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Shrinkage and cracking behaviour of swelling soil under different temperatures
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Abstract: In this investigation, desiccation tests were conducted on two swelling soil slurries (Xiashu clay and Romainville clay) under different environmental temperature conditions. During drying, the water loss rate, volume shrinkage, initiation and propagation of desiccation cracks were monitored. By applying computer image processing technology, the geometric parameters of the crack pattern and the corresponding probability density functions (PDF) were determined. In addition, the surface crack ratio Rsc was introduced to quantify crack networks at different water contents. The results show that the soil water evaporation process is composed of two stages: a constant rate zone and a subsequent falling rate zone; higher water loss rate is accompanied by higher temperature; the cracking water content, crack length, width, aggregate area and their probability density functions increase with an increase of temperature; the Rsc increases evidently with a decrease of water content, and gradually tents to stabilization once the shrinkage limit (SL) is reached. The increase of Rsc is accompanied by the decrease of void ratio, and the cracking curve (Rsc versus water content) to some extent reflects the shrinkage properties of soil. During drying, most of the cracks developed before the air entry (AE) point where the soil specimen is still saturated.
Key words: Expansive soil; Desiccation cracking; Shrinkage; Crack pattern; Quantitative analysis 
0 Introduction
It is a natural phenomenon that cracks develop in clayey soils as they dry and shrink. However, in environmental geotechnical engineering field, clay-rich or swelling soils are widely used in constructing low-hydraulic-conductivity liners and covers for water containment units, buffer material for nuclear waste isolation, cut-off walls for dams and so on. The desiccation cracks developed in these structures have a major influence on their hydraulic properties. Albrecht and Benson (2002) found that the hydraulic conductivity of clay liner material may increase from 1 x 10-10 m.s-1 for wet and intact soil, to 1 x 10-9 m/s for the material after cracking. The experiments of Boynton and Daniel (1985) also concluded that the hydraulic conductivity of a soil sample containing cracks was much higher than that of the intact sample. In addition, these cracks induced by shrinkage also create zones of weakness in a soil mass which cause reduction in the overall strength and increase in the compressibility. Engineering properties and stability of buildings and structures that are constructed on clayey soils would be affected by hydro-mechanical changes caused by cracking. In the agricultural field, desiccation cracks control the rate and velocity at which water, solutes and micro-organisms are transported in the soil profile, and thus significantly affect the growth and yield of crops. Therefore, desiccation cracking of clayey soils has attracted much attention of researchers and scientists, and a number of studies have been done on this subject (Lau, 1987; Morris et al., 1992; Abu-Hejleh and Znidarcic, 1995; Miller et al., 1998; Yesiller et al., 2000; Nahlawi and Kodikara, 2006).

Soil desiccation cracking is mainly due to water loss by evapotranspiration which results in the shrinkage of soil. As wet or moist clayey soil systems lose water, the soil particles move closer and closer together. If the drying proceeds from the surface downwards as in a mud flat, the dehydrated surface layer shrinks while the water resistance between the upper and lower layers and in the layers themselves prevents adjustment to the volume decrease of the surface layer. In this way, tensile stresses develop in the surface layer. Corte and Higashi (1960) pointed out that desiccation macrocracks were likely to occur if the shrinkage of soil was constrained or the surface tensile stress induced exceeded the bonding strength of grains. However, natural soils are highly complex, being conditioned by a large number of variables (e.g. mineral composition, clay content, relative humidity, layer thickness and size, boundary and compaction condition, etc.), which often affects the desiccation cracking behavior (Albrecht and Benson, 2001; Nahlawi and Kodikara, 2006; Rodríguez et al., 2007; Tang et al., 2007; Tang et al., 2008). The mechanism of desiccation cracking is still not well understood even though a lot of work has focused on this subject. It is generally understood that the water content or water loss is the key parameter that controls the initiation and propagation of desiccation cracks. But the water loss rate or evaporation is directly determined by temperature and relative humidity.

In this paper, laboratory experiments were conducted on two swelling soil slurries to investigate the effect of temperature on soil water evaporation and desiccation cracking behavior. The relationship between volume shrinkage and crack development of soil specimens during drying was analysed. By applying image processing technology, the geometric parameters of the crack pattern, such as number of intersections and crack segments, average crack length, width and aggregate area and surface crack ratio were determined. In addition, the distribution characteristics of crack length, width and aggregate area are described through a statistical approach. Some critical water contents during drying have been proposed.
1 Material and method
1.1 Material
Xiashu clay and Romainville clay were used in this investigation. Xiashu clay was obtained from the Nanjing area of China. It is widely distributed in the middle and lower reaches of Yangtze River and is a very important foundation soil. In Nanjing city, more than half of the buildings are constructed on this soil. Romainville clay occurs mainly in the Paris area of France. Because a large amount of water is evaporated, shrinkage is commonly observed during summer, which is followed by swelling as a consequence of a long period of rainfall in winter and spring. The high shrinkage-swelling potential of Romainville clay results in many geotechnical problems, in particular, damage to buildings. The physical properties of these two clays are listed in Table 1.

Table 1．Physical properties of Xiashu clay and Romainville clay.
	Soil properties
	Xiashu clay
	Romainville clay

	Specific gravity

Consistency limit

  Liquid limit

  Plastic limit

  Plasticity index

USUC Classification

Grain size analysis

Sand

Silt

Clay
	2.73

37 %

20 %

17 
CL
2 %

76 %

22 %
	2.79

77 %

40 %

37

CH
2 %

19 %

79 %


1.2 Test Method
The obtained natural clays were air-dried and crushed into powders with a grain size less than 2 mm. Over-saturated slurry specimens were prepared by mixing the soil powder with distilled water. For the Xiashu clay, the initial water content of the prepared slurries is about 90 %. For the Romainville clay slurries, the initial water content is about 170 %. Under this high water content, it is easy to obtain initial homogeneous slurries and avoid any particle aggregates. The resulting slurries were vigorously mixed by hand and then put onto glass plates with desired mass. Square (160 ×160 mm) and circular (70 mm diameter) glass plates were used for Xiashu clay and Romainville clay respectively. The initial slurry thickness was controlled at about 5 mm for Xiashu clay specimens and 10 mm for Romainville clay specimens. To remove entrapped air bubbles in the slurries, the specimens were vibrated for 5 minutes. Prior to any testing, the prepared specimens were covered for at least 24 hrs to settle uniformly. After that, Xiashu clay specimens were moved to a temperature controlled oven, and dried under constant temperature of 30, 40 and 50 °C respectively. The Romainville clay specimens were exposed at room temperature (22 ± 1 °C) to dry. During drying, the specimens were weighted to an accuracy of 0.01 g to record the water loss at varying intervals (Figure 1). At the same time, a digital camera was fixed directly above the specimens to obtain crack patterns which were used for image analysis. The desiccation ended when the weight of specimens stabilized, that is, the dehydration process was complete. In this investigation, three parallel specimens were prepared for each test program.
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Figure 1. Schematic drawing of set-up used in the desiccation test.

To investigate the volume shrinkage properties of Romainville clay specimens under room temperature, four other specimens were prepared following the procedure described above. Small soil clods were taken from the four specimens at different drying intervals to determine their water contents and density. The clod volume used for the density determination was measured by immersing the clod in a non-wetting hydrocarbon liquid. According to the obtained water content, density and specific gravity presented in Table 1, the void ratio and the corresponding degree of saturation of specimens was calculated.
1.3 Image processing and characterizing
The procedure of digital image processing is shown in Figure 2 (see also Tang et al., 2008; Liu et al., 2008). Firstly, the color photograph of the crack pattern was changed to a grey level image (Figure 2 (a)); secondly, the grey level image was segmented into cracks and aggregates through a binarisation operation, which results in a binary black and white image (Figure 2 (b)). It can be seen that the black areas represent the crack networks, and the white areas represent the aggregates.
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(a)                                           (b)

Figure 2. Procedure of digital image processing. (a) initial grey level crack pattern, (b) binary black and white crack pattern.

1.4 Quantitative analysis
For the purpose of characterizing the geometrical properties of the crack pattern, the following quantitative parameters were determined and calculated using the software CIAS: (1) Number of intersections In and crack segments Sn. It can be seen from Figure 2 that the structure of the soil crack network can be described as a sequence of segments which intersect other segments, and these segments define the outline of the soil crack pattern. In general, In and Sn can reflect the degree of cracking of the soil surface; (2) Average length of cracks lav, and average width of cracks wav. The crack length was determined by calculating the distance between two intersections. The crack width was determined by calculating the shortest distance from a stochastic point on one boundary to the opposite boundary of the crack segment. In this investigation, a total of 15000 stochastic points were selected from each crack pattern image; (3) Average area of aggregates aav. Aggregate was defined as the independent closed area which is split by cracks, that is the closed white areas in Figure 2 (b); (4) The surface crack ratio Rsc, which is the ratio of the surface area of cracks to the total surface area of a specimen. In this study, Rsc is used to quantify the amount of cracking in the soil specimen and is determined by counting pixels based on binary images; (5) Probability density function (PDF) of crack length f(l), crack width f(w) and aggregate area f(a). The binarised pattern of the crack structures shows that the crack length, width and aggregate size vary over a large range. It is obviously not enough to characterize the crack pattern quantitatively, through calculating the average values of these parameters. Moreover, it is meaningless to measure only 1 or 2 values of these parameters. A statistical method is necessary for characterizing the crack behavior and describing the distribution of related parameters. In order to achieve this, the probability density function (PDF) was introduced to characterize the surface crack networks. Using the PDF of crack length f(l) as an example, the density of crack length corresponds to value l and is defined as:
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where n is the total number of crack segments, Δn is the number of crack segments whose length ranges between l and Δl. f(l)dl gives the fraction of the crack length ranges between l and l+dl. Assuming that the crack length l ranges from a to b, then
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This means that the number of crack segments whose value falls into the interval [a, b] equals the total number of crack segments, n. The length related to the maximum value of f(l) is called the expectation value (EV) of crack length. It means that the probability of crack length distributed near the EV is maximised during cracking. In order to compare results obtained from different experimental conditions, the crack length selected at equally spaced intervals on the length axis and the class widthΔl = 20 pixels were chosen as appropriate values. The class width Δw = 2 pixels and Δa = 5000 pixels were chosen for the PDF of f(w) and f(a) respectively.
2 Results
2.1 Xiashu clay

Figure 3 shows the typical desiccation curves (water content versus time) for the Xiashu clay specimens which were tested under different temperatures. All tests begin with an initial water content of about 90 %. With the elapse of drying time, the water content decreases linearly first and finally stabilises. In other words, the water evaporation rate (ratio of water loss to time) is approximately constant for all specimens at the start of drying, and then begins to decline after a period of time and finally falls to zero. It can be seen that the temperature significantly influences the water evaporation rate of specimens. The slopes of linear segments of the desiccation curves increase with temperature, and the time for reaching stabilisation decreases with increasing temperature. Specimens drying at 30 °C took more than 1400 minutes to stabilise, which is much more time than that for specimens drying at 40 and 50 °C. This is mainly because the water molecule motion velocity and kinetic energy increases with increasing temperature, while the viscosity and interfacial tension decreases with increasing temperature. The water molecules in the soil mass can escape more easily to the atmosphere and result in more water loss at a higher temperature. As can be seen from Figure 3, after the evaporation reaches stabilisation, the residual water contents in specimens decrease with an increase of temperature. The final average water content is 5.3, 3.0 and 2.3 for the specimens drying at 30 o, 40 o and 50 °C respectively.

[image: image6.jpg]Water content, %

100

8041

60 o

40

204

Xiashu clay ‘
—=—8130°C|
—— 8240 °C1
——8350°C

30°C

0

T T T T T T T T
200 400 600 800 1000 1200 1400 1600
Elapsed time, min




Figure 3. Change in water content with time under different temperatures.
Once the water content reaches a critical value during drying, cracks initiate on the specimen’s surface. This critical value is called the cracking water content wc, which is defined as the water content of the soil at the on-set of crack initiation. Figure 4 presents the effect of temperature on wc. As the temperature increases from 30 to 50 °C, the average wc of Xiashu clay specimens increases from 40.9 % to 42.3 %, and the corresponding desiccation time decreases from 650 to 200 minutes. It indicates that the specimens dried at higher temperature initiate cracks earlier. This is due to the higher suction increase rate expected in the upper layer of specimens exposed at a higher temperature. The induced surface tensile stress would exceed the bonding strength of grains in shorter time, leading to cracking. During this stage, only a small amount of water in the lower layer is supplied to the surface before crack initiation. This explains why wc is higher at higher temperature as shown in Figure 4.
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Figure 4. The relationship between cracking water content and temperature.
At the end of desiccation, the geometrical structure of the final crack pattern of Xiashu clay specimens after drying at different temperatures was quantified through image processing technology. Six quantitative parameters and three probability density functions were determined to describe the crack network. Average values of the quantitative crack parameters at different temperatures are presented in Table 2. Both the number of intersections and crack segments reduce with increasing temperature. For this type of soil, the ratio of Sn/ In falls to between 1.5 and 2, since the crack network was mainly composed of quadrangles and the shapes of crack nodes are generally “+” and “T”, as shown in Figure 2. The average length and width of cracks and average area of aggregates increased with increase in temperature. In addition, the Rsc of the crack pattern decreases slightly from 14.14 % to 12.92 % when the temperature changes from 30 to 50 °C.

Table 2. Average values of crack network parameters for Xiashu clay specimens at different temperatures.
	Temperature (°C)
	Number of intersections (In)
	Number of crack segments  (Sn)
	Average length of cracks (lav)
	Average width of cracks (wav)
	Average area of aggregates (aav)
	Rsc (%)

	30

40

50
	107

92

58
	171

148

96
	88.94

94.44

129.73
	9.66

10.17

10.72
	12521

14538

17233
	14.14

13.70

12.92


Figure 5 shows the PDFs of crack length, width and aggregate area at different temperatures. It can be observed that crack lengths of the three groups of samples at different temperatures are mainly in the range of 30 to 130 pixels (Figure 5 (a)). The peak value of f(l) was observed at crack lengths of 50, 70 and 110 pixels for the test performed at 30, 40 and 50 °C respectively. It indicates that the probability of initiating long cracks during desiccation increases with temperature. In general, the fraction of short crack segments (l ≤ 100 pixels) decreases and long crack segments (l ≥ 100 pixels) increases when temperature increases from 30 to 50 °C. In Figure 5 (b), it is shown that the distribution of crack width is not significantly influenced by temperature. The crack widths mainly distribute in the range of 5 to 13 pixels, and the EV of crack widths remains the same (7 pixels) for the three test programs. In Figure 5 (c), the fraction of larger aggregates generally increases with temperature, and the largest aggregate obtained in the test program is at 50 °C.
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(c)
Figure 5. Probability density functions of crack parameters for Xiashu clay specimens at different temperatures. (a) Probability density function of crack length f(l), (b) Probability density function of crack width f(w), (c) Probability density function of aggregate area f(a).
2.2 Romainville clay

The shrinkage curve (void ratio e versus water content) and cracking curve (surface crack ratio Rsc versus water content) are plotted for the Romainville clay specimens tested under room temperature in Figure 6. From the shrinkage curve, it can be seen that the void ratio decreases linearly with decreasing water content till the water content is approximately 17 %. Once the water content reaches this value, commonly called the air entry (AE) value, the specimens were no longer saturated and with further drying, the volume shrinkage slows down and finally the void ratio almost reaches stabilization when the water content is lower than about 11 %, this water content value being the shrinkage limit (SL). The final value of void ratio fell into the range of 0.41 - 0.43 and the degree of saturation was about 25 %. From the cracking curve, the cracking water content wc of Romainville clay specimens can be determined as 38 %. This value is much higher than the AE value. It indicates that cracks occur when the specimens are still saturated. After crack initiation, the Rsc increases quickly with decreasing water content at the beginning stage of cracking. However, with further drying, the increment of Rsc begins to decrease gradually. After the water content reaches the shrinkage limit (SL) value (about 11%), the Rsc almost reaches stabilization, and the final value of Rsc is about 14.2 %.
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Figure 6. The changes of void ratio and Rsc with water content during drying (Romainville clay specimens).
3 Discussion

3.1 Relationship of temperature to soil response
By analyzing the results shown in Table 2 and Figure 5, it can be concluded that the surface crack structure is significantly influenced by temperature. As indicated by Morris et al., (1992), cracking in soils undergoing drying is controlled by soil suction as well as soil properties such as compression modulus, Poisson's ratio, shear strength, tensile strength, and specific surface energy. Clayey soils are more susceptible to the development of desiccation cracks due to the presence of small pores, which allows the development of high suctions (negative pore water pressure). For an open soil sample, the evaporation first occurs on the surface layer, and results in initial suction developed in this layer. If the surface tensile stress induced by an increase in soil suction exceeds the bonding strength of grains, cracks occur on the soil surface. Kayyal et al. (1995) reported that the rate of increase in the suction potential was directly related to the rate of moisture evaporation, which was controlled by the temperature and relative humidity. When soil samples are drying at a higher temperature, a higher rate of tensile stress increase can be obtained on the surface layer. The desiccation cracking behaviour is therefore strongly related to temperature. In addition, many other soil properties, which are directly or indirectly related to shrinkage and desiccation cracking behaviour, are also affected by temperature and heat. For example, they would affect each of the main component phases (solid, liquid, gas) separately and also their interaction with each other within the framework of the total system. The soil behaviour, such as soil constants, unit weight-moisture relationship, compressibility, modulus and strength, would also be affected by temperature (Fang, 1997). Campanella and Mitchell (1968) emphasized that the role of pore water pressure changed with temperature change. Their experimental results showed several clay-water systems in which each change in temperature by 1℉ changed the pore water pressure by about 0.75 % to 1.0 % of the initial effective stress. Volume change and stress distribution of the clay-water system is strongly coupled with the moisture movement induced by heat (Kanno et al., 1996; Sultan et al., 2002). Tang and Cui (2005) reported the results of tests conducted on clay soil with a temperature ranging from 20 to 60 oC. They observed that an increase in temperature decreased the soil water retention capacity. However, due to the complexity of crack initiation and propagation, and there are too many factors related to desiccation cracking behaviour of clayey soils. Although a lot of work has been done on this subject in the last several decades, the changing relationship of crack parameters with temperature is difficult to understand at present; it should take fully coupled thermo-hydro-mechanical behaviours into account, especially the micromechanical interactions between soil and water phases. The present investigation doesn’t provide sufficient data to clarify these assertions in detail.
3.2 Crack formation
Desiccation cracking is the result of soil volume shrinkage. The formed crack space on the surface can be attributed to the shrinkage of pore volume. As the curves shown in Figure 6, the increase of Rsc is consistent with the decrease of void ratio during drying. When the water content reached the soil shrinkage limit (SL), all particles were in contact, further water loss did not result in any more volume reduction. Accordingly, the crack propagation also trended to stop at this critical water content. It can be concluded that the cracking curve shown in Figure 6, to some extent, characterizes the soil shrinkage behaviour.

During drying, the shrinkage volume is composed of two fractions: vertical subsidence and lateral cracks. In Figure 6, before crack initiation, the soil surface experiences no lateral deformation (Rsc =0); the volume shrinkage is virtually dominated by vertical movement or subsidence, and the soil layer thickness decreases as well as the void ratio. During this stage, capillary suction develops in the upper soil layer and increases as evaporation continues; the increase of capillary suction results in an increase in the skeletal effective stress and also the tensile stresses in the soil matrix; especially as the soil consolidates and the magnitude of the vertical one dimensional settlement equals the amount of water that evaporates. When the tensile strength of the soil is exceeded by the rising tensile stresses, desiccation cracks occur on soil surface. Therefore, the evolution of lateral shrinkage strain during drying can be characterized by the measured surface crack ratio Rsc.
4 Conclusions
Laboratory experiments were performed on two swelling clays to investigate effects of temperature on shrinkage and desiccation cracking behaviour. The geometrical structure of crack patterns obtained at different temperatures were quantified with six parameters and three probability density functions (PDF): the number of intersections, (In) and crack segments, (Sn), average crack length, (lav), width, (wav) and aggregate area, (aav), surface crack ratio (Rsc), and PDF of crack length f(l), width f(w) and aggregate area f(a), respectively. The relationship between soil volume shrinkage, crack initiation and propagation were discussed. The following conclusions can be derived from this investigation:
(1) Two water loss stages can be identified during drying: a constant rate zone where water loss occurs at a constant rate, and a falling rate zone which terminates when the final equilibrium of atmosphere and the soil-water system is reached. Water loss rate increases with temperature.

(2) The geometrical structure of the crack pattern is strongly influenced by temperature. There is a tendency for crack length, width, aggregate area and their probability density functions to increase with an increase in temperature. However, the number of intersections and crack segments decreases with increasing temperature.
(3) Desiccation cracking takes place in the saturated state. The initial critical water content (wc), which corresponding to the water content of the soil at the on-set of crack initiation, increases with temperature and is much higher than the air entry (AE) point determined from the shrinkage curve. After crack initiation, the surface crack ratio (Rsc) increases almost linearly with decreasing water content, and tends to stabilization after the water content reaches the shrinkage limit (SL) of the soil.

(4) The formed crack space of the soil surface can be attributed to the pore volume shrinkage. The cracking curve (Rsc versus water content) to some extent reflects the shrinkage properties of the soil. Higher Rsc corresponds to higher soil shrinkage.
Desiccation cracking of soils is very complex, and influenced by a lot of factors. Further, work should be conducted to better understand this subject.
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