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Abstract

:

Despite the difficulties in obtaining the ultimate capacity of the large diameter bored piles (LDBP) using the in situ loading test, this method is the most recommended by several codes and design standards. However, several settlement-based approaches, alongside the conventional capacity-based design approach for LDBP, are proposed in the event of the impossibility of performing a pile-loading test during the design phase. With that in mind, natural clays usually involve some degree of over consolidation; there is considerable debate among the various approaches on how to represent the behavior of the overconsolidated (OC)stiff clay and its design parameters, whether drained or undrained, in the pile-load test problems. In this paper, field measurements of axial loaded to failure LDBP load test installed in OC stiff clay (Alzey Bridge Case Study, Germany) have been used to assess the quality of two numerical models established to simulate the pile behavior in both drained and undrained conditions. After calibration, the load transfer mechanism of the LDBP in both drained and undrained conditions has been explored. Results of the numerical analyses showed the main differences between the soil pile interaction in both drained and undrained conditions. Also, field measurements have been used to assess the ultimate pile capacity estimated using different methods.
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1. Introduction


The in situ full-scale loading test is the most recommended methodology by several international design standards to determine the ultimate capacity of the large diameter bored piles (LDBP). However, loading of this class of piles till reaching apparent failure is practically seldom. The pile load-settlement performance at failure state is a challenge, especially for the large diameter bored piles, as failure is difficult to be achieved through the full-scale loading tests [1,2,3]. Nevertheless, many would agree that the ultimate pile bearing capacity can be defined as the load at which a considerable increase in the pile settlement occurs under sustained or slight increase of the applied load [1], i.e., the pile plunges.



Numerical analysis has recently become a powerful method and reliable tool widely used for solving many geotechnical problems. Many authors have discussed numerical studies related to soil-structure interaction and the axially loaded single pile [2,3,4,5,6,7]. Despite that rarity of the available loading tests on LDBP that achieved apparent failure was the main reason that the measurements of the well-documented Alzey bridge case history have been utilized in many numerical studies performed by several researchers, e.g., [3]; and [7].



Unfortunately, given the conclusions drawn in those studies, the findings of these numerical analyses did not indicate an agreement with field measurements at the state of failure. For instance, a back-analysis study [7] has been performed for the mentioned LDBP load test (Alzey bridge case study), and it was concluded that it is necessary to perform more back analyses of pile load tests to achieve better agreement with field measurements and give general recommendations. In another numerical study [3] conducted to simulate the same field case study, it was concluded that the finite element models performed were able to predict the deformation under the working load accurately but were not capable of simulating the load-deformation behavior adequately beyond the working load.



Such a disagreement between the calculated and the measured values may exist because of many numerical factors. A highly sensitive numerical model is often required to simulate the behavior of the LDBP at the failure state. The most expected responsible factors for the disagreement between the field measurements and the numerical results at higher loads may be due to one or all of the following factors; mesh size and dependency, model sensitivity to geometry dimensions, nonlinear analysis methodologies (convergence criterion), constitutive soil model and the adopted properties, and finally the construction effect represented in both interface element and drainage condition.



Natural clays usually involve some degree of over consolidation (OC) because of the process of mechanical unloading such as erosion, excavations, and changes in groundwater pressures. Uniform undrained cycles of loading on the overconsolidated clays lead to an accumulation of shear, induced pore pressures and can cause failure even when the magnitude of the shear stress is a fraction of the monotonic undrained shear strength of the clay [8]. Thus, the coupling of shear and volumetric behavior is required for accurate modeling of overconsolidated clays under cyclic loading [9] even at small or medium stress (or strain) levels. In general, the soil is a multiphase material; its stress, strain, and strength are represented by pressure dependency with coupling between shear and volumetric behavior [10]. For example, during drained shearing, dense sands and highly over-consolidated clays tend to dilate, whereas, loose sands and normally consolidated clays tend to contract.



The tendency of soil to either dilate or contract in shear often defines if the key design parameters will be either the drained shear strength (c′ and φ′) or the undrained shear strength (su) [11]. Porous materials like soils have different design properties under drained and undrained conditions. The existence of either a drained or an undrained condition in a soil depends on: soil type, geological formation (i.e., fissures, etc.), and rate of loading.



The literature review shows that there is a considerable debate on how to model or consider the behavior of the OC stiff clay and its design parameters in the pile axial loading problems. Several numerical studies have utilized the drained condition to define the behavior of the overconsolidated stiff clay [3,7]. This was explained by the micro-fissures associated with the OC stiff clay that may provide avenues for local drainage, soil along fissures has softened (increased water content) and is softer than intact material. However, on the other side, some field and experimental studies (i.e., [12,13,14]) mainly investigated the behavior of piles installed in overconsolidated stiff clay using the undrained design parameters.



This paper discusses the response of the large-diameter bored piles installed in predominately OC stiff clay. Two numerical models are established to simulate both drained and undrained behavior of an axial loaded to failure large diameter bored pile load test (Alzey Bridge Case Study). Whereas the in situ test achieved the failure, the sensitivity of those numerical models is an issue. The results of the numerical models are assessed by comparing the settlement and ultimate pile capacity obtained with the field measurements. This evaluation also highlights the main differences of LDBP behavior in both drainage conditions. The results of these numerical results are used to evaluate the estimated pile ultimate capacity using different international codes and design methods.




2. In Situ Pile-Loading Test


A full-scale, and well-instrumented pile-loading test has been performed by Sommer [12] for a single large diameter bored pile (LDBP) with length and diameter of 9.50 m and 1.30 m, respectively. This pile was constructed in a homogeneous over-consolidated stiff clay soil layer. The consistency limits were determined as 0.80 and 0.20 for liquid limit and plastic limit, respectively. Also, soil water content was obtained as 22%. The groundwater table was 3.5 m below the ground surface. Average unconfined compressive strength (Qu) along borehole length was obtained as 300 kN/m2, as given in Figure 1.



Components of the reaction system used in the large-diameter pile-loading test are given in Figure 1a. The system consisted of steel girders held by 20.0 m length of burden anchors. In order to ascertain that anchors’ positions would not affect the pile-bearing and skin friction results, the compression anchors were allocated at a horizontal distance equals three times of pile diameter (4.0 m), from the pile central loading axis (Figure 1a). Also, the anchors were vertically extended to 15 to 20 m depth below the ground surface. Figure 1b presents the instrumentations and measuring devices that have been used in the loading test. Pile was equipped with an end bearing prefabricated concrete base containing a load cell to measure the transferred stresses at the pile base level. The load cell was placed immediately under the pile base. The difference between the load cell measurement and the applied load gave the transferred load by friction. In addition, ground settlement points with steel rods of 25 mm diameter have been used to measure the settlement of the soil near the pile. These settlement points were protected by plastic pipes and installed at a horizontal distance of 0.5 m, 1.0 m, 1.5 m, and 2.0 m from the pile’s shaft. Three different levels were assigned for the settlement points. These levels were −0.50 m below ground surface, at the middle of the pile length at the level of −5.00 m, and under the pile base at the level of −10.00 m (Figure 1b). Furthermore, pile settlement was measured using dial gauges at the head level and also monitored using a concreted precision leveling device.



Figure 2 shows the in situ measurements of the loading test. Pile settlement values measured using the dial gauges under each applied loading increment; also, the respective values of bearing stress, unit skin friction, and the total applied pressure are given in the same figure.




3. Numerical Modelling


The established models should simulate the behavior of the loaded to failure, large diameter bored pile, of the Alzey bridge case study, so that the sensitivity of the established model is very important to achieve good agreement between the numerical and field results at the failure state. In this regard, several sensitivity analyses are conducted to adopt the optimum mesh size and geometry dimensions that can accurately represent the simulated case study.



3.1. Methodology


Two-dimensional axisymmetric models are used in this study. For the established models, the external boundaries are supported to avoid the numerical instability (singularity) of the finite element model. The left and right sides are taken as fixed in the lateral-direction, and free to settle in the vertical direction. Fixed supports are employed at the bottom boundary in both the horizontal and vertical directions. Conversely, the top boundary is considered free.



The analysis is divided into three stages; the first stage represents the initial stresses of the soil before pile implementation. The second stage starts with changing the pile volume to concrete material as a replacement of soil material. At this stage, rigid interface elements are used to connect pile and soil mesh elements to avoid any numerical instability (singularity) [15], and pile self-weight is considered at this stage. The calculated deformations of the first and second stages of analysis are discarded, in order to start accounting for pile settlement due to the applied loads only. Interface elements are activated in the third stage of analysis, and the rigid interface elements are deactivated. The load is applied to the pile head in the third stage using incremental loading steps to simulate the pile-loading sequence with the same field loading test steps (see Figure 2).



The load transfer mechanism of the LDBP is investigated, using the numerical models, by determining the pile bearing load at each loading increment utilizing the obtained bearing stress at the pile base level. Pile friction resistance is calculated by deducting the bearing load from the total applied amount. Thus, the relation between pile settlement and ultimate bearing, friction, and total capacities can be constructed.



Fundamental to note that in this evaluation, the finite element analysis criteria mainly aspires to achieve the failure load by applying load with a value greater than the ultimate load measured in the field study [12], to allow the finite element solver to achieve the failure according to the employed convergence criteria. The maximum load where convergence can be obtained in the numerical model is considered as the failure load. Furthermore, failure is also indicated by the apparent large settlement that is expected to be induced at the ultimate load, similar to the field-loading test results.




3.2. Mesh Dependency


Three axisymmetric 2D finite element models with different levels of mesh refinement are established with quadratic 8-noded high order elements, using Midas GTS NX package, to investigate the dependency of the mesh size and its effect on the analysis results. As shown in Figure 3a the first model is established with a coarse mesh of size ranging from 0.325 m (around the pile) to 1.0 m (at the boundaries). Medium to fine mesh with size varying from 0.21 m to 0.40 m is adopted in the second model (Figure 3b). The third model is generated with a very fine mesh of size of 0.10 m near the pile and gradually increasing to 0.20 m at boundaries location (Figure 3c).



Noteworthy to address that the three finite element models are established in equal geometry dimensions (15 m width and 16 m depth). Also, the same constitutive model and soil parameters are adopted according to a previous study [3], which means that the mesh size was the only variable in this step of evaluation. During the analysis, it was observed that analysis time is significantly increased with decreasing mesh size. Results of pile settlement and ultimate total, bearing and friction resistances of the three models are obtained as given in Figure 4, based on the methodology explained in the previous Section 3.1.



Figure 4 highlights the significant effect of mesh size on pile load settlement results. As shown, the pile settlement increases with decreasing mesh size, and the model with fine mesh achieved the highest settlement values. This comparison also shows that up to working load (1500 kN) minor effect of the mesh size was observed on the results of the pile load settlement. The same observation is also exhibited in the results of the total, bearing, and friction resistance. As shown in Figure 4, at the applied load of 1500 kN, almost equal values are obtained using the three numerical models with different mesh sizes, for both bearing and friction resistances.



At higher loads, the results of the three models showed that full friction mobilization is occurred at almost equal settlement value near about 1.5% of the pile diameter (see Figure 4). In addition, the number of the mesh elements created at the pile base level affected bearing resistance results of the three models. In the coarse mesh model, there are only two elements at the pile base, while, five elements are created at the pile base of the fine mesh model. The highest bearing resistance is obtained from the model with a fine mesh (see Figure 4). This was explained by Wehnert [7], as at each mesh element, stresses are calculated at the Gauss points; accordingly, reducing the element size increases the number of these points, whereas stresses are calculated, allowing for much precise stress distribution. Besides, Wehnert [7] recommended that at least two or three elements at the pile base are required to get rid of the mesh dependency effect on pile bearing resistance results.



The mesh size also has a significant effect on the pile failure mechanism, as demonstrated in Figure 5. The formed plastic points under the last load increment are more dense and smooth in the fine mesh model results (Figure 5c) compared to the results of the coarse mesh model (Figure 5a).



In conclusion, to justify the economic computational feasibility of the numerical model, mesh with medium to fine size (0.21 m) is to be adopted in the upcoming investigations, as it allows to have three elements at the pile base level. Also, minor differences in pile settlement and ultimate capacities results are observed between numerical results of the model with a medium to fine size mesh compared to the other with very fine size mesh.




3.3. Geometry of the Numerical Model


Ten analysis attempts are carried out with different geometry dimensions (widths and depths) to investigate the effect of boundaries position on the analysis result. The first five finite element models (Figure 6) are established with equal depths of 16 m, and different widths of 10 m (~8D), 15 m (~12D), 20 m (~16D), 25 m (~20D), and 30 m (~24D), to assess the geometry width effect on the resulted pile settlement. Simultaneously, optimum depth of geometry is explored using five numerical models (Figure 7) with equal widths of 15 m, and different depths of 16 m (~1.5L), 25 m (~2.5L), 30 m (~3L), 40 m (~4L), and 45 m (~4.5L).



Figure 8a,b presents the relation between the obtained pile settlement and the geometry width and depth, respectively. It can be seen that the obtained pile settlement almost becomes with constant value when model geometry width and depth are considered as 20 m (~16D) and 40 m (~4L), respectively. Therefore, these dimensions will be adopted in the upcoming analyses.



Based on the sensitivity analyses performed, it can be concluded that to achieve the maximum expected settlement, the numerical model should be established with high order medium to fine mesh and geometry dimensions of 20 m × 40 m to ensure that boundaries positions will not affect the results at the analysis zone. In addition, the pile should be represented by a fine mesh with a size of 0.216 m, and at least three mesh elements have to be adopted at its base.



In this evaluation, the finite element analysis criteria mainly aspire to achieve the failure load. As explained before, the maximum load where convergence can be obtained in the numerical model is considered as the failure load. For that purpose, and based on several analyses attempts performed, it is highly recommended to utilize the secant stiffness nonlinear convergence method. Moreover, it provides much stable analysis because of its ability to find convergence when the stability of analysis is an issue, as in case of approaching failure loads, or when large strains are expected [16]. Also, the maximum number of iterations per increment, and the maximum number for bisection level, are essential parameters when large strains are expected, and its recommended to be taken with high value. This may increase the computational usage, although the analysis solver would be able to complete the analysis and find a convergence, even at the last loading increment (ultimate load).





4. Drained Condition


Based on the sensitivity analyses performed, the numerical model shown in Figure 9 has been established. To satisfy both the accuracy of the results and the analysis time requirements, a compromise solution has been adopted as follows. A fine mesh with a size of 0.216 m was considered around and below the pile element (10 m width and 19.5 m depth), and gradually, soil mesh size is increased to be 0.65 m at the boundary locations.



The established model has been utilized in a drained numerical analysis, using the soil and pile parameters given in Table 1 and Table 2, respectively. Results of this study showed that an excellent agreement was obtained between the in situ measurements and finite element results in both the pile load settlement and load transfer relationships when Modified Mohr-Coulomb (MMC) constitutive model is used to simulate the overconsolidated stiff clay soil behavior. Also, the large induced pile settlement at the failure state has been accurately determined. Figure 10 shows a comparison between field measurements and the obtained results of pile bearing, friction, the total load using the calibrated FE model (drained condition). More details of the drained analysis are given in [10].




5. Undrained Condition


Based on the results presented in the drained analysis study [10], the Modified Mohr Columb constitutive model is used to simulate the overconsolidated soil in the undrained condition, as well. The influences of the other parameters, such as mesh size and model geometry, etc., are filtered out and taken with same values adopted in the calibrated drained analysis. The soil drainage condition and the corresponding changes in the soil and interface parameters are the only variables in this investigation.



Referring to the field study [12], soil undrained shear strength of 300 kN/m2 was determined using the unconfined compression test for cylindrical samples taken from the tested pile location. Therefore, the undrained cohesion is taken as 150 kN/m2 in this analysis.



The undrained soil modulus of elasticity of the overconsolidated stiff clay soil is calculated using Duncan and Buchignani method [17] utilizing the plasticity index, over consolidation ratio, and undrained soil cohesion (60%, 2.0, and 150 kN/m2). Besides, similar to the drained analysis attempt, tangential Young’s modulus E50 and unloading modulus Eur are taken as equal, and two times of Eeod respectively.



Soil undrained Passion’s ratio is exercised with 0.495 instead of 0.50 to avoid any numerical errors. Modified Mohr-Coulomb constitutive model is also used to simulate the undrained soil condition, and the drainage option is adopted with the third class [Undrained c] (Undrained stiffness\Undrained strength). Soil tensile strength is taken equal zero, to prevent any expected tensile stresses along the pile shaft, and to ensure that failure will occur because of shear. The lateral earth pressure coefficient is calculated as 1.00, according to Equation (1). Table 3 summarizes the soil parameters adopted in the undrained analysis. Pile material is defined with the same properties mentioned in the drained analysis (Table 2).


K0 = υ/(1 − υ)



(1)




where, υ: Soil Poisson’s ratio (undrained)



The soil unit skin friction was measured in the field [12] through two different pile-loading tests, for two piles with different lengths of 9.50 m, and 13 m. It was stated that the average measured skin friction (α*cu) is 53 kN/m2, which represented almost about 36% of the undrained shear strength (150 kN/m2) of the clay soil around the pile shaft [12].



Two interface elements are used to simulate the reduction in soil shear strength along the pile shaft. First is the shaft interface that used to simulate the interaction between the soil and pile shaft. The second is the base interface, which represents the pile base interaction with the beneath soil.



A reduction factor (R) of 36% is considered to define the undrained adhesion of the shaft interface. Also, a reduction factor equals 1.0 is taken for the base interface, as given in Table 4. Normal (Kn) and shear (Kt) stiffness moduli are automatically calculated based on the adopted soil module of elasticity [15]. Fundamental to state that values of normal and shear stiffness modulus differ from those taken in the drained analysis [10], which is attributed to the differences in Poisson’s ratio and soil modulus of elasticity values in the undrained condition. Furthermore, interface tensile strength is taken as zero, to ensure that failure will occur because of shear not because of tension. Also, the tension cut option is considered in analysis options to avoid any tension results.



Analysis is performed with the same sequence that was presented before in Section 3.1. During the analysis, it was noted that the solver failed to find convergence at a load of 3300 kN and warned with failure.



Figure 11a compares between field measurements and the obtained pile settlement results using both drained and un-drained analyses. Perfect agreement can be seen from this figure between the results of the undrained numerical model and the field measurements. Also, failure is represented by the large apparent settlement result obtained at the last load increment. However, failure occurred at a load of 3300 kN instead of 3250 kN (failure load according to field measurements and drained analysis). It was also observed that a slightly greater settlement result is obtained at the last loading increment of the undrained analysis (77 mm). On the other side, the relation between total load, pile friction, and bearing resistances with settlement obtained using finite element undrained analysis are compared with field measurements in Figure 11b.



It can be seen from Figure 11b that good agreement is obtained between the undrained numerical results and the field measurements. Similar to the drained analysis results, the load is predominantly transferred by friction at the initial loads, and up to the working load of 1500 kN. Full mobilization of the friction resistance is achieved at an applied load of 2100 kN. After this load, the friction resistance becomes a constant value. In contrast, at higher loads, pile bearing resistance is obviously increased to achieve its maximum value at the load of 3250 kN. At a load of 3300 kN, a sudden substantial increase in pile settlement results, also a slight increase in the bearing resistance results is noted.



Figure 12 shows a comparison between field measurements, drained, and undrained analysis results of the total, friction, and bearing resistances. Good agreement is obtained between field measurements and both drained and undrained analyses result at the ultimate state, when a reduction factor of 0.36 and 1.0 are adopted in undrained and drained analyses, respectively. However, the obtained ultimate capacity from undrained analysis (3300 kN) is slightly higher than that obtained from the drained analysis (3250 kN).




6. Load Transfer Mechanism of Large Diameter Bored Pile (Drained\Un-Drained)


Figure 13a,b present the axial load distribution along pile shaft length for both drained and undrained analyses, respectively. Pile axial load distribution is calculated at each loading increment by multiplying the normal vertical stress in the shaft times the pile cross-sectional area. Worthwhile noting that pile load values at the base level are calculated by the integration of bearing stresses at the pile base.



It can be seen from Figure 13a,b that the obtained pile axial load equals the applied load at the head level and decreases with depth to achieve its smallest value at the base level. This behavior is obvious in both drained and undrained analyses results. However, the rate of axial load decrease with depth is different, in both types of analysis. This is ascribed to the variance in the friction resistance of the soil in the two different conditions (drained/undrained). According to the Mohr-coulomb criterion, in the drained state the amount of load transferred by friction is increasing with depth because of the increase of the overburden pressure (   | τ |  =  σ h  tan  φ i  +  c i  )  . In contrast, for the undrained condition, the amount of load transferred by friction is constant with depth (   | τ |  =  c u  )  .



Tangential stresses of the interface elements in the vertical direction (Y-Axis) are obtained from the calibrated numerical models at each load increment along the interface length. The relations between interface tangential stresses and pile length are presented in Figure 14a,b for both drained and undrained analyses, respectively. These tangential stresses represent the distribution of the soil unit skin friction along the pile shaft length at each load increment. In general, skin friction results are consistent with the result of pile load distribution (Figure 13), and indeed the obtained skin friction values are increased with the depth in the drained condition, and also they are constant with the depth in the undrained condition.



The pile load transfer behavior presented before in Figure 10 and Figure 11b showed that the full friction mobilization occurred after load increment of 2000 kN in both drained and undrained cases. These results are also consistent with the skin friction results shown in Figure 14a,b. As the obtained shear stress values after this load almost become equal to the soil shear strength (according to MC criterion), which confirmed that full friction mobilization occurred after this load in both drained and undrained conditions.



For the drained condition (Figure 14a), the value of the unit skin friction at the ground surface equals the value of the adopted effective cohesion (c’), and gradually increased with the depth with slope equals (tan Ø’). It was also noticed that at the last three loading increments, a significant increase in skin friction occurs at the ground surface level. The same observation was also reported in [18] and [19], as a substantial increase was observed in the lateral earth pressure coefficient at the ground surface in several performed axial pile-loading static tests. This was attributed to the dilation effects near the ground surface, where the confining pressure is low compared to deeper depths. Figure 14a also shows that unit skin friction values tend to decrease after the load increment of 2000 kN at the last three applied load increments (2500, 3000, and 3250 kN). This decrease is attributed to the arching action [10,20,21]. On the other side, unit skin friction is obtained in undrained conditions, with value, equals the undrained adhesion. This value is increasing with applied load increases to reach its max value of the adopted undrained adhesion and remains with the same value until the end of the loading test.



The disadvantage of the undrained total stress analysis (Undrained Model C) is that no distinction is made between effective stresses and pore pressures. Hence, all output referring to effective stresses should now be interpreted as total stresses, and all pore pressures are equal to zero [15]. Therefore, no change in vertical and horizontal stress results are noted in this model, and consequently, no arching action is observed in the results of the undrained analysis.



Regarding the bearing resistance of the LDBP, Sommer [12], calculated the bearing capacity factor (Nc) in the undrained condition by dividing the value of the ultimate bearing stress measured at the failure load by the undrained cohesion value for the bearing soil (150 kN/m2). Hence, the Nc bearing capacity factor was determined as 6.0.



Sommer also compared this result with Whitaker and Cooke [13] and Breth [14], loading test results that were performed in similar frankfurter and Londoner stiff clay soil. Nc factor was obtained with a value of (6.90) by Whitaker and Cooke [13], using a pile-loading test of a large diameter bored pile (0.94 m diameter). Also, a higher value of (9.50) was obtained by Breth [14] using the pile-loading test of a small diameter bored pile (0.42 m diameter). On the other side, with the same calculation procedure, the Nc bearing capacity factor is obtained as 6.0, using finite element undrained analysis results of the bearing stress at the ultimate pile load, which agrees with calculations presented in the field study [12].



Fundamental observation should be highlighted in this regard; the value of bearing stress at the pile base level is affected by the pile’s diameter. Consequently, the bearing capacity factor (Nc) will also be influenced by the pile diameter. These findings are also in contradiction with several codes and design standards, such as DIN 4014 [22] and ECP202/4 [23]. As, they estimate only an absolute value of bearing stress under large diameter bored piles bases only based on the predicted settlement value at failure (Specific settlement-based criteria [5%D]), without considering any effect for the pile diameter on the bearing stress values.




7. Comparative Analysis


In case of impossibility to perform pile-loading test at the design phase, codes and design standards proposed several settlement-based design approaches for the large diameter bored piles (LDBP) alongside the conventional capacity-based design approaches. German standards (DIN) [22] and Egyptian code (ECP) [23] approaches are examples of those settlement-based methods. On the other side, Meyerhof [24] method is one of the commonly used capacity-based design approaches.



In this section, field measurements of the Alzey bridge case study will be used to assess the calculated ultimate capacity of the LDBP using two different methods of both capacity-based and settlement- based design approaches. According to the available data in the field study [12], Meyerhof [24] capacity-based method and ECP [23] settlement-based design approaches have been chosen. Other methods, such as AASHTO (LRFD) [25], require soil testing results such as SPT or CPT test results, which were not provided in the field study.



In both DIN [22] and ECP [23] methods, full friction mobilization is estimated to be achieved at a settlement of 1% of pile diameter. Also, at a settlement value of 5% of pile diameter bearing mobilization is expected. For cohesive soil, ECP provides estimated values for both soil unit skin friction and bearing resistance corresponding to the predicted settlement values. Also, it recommends ignoring soil friction resistance at the first two meters below the ground surface and at a distance equals pile diameter (D) above the pile base level as well. Using this effective length and the pile perimeter (O), pile friction capacity can be determined. Furthermore, the pile bearing load is calculated by multiplying the estimated value of bearing stress by pile cross-sectional area.



Fundamental to note that the ECP method did not consider any effect for the cohesive soil type, class, or degree of consolidation on the suggested undrained bearing stresses values. Besides, these suggested values are recommended for any large diameter bored pile, whatever its diameter. Subsequently, the relations between pile settlement, friction load, bearing load, and total ultimate load are plotted and compared with the field measurements in Figure 15.



Significant differences are evident between the calculated capacities using the settlement based method [23] and field measured values, as shown in Figure 15. At a settlement of 1% of pile diameter (13 mm), the calculated pile friction capacity (1139 kN) represents about 60% of that measured in the field loading test (2000 kN). Conversely, the calculated pile bearing ultimate capacity at pile settlement percentage of 5% the pile diameter (65 mm), is greater than the measured pile ultimate bearing resistance with a difference of about 27%. This means that this settlement-based method estimates a higher value for ultimate bearing stress (1200 kN/m2) than the field measured one (920 kN/m2). Despite that, the acquired pile ultimate capacity using the settlement-based method (2731 kN) is lower than the field measured value (3250 kN) with a difference of about 15%.



On the other hand, Meyerhof [24] conventional capacity-based design approach (Equation (2)) is used to calculate the ultimate pile capacity for the same large diameter bored pile in both drained and undrained conditions. Meyerhof stated that immediately after pile casting, the shaft adhesion is closely given by the undrained shear strength of clay. However, at later stages and particularly at the end of the foundation construction, the shaft resistance of piles will be governed by the effective drained shear strength parameters (c and φ) of remolded clay failing close to the shaft. The corresponding effective unit skin friction in the homogeneous clay may then be taken, as shown in Equation (2). Besides, in saturated homogeneous clay under undrained conditions, Meyerhof highlighted that the value of Nc below the critical depth varies with the sensitivity and deformation characteristics of the clay from about (5) for very sensitive brittle normally consolidated clay to about (10) for insensitive stiff overconsolidated clay, and value of (9) is frequently used for bearing capacity estimates of bored piles.



Using the soil and pile parameters presented before in Table 1 and Table 2 (Drained parameters), bearing, friction, and total ultimate capabilities are calculated as 1980 kN, 1820 kN, and 3800 kN, respectively. Also, using the undrained soil and interface parameters (Table 3 and Table 4), the undrained bearing, friction, and total ultimate capabilities are determined as 1791 kN, 2095 kN, and 3886 kN, respectively, using Equation (3) [24].


    P ult  =  A s    (  c a  +  K s  γ     L  2      tan   δ ) +  A b    (  cN c  + γ  LN q  + γ     D  2     N γ  )   



(2)






Pult = As (ca) + Ab (c Nc)



(3)




where,




	
ca: soil adhesion per unit area;



	
δ: friction angle of the soil on the shaft.



	
Ks: the at-rest earth pressure coefficient on the shaft.



	
γ: soil unit weight



	
Nc, Nq, and Nγ: factors of bearing capacity, depend on ϕ and the embedment depth ratio L/B.








Figure 16 compares between field measurements, numerical results, and the calculated ultimate resistances using both the settlement-based [23] and the capacity-based [24] methods.



The ultimate drained capacity determined using the capacity-based method [24] is higher than field measurement, with a percentage of about 17%. This difference is attributed to the high obtained value of pile-bearing resistance (1980 kN) compared to field measured bearing resistance (1230 kN). The acquired bearing resistance from the Meyerhof equation represents 60% greater than field measurements. Nevertheless, the calculated pile friction resistance using the Meyerhof formula is lower than field measurement (12%). In addition, the ultimate undrained capacity obtained using Meyerhof undrained formula (Equation (3)) is near equal the drained capacity determined using Equation (2) (2.2% difference), which is consistent with the results obtained using the numerical analyses (Figure 12). Moreover, the implemented settlement-based [23] method underestimates the large diameter pile capacity compared to field measurement (15% difference), and utilized capacity-based method [24] overestimates the ultimate capacity of the pile (difference of about 17%). However, the finite element model using Modified Mohr-Coulomb constitutive model success to simulate the behavior of large-diameter bored pile and good agreement is obtained between the obtained ultimate capacity and field measurements.




8. Conclusions


Based on the numerical study conducted, the following conclusions have been drawn:




	
Numerical analysis is capable of predicting not only the working capacity but also the ultimate capacity of the large diameter bored piles (LDBP). Also, the large induced pile settlement at the failure state can be determined using the finite element method, when the appropriate soil constitutive model is carefully selected. Also, sufficient sensitivity analyses should be carried out to assess the quality of the generated mesh and to justify the economic computational feasibility of the established model.



	
Very good agreements were obtained between field measurements of Alzey bridge case study and both undrained and drained analyses results, even, at the failure state, when reduction factor of 0.36, and 1.0 of interface strength were adopted in analyses, respectively.



	
Both drained and undrained numerical results revealed that about 90% of the total applied load was predominantly transferred by friction at the initial loading increments (working loads), and only about 10% of the total applied load was carried by pile bearing resistance. However, at the ultimate load, friction resistance is 62%, and bearing resistance increased to 38% of the total applied load.



	
For both drained and undrained analyses, full friction mobilization occurred at a value of settlement near equals 1.0% of the pile diameter; also, full bearing mobilization occurred at a value of settlement near equals 5.5% of the pile diameter.



	
The suggested Nc value of (9.0) may be only valid for the small diameter bored piles (less than 60 cm). However, for large diameter bored piles, they are dependent on pile diameter.



	
The ultimate bearing stress below the large diameter pile base is affected by the pile diameter. However, several codes and design standards proposed constant bearing stress to be used at a particular settlement value (i.e., 5% D) to estimate the ultimate capacity of the LDBP, irrespective of pile geometry and without any discrimination for any class of the cohesive soils.



	
Meyerhof capacity-based method overestimated the ultimate pile capacity of the Alzey case LDBP, while the ECP settlement-based method underestimates the ultimate pile capacity of the Alzey bridge case study.
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Figure 1. Large diameter bored pile load test [12]. (a) Test arrangement and typical soil profile with mechanical properties (Modified from [12]). (b) Measuring devices and instrumentations (Modified from [12]). 
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Figure 2. In situ measurements of the well-instrumented large diameter bored pile (Modified from [12]). 
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Figure 3. Finite element meshes with different sizes. (a) Coarse mesh, (b) medium mesh, (c) fine mesh. 
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Figure 4. Comparison between pile settlement, total, bearing, and friction resistances results of the three finite element models with different levels of mesh refinement. 
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Figure 5. The shape of the formed plastic points at the last load increment of the three finite element models with varying sizes of mesh. (a) Coarse mesh, (b) medium mesh, (c) fine mesh. 
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Figure 6. Five finite element models with different widths. (a) 10 m × 16 m, (b) 15 m × 16 m, (c) 20 m × 16 m, (d) 25 m × 16 m, (e) 30 m × 16 m. 
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Figure 7. Five finite element models of with different depths. (a) 15 m × 16 m, (b) 15 m × 25 m, (c) 15 m × 30 m, (d) 15 m × 40 m, (e) 15 m × 45 m. 
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Figure 8. Relations between maximum obtained pile settlement and model geometry. (a) Model geometry width. (b) Model geometry depth. 
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Figure 9. (2D) axisymmetric finite element model established based on the results of the sensitivity analysis performed (After [10]). 
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Figure 10. Comparison between field measurements and the obtained results of pile bearing, friction, the total load using the calibrated FE model [10]. 
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Figure 11. Comparison between field measurements and results of the undrained numerical analysis (a) pile settlement results. (b) Pile load transfer results. 
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Figure 12. Comparison between field measurements and drained\un-drained analyses results. 
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Figure 13. Results of the pile axial load distribution. (a) Drained analysis. (b) Un-drained analysis. 
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Figure 14. Results of the average values of unit skin friction obtained using numerical analysis. (a) Drained analysis [10]. (b) Un-drained analysis. 
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Figure 15. Comparison between field measurements of Alzey case history, and calculated values of pile settlement, friction, bearing, and total ultimate load using a settlement-based method [23]. 
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Figure 16. Comparison between field measurements and the calculated friction, bearing, and total ultimate resistance using both the settlement-based [23] and the capacity-based [24] methods. 
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Table 1. Over-consolidated stiff clay soil (drained parameters) (After [10]).
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	Soil Parameter
	MMC
	Unit





	Type of material behavior
	Drained
	



	Soil weight above/Below phr. Level (γunsat\γsat)
	20
	kN/m3



	Poisson’s ratio (ν)
	0.3
	-



	Secant stiffness (   E  50   r e f   )  
	45,000
	kN/m2



	Oedometer stiffness (Eoedref)
	45,000
	kN/m2



	Unloading-reloading stiffness (   E  u r   r e f   )  
	90,000
	kN/m2



	Power of stress level (m)
	0.5
	-



	Unloading-reloading Poisson’s ratio (Νur)
	0.2
	-



	Reference pressure (Pref)
	100
	kN/m2



	Cohesion (c)
	20
	kN/m2



	Friction angle (φ′)
	22.5
	Degree (°)



	Dilatancy angle (ψ)
	0.1
	Degree (°)



	Lateral earth pressure coefficient (K0)
	0.80
	-



	Overconsolidation Ration (OCR)
	2.0
	-



	Soil Tensile Strength
	0.0
	kN/m2
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Table 2. Large diameter pile structural parameters (After [10]).
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	Pe Material
	Concrete
	Unit





	Young Modulus (Eelastic)
	24248711
	kN/m2



	Poisson’s Ratio (µ)
	0.20
	-



	Unit weight (ɣc)
	24.0
	kN/m3
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Table 3. Over consolidated stiff clay undrained soil parameters.
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	Soil Parameter
	Modified Mohr-Coulomb (MMC)
	Unit





	Type of material behavior
	Un-Drained
	



	Soil weight (γunsat\γsat)
	20
	kN/m3



	Poisson’s ratio (νu)
	0.495
	



	Secant stiffness (   E  50   r e f   )  
	52,000
	kN/m2



	Oedometer stiffness (Eoedref)
	52,000
	kN/m2



	Unloading-reloading stiffness (   E  u r   r e f   )  
	10,400
	kN/m2



	Reference pressure (Pref)
	100
	kN/m2



	Power of stress level (m)
	0.50
	



	Undrained Cohesion (cu)
	150
	kN/m2



	Friction angle (φu)
	zero
	Degree (°)



	Dilatancy angle (ψ)
	zero
	Degree (°)



	Lateral earth pressure coefficient (K0)
	1.0
	-



	Soil Tensile Strength
	0.0
	kN/m2
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Table 4. Interface elements parameters.
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	Parameter
	Shaft Interface
	Base Interface
	Unit





	Interface nonlinearity
	Coulomb Friction
	Coulomb Friction
	



	Interface Adhesion (ca)
	53
	150
	kN/m2



	Interface Friction angle (Øi)
	zero
	zero
	Degree (°)



	Interface Dilatancy angle (ψi)
	zero
	zero
	Degree (°)



	Shear stiffness modulus (kt)
	125,217
	34,7826
	kN/m3



	Normal stiffness modulus (kn)
	1,377,390
	3,826,086
	kN/m3



	Tensile Strength
	0
	0
	kN/m2



	Reduction Factor (R)
	0.36
	1
	-











© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).
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