [2]. 

 

Fig. 2.1 
Typical cross-section of the Friant-Kern canal with lime-treated clay lining (left), and current state of the lime-treated bank (picture taken 

in 2012) with padfoot compactor imprints still evident, having undergone almost no erosion (right). 

No new slides have been observed since the rehabilitation works, and the lime-soil 
lining is the material that needs the least maintenance on the canal. Since that time, 
applications of lime treatment were extended to levees repair after slidings and reconstruction 
after flooding: Mississipi River levees in Arkansas, Tennessee, Illinois, Mississippi, Missouri, 
Louisiana states, from 1975 until today. Lime has also been used for remedial treatment in 
the case of existing dams for solving problems of surface erosion and piping in Oklahoma, 
Mississippi, Tennessee; lime contents, from 2 to 3 %, are reported. 
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• The Pannecière cofferdam (France)
– 2011 - 2013

– Untreated soil encapsulated into a treated carapace

– Granite Arena

– 4% Hydraulic Road Binder (cementitious material specially designed for soil treatment)

7. Example of application: cement treatment

Barrage de Pannecière

Travaux de réhabilitation par confortement

Remblais – poursuite de la montée
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Barrage de Pannecière

Travaux de réhabilitation par confortement

Remblais – noyau central non traité
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Barrage de Pannecière

Travaux de réhabilitation par confortement

Batardeau : enfin rempli !
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Barrage de Pannecière

Travaux de réhabilitation par confortement

Conception retenue
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Thank you for your attention


