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A series of direct shear tests using a large-scale constant-normal-stiffness direct-shear testing system was conducted to study the factors that influence the mechanical characteristics of a pile–soil interface (PSI) in clay soil. Interfaces of different roughness (R = 0, 2, 4, and 6 mm) were tested in clay soil with four different water contents with four normal stresses under different shear rates during shearing. Results for the interfacial shear behavior are presented as shear-stress–shear-strain curves, shear strength, and parameters. The results show that (i) the higher the roughness, the higher the shear strength of the PSI. The larger the normal stress, the smaller the roughness effect on the shear strength and parameters of the PSI; and (ii) the higher the water content of the clay soil, the lower the shear strength of the PSI, with maximum cohesion at a water content of 25%. The main influence that increasing the water content has on the shear strength of the PSI is changing the coherence, while the shear rate in this test range has less effect on the shear strength of the PSI. Overall, the mechanical characteristics of the PSI are influenced by roughness, water content, and shear rate, and close attention should be paid to those three factors when analyzing test results.
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INTRODUCTION

Pile–soil interaction is a key research topic when considering how soil and structures interact. When analyzing pile–soil interaction, it is important to consider the mechanical properties of the pile–soil interface (PSI), which are studied by means of indoor contact shear tests. Currently, the commonly used indoor shear tests for soil–structure contact surfaces are the direct shear test (Ramsey et al., 1998; Guo et al., 2000; Airey and Kelly, 2010; Quinteros et al., 2017), the single shear test (Rebelo, 2003), and the ring shear test (Lutenegger et al., 1981; Jewell, 1989; Reddy et al., 2000; Guo, 2008). Potyondy (1961); Clough and Duncan (1971), Brandi (1985); Desai and Drumm (1985), Fakharian and Evgin (1997); Hu and Pu (2001), Canakci et al. (2016), all used the direct shear test to study the relationship between soil and structures. Regarding the mechanical properties of the contact surface, Potyondy (1961) used the direct shear test to study those of silty soil, silty clay, and clay with concrete, steel, and wood. Sun et al. (2009); Wang et al. (2009), Yang et al. (2009), and Liu et al. (2011) used ring shear tests to carry out the interface shear tests considering mud skin and ring shear tests of overconsolidated clay at three different shear rates. Currently, the test that is used most widely is the direct shear test, in which loading by a constant-stiffness direct-shear instrument reflects the dynamic change of the normal stress at the PSI along with the normal displacement of the soil, which is consistent with the actual stress condition of pile–soil interaction. Some scholars also studied the stress characteristics between pileand soil through transparent soil and PIV technology (Yuan et al., 2016, 2019a,b, 2020).

In practical engineering, most jacked piles are in clay soil layers. Considering the practical application characteristics of the jacked piles, the clay soil can reproduce the actual working state of the jacked piles. The penetration of a jacked pile is affected by factors such as the water content of the clay soil around the pile (Yang et al., 2009), the soil pressure on the sides of the pile (Sun et al., 2009; Chen et al., 2016), the pile roughness (Zhao et al., 2012), and the pile sinking rate (Zhou et al., 2010; Xu et al., 2013). Many scholars have conducted in-depth investigations of the shear-strength parameters of PSIs. Using a scheme of loading and unloading (The National Standards Compilation Group of People’s Republic of China, 1999) analyzed how the stress history influenced the effective coefficient of friction and cohesion at a PSI. By varying the water content and forward shear ratio of the soil, Lu et al. (2013) determined how those parameters affected the cohesion and friction angle. Xu and Meng (2010) and Chen et al. (2016) studied how roughness influenced the shear strength and index of the contact surface; they proposed that the main reason for the increased shear strength of the contact surface with greater roughness was the increase in cohesion, which was far greater than the change in the internal friction angle. At present, some scholars conducted a series of tests to improved the shear strength of soil by adding fiber, and many useful conclusions have been obtained (Wang et al., 2017, 2018, 2019).

The above research shows that the shear-strength parameters of a PSI are affected by the water content, the roughness of the contact surface, and the shear rate. To date, there has been a lack of experimental laboratory research on how PSI change during static-pressure pile driving, and therefore the factors that influence the mechanical properties of a PSI in viscous soil are not known accurately. To study how roughness, water content, and shear rate influence the shear strength and parameters of a PSI in cohesive soil, the present author used a large-scale constant-stiffness direct-shear instrument to study the contact between cohesive soil and concrete for (i) four different roughness grades of the contact surface, (ii) four different water contents, and (iii) four different normal stresses and shear rates. The design of the present pile foundation provides a theoretical basis and has important application value in engineering.



TEST PLAN


Test Instruments

The device used for the tests was a large-scale direct-shear test system. The system comprises two shear boxes, an upper one and a lower one. During a test, a concrete block was placed in the lower box, and the upper box was filled with clay soil after installing a baffle so as to simulate the shear of a PSI in actual engineering. The direct-shear test system is simple to operate, controls the shear rate of stiffness displacement precisely, and provides automatically collected data on the normal shear stress. The test device is shown in Figure 1.


[image: image]

FIGURE 1. Large-scale constant-normal-stiffness direct-shear apparatus for pile–soil interface (PSI): (A) Front elevation; (B) Back elevation.




Soil Samples

The soil samples used in the tests were taken from the silty clay layer in a project site in Qingdao in China. Following standard GB50123-1999 for geotechnical tests (Liu et al., 2016), the undisturbed soil was dried, crushed, and screened, and soil samples with different water content were prepared by adding water. For stratified compaction, all the soil samples had the same dry density, which was controlled at 1.58 g/cm3. The prepared soil samples were left standing for 7–10 days to ensure moisture uniformity therein. Taking the water content of a soil sample as 28% as an example, the basic physical properties of the soil are given in Table 1.


TABLE 1. Basic physical properties of clay.

[image: Table 1]


Concrete Blocks

A block of concrete with a strength grade of C50 was placed inside the shear box under the instrument to simulate the concrete of the pile body. As shown in Figure 2A, the concrete surface had a sawtooth profile, with one sawtooth being 2 mm wide at its top and 10 mm wide at its base. To simulate the interfacial roughness of actual precast piles (i.e., interfaces I, II, III, and IV), concrete blocks were prepared with sawtooth heights R = 0, 2, 4, and 6 mm, respectively. Photographs of the surfaces of the concrete test blocks with different roughness are shown in Figure 2B.


[image: image]

FIGURE 2. Interface roughness setting: (A) Sawtooth peak–valley distance of concrete interface; (B) Concrete test blocks of different roughness.




Silicon Piezoresistive Sensor

To measure directly the radial soil pressure and pore water pressure at the PSI, silicon piezoresistive sensors were embedded in holes on the surface of the concrete test block. The diameter of the silicon piezoresistive sensor was 10 mm, the height was 6 mm, and the data acquisition frequency was 2000 Hz. The soil pressure sensor and the two pore water pressure sensors were installed on the surface of the concrete test block using the same installation method, as shown in Figure 3.


[image: image]

FIGURE 3. Diagram of installation of silicon piezoresistive sensors.




Experimental Procedure

The test process is shown in Figure 4. During a test, a prepared concrete block with the silicon piezoresistive sensors was placed in the shear box under the direct-shear meter. Then the soil samples with different moisture content were layered compaction. Put equal volume soil samples into each layer, and then use light rubber hammer to evenly compaction. The height of each layer is 80 mm after compaction. After each layer of soil sample is compacted, the soil surface is shaved to ensure the uniformity of the soil. Repeat this procedure and test soil samples are compacted in 5 layers. Finally, normal stress is applied to shear test and data are collected in real time.


[image: image]

FIGURE 4. Testing process: (A) Making concrete test blocks, (B) Place concrete test block, (C) Remodeling soil samples, (D) Data collection systems.




Test Content

Direct shear tests were carried out on soil samples with different water content under the conditions of different roughness and shear rate, and the shear displacement was controlled at 40 mm to study the mechanical properties of the PSI in viscous soil. The experiment was divided into 96 groups, as listed in Table 2. The relationship between the shear stress and shear displacement of the samples with different parameters was obtained.


TABLE 2. Groups of samples.

[image: Table 2]


ANALYSIS OF TEST RESULTS


Influence of Roughness


Shear Stress Versus Shear Displacement

Figure 5 shows the curves of shear stress versus shear displacement (τ-u curves) of the PSI under different roughness conditions. Take the same water content ω = 28% and the same shear rate as 1.0 mm/min as an example. As can be seen, when the roughness is same, the τ-u curves coincide at small shear displacement, after which they deviate. The maximum shear stress and the shear failure displacement increase with the normal stress; when the roughness level is low (R ≤ 2 mm), the τ-u curve exhibits a distinct line shape at normal stress σ ≤ 50 kPa. For normal stress σ ≥ 100 kPa, the τ-u curves are of a type that is between linear and hyperbolic. The curves have no obvious turning point; when the roughness level is high (R ≥ 4 mm), the τ-u curves have a more pronounced linear shape. When the normal stress reaches 50 kPa, the shear stress reaches a maximum value, and then a small drop occurs, finally, it tends to be gentle.


[image: image]

FIGURE 5. Shear-stress–shear-strain curves for given roughness and varying normal stress: (A) R = 0 mm; (B) R = 2 mm; (C) R = 4 mm; (D) R = 6 mm.


Figure 6 shows the τ-u curves for different values of the interfacial roughness R. For a given normal stress, the τ-u curves with different roughness have overlapping sections that are separated by shear failure with increasing roughness. With increasing normal stress, the difference of τ-u curve is reduced under different roughness, and the influence of roughness on τ-u curve is gradually reduced. For a given normal stress, the roughness has a significant influence on the τ-u curve. For R ≤ 2 mm, the shear stress of the τ-u curve reaches a peak and remains basically unchanged, showing a more obvious linear shape. For R ≥ 4 mm, strain softening occurs after the shear stress of the τ-u curve reaches a peak.


[image: image]

FIGURE 6. Shear-stress–shear-strain curves for given normal stress and varying roughness: (A) σ = 25 kPa; (B) σ = 50 kPa; (C) σ = 100 kPa; (D) σ = 150 kPa.




Pile–Soil Interface Shear Strength and Its Parameters

Figure 7A shows that (i) the shear strength at the PSI increases gradually with the roughness level and (ii) the difference in shear strength between different PSIs decreases with the normal stress. With increasing roughness, the growth rate of the cohesion first increases and then decreases, and the friction coefficient stabilizes gradually after growing linearly (see Figures 7B,C). Under the present experimental conditions, (i) the greater the normal stress, the less the roughness influences the shear strength of the PSI and (ii) the higher the roughness grade, the less the shear-strength parameters influence the PSI. These results are similar to those obtained by Liu et al. (2011).


[image: image]

FIGURE 7. Interface shear strength and its parameters vary with roughness: (A) Relationship between shear strength and roughness; (B) Relationship between cohesion and roughness; (C) Relationship between coefficient of friction and roughness.


Some experts and scholars use the Mohr–Coulomb criterion (MCC) for shear failure (τ = σtan⁡φ + c) to study the shear strength of contact surfaces (Zhao et al., 2012; Lu et al., 2013; Chen et al., 2016). From how the cohesion varies with roughness in Figure 7B, correlation analysis gives

[image: image]

Substituting that expression into the MCC gives

[image: image]

From Figure 7C, the relationship between the friction coefficient and the roughness is approximately exponential. The fitting coefficient is 0.97, and the function is

[image: image]

In summary, the MCC is obtained as

[image: image]

where τ is the shear stress, σ is the normal stress, φ is the angle of internal friction, and R is the roughness. The relationship between the shear stress and the roughness and normal stress is obtained, and the shear strength can be predicted based on the roughness and normal stress.



Influence of Water Content


Shear Stress Versus Shear Displacement

Figure 8 shows the τ-u curves of the PSI in cohesive soil with different values of water content. As can be seen, the PSI under various water content test conditions shear stress peak and shear failure displacement occurred. For a given water content, the larger the normal stress, the larger the maximum shear stress and the shear-failure displacement. For the highest water content ω of 28%, the τ-u curves exhibit insignificant strain softening. After the maximum shear stress, the strength decreases, enters the strain-softening stage, and finally stabilizes. For ω < 28%, the shear stress reached after the peak tends to be stable and the corresponding shear displacement continues to increase, showing typical elastoplastic deformation.
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FIGURE 8. Shear-stress–shear-strain curves for given water content and varying normal stress: (A) ω = 18%; (B) ω = 20%; (C) ω = 25%; (D) ω = 28%.


Figure 9 shows the τ-u curves of water content change under different normal stresses, where again ω is the water content. The τ-u curves show the shear stress for different values of the normal stress. With increasing water content in the range investigated, the maximum shear stress decreases by 4.45–10.68 kPa and the shear-failure displacement increases by 1.67–6.73 mm. For a given normal stress, the initial slopes of the τ-u curves are basically the same, and the slope decreases with the water content. When the shear stress reaches a peak, the larger the water content, the smaller the peak value of the shear stress.


[image: image]

FIGURE 9. Shear-stress–shear-strain curves for given normal stress and varying water content: (A) σ = 25 kPa; (B) σ = 50 kPa; (C) σ = 100 kPa; (D) σ = 150 kPa.




Pile–Soil Interface Shear Strength and Its Parameters

The results of the direct shear tests show that the higher the water content, the lower the shear strength of the PSI (see Figure 10A). With increasing water content, the cohesive force increases initially and then decreases, reaching a maximum at a water content of 25% (see Figure 10B). This is the critical water content of the soil sample: at this value, the soil sample is in the plastic state and the bond with the pile is the best. With further increase in water content, there is likely to be water between the pile and the soil, and lubrication by this water film decreases the shear strength of the PSI (Wang et al., 2009). With increasing water content, the friction coefficient of the PSI decreases initially and then stabilizes, and the reduction is only around 5.5% (see Figure 10C). As can be seen, the water content mainly affects the cohesive force at the PSI, and the change in cohesion is the main reason for the change in the shear strength at the PSI.
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FIGURE 10. Interface shear strength and its parameters vary with moisture content: (A) Relationship between shear strength and water content; (B) Relationship between cohesion and water content; (C) Relationship between coefficient of friction and water content.


The curve in Figure 10B is approximately quadratic, and the fitting coefficient is 0.923. The expression of the fitted curve is

[image: image]

The relationship between the friction coefficient and water content in Figure 10C is also approximately quadratic. The fitting coefficient is 0.843, and the correlation is weak. The relational expression is

[image: image]

In summary, the MCC is obtained as

[image: image]

where ω is the water content, τ is the shear stress, v is the shear rate, and σ is the normal stress. As such, the shear strength can be predicted from the water content and normal stress. However, because the correlation degree of Eq. (6) is low, the prediction accuracy of Eq. (7) is lower than that of Eq. (4).



Influence of Shear Rate


Shear Stress Versus Shear Displacement

Figure 11 shows the τ-u curves of the PSI in cohesive soil at different shear rates. Take the same roughness grade R = 0 mm and the same water content as 28% as an example. As can be seen, at the same shear rate, the τ-u curve increases the shear stress peak and shear failure displacement with increasing normal stress. The greater the normal stress, the faster the shear stress peak and the shear failure displacement increase.


[image: image]

FIGURE 11. Shear-stress–shear-displacement curves for given shear rate and varying normal stress: (A) v = 0.4 mm/min; (B) v = 0.6 mm/min; (C) v = 0.8 mm/min; (D) v = 1.0 mm/min.


Figure 12 shows the variation of shear rate τ-u under different normal stresses. The shear rates are listed in each graph. As can be seen, for a given normal stress, the maximum shear stress does not change greatly with the shear rate, indicating that the shear rate has little effect on the maximum shear stress, and the shear-failure displacement corresponding to the maximum shear stress at the PSI does not change significantly. The τ-u curves of the PSI show a similar law at different shear rate; that is, the shear stress increases initially with the shear displacement and then becomes constant after reaching the maximum shear stress. Figure 12 shows that in the range of shear rate studied herein, the τ-u curves differ little, indicating that the shear rate has little effect on the mechanical shear properties of the PSI. This has also been verified in direct and ring shear tests of reinforced soil interfaces (Lu et al., 2013; Liu et al., 2016). How the shear rate affects the mechanical properties of the PSI requires further study.


[image: image]

FIGURE 12. Shear-stress–shear-strain curves for given normal stress and varying shear rate: (A) σ = 25 kPa; (B) σ = 50 kPa; (C) σ = 50 kPa; (D) σ = 150 kPa.




Pile–Soil Interface Shear Strength and Its Parameters

The present results show that the shear strength decreases with the shear rate. When the normal stress σ is small, the shear strength decreases by less than 10%. For σ ≥ 100 kPa, the shear rate influences the shear strength of the PSI considerably, with the latter fluctuating by as much as 15% (see Figure 13A). The cohesion increases initially by 0.87 kPa with increasing shear rate and then decreases by 1.41 kPa with further increase (see Figure 13B). An increase in the shear rate results in a constant decrease in the coefficient of friction, but a smaller decrease (see Figure 13C). In actual engineering, the shear rate may cause excess pore water pressure, which then affects the PSI strength. However, it is difficult to simulate this process in the present experiment, which leads to the conclusion that the shear rate has little influence on the PSI shear strength.


[image: image]

FIGURE 13. Interface shear strength and its parameters vary with shear rate: (A) Relationship between shear strength and shear rate; (B) Relationship between cohesion and shear rate; (C) Relationship between coefficient of friction and shear rate.


The curve of cohesive force versus shear rate in Figure 13B is approximately quadratic, and the fitting coefficient is 0.997. The fitted function is

[image: image]

From Figure 13C, the friction coefficient decreases with the shear rate, and the fitting coefficient is 0.937. The function is

[image: image]

In summary, the MCC is obtained as

[image: image]

where v is the shear rate, τ is the shear stress, and σ is the normal stress. As such, the shear stress can be predicted from the normal stress and the shear rate.



CONCLUSION

(1) The curves of shear stress versus shear displacement of the PSI have an obvious fold line shape, and strain softening is not obvious at the roughness levels considered herein. For a given normal stress, the PSI shear strength and its parameters increase with roughness. However, with increasing normal stress, the roughness has less effect on the PSI shear strength and its parameters.

(2) For high water content, the shear-stress–shear-displacement curves of the PSI show no obvious strain softening, while they show typical elastic–plastic deformation for low water content. The PSI shear strength decreases with the water content: the peak shear stress decreases and the shear-failure displacement increases. With increasing water content, the cohesion reaches its maximum value at a water content of 25% and the PSI friction coefficient decreases initially and then stabilizes.

(3) Within the present range, the shear rate has little influence on the mechanical shear properties of the PSI, and the shear strength has small reduction for smaller normal stress. The range of shear rate that affects the mechanical properties of the PSI requires further study.

(4) The shear strength of the PSI is affected by the three factors of roughness, water content, and shear rate of the contact surface. The degree of influence of each factor is related to the normal stress, indicating the lateral frictional resistance is affected by the soil pressure on the pile sides during pile penetration. With increasing pile penetration depth, the soil pressure on the pile sides becomes the main reason for the increasing pile resistance.

In summary, in this paper, the factors influencing the shear characteristics of PSI in clay soil were studied. The results show that roughness, water content and shear rate are related to cohesion and friction coefficient. Therefore, affecting the interface shear mechanical characteristics of piles and soil. It provides a theoretical basis for further study of shear mechanical properties of the interface between clay and structure.
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