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Thermo-mechanical behaviour of clay-structure interface

The mechanical behaviour of the soil-structure interface plays a major role in the shear characteristics and bearing capacity of foundations. In thermo-active structures, due to non-isothermal conditions, the interface behaviour becomes more complex. The objective of this study is to investigate the effects of temperature variations on the mechanical behaviour of soils and soil-structure interface. Constant normal load (CNL) and constant normal stiffness (CNS) tests were performed on soil and soil-structure interface in a direct shear device at temperatures of 5, 22 and 60 o C. Kaolin clay was used as proxy for clayey soils. The results showed that, in clay samples the temperature increase, increased the cohesion and consequently the shear strength, due to thermal contraction during heating. The temperature rise had less impact on the shear strength in the case of the clay-structure interface than in the clay samples. The adhesion of the clay-structure interface, is less than the cohesion of the clay samples.

Introduction

The soil-structure interactions at the interface are of primary importance in foundation designs. In energy geostructures the mechanical loads applied to the structure on one hand, and the effect of heat exchange between structure and surrounding soil on the other hand, modify the behaviour of the soil-structure interface. These thermal variations and mechanical loads affect the bearing capacity and frictional resistance of these thermo-active structures. Therefore, the effects of temperature on the soil-structure interface mechanical parameters should be investigated.

An important concept to aid in understanding the interface behaviour is the constant normal stiffness (CNS) conditions. Depending on the volumetric response of the soil at the interface during shearing, the surrounding soil stiffness constrains the volumetric response of the interface and acts as a virtual spring with a given stiffness [1] (Eq. 1). ∆σ = -K.∆U

Where ∆σ (kPa) is the normal stress difference, K (kPa/mm) is the stiffness of the adjacent soil (stiffness of the spring) and ∆U (mm) is the normal displacement difference of the interface.

The tendency of the interface to dilate is counteracted by the elastic reaction of the adjacent soil [2]. In the literature constant normal load (CNL) and constant normal stiffness (CNS) tests on sand-steel interface is performed [3] and the results showed that the effect of the normal stiffness (K) on the mobilized shear resistance of the interfaces in CNS tests depends on the volumetric response exhibited by the interfaces in the CNL tests. They showed that in dilative regimes, the increase in the current normal stress (σ n ) when sheared in the CNS tests causes an increase in the current shear stress (τ). On the other hand, in the contractive regimes (smooth interface or loose soil), a decrease in the normal and shear stresses is observed. They showed that the variation of the mobilized shear resistance during the CNS tests is a consequence of the current normal stress evolution and the mobilized sand-structure friction angle remains unchanged.

Another important factor that influences the soilstructure interactions is the structure surface roughness ( [3], [4]). Normalized roughness (R n ), as reported by [5], was defined by measuring R max (vertical distance between the highest peak and lowest valley) along a profile length L equal to the mean grain size D 50 and then normalized by D 50 :

R n = R max (L = D 50 ) D 50 (2) 
Previous investigations [6] indicate a range for the smooth and rough surfaces. The critical roughness (R crit = 0.1 -0.13) was chosen as a range that (R n > R crit ) is a rough surface and (R n < R crit ) is considered as a smooth one.

Different studies have been performed on the effects of temperature on the mechanical parameters of soils ( [7], [8], [9]) and these studies indicated that the thermomechanical behaviour of soils is highly dependent on the stress and thermal history of the material. However, only a few studies have been performed on the soil-structure interactions under non-isothermal conditions ( [10], [11]). Interface direct shear tests on quartz sand and illite clay at different temperatures (22, 50 and 60 o C) is performed [10]. These tests showed that the sand-concrete inter-face behaviour was not directly affected by temperature changes, but the clay-concrete interface showed higher shear strength at higher temperatures. The residual interface friction angle of the clay-concrete decreased slightly at high temperatures, but the adhesion (cohesion between soil and structure) increased with increasing temperature. The authors suggested that this result is related to the thermal consolidation of the clay, which results in an increase of the contact surface between the clay and concrete. In the other study ( [11]), the soil-structure interface direct shear tests on Fontainebleau sand and kaolin clay samples at 5, 20 and 40 o C is conducted. The results showed that, the shear strength of the clay samples was higher than that of the clay-concrete interface, and the effects of temperature (in the range of 5-40 o C) on the shear strength and friction angle were negligible in the sand, clay and clay-concrete interface. They pre-consolidated all the samples to 100 kPa of vertical stress and heated to 40 o C prior to the application of the initial conditions. Therefore, they found that the effect of temperature on the clay-concrete interface, which was mainly related to thermal consolidation, was negligible.

According to the literature, the effects of temperature on the friction angle and adhesion of the soil-structure interface, are poorly understood under both CNL and CNS conditions. In this study, a temperature-controlled direct shear device was used to perform interface tests on kaolin clay on a rough surface under CNL and CNS conditions, to better understand the following:

• The effects of temperature on the shear strength (friction angle, cohesion and adhesion) of soil and soil-structure interface under CNL and CNS conditions.

• The effect of surrounding soil stiffness on the soilstructure interface mechanical behaviour at different temperatures.

• The soil and soil-structure interface volumetric changes during heating (from 22 to 60 o C) and cooling (from 22 to 5 o C) under constant isotropic stress.

Material properties, device and experimental programme 2.1 Material properties

Kaolin clay used in this study has a liquid limit LL = 57% and Plastic limit PL = 33%. To perform soil-structure interface direct shear tests, a stainless steel plate (80 x 60 x 10 mm) with the desired roughness was designed and used as the structure. This steel plate is used to, avoid abrasion of the surface due to test repetition. The roughness of the steel plate was measured with a laser profilometer. Four profiles with lengths of 32 mm parallel to the shear direction were measured. The stainless steel plate is considered a very rough surface for kaolin clay.

Temperature-controlled direct shear device

The shear box (60 x 60 x 35 mm) was placed inside a container filled with water to reach saturated conditions.

The heating system consisted of a heater that controlled the fluid temperature circulating in the lower part of the container. Therefore, the water temperature in the container reached the same temperature as the circulating fluid. Three thermocouples, one in the lower half of the shear box, another on the upper half of the shear box and the last in the container, controlled the applied temperature. In this direct shear device, normal stress σ n (kPa), shear displacement W (mm), circulating fluid temperature T ( o C) and stiffness value K (kPa/mm) were applied, and vertical displacement U (mm), shear stress τ (kPa), and sample temperature T ( o C) were measured.

Experimental programme

The experimental programme consisted of soil and soilstructure direct shear tests at different temperatures (Fig. 1). Soil tests were performed as reference cases for comparison with soil-structure tests to better clarify the role of interface.

To perform the clay and clay-structure shear tests, kaolin clay was prepared with a water content of 63%, which was slightly higher than its liquid limit (LL = 57%) and the sample was left for 24 hours for homogenization. Subsequently, the clay was poured into the shear box and special attention was paid to avoid any air trap. To perform the CNL tests at 22 o C,, the normal stress was applied slowly and incrementally during the consolidation phase, and each load increment lasted 2 hours, to ensure full consolidation at each step ( [12]). Two values of initial effective normal stresses (σ n0 = 100, 300 kPa) were chosen for the clay programme. Based on the consolidation tests performed on this kaolin clay, the target void ratios after consolidation for σ n = 100 and 300 kPa were e = 1 and 0.85, respectively. After the consolidation phase for the CNL tests at 22 o C, a displacement rate of 0.006 mm/min that was calculated from the settlement curve and t 50 (time required for the specimen to achieve 50 percent consolidation under the maximum normal stress) of the kaolin, was applied [START_REF] Astm | ASTM standard D3080-98[END_REF]. This slow rate ensured drained conditions inside the shear box during shearing. The initial heating or cooling phase started at ambient temperature (22 o C). After the consolidation phase, heating or cooling was applied to the samples at a rate of 5 o C/hr. This slow rate avoids a pore pressure increase during the heating phase and was verified by [9] and [10]. During the heating or cooling phase in the shear box, thermal vertical deformation of the soil and the soil-structure interface was measured. After these heating or cooling phases, the samples were sheared. For the CNL tests of the clay and clay-structure interface, paths 1-2 and 5-2 were applied, as seen in Fig. 1, but for the CNS clay-structure interface tests, paths 1-4 and 5-4 were observed due to the normally consolidated state of the kaolin samples.

Experimental results for clay

Clay

After consolidation and reaching the desired void ratio, a heating or cooling phase at a rate of 5 o C/hr, was applied to the clay samples. This heating and cooling caused a thermal vertical deformation under constant effective normal stresses of 100 and 300 kPa. The thermal vertical strain was higher for heating cases (0.6-0.64%) than cooling cases (0.18 -0.2%).

After heating or cooling, normally consolidated kaolin clay samples were sheared at two different effective normal stresses (σ n0 =100, 300 kPa) at 5, 22 and 60 o C (Fig. 2). In Fig. 2a, the shear stress-shear displacement curves for 100 kPa and 300 kPa at 5, 22 and 60 o C are presented. As observed for both effective normal stresses, the shear stress increased with increasing temperature, until the peak values, then it decreased towards the critical state. The residual shear stresses at 5, 22 and 60 o C for σ n0 =100 kPa became convergent after a shear displacement of 5 mm. For σ n0 =300 kPa at 5 and 22 o C the shear stresses are similar up to a shear displacement of W=3.5 mm. In the volumetric response, the samples that were exposed to higher temperatures showed less contraction during shear (Fig. 2b). For example in 100 kPa of effective normal stress, the test at 5 o C showed a contraction approximately 0.89 mm, but for the tests at 22 and 60 o C, this amount decreased to approximately 0.68 mm and 0.38 mm respectively. For 300 kPa, the same trend was observed for the volumetric response.

The internal friction angle of the clay soil obtained at different temperatures, shows a slight increase with temperature increase (14.4 o to 15.3 o ). The main difference was the cohesion increase from 11 to 17 kPa and then to 23 kPa for tests at 5, 22 and 60 o C, which could be due to thermal hardening during the heating phase (Fig. 2c).

Clay-structure

CNL

For clay-structure tests, the thermal vertical strain caused by the temperature increase from 22 to 60 o C was approximately 0.85%, and for a temperature decrease from 22 to 5 o C in the cooling case, the thermal vertical strain was approximately 0.2% for the clay-structure interface tests. In Fig. 3 the results of the clay-structure interface CNL tests are presented. Fig. 3a shows the shear stress versus shear displacement for σ n0 =100 kPa. The peak shear strength curve was slightly higher at 60 o C than at 5 and 22 o C (∆τ = 8 kPa), but at the critical state, all curves at different temperatures were superimposed. For σ n0 =300 kPa, the ∆τ = 10 kPa of difference at the peak was evident for 60 o C compared to 5 and 22 o C. In the critical state, the same behaviour as σ n0 =100 kPa was observed. In Fig. 3b the volumetric behaviours of the claystructure interface are presented for σ n0 =100 and 300 kPa. For σ n0 =100 kPa, the amount of contraction was 0.4 mm for the test at 5 o C, while it was 0.28 mm and 0.12 mm for the tests at 22 and 60 o C, respectively. For σ n0 =300 kPa, the same behaviour was observed, and the contraction at 5 o C was higher than those obtained at 22 and 60 o C.

Fig. 4 shows the Mohr-Coulomb plane for the claystructure interface CNL tests at different temperatures. The peak friction angle for all studied temperatures was 14 o . The main difference between the Mohr-Coulomb envelopes for different temperatures was the adhesion. The increase in temperature, increased the peak adhesion (cohesion between soil and structure) from 12.5 kPa to 18 kPa while the residual adhesion remained constant (16.5 kPa).

CNS

To investigate the shear characteristics of the claystructure interface, constant normal stiffness (CNS) conditions were applied. The results for K = 1000 kPa/mm that is intermediate value between K = 500 (CNL) and 5000 kPa/mm (CV) are presented.

The shear stress versus shear displacement for two initial normal stresses (σ n0 =100 and 300 kPa) at different temperatures (22 and 60 o C) are presented in Fig. 5a. At σ n0 =100 kPa, the shear stress increased with increasing shear displacement until a value of 1 mm (τ = 33 kPa) then, with a slight decrease, the shear stress continued towards the critical state (τ = 28 kPa). The curves for both 22 and 60 o C followed the same trend. For tests at σ n0 =300 kPa the shear stress showed a very clear peak and then decreased towards a constant value. As mentioned for 100 kPa, under σ n0 =300 kPa, the shear stresses at 22 and 60 o C are similar.

For both initial normal stresses, kaolin contracted until the end of the shear (Fig. 5b). For the test at σ n0 =100 kPa and 22 o C, the amount of normal displacement in the critical state was around 0.035 mm. This value was approximately 0.02 mm for tests at 60 o C, and the heated samples showed less contraction. For the test at σ n0 =300 kPa at 22 and 60 o C, the normal displacement in the critical state was 0.9 and 0.6 mm, respectively.

In Fig. 5c the variation of normal stress during CNS tests of clay-structure interface is presented. For both σ n0 =100 and 300 kPa the normal stresses decreased during shearing process. For samples exposed to higher temperatures the amount of reduction was less than samples at 22 o C. For tests at σ n0 =100 kPa at 22 and 60 o C the normal stress reduction was about 42 and 30 kPa respectively.

In Fig. 5d, the normal stress vs. shear stress planes for the clay-structure interface CNS and CNL tests are presented. For σ n0 =100 and 300 kPa in the CNS tests, the shear stress increased with decreasing normal stress, and the shear reached a peak value and then decreased. The heated samples showed less decrease in the normal stress compare to unheated samples. For example, for σ n0 =300 kPa, the peak shear strength for heated samples was slightly higher than 22 o C, and the normal stress decrease in the heated sample was also less than that at 22 o C. The peak friction angle and adhesion of the CNS tests were 14 o and 13 kPa respectively. 

Discussion

Effect of temperature on clay

The peak and residual shear strength in the clay-structure tests, were always less than those obtained during clay tests. This showed that the shearing occurred at the interface zone. Moreover, the peak shear stresses of the claystructure tests are close to the residual shear stress values of clay tests at all tested temperatures. This may be due to the sliding, or partially sliding, shear mode along the interface. Indeed, [16] showed that, in clays with high clay content in which residual soil shear is in the sliding mode, peak interface shear strength normally is close to the soil residual strength and is independent of roughness. Therefore, in the clay-structure interface tests performed in this study, the sliding or partially sliding shear mode at interface occurred for all tested temperatures.

The peak cohesion of clay samples increases from 17 to 23 kPa while the peak adhesion of clay-structure increases from 12 to 18 kPa with temperature increase from 22 to 60 o C while the residual adhesion remained stable. Therefore, it can be concluded that cohesion is more affected by temperature modification. This reflects the interaction between the structure and the clay. For kaolin clay, heating the interface tend to slightly increase the shear strength of the interface. Therefore, in terms of structural safety of energy geostructures, temperature increase in normally consolidated kaolin clay can be considered as a positive aspect.

In isothermal conditions, [17] have performed direct shear tests on different soils and different structural materials like steel, concrete and wood. He found that the friction angle and adhesion of a smooth steel interface is less than a smooth concrete interface. Therefore, it can be concluded that the nature of the structural material plays a major role in the interface behaviour and further works should be carried out to investigate the interface behaviour on different construction materials.

Conclusions

Constant normal load (CNL) and constant normal stiffness (CNS) interface tests were conducted on clay and claystructure samples at different temperatures (5,22 and 60 o C).

In kaolin clay, temperature does not affect the friction angle and the main effect is the increase of the cohesion or adhesion. For clay tests, due to thermal contraction of kaolin during heating, the soil becomes denser and shows a higher shear strength. It was found that temperature increases the cohesion of clay samples. In claystructure contact, due to difference in the nature of materials (clay vs. metal) the adhesion is not as much as clay case, therefore the shear strength increase with temperature increase, is not as much as clay case. In CNS tests on clay-structure interface, the soil exposed to higher temperatures, showed less contraction during shearing, and consequently less normal stress decrease due to the denser state of the heated clay-structure samples prior to shearing. Therefore, in the interface the soil becomes denser with heating and the shear strength increases slightly.

Further work will be carried out to investigate the effects of thermo-mechanical cycling on the mechanical behaviour of soil-structure interface.
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