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Abstract. The main drying paths of the water retention curves of lime-treated soils were measured. Aggregate size 

effect on the water retention property was emphasised. Four soil powders with different maximum aggregate sizes 

(Dmax = 5, 2, 1 and 0.4 mm) were prepared and mixed with 2% quicklime (by weight of dry soil). Samples were 

prepared by static compaction at dry side of optimum water content (w = 17%) with a dry density of 1.65 Mg/m
3
. 

Suction measurement was performed by a dew-point hygrometer at different curing periods (t = 7, 28 and 90 days). 

The results obtained show that: i) aggregate size effect is insignificant on the water retention curve of untreated soil in 

the studied suction range (ca 500 kPa ~ 55 MPa); ii) lime treatment gradually improves the soil water retention 

capacity with the increasing of curing time; iii) aggregate size effect on water retention property of lime-treated soil 

becomes significant in the suction range from ca 860 kPa to 9 MPa on the long curing term: treated soils prepared 

with smaller aggregate size (S0.4 and S1) have a higher water retention capacity rather than soils prepared with larger 

aggregate size (S5).  

1 Introduction  

Lime treatment could effectively improve both the 

workability and mechanical behaviours of problematic 

soils [1-6]. When quicklime (CaO) is added into humid 

soil and mixed together, hydration of quicklime takes 

place immediately with heat release. Then the calcium 

ions (Ca²
+
) from ionization reactions of the calcium 

hydroxide (Ca(OH)2) in the pore water would react with 

clay subsequently. There are two main different reactions 

could take place in the soil-lime-water system: cation 

exchange in short curing time and pozzolanic process on 

the long term. Cation exchange induces the flocculation 

and agglomeration of soil particles, which modify the soil 

workability. Cementitious compounds generated in the 

pozzolanic process, significantly contribute to the 

strength gain by bonding the soil particles together. This 

process is time-dependent.  

      Recently, more attentions have been paid to the 

efficiency and durability of lime treatment. Loss of 

efficiency and poor durability of treated soils in the field 

conditions were reported. Generally, field samples have 

higher hydraulic conductivity, lower strength and 

stiffness [5, 7, 8]. Besides of several environmental 

factors, such as heat transfer and wetting/drying cycles, 

another essential factor can be the aggregate size [5]. 

Indeed, nature soils in the laboratory are usually first air-

dried, and then grounded into few millimetres. After that 

the prepared soil powders are mixed with lime and water. 

Nevertheless, it is important that the soil aggregate size in 

the field condition could reach several centimetres before 

lime treatment. Tang et al. [5] also pointed out that the 

lime-treated soil prepared with larger aggregate had a 

lower stiffness and higher sensitive to the wetting/drying 

cycles simulating the climate changes. 

      Water retention property is an essential parameter to 

describe the hydro-mechanical behaviour of untreated 

soils. Numerous studies showed that the water retention 

capacity of lime-treated soil was increased with curing 

time [2, 9, 10]. However, still few works focusing on the 

aggregate size effect on the water retention capacity of 

treated soils have been reported. This constitutes the main 

objective of this study. 

2 Materials and methods  

Studied soil was a plastic silt, with 27 % clay-size 

fraction. Its main minerals are quartz (55%), kaolinite 

(12%), feldspars (11%), illite (10%), goethite (6.5%), 

montmorillonite (4%), chlorite (1%) and rutile (0.5%) 

[11]. More details about the geotechnical properties of 

this silt are indicated by Wang et al. [12]. Nature soil was 

first air-dried, ground and passed through four target 

sieves in order to get four kinds of powders with different 

maximum aggregate sizes, namely S5, S2, S1 and S0.4 

(as shown in Figure 1). In detail, Dmax is 5 mm for S5, 2 

mm for S2, 1mm for S1, and 0.4 mm for S0.4. Initially, 

dry soils were mixed with 2 % of quicklime thoroughly, 

and then the mixture were humidified with distilled water 
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to reach the target water content (w = 17 %, dry of 

optimum) and compacted statically to reach the target 

density (ρd = 1.65 Mg/m
3
). Immediately after 

compaction, samples were carefully covered by plastic 

films, sealed in a plastic box and cured for a certain 

period (t = 7, 28 or 90 days). At each curing time, one 

sample was cut into more than 8 small pieces. They were 

air-dried for different durations, in order to obtain 

different suction values. Afterwards, they were covered 

again for over-night water homogenisation. Suction 

measurement was performed at the second day by using 

the WP4 dew-point hygrometer. After suction 

measurement, water content was determined by 105°C 

oven-drying.  
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Figure 1. Aggregate size distributions of the four soil powders 

(S0.4, S1, S2 and S5) by the dry sieving method. 

3 Experimental results  

As shown in Figure 2, water retention curves of four 

different untreated soils are plotted together. Different 

soils with different aggregate sizes present a similar 

linear water retention curve in terms of water content in 

the semi-logarithmic scale. It indicates that aggregate size 

effect is insignificant for untreated soil during this 

measured suction range (from ca 500 kPa to 60MPa).  

     By contrast, water retention curves of treated soils at 

different curing durations are plotted in Figure 3a, b and 

c, respectively. At the curing time of t = 7 days, aggregate 

size effect is still not so obvious to be distinguished. 

However, the water retention curves of treated soils after 

7 days’ curing are located just slightly above that of 

untreated soils, in a suction range of ca 1300 kPa to 5500 

kPa. This indicates that the water retention capacity of 

lime-treated soil after 7 days’ curing is slightly increased.  
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Figure 2. Water retention curves of untreated soils with 

different aggregate sizes. 

 

     With the increase of curing time, water retention 

abilities of treated soils are continually improved. 

Simultaneously, the water retention curves gradually 

form an S-shaped character. At the curing time of t = 28 

days, suction difference in the range from ca 960 kPa to 

7200 kPa is getting larger between the treated soils and 

untreated soils. Moreover, this suction difference deepens 

at a curing time of t = 90 days. Obviously, aggregate size 

effect is significant on the long curing term: samples 

prepared with smaller aggregates (S0.4 and S1) have a 

relatively higher water retention capacity rather than that 

with larger aggregates (S5), especially in the suction 

range from ca 860 kPa to 9 MPa. Nevertheless, in the 

higher suction range (more than 13 MPa), no evident 

aggregate size effect is observed, neither a visible 

difference between the water retention curve of treated 

soils and that of untreated soils. 
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Figure  3. Water retention curves of 2% lime-treated soils 

during different curing times in comparison with that of 

untreated soils. 

4 Discussions 

The main drying paths of water retention curves 

measured on untreated soils with different sizes of 

aggregates show a similar behaviour. Romero et al. [13] 

explained that low water content range is related to intra 

and inter-cluster water, and the corresponding linear 

relationship between the logarithm suction and water 

content is controlled by the soil intra-aggregate 

microstructure. Wang et al. [12] indicated that the 

aggregate size mainly affect the macro-pores (inter-

aggregate pores) rather than the micro-pores (intra-

aggregate pores).  In fact, different aggregate sizes form 

different contacts among soil aggregates and different 

size of inter-aggregate pores, which govern the lower 

suction range and air entry value. When at lower water 

content levels, main de-saturation takes place in the intra-

aggregate pores (referring to the remove of inter-cluster 

and intra-cluster water), which is controlled by the clay 

structure. 

      The increase of water retention capacity of lime-

treated soils observed during curing can be attributed to 

the production of cementitious compounds during curing. 

These cementitious compounds gradually filling the inter-

aggregate pores over time, in the way of coating on the 

surface of soil aggregates [14-15]. Thus, the size and 

connectivity of the inter-aggregate pores are modified; 

some entrances of small intra-aggregate can also be 

blocked, changing some non-constricted pores to 

constricted pores and increasing the possibility of ink-

bottle pores. These pores modified by the cementitious 

compounds can improve the water retention capacity of 

soil by retaining water in the wide inner pores upon 

drying. And the smaller the narrow openings of the link 

bottle pores, the higher the suction values needed to de-

saturate the soil [12, 16-18]. 

     Pozzolanic reactions are largely time-dependent. Very 

slight increase of water retention capacity is observed on 

the lime-treated soils at the curing time of t = 7 days, 

owing to the small quantity of cementitious compounds 

generated during that short curing time. With the increase 

of curing time, water retention capacity is continuously 

increased. At the curing time of t = 90 days, the water 

retention curves of treated soils become an S-shaped 

character with a higher suction values in the range from 

ca 860 kPa to 13 MPa. In the long curing period, larger 

quantity and better distribution of cementitious 

compounds are allowed to occur, resulting in an evident 

increase in the water retention capacity of soil. 

      Aggregate size effect is observed significant on the 

treated soils after a long time of curing (t = 90 days). 

Whereas, this effect is not evident in the short curing 

duration (t = 7 and 28 days). This is also in agreement 

with the time-dependent pozzolanic reactions. In short 

period, only a small quantity of cementitious compounds 

is generated, increasing the water retention capacity very 

slightly. Under this circumstance, it is difficult to 

distinguish the different effects induced by different size 

of aggregates.  

      In the soil prepared with small aggregates, there are 

more contact areas between soil aggregates and lime 

particles, compared with that with large aggregates. 

Under this circumstance, more cementitious compounds 

are expected to be generated or a better distribution of 

cementitious compounds is formed in a long curing 

period, which is beneficial to the modification of 

microstructure as discussed above, resulting in a larger 

improvement on the water retention capacity.      

      In the high suction range (more than 13 MPa), the 

water retention properties of untreated soils and that of 

treated soils even in the long curing period are similar. 

Note that the cementitious compounds mainly coating on 

the surface of soil aggregates. Even though some 

entrance of intra-aggregate pores can be blocked and 

constrict pores can be developed, most inter- and intra-

cluster water may not be modified. When de-saturation 

takes place in this suction range, most inter-cluster water 

and some intra-cluster water begin to remove, leads to a 

similar behaviour between untreated soils and treated 

soils.  
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5 Conclusion 

Water retention curve measurement on both lime-treated 

soil and untreated soil compacted dry of optimum were 

performed. Aggregate size effect on the water retention 

property of treated soil was emphasized in this study. 

Based on the obtained results, the following conclusions 

can be drawn: 

• Aggregate size effect is insignificant on the water 

retention curve of untreated soil in the studied suction 

range, which can be mainly controlled by the intra-

aggregate pores. 

• Lime addition improves the soil water retention capacity 

with the increasing of curing time, due to the generation 

of cementitious compounds which modify the soil 

microstructure.  

• In a long curing period, aggregate size effect on water 

retention property of lime-treated soil becomes 

significant in the suction range from ca 860 kPa to ca 9 

MPa:  treated soils prepared with smaller aggregate size 

(S0.4 and S1) have a relatively higher water retention 

capacity rather than that prepared with larger aggregate 

size (S5). This attributes to more quantity and better 

distribution of cementitious compounds which are 

expected in the soil of small aggregates, because of the 

large contact areas between aggregates and lime.   
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