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Although pile foundations are usually subjected to both lateral and vertical loads, there have been few studies on the pile response under the combined loadings. Moreover, those few studies led to inconsistent conclusions concerning the influence of vertical load on the lateral pile response. This study aims to investigate the effect of vertical load on the monotonic and cyclic lateral response of piles in normally consolidated (NC) and over-consolidated (OC) clay through a series of centrifuge tests. Three-dimensional finite element analyses using an advanced hypoplastic clay model were also performed to gain deep insight into the mechanism. It is revealed that after applying the vertical load and allowing the dissipation of the induced excess pore pressure, the lateral initial stiffness and ultimate capacity of the pile in the NC clay increased by 10.0 and 49.4%, respectively. However, in the OC clay, the application of the vertical load resulted in a 12.6 and 32.4% reduction in the lateral pile initial stiffness and ultimate capacity, respectively, showing a distinct response from that in the NC clay. The above-mentioned distinct influence of vertical load for piles can be attributed to the different evolutions of stress ratio (q/p’) of the soil around the pile in the NC and OC clay, which determines the soil mobilisable shear strength and consequently the lateral pile responses.
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INTRODUCTION
Pile foundations are widely used in building and offshore structures to resist the combined action of vertical and lateral loads [1–3]. During the past decades, extensive valuable and interesting studies have been carried out to investigate pile lateral response [4–10] or vertical response [11–14]. However, in all these studies, either the vertical loads or horizontal loads are considered independently, which is a simplification of the realistic combined loading condition. In other words, the current practice assumes that the effect of interaction between the vertical and lateral loads on the pile response can be ignored. This is obviously unsuitable. As pointed out by Achmus and Thieken [15] through finite element modelling, under the combined loading, the consistent mobilization of horizontal soil resistance caused by lateral loads and pile shaft shear stress caused by vertical loads will significantly alter both lateral and vertical pile response. Therefore, quantifying the interaction effects on piles under the combined loads would no doubt lead to a more accurate assessment of pile responses.
By far, it is well acknowledged that the presence of the lateral loading and bending moments will significantly reduce the vertical pile capacity [16]. However, the investigations on the influence of vertical load on the lateral response of piles are still limited and there is no consensus on this issue. Based on experimental and field studies, Jain et al. [17], McNulty [18] and Bartolomey [19] observed an increase in lateral pile capacity due to the presence of vertical load. Similar conclusions were also made by Hussien et al. [20] through a series of three-dimensional finite element analyses. On contrary, Karthigeyan and Rajagopal [21] found that the presence of vertical load will reduce the lateral pile ca-pacity and the reduction depends on vertical load level and pile slenderness ratio. Liang et al. [22] and Zhang et al. [23] also pointed out the detrimental effect of vertical load on lateral pile response based on analytical investigations.
It is worth noting that, in most of the existing studies, the vertical load and the lateral load are applied to the pile at the same time, or the lateral load is imposed immediately after applying the vertical load, which means the dissipation of the excess pore water pressure induced by vertical loading is not considered. However, in fact, after the construction of the pile and the upper structure in clay beds, there is a relatively long resting period for the excess pore pressure induced by the vertical loading to dissipate. This will alter the mechanical properties of the soil around the pile and thus plays an important role in the influence of vertical load on the lateral pile response. But this issue has not been investigated yet. In addition to monotonic lateral loading, piles are frequently subjected to cyclic lateral loading, when they are used to support offshore structures or to support infrastructures. The cyclic lateral response of piles has been extensively investigated. Examples are, among others, Basack and Nimbalkar [24], Nimbalkar and Basack [25] and Basack and Dey [26] provide deep insight into the cyclic lateral response of pile groups and single piles through high-quality and comprehensive experimental and numerical investigations. Hong et al. [27] also carried out a series of centrifuge tests to investigate a cyclically loaded semi-rigid pile. White et al. [28] and McCarron [29] proposed a cyclic model for predicting the pile cyclic response. Basack [30] conducted a comprehensive review and detailed summarized the important observations made by the researchers working in the area of cyclically loaded piles and utilize them to provide a simple-yet-powerful guideline for the recommendation of suitable design methodology. It should be also noted that, most of the studies have not explored the cyclic pile response under the influence of vertical loading.
Given the above discussions, this study aims to understand the influence of the vertical load on the subsequent lateral monotonic and cyclic pile response, considering the dissipation of the excess pore pressure induced by the vertical loading (reconsolidation process). To achieve this goal, a series of centrifuge tests modelling a pile under the combined vertical and lateral loading was carried out in both normally consolidated clay (NC) and over-consolidated clay (OC). In the tests, to meet the in-situ condition, a vertical load is firstly applied and a resting period is intervened for the dissipation of the excess pore pressure. After that, a monotonic or multi-stage cyclic lateral load is imposed and the resulting pile responses are examined to illustrate the influence of the vertical load on the subsequent lateral pile response. In addition to the centrifuge tests, three-dimensional finite element analyses using an advanced hypoplastic clay model were also performed to provide further insights into this issue.
CENTRIFUGE MODELLING
The basic premise in centrifuge modelling is that a 1/N (N is the gravitational acceleration in the centrifuge) scale model of a prototype is tested in the enhanced gravity field of a geotechnical centrifuge. The gravity is increased by the same geometric factor N relative to the normal earth’s gravity field (referred to as 1 g). Scaling factors are relationships that relate the behaviour of the centrifuge model and the prototype. The stresses and strains are identical in the centrifuge model and the prototype (Taylor [31]). Based on this, the scaling factors of other parameters can be readily derived, as summarized in Table 1 (Taylor [31]).
TABLE 1 | Scaling factors relevant to centrifuge tests in this study (Taylor [31]).
[image: Table 1]All the centrifuge model tests were performed at a centrifugal acceleration of 40 g at the geotechnical centrifuge facility of the Hong Kong University of Science and Technology. The centrifuge has an arm radius of 4.2 m and can operate at up to 150 g with a maximum payload of 400 g t. Details on the centrifuge can be found in Ng et al. [32].
Test Program
A total of eight centrifuge tests were conducted modelling the monotonic and cyclic lateral response of a pile with and without the application of vertical load in NC and OC clay. The test program and objectives are summarized in Table 2. The lateral response of the pile in the NC and OC clay under the pure monotonic and cyclic load was first evaluated. Then, the response of piles to combined vertical and lateral loads was investigated for the value of the vertical load equals 50% of the ultimate vertical load capacity Vult. In this study, the Vult of the pile was estimated based on the API guideline [33]. The combined loads were applied in two stages. In the first stage, the vertical load was applied by dead weight (see section 2.2) and a reconsolidation stage was intervened for the fully-dissipation of the excess pore pressure induced by the previous vertical loading. In the second stage, a monotonic or cyclic lateral load was applied while keeping the vertical load constant.
TABLE 2 | Centrifuge test program and objective.
[image: Table 2]In the monotonic tests (Test 1–4), the pile was pushed laterally by a large displacement to obtain the ultimate lateral pile capacity. A rate of loading displacement of 1 mm/s was adopted to ensure undrained conditions [34]. It is worth noting that, a servo-controlled loading system was adopted in the centrifuge tests. The actuator rod was set to contact the pile before the tests. A displacement transducer (LVDT) was attached to the actuator rod to provide feedback to the closed-loop system. In the monotonic tests, displacement-controlled loading was applied to the pile based on the feedback of the attached LVDT, which determines the stroke and the movement rate of the actuator. Therefore, the pile displacement and the rate of the displacement can also be well controlled. More details about the servo-controlled loading system can be found in Kirkwood [35]. In the tests that include cyclic loading (Test 5–8), a series of successive episodes of cycling were imposed on the pile. 100 cycles were involved in each cycling. The cyclic amplitude of each episode of cycling was continuously increased and the cycles were continued until the accumulated lateral pile dis-placement exceeded 1.2D. In this study, approximately one-way cycling was considered. In practice, a pile is to be cyclically loaded with a frequency ranging between 0.01 and 1 Hz. According to the scaling law for frequency, which is, 1: N (see Taylor [31], where N means the centrifugal acceleration is N times of the gravitational acceleration), the frequency of input cyclic load in the centrifuge test would fall into the range between 1 and 100 Hz in model scale. To avoid any inertial effects caused by high-frequency loading, the lower bound of the frequency range, i.e., 1 Hz, was adopted in this study and also elsewhere [4, 6].
Model Pile and the Application of Vertical Load
The model pile used in this study was made of a 420 mm (17.2 m in prototype) long aluminum pipe with a diameter D and a wall thickness t of 19 mm (0.8 m in prototype) and 1 mm (0.023 m in prototype), respectively. The type of the aluminum alloy is 6061-T651, which has an ultimate yield strength of 228 MPa and an elastic modulus of 72 GPa. The embedded pile length L was 330 mm (13.2 m in prototype), leading to the length-to-diameter ratio (L/D) equal to 16.5. As proposed by Polous and Hull [36], the relative pile-soil stiffness can be expressed as EpIp/EsL4, where EpIp and Es are the pile flexural rigidity and soil modulus, respectively. The Es of the soil used in this study (to be presented in the next section) is equal to about 400 times its undrained shear strength [27]. The calculated values of the dimensional parameter EpIp/EsL4 of the pile in the reported NC and OC clay are in the range of the upper bound for a flexible pile (0.0025) and the lower bound (0.208) for a rigid pile. Therefore, the model pile tends to behave as a semi-rigid pile.
For the combined loading tests, the vertical load was applied in the form of deadweight (represented by mass block) at the pile head, as shown in Figure 1. The mass block was manufactured as a strip steel rod, which can be directly embedded in the pile head and fit closely with the inner side of the pile. In addition, the position of the center of gravity of the mass block was designed to be at the mudline to avoid posing any additional bending moment caused by the vertical load during the lateral pile movement. The weight of the mass was carefully controlled to meet the target value of the vertical load, i.e., 50%Vult, which was 77 and 240 kN (in prototype) for piles in the NC and OC clay, respectively. After the installation of the mass block, high-strength glue was filled to the small gaps between the pile and the mass block to connect the two parts.
[image: Figure 1]FIGURE 1 | Application method of vertical load.
Model Soil and Undrained Shear Strength Profile
The soil adopted in the centrifuge tests was Speciwhite China kaolin clay. The index properties and geotechnical parameters of the clay have been well investigated [37]. Two model boxes of soil sample for making the NC and OC clay bed was prepared in this study. Firstly, a 50 mm (2 m in prototype) thick sandy layer was sprinkled into the bottom of the model boxes to provide for drainage beneath the kaolin clay. The inner surface of the model boxes was then coated with silicone grease to minimize the friction against the soil. Kaolin clay powder was mixed at an initial water content of 120% (twice the liquid limit) with de-ionized water. The method of preparation of the clay layer strictly followed the standard specification of BS 1377 (BSI [38]), which has been widely adopted in centrifuge tests for preparing soil bed. The mixing process was conducted under vacuum for about 6 h. The fully saturated slurry was then carefully transformed to the model boxes. One-dimensional consolidation at 1 g was carried out first, by applying deadweight on the top of the soil surface. The maximum surcharge loading of 20 and 250 kPa was applied for preparing the NC and OC clay bed, respectively.
After 1 g consolidation, the surcharge was removed and the model box was put into the centrifuge and spun up to 40 g for self-weight consolidation. The degree of consolidation was determined using the method proposed by Tan et al. [39] based on the consolidation settlements measured by vertical LVDTs. The target degree of consolidation of each soil bed was 90%, which is likely to signify the completion of primary consolidation. At 40 g, the distribution of the over-consolidation ratio (OCR) of the clay beds can be readily deduced, as shown in Figure 2A. For the NC clay bed, only the soil at shallow depth (0–3.5 m below the mudline) was over-consolidated due to previous maximum overburden stress, i.e., 20 kPa at 1 g consolidation. For the OC clay bed, the OCR decreases with soil depth with the value of 2.9 at the depth of the pile tip.
[image: Figure 2]FIGURE 2 | Distribution of (A) Over-consolidated ratio; (B) Undrained shear strength of the NC clay; (C) Undrained shear strength of the OC clay.
Once the soil consolidation is completed, the undrained shear strength profile of the soil samples was then assessed by a T-bar penetrometer (with a bar diameter of 6.5 mm and a length of 35 mm in model scale) at 40 g. In this study, a penetration rate of 3 mm/s was adopted to ensure under undrained conditions [34]. Figures 2B,C show the profile of undrained shear strength (su) of the NC and OC clay bed, respectively, by using a constant T-bar factor of Nkt = 10.5 [40]. As indicated, the su profile of the NC and OC clay increases linearly and exponentially with depth, respectively. Calculated strength profiles according to the two empirical equations proposed by Bolton and Stewart [41] and Gourvenec et al. [42] are also included for comparison.
Experimental Setup
Figure 3 shows the elevation view of the centrifuge model package. The model box has a plane area of 1,245 mm × 300 mm (49.8 m × 12 m in prototype) and a depth of 850 mm (34 m in prototype). There were two strata of the soil models, i.e., a 550 mm thick (22 m in prototype) kaolin layer and a 50 mm thick (2 m in prototype) bottom sandy layer. The horizontal spacing between the outer boundary of the pile and the wall of the model box was design to be more than 7.5D, thus the boundary effect can be ignored [43]. A servo-controlled loading system was mounted on a rigid reaction beam, the direction and the location of the loading system can be adjusted to fit all the pile tests. A load cell and a linear variable differential transformer (LVDT) were attached to the actuator rod to measure the lateral load and displacement at the loading height, respectively. A loading height of 50 mm (2 m in prototype) was adopted in each pile test.
[image: Figure 3]FIGURE 3 | Typical elevation view of the centrifuge model package for test 1-4. Note: All dimensions are in millimeters except for numbers in parentheses, which denote prototype scale (unit: m).
CENTRIFUGE TEST RESULTS
In the following sections, all results are presented in prototype scale, unless stated otherwise.
Influence of Vertical Load on Monotonic Lateral Pile Response
Figure 4 shows the measured lateral load-displacement response at the loading point. It can be found that, in the NC clay, the lateral pile response including the initial stiffness and the ultimate capacity was enhanced after applying the vertical load and allowing the dissipation of the induced excess pore pressure. This indicates the application of the vertical load may play a positive role for piles in NC clay in resisting lateral loads. On the contrary, in the OC clay, as can be seen in the figure, the presence of the vertical load led to a reduction in the initial stiffness and the ultimate capacity of the pile, showing a detrimental effect.
[image: Figure 4]FIGURE 4 | Measured monotonic load-displacement relationships of the pile.
To further quantify the influence of vertical load on lateral pile response, a hyperbolic curve (see Equation 1) recommended by Kulhawy and Chen [44] was adopted in this study to fit the measured relationships between the lateral load (F) and the resulting lateral displacement (y). This method has been widely used for determining initial stiffness k and ultimate capacity Fu of piles [5, 27, 45].
[image: image]
Where m and n are two fitting parameters. The k and Fu can be interpreted from the reciprocals of m and n, respectively.
The fitting results are also plotted in Figure 4, which exhibit an excellent match with the measured data. The values of k and Fu of the pile in each test are deduced based on the above-mentioned method, as summarized in Table 3. It can be found that, in the NC clay, the ultimate capacity and the initial stiffness of the pile have increased by 10 and 49.4%, respectively, due to the application of the vertical load. Conversely, in the OC clay, the presence of the vertical loading results in a 12.6 and 32.4% reduction in the ultimate capacity and the initial stiffness of the pile. This phenomenon demonstrates that the application of the vertical load will lead to either beneficial or detrimental effects on the lateral pile response, depending on the clay conditions, i.e., normally consolidated or over-consolidated. The mechanism will be further investigated through finite element analysis, as presented in section 4.
TABLE 3 | Summary of the ultimate lateral capacity and initial stiffness of the pile.
[image: Table 3]Influence of Vertical Load on Cyclic Lateral Pile Response
Figures 5A,B show the measured cumulative displacement of the pile during the cyclic tests in the NC and OC clay, respectively. As anticipated, the lateral pile displacement accumulates with the number of cycles and cyclic loading amplitudes in each condition. The influence of the vertical load on the cyclic lateral pile response is consistent with that on the monotonic pile response.
[image: Figure 5]FIGURE 5 | Cumulative lateral displacement of the pile in the (A) NC clay; (B) OC clay.
As presented in Figure 5A, in the NC clay, at any given loading amplitude, the pile displacement is remarkably reduced (up to 45%) when the vertical load is applied at the pile head and the dissipation of the induced excess pore pressure is allowed. It can be also found that the reduction in pile cumulative displacement increases with the increase in cyclic loading amplitude. This is because when the cyclic loading increases, the response of the pile subjected to the pure lateral load in the NC clay tends to transform from a shakedown pattern (i.e., displacement increases with a decreased rate) to a ratcheting pattern (i.e., displacement increases linearly with number of cycles). However, for the pile subjected to the combined loadings, the enhancement in pile lateral stiffness and ultimate capacity caused by the vertical load (see Section 3.1) will slow this transformation process, leading to a more significant difference in cumulative displacement between the conditions with and without the vertical load.
Differing from the beneficial effect observed in the NC clay, the presence of the vertical loading results in a larger cumulative pile displacement in the OC clay, exhibiting a detrimental effect, as shown in Figure 5B. This implies that ignoring the influence of vertical load will underestimate the accumulated displacement of piles in OC clay, leading to a non-conservative pile design that poses a risk to the supported structures.
Three-Dimensional Finite Element Modelling
Through the centrifuge tests (Section 3), the distinct influence of vertical load in lateral response of the pile in the NC and OC clay has been revealed. However, the mechanism behind this phenomenon is still unclear. Therefore, this section reported an additional numerical study using an advanced hypoplastic clay model to gain deep insight into the mechanism of the influence of vertical load in lateral pile response.
Finite Element Mesh
The numerical analyses were performed using the finite element software ABAQUS. Figure 6 shows the isometric view of the finite element mesh of the numerical back-analysis for the monotonic centrifuge tests. Dimensions of the pile and soil were identical to those adopted in the centrifuge model tests. Each lateral boundary and the bottom boundary of the finite element mesh is constrained by roller and pinned supports, respectively. A gravitational acceleration of 40 g was imposed on the entire mesh to model the test condition.
[image: Figure 6]FIGURE 6 | Three-dimensional finite element mesh.
The clay and the pile were modeled using Eight-node brick with pore pressure (C3D8P) and Eight-node brick (C3D8) elements, respectively. The pile was assumed to be linear elastic. An advanced hypoplastic clay model (see the following subsection) was adopted for the numerical study. The interaction between the pile and the soil was simulated based on the Coulomb friction law and the frictional coefficient of μ = 0.31 was adopted following the equation proposed by Randolph and Wroth [46]. The suitability of the mesh density is justified by halving the current size of the mesh and running one more analysis. The computed load-displacement response of the pile under pure lateral loading with the two mesh sizes differs by no more than 5%, confirming the validity of the mesh size adopted in the present study.
Advanced Hypoplastic Clay Model and Model Parameters
A hypoplastic clay model [47] with small stiffness was selected in this study to represent the advanced soil constitutive model. The hypoplastic clay model can predict the non-linear soil behavior, with high stiffness at very small strains and a non-linear decrease of stiffness with increasing strain level. The general form is expressed as follows:
[image: image]
Where T and D represent the objective stress rate and the Euler stretching tensor, respectively. L and N are fourth- and second-order constitutive tensors; fs and fd are two scalar factors.
To incorporate the small-strain stiffness of clay, the so-called intergranular strain concept is combined in the model [48]. The intergranular strain δ is introduced as a new tensorial state variable and the normalized form is:
[image: image]
Where R is a model parameter that represents the size of the elastic range. The direction of δ can be expressed as:
[image: image]
After introducing the intergranular strain, the general form can be rewritten as:
[image: image]
[image: image]
Where χ controls the rate of stiffness degradation; mrat denotes the ratio between initial small-strain stiffness upon a 90°strain path reversal and the initial stiffness upon a 180°strain reversal; mR denotes the initial small-strain stiffness upon a 180°strain path reversal, which can be calibrated based on the initial stiffness G0 [49]:
[image: image]
Where Ag and ng are two model parameters; pr is a reference pressure equals to 1 kPa.
In summary, the hypoplastic clay model used in this study consists of 11 parameters. The basic model requires five parameters φc, N,λ*,κ* and ν. These parameters have the similar physical meaning as the parameters of the Modified Cam clay model. Apart from the five parameters controlling the monotonic behavior of clay at medium to large strain levels, there are six other parameters governing the small-strain stiffness of clay subjected to various path reversals, i.e., R, mrat, βr, χ, Ag and ng.
Table 4 summarizes the model parameters adopted in this study. The basic model parameters of the kaolin clay used in this study, i.e., φc, N,λ* and κ* were obtained from He [50] and Al-Tabbaa [37]. The values of the parameters R, mrat, βr and χ were calibrated by He [36] against data reported by Benz [51] on the small-strain stiffness of kaolin clay. The other three parameters ν, Ag and ng were calibrated against data of cyclic triaxial test carried by Hong et al. [27].
TABLE 4 | Summary of the model parameters of the hypoplastic clay model for the kaolin clay.
[image: Table 4]Model Validation
In the numerical analysis, concentrated vertical loads identical to that in centrifuge tests were applied to the center of the pile at the mudline. A consolidation step was set for dissipating the excess pore pressure induced by the vertical loads. After the dissipation, the pile was then laterally pushed to failure. It is worth noting that the numerical analyses performed herein aim to reveal the mechanism of the influence of vertical load to lateral pile analyses but do not intend to reproduce all the centrifuge test results. Therefore, only the monotonic centrifuge tests (Test 1–4) were modelled in the numerical analysis. Figure 7 shows the comparison between the measured and computed monotonic load-displacement response of the pile in both NC and OC clay. It can be found that the numerical analysis has well reproduced the vertical loading caused a beneficial effect in the NC clay and the detrimental effect in the OC clay. The good match between the measured and computed results demonstrates the capability of the numerical model.
[image: Figure 7]FIGURE 7 | Comparison between the measured and computed monotonic load-displacement relationships of the pile.
To further validate the developed numerical model, the centrifuge tests on two laterally loaded large-diameter long monopiles in kaolin clay reported by Lai et al. [5] were simulated based on the developed numerical model with the same model parameters (see Table 4), and the measured and computed results are compared. In their tests, the two piles have an identical embedded depth (L = 60 m in prototype) but different diameters (D = 4 and 6 m in prototype), leading to L/D ratios of 10 and 15. The model pile was made of type ‘7075-T6’ aluminium alloy pipe (Young’s modulus = 72 GPa) with a thickness of 2 mm (t = 0.2 m in prototype). The lateral load was applied to the piles at an eccentricity of 8 m in prototype. More details are given in Lai et al [5]. Figure 8 shows the comparison between the measured and computed load-displacement response of the piles. It can be seen that the computed load-displacement relations using the developed numerical model show satisfactory agreements with the measured data of both piles, demonstrating the predictive capability of the developed numerical model. The above model validations providing reliable evidence for further investigations, as presented in the following section.
[image: Figure 8]FIGURE 8 | Model validation against centrifuge test performed by Lai et al. [5].
MECHANISM OF THE INFLUENCE OF VERTICAL LOAD IN LATERAL PILE RESPONSE
To reveal the mechanism of the influence of vertical load in lateral pile response, the stress path of a typical soil element in the front of the pile (as shown in Figure 9) was extracted for analysis.
[image: Figure 9]FIGURE 9 | Selected typical soil element around the pile for analysis.
Figure 10 shows the extracted stress paths of the soil element during the whole testing process in the NC clay. In the figure, q and p’ denote shear stress and mean effective stress. It can be seen that, for the piles subjected to the pure lateral loading (i.e., without the vertical loading), the stress ratio (q/p’) of the soil element continuously increases due to the shearing during the loading process and finally reaches the soil critical state line, indicating soil failure. However, when the vertical load is applied to the pile and allows the dissipation of the induced excess pore pressure, the stress path of the soil element can be basically divided into three stages (as shown in Figure 10): 1) During the action of the vertical loading, the stress path moves left (q/p’ increases) due to the undrained shear caused by the vertical loading; 2) During the consolidation period, the excess pore pressure induced by the previous vertical loading dissipates, causing the stress path moves right decreases (q/p’ decreases) and finally tends to be stabilized (reflecting the fully-dissipation); 3) After the consolidation, the lateral load is applied to the pile, forcing the stress path of the soil element moves left to reach the critical state line. Based on the critical state soil mechanics (Muir Wood [52]), soil moblisable shear strength is represented by the difference in shear stress q between the current soil state and the failure state (i.e., the soil state reaches the critical state line). It can be found from the figure that, due to the different evolution of the stress path, the soil mobilisable shear strength during the lateral loading in the case with the vertical load (su2, as shown in the figure) is approximately 20% higher than that in the case without the vertical load (su1, as shown in the figure). The increase in the soil mobilisable shear strength consequently leads to an enhancement in lateral initial stiffness and ultimate capacity of the pile.
[image: Figure 10]FIGURE 10 | Stress path of the selected soil element in the NC clay.
Figure 11 depicts the extracted stress path of the soil element in the OC clay. For the case without the vertical load, a typical stress path of over-consolidated soil under undrained shearing is observed. While, for the case with the vertical loading, three stages of the stress path can also be identified: 1) During the vertical loading, the stress path almost goes vertically (q/p’ increases) and a small amount of negative excess pore pressure is induced since the soil is over-consolidated; 2) In the subsequent consolidation stage, the dissipation of the small amount of the excess has minor influence on the stress path; 3) During the lateral loading, the stress path moves left (q/p’ decreases) and finally reaches the failure state. The comparison between the stress paths in the figure indicates the presence of the vertical load will decrease the mobilisable shear strength of the soil around the pile in the OC clay, resulting in a detrimental effect on resisting lateral loads, as shown in Figures 4, 5.
[image: Figure 11]FIGURE 11 | Stress path of the selected soil element in the OC clay.
DESIGN RECOMMENDATIONS
The main contribution of this study is to reveal the opposite effect caused by vertical load on lateral responses of piles in NC and OC clay. It is found that after applying the vertical load and allowing the dissipation of the induced excess pore pressure, the lateral initial stiffness and ultimate capacity of the pile in the NC clay will increase. However, in the OC clay, the application of the vertical load resultes in a reduction in the lateral pile initial stiffness and ultimate capacity. Therefore, before the design of laterally loaded piles, the vertical forces caused by the upper structures and other resources should be carefully assessed, and a detailed site-investigation is recommended to judge the soil condition (whether it is normally consolidated or over-consolidated).
In addition, it should be noted that, in NC clay, the increase in ultimate lateral capacity of piles caused by the application of vertical load is absolutely beneficial to the supported structures, however, the accompanied enhancement in pile initial stiffness may lead to adverse effects on the supported structures. For example, piles with large diameters have been widely used for supporting offshore wind turbines. To avoid any resonance and ultimately increased fatigue damage, the initial natural frequency of the pile-supported turbine structure should lie outside the so-called ‘1P’ and ‘3P’ bands. 1P is defined as the first order natural frequency of the turbine rotor. It is worth noting that 1P is not a single frequency but a range of frequency associated with the lowest and the highest rotational speed of the rotor. 3P is related to the dynamic load triggered when either of the three blades of a wind turbine passes the tower of the turbine structure. Once each of the blades passes the tower, it obscures the shielded area of the tower (by the presence of the passing blade) from the action of wind load, resulting in a dynamic load having frequency equal to three times the rotor frequency (3P) for three-bladed wind turbines (Arany et al. [53]). Typical 1P and 3P bands are presented in Figure 12 [54].
[image: Figure 12]FIGURE 12 | Typical 1P and 3P bands of an offshore wind turbine (Jonkman et al. [54]).
It can be seen, to avoid any resonance, the natural frequency of the system should be designed to be lower than 1P (i.e., ‘soft–soft’), between 1P and 3P (i.e., ‘soft–stiff’) or larger than 3P (i.e., ‘stiff–stiff’ regions). Typically, the initial natural frequency of most offshore wind turbines is designed to be ‘soft–stiff’ (in the narrow range between the 1P and 3P frequency) accounting for the cost and design feasibility [53]. Based on the conclusion reported herein, in NC clay, the application of vertical load will increase pile capacity, on the other hand, it will also enhance the pile initial stiffness, which will amplify the natural frequency, forcing it to unfavorably approach the 3P frequency limit that could trigger resonance. Therefore, the influence of vertical load is strongly recommended to be well treated and evaluated even in NC clay (despite bringing beneficial effect on pile capacity) to ensure the reliability of the offshore wind turbine structures.
It should be noted that the quantitative influences of vertical loading on pile lateral response were derived based on the centrifuge tests reported in this study, and may be specific to the particular test conditions and soil type adopted. Thus, the quantitative influences made in this study only provide practical references for similar conditions, any extrapolation of the quantitative influences should be treated with caution. By far, there is no well-established and well-acknowledged method for predicting the influences of vertical loading on pile lateral response, therefore, in the design practice, it is recommended to perform the site-specific three-dimensional finite element analysis (like the numerical model reported herein) to quantify the influences of vertical loading.
LIMITATIONS
It should be noted, in this study, only a fixed cyclic loading frequency and pile fixity condition (i.e., free head) are considered in this study. This is absolutely a limitation. Basack and Nimbalkar [24] carried out extensive high-quality laboratory model tests and numerical analyses to investigate the cyclic lateral response of pile groups in soft clay with variations in the loading frequency, loading amplitude and number of cycles. It is revealed that when the loading frequency increases, the degradation factor in lateral pile capacity will increase (can be up to 25%) with a descending rate. In addition to the fixed loading frequency, in this study, only free-head piles are modelled. However, in practice, pile heads are not completely free since a limited rotational and translational restraint are evident in most cases, such as the monopiles used for supporting offshore wind turbines. As pointed out by Randolph and Gourvernec [55], the pile head fixity condition will significantly alert the pile failure mechanism and thus consequently influence the pile capacity and stiffness. Given the above discussions, loading frequency and pile head fixity condition play important roles in lateral pile responses. Investigating these influences will be our future pursuit.
CONCLUSION
This study carried out a series of centrifuge tests to investigate the influence of vertical load on the monotonic and cyclic lateral response of piles in both NC and OC clay. Additional three-dimensional finite element analyses using an advanced hypoplastic clay model were also performed to gain insight into the mechanism of the influence of vertical load. Based on the centrifuge and numerical investigation, it is found that, in the NC clay, when the vertical load (50% Vult) is applied to the pile and allows the dissipation of the induced excess pore pressure, the lateral ultimate capacity and initial stiffness of the pile are increased by 10.0 and 49.4%, respectively, showing a beneficial effect for piles on resisting lateral loading. Due to the beneficial effect, the cumulative pile displacement can be reduced by up to 45% during cyclic loading. Conversely, in the OC clay, the presence of the vertical load will lead to a 12.6 and 32.4% reduction in the lateral ultimate capacity and initial stiffness of the pile, respectively, indicating a detrimental effect, which consequently increases the cumulative pile displacement under cycling. The reason can be attributed to that, in the NC clay, after applying the vertical load and allowing the dissipation of the excess pore pressure, the stress ratio of the soil around the pile right before the lateral loading decreases, causing an increase in the soil mobilisable shear strength for resisting the subsequent lateral load, which consequently leads to the beneficial effect on the pile response. On the contrary, in the OC clay, the q/p’ of the soil around the pile prior to the lateral loading increases, resulting in a decrease in the soil mobilisable shear strength, which plays a detrimental role in resisting the subsequent lateral loads.
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