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Abstract

:

This article is dedicated to addressing the current challenge of augmenting the load-bearingcapability of pile foundations. This predicament is most effectively addressed by employing piles with unconventional geometries along with atypical methodologies for installing these foundation piles. The primary objective of the research wasto examine the impact of various fill materials (including both soil and rigid substances) on the energy consumption during pile driving and the resistance to static loads by piles with multiple shaft expansions. The findings derived from model-based investigations demonstrate that the load-bearing capacity of piles with shaft expansions installed with bulk material filling surpassed that of conventional piles (prismatic and pyramidal) by a factor ranging from 1.5 to 4.6. Furthermore, the research outcomes also indicated greater energy consumption (1.14–1.66 times) and enhanced load-bearing capacity (1.15–1.68 times) for piles with shaft expansions driven with backfill in comparison to piles installed without backfill. It is noteworthy that the type of backfill material significantly influenced the energy consumption during pile driving and their stability under axial static loads. The correlation relationships can be applied to approximate projection of the energy-related and structural parameters of piles with shaft expansions embedded with the addition of bulk materials.
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1. Introduction


Enhancing the load-bearing capacity of foundations, including pile foundations, constitutes a paramount concern in foundation engineering, especially when dealing with construction in soft soil conditions. The primary motivations behind its implementation include augmenting the foundation’s load-bearing capacity in response to activities such as reconstruction, redevelopment, and the addition of floors to the building. This is essential for addressing the uneven distribution of loads on structural elements and mitigating dynamic effects, such as vibrations. Earthworks associated with construction activities, including the laying of utilities, further underscore the need for such measures.



Enhancing the bearing capacity of foundations not only prolongs the service life of buildings and structures but also achieves structural integrity and operational safety by fortifying foundations and stabilizing soils. This approach yields cost savings, as it obviates the necessity for new construction, opting instead for reinforcement measures.



One approach to address this challenge is the development and utilization of unconventional pile shaft shapes. Such variations encompass piles with shaft widening, thickening, profiled surfaces, and telescopic geometries, among others [1,2,3,4,5]. Owing to the distinctive characteristics of their shaft shapes, these piles demonstrate more efficient interaction with the surrounding soil, resulting in a significantly greater load resistance than conventional prismatic or cylindrical piles. Field investigations [6] and numerical simulations [7] focusing on conical piles have revealed heightened stress concentration in the widening regions of the piles within the ground compared to their tips. This observation underscores the pivotal role of the widening sections in determining the load-bearing capacity of piles. Further research [8,9,10,11] indicates a 35–45% increase in the static load resistance of widened piles compared to their non-widened counterparts. In some numerical studies [12], this beneficial effect has been shown to reach as high as 68%.



Another equally effective strategy for augmenting the load-bearing capacity of foundations, including pile foundations, is the incorporation of loose, rigid materials (such as crushed stone, gravel, dry cement–sand mixtures, concrete mortar, etc.) during construction. This technique results in a 2.0–2.4-fold increase in foundation resistance [13]. It finds widespread application when establishing foundations in compacted excavations. The addition of rigid materials and their compaction at the base of the excavation serves as an effective means of compacting the surrounding soil, thereby increasing the foundation’s load-bearing capacity [14,15]. This in turn leads to reduced excavation volume, decreased consumption of concrete and reinforcement materials, and cost savings in constructing buildings and structures.



Regarding pile foundations within geotechnical engineering, there exists a body of experience in using rigid-material backfills to enhance the load-bearing capacity of driven, bored, and cast-in-place piles.



The literature reveals the technology for fabricating driven hollow reinforced concrete piles with a circular cross-section and an open lower end [16,17]. To heighten the load-bearing capacity of such piles, it is recommended to partially fill their internal cavities with rigid materials and subsequently compact them with a punch into the ground beneath the pile’s lower end. Crushed stone or dry concrete mixtures are proposed as suitable rigid materials. Consequently, the lower portion of the piles forms a compacted, broadened base comprising rigid materials and soil. The application of such hollow piles with backfilling and rigid-material compaction is advised for deployment in weak, waterlogged soils, where the most significant improvement in load-bearing capacity is anticipated.



The construction of tubular piles featuring crushed-stone widening in their lower sections is elucidated in [2,18]. To create the widening within the driven pile’s cavity, portions of crushed stone are backfilled and compacted through the pile’s cavity into the ground. Research has established that the dimensions of the widening in the lower part of the piles have a substantial influence on their static load resistance. Accordingly, the bearing capacity of a tubular pile with a widened, compacted crushed-stone portion having a diameter equivalent to 2.5 times the pile’s diameter (denoted as ‘d’) is 1.7–2.45 times greater than that of similar piles lacking this feature. Researchers have further determined that the dimensions of the widening composed of rigid material are contingent on various factors, including the pile’s diameter, the soil characteristics beneath the pile’s lower end, the volume of compacted crushed-stone material, and its particle size distribution, among others [19].



Numerical modeling results elucidate the performance of bored-tied piles both with and without compacted crushed-stone widening in their lower sections [20]. It has been ascertained that the creation of crushed-stone widening in the lower part of the piles leads to additional soil compaction at the base, resulting in a 1.04–1.12-fold reduction in pile settlement.



The proposed PGP pile arrangement technology involves employing a spiral drill to bore a well to the specified depth [21]. Subsequently, an expanded head is formed at the bottom of the well, and a cement–soil core is established by injecting cement mortar into the well and blending it with the soil. The final step entails installing a PHC tubular pile filled entirely with the cement–soil mixture into the well. According to the proponents, this PGP pile construction method exhibits characteristics such as low noise levels during installation, high strength, an increased load-bearing capacity, and environmental friendliness as a foundation.



Model studies conducted on piles with irregular trunk widths have demonstrated notable efficacy attributed to their enhanced resistance to friction on the side surface [22]. These piles were created by injecting liquid concrete into a well within sandy soil, resulting in an irregular cylindrical shape along the length of the trunk (the diameter increase ranged from 1.06 to 1.34 times). Testing eight such pile models that were collectively integrated with a common grillage under axial load conditions revealed a 1.42-times-higher bearing capacity compared to a control model of a shallow foundation (sole size: 60 × 24 cm; laying depth: 80 cm). This advantage was a scribed to the expansion of the pile trunk facilitated by the absorption of sand particles by concrete from the well walls, their adherence to the surface, and the resistance characteristics of the rough edges of the trunk against ground penetration. The authors projected a forecasted settlement of 5 mm under design loads for a building constructed on such pile foundations (as opposed to up to 15 mm for the comparative shallow foundation).



An evaluation of the load-bearing capacity of bored piles in sandy soil incorporating expansion additives [23] revealed that the utilization of an expanding concrete mixture resulted in a heightened lateral resistance (up to 15–50%) and a diminished settlement (up to 25%) across most load ranges compared to conventional concrete piles. In essence, abbreviated expanding piles facilitated by specialized expanding mixtures demonstrated a commensurate load-bearing capacity to longer conventional concrete piles. This outcome was attained by augmenting the surface area of the trunk in contact with the surrounding soil, leading to a reduction in the required length of the piles. Consequently, this reduction in pile length translated to cost savings and a reduction in construction time.



Experiments involving bored piles installed using systems featuring an expansion body [24] along with concrete filled with crushed stone resulted in an additional enlargement of the piles’ diameter by 0.4–0.8 m through high-pressure air injection. Piles thus broadened exhibited a 33% greater resistance to surface friction under static axial loads and a 40% increase in resistance during withdrawal compared to a pile without such widening.



Recommendations for the design and construction of flat-profile piles emphasize the significance of incorporating a coefficient to consider the increased load-bearing capacity of piles driven with the addition of loose materials [25]. These recommendations indicate that the bearing capacity of 5, 7, and 9 m flat-profile piles was respectively 1.27, 1.30, and 1.32 times greater when driven with loose materials compared to those without such additions. The most substantial impact of incorporating loose materials was observed in the case of the 9 m piles. The authors proposed specific quantities of loose material per pile, corresponding to 200, 380, and 460 kg for piles with lengths of 5, 7, and 9 m, respectively.



In another approach described in [26], the method involves the construction of a pile–slab foundation with crushed-stone widening beneath the lower ends of the piles. Piles measuring 8 m in length and 53 cm in diameter were installed within excavation pits with widening created in their lower sections through the gradual compaction of crushed stone totaling 1 cubic meter beneath each pile. The widening beneath the piles’ lower ends measured 100 cm.



This innovative method significantly enhanced the load-bearing capacity of piles by creating widening beneath their tips, optimally distributing the load between the foundation’s slab and the piles. It resulted in a reduction of up to 50% in the required number of piles. The distances between piles in the foundation were established at 5 times the pile diameter (‘5d’), where ‘d’ represents the pile diameter. The design of such a pile–slab foundation with crushed-stone widening for a 16-story building led to up to 20% in cost savings compared to the design involving driven prismatic piles, each measuring 17 m in length and having a cross-sectional dimension of 30 cm × 30 cm.



In [27], features related to the construction of cast-in-place piles with dual widening in their lower sections are discussed. These piles were formed by sequentially filling the excavation with large rigid materials (such as coarsely crushed stone) in layers that were compacted with a lengthy tamper featuring a pointed angle ranging from 120 to 180 degrees. This process resulted in the creation of a broadened section in the lower part of the pile without significant lateral expansion. Subsequently, a finer rigid material (crushed stone or fine gravel) was added on top of this widening and compacted using a tamper with a pointed angle ranging from 25 to 90 degrees, resulting in an upper widening. The load-bearing capacity of the cast-in-place piles with dual widening in the lower section surpassed that of piles without widening by 1.5–3.0 times due to increased soil resistance along the pile’s lateral surface.



Furthermore, [27] presents an alternative approach for constructing piles with dual widening that involved driving a pile into the well after the expansions were created. The researchers noted that such piles also exhibited a high load-bearing capacity.



The collective works [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21,22,23,24,25,26,27] underscore the substantial role of both geometric widening within the pile shaft and the application of rigid material backfills in enhancing the load-bearing capacity of piles. However, there is a notable absence of research addressing the combined impact of these factors on load-bearing capacity within a specific pile structure type. Additionally, researchers have overlooked the influence of the rigid material type on pile resistance and the energy intensity of pile driving despite the wide variety of rigid materials used during pile installation.



Recognizing the significance of these issues, our research endeavors have included experimental investigations employing driven piles with one to four flat widenings along the shaft length. This research occurred in two stages. The first stage assessed the impact of the number of widenings on the load-bearing capacity and pile-driving energy intensity, while the second stage evaluated the influence of the type of rigid and soil material placed beneath the pile widenings on the load-bearing capacity and energy-related parameters. The results of the first stage are presented in [8], and the second stage is elucidated in this paper. These experiments were conducted under laboratory conditions and utilized pile models and four types of backfill materials: loam, sand, gravel, and crushed stone. The research aimed to investigate the influence of backfill materials composed of soil and rigid substances on the energy intensity of pile driving and the resistance to static loads while taking into account piles featuring multiple shaft widenings.



From a comprehensive perspective, these studies are oriented toward advancing the theory of pile foundation modeling with the intent to utilize their outcomes in addressing challenges related to delineating patterns of variation in energy and power parameters within pile arrangements featuring trunk widening with the inclusion of rigid material. The acquired research findings are poised to facilitate a preliminary evaluation of the viability of this technology for constructing widened piles, enabling the identification of qualitative characteristics applicable to field conditions. The experimental results will serve as a foundation for establishing conditions conducive to modeling the process of driving scale models with the addition of hard material, paralleling the process of driving full-scale piles of analogous shape with the inclusion of hard material.




2. Materials and Methods


Experimental studies were carried out in the geotechnical laboratory of the M.Kh. Dulaty Taraz Regional University.



The methodology employed for modeling experimental studies primarily relied upon the principles of similarity theory, aiming to furnish comparative data on the behavior of piles and discern qualitative patterns in their performance under various loads. To replicate the process of driving piles into soil under controlled laboratory conditions, the following similarity conditions were established:




	-

	
The relative residual failure of the pile model during driving must correspond to the relative residual failure when driving a full-scale pile   Δ  S  0 m   = Δ  S  0 n    ;




	-

	
The ratio of the volume of the deformed soil zone formed around the pile model to the volume of the model should correspond to the ratio of the volume of the deformed soil zone formed around the full-scale pile to the volume of the pile    V  u m   /  V m  =  V  u n   /  V n   ;




	-

	
The specific energy intensity of the immersion of the pile model in one blow of the hammer (hammer model) must correspond to the specific energy intensity of the immersion of a full-scale pile in one blow of a pile hammer    E  v m   =  E  v n    ;




	-

	
The ratio of the mass of the hammer model (striker) to the mass of the pile model must correspond to the ratio of the mass of the hammer impact part to the mass of the pile    Q m  /  q m  =  Q n  /  q n   .














	
where   Δ  S  0 m     and   Δ  S  0 n    , respectively, are the relative residual failures of the model and the pile;    V  u m     and    V  u n    , respectively, are the volumes of deformed soil zones around the model and the pile;    V m    and    V n   , respectively, are the volumes of the model and the pile;    E  v m     and    E  v n    , respectively, are the specific impact energies spent on moving the model and the pile by the amounts    S  0 m     and    S  0 n    ;    S  0 m     and    S  0 n    , respectively, are the residual failures of the model and the pile;    Q m    and    Q n   , respectively, are the mass of the hammer (hammer model) and the impact part of the hammer; and    q m    and    q n   , respectively, are the mass of the model and the pile.








These stipulated conditions provide a rational basis for determining modeling parameters in the investigation of the pile submersion, energy intensity, and bearing capacity of laboratory models.



2.1. Models of Piles with Widening


Models of piles with shaft widenings were constructed using wooden beams. The model scale of the piles was set at 1:10. Typically, a pile model with multiple shaft widenings comprises a prismatic section and widening portions resembling inverted flat truncated pyramids. In the experiments, pile models with 2, 3, and 4 shaft widenings were employed (see Figure 1). The height of each model widening measured 100 mm, and the top dimensions of the widening were 20 × 45 mm. The prismatic portion of the pile possessed a square cross-section with dimensions of 20 × 20 mm. The overall shaft length of the pile model extended to 500 mm. Detailed geometric specifications and the mass of the pile models are presented in Table 1 for reference.




2.2. Preparation and Parameters of Soil Base and Rigid Material for Backfill


The basis soil employed in the test consisted of disturbed light sandy loam. The soil type classification adhered to the guidelines specified in the relevant standard [28]. To prepare the clayey soil, the following procedures were followed: Initially, the soil underwent sieving through a mesh with a 2 mm hole diameter. Subsequently, the prepared soil was adequately moistened to achieve a moisture content of 10% by weight. The moisture content of the soil was determined in compliance with the relevant standard [29]. The dampened soil was methodically arranged in a tray in successive layers, with each layer measuring 10 cm in thickness. Each layer of soil was meticulously leveled and compacted. In total, seven layers of soil were deposited. In each experimental iteration, the physical and mechanical properties of the soil were ascertained in accordance with the standard guidelines [29] utilizing the penetration method facilitated by the PSG MG-4 device. Detailed soil characteristics are provided in Table 2.



Throughout the experiments, variations in the soil moisture content of the base over time were considered. This was monitored by measuring the initial soil moisture (before commencing the experiments) and the final soil moisture (after concluding the experiments) and employing a drying process until a constant mass was achieved in adherence to the specifications outlined in the standard [29].



This study utilized common soil and construction materials prevalent in the region as rigid backfill material (Figure 2):




	-

	
Light sandy loam with a disturbed structure; the type of soil was established in accordance with the requirements of the standard [28] (water content w = 1.14–1.16%);




	-

	
Medium-sized sand characterized by a homogeneous composition; the type and coefficient of heterogeneity of sand were determined in accordance with the requirements of the standard [28] (water content w = 1.12–1.15%);




	-

	
Gravel, which was selected in compliance with the criteria specified in the relevant standard [30] while taking into account the modeling scale (maximum particle size D = 5 mm; ratio of gravel mass to sand mass: 35%/65%;water content w = 1.12–1.15%);




	-

	
Crushed stone adopted in accordance with the requirements of the standard [31] and considering the modeling scale (maximum particle size D = 5 mm).










2.3. Parameters and Features of Equipment Operation


The experiments were carried out in a soil tray equipped with multi-purpose laboratory attachments (Figure 3). The tray had plan dimensions of 150 × 55 cm and a height of 80 cm. Attachments allowed driving and static testing of the pile models in accordance with the requirements of the standard [32].



The framework of the attachments was constructed using welded square metal profiles and, in the lower section, comprised two U-shaped frames with consoles resting on a concrete floor. In the upper portion, the equipment’s frame included a singular frame with inclined racks, which were welded from below to horizontal metal elements connecting the lower frames to each other. Two beams at different levels in the upper frame had through-holes allowing the passage of a guide rod designed for the descent of a hammer. The guide rod, composed of smooth reinforcement with a 10 mm diameter, was installed with its lower end into the headrest hole, which was mounted on the head of the pile model.



To ensure precise placement of the pile model’s tip during hammering and to prevent rotation or deviation of the pile model during immersion, the tray was equipped with a removable guide beam. This guide beam consisted of two 40 mm wide wooden slats fastened together with wooden inserts between them, forming a slot in the central part for the pile model to pass through. The dimensions and shape of the slot corresponded to the shape and largest dimensions of the cross-section of the pile model.



To conduct tests involving static pressure loads on pile models, the tray attachments were equipped with a lever system. This lever system consisted of a hinged part, a lever beam, and a rope with a hook for holding the load. The hinged part comprised two ball bearing rollers mounted on a metal axial rod bolted to it and connected to a single hinge with a lever beam retainer. This retainer, due to the free rotation of the axial rod, could change the angle of inclination in the vertical direction and had screw clamps on the opposite side faces.



The lever beam, composed of a square metal profile with a length of 118 cm, was inserted into the lock of the hinged part and fixed with screw clamps. Another movable metal retainer with a hole in the lower part and a clamping screw in the upper part was inserted into the free end of the lever beam. This retainer, which was movable along the length of the lever beam, served to fix the tubular rod in a vertical position, transmitting force from the lever beam to the pile model. A metal ball with a 10 mm diameter was placed between the movable retainer and the tubular rod, ensuring strictly axial load transfer from the lever beam to the pile model.



The cable of the lever system was attached to the top of the lever beam. A container with a length of 620 mm and a diameter of 1.5 mm was suspended from a hook fixed in the lower part of the cable for placing pre-calibrated cargo. Placing the load in the container induced tension in the cable, transferring the pressing force to the pile model through the lever system of the tray.



To measure the settlement of the pile model when subjected to a load through the lever system, a digital hour-type indicator (HIC) with a division price of 0.001 mm was utilized. The indicator was fixed on a rod attached to the beam of one of the lower frames of the attachments with its lower end resting against the beam lever of the equipment’s lever system.



To subject pile models to static axial loads, the tray attachment was configured with a lever system. This lever system encompassed a pivotal component, a beam lever, and a cable furnished with a hook designed for load application. The pivotal component afforded the beam lever the capacity to freely adjust its inclination angle in the vertical direction during both the application and removal of the load from the pile model. To ensure the precise transmission of axial loads from the beam lever to the pile model, a metal ball with a 10 mm diameter was interposed between the head of the pile model and the beam lever. The transmission of compressive force to the pile model via the tray’s lever system was executed in a stepwise manner by employing calibrated weights.




2.4. Test Procedure


The model piles were embedded in the soil through hammer driving to a nearly uniform depth, with each blow delivering a consistent amount of energy (refer to Figure 4a). To accomplish this, the hammer for driving the pile models had a weight of 600 g, and the drop height was 50 cm. This ensured consistent driving energy for the model piles with each impact. The pile models were driven until they reached a total depth of 425–426 mm. During the driving process, the count of hammer blows was recorded, and the residual settlement at the end of driving was measured. Subsequently, after the lower widening of the pile model had been fully submerged in the soil, backfill material was introduced onto the buried widening around the pile shaft (as depicted in Figure 5). To facilitate the filling process and to prevent the bulk material from dispersing laterally during driving, a funnel-like device was employed. While being driven in, the bulk material occupied the open space around the pile shaft created by the lower widening. The upper widening further facilitated the insertion of the bulk material into voids, ultimately pushing and embedding the backfill material deeper into the soil. Upon the completion of the driving process, any excess added material remaining at the soil surface was removed. The volume of bulk material effectively buried within the soil was quantified.



An axial load test on the pile models was executed in strict compliance with the stipulations outlined in the relevant standard [32] as well as in adherence to the fundamental principles established in the comprehensive guidelines [33]. Loads were incrementally applied to the pile models in a staged manner following the attainment of the requisite level of conditional stabilization for deformations at each loading stage. Vertical deformations (specifically, settlements) of the pile models were adjusted to a minimum of 40 mm. These settlement deformations were meticulously quantified using a precisely calibrated digital dial indicator designated as IChTs-12 and boasting a remarkable accuracy level of 0.001 mm (as illustrated in Figure 4b).



The bearing capacity of the pile models under an axial load was determined based on the following test results:



(1) In alignment with the criteria specified in the comprehensive guidelines [34] and employing the formula:


    F d  =  γ c     F  u , n      γ g     ,  



(1)




where    γ c    is the coefficient of operating conditions of the pile (taken as equal to 1.0 under an axial load),    F  u , n     is a standard value for the ultimate resistance of the pile (taken as equal to its lowest ultimate resistance according to test results, N), and    γ g    is the soil reliability coefficient (taken as equal to 1.0).



(2) In accordance with the requirements of the set of rules [33] according to the formula:


    R  c ; k    =     (  R  c ; m   )   min      ξ 2    ,  



(2)




where    R  c ; k     is the characteristic resistance of soil to compression in the limiting state of bearing capacity,     (  R  c ; m   )   min     is the smallest value of the measured value of soil compression resistance depending on the number of tests of the pile models,    ξ 2    is the correction coefficient for assessing the test results for the pile models with a static load (taken as equal to 1.05 (at   n = 3  )), and  n  is the number of tests of the pile models.





3. Research Results and Discussion


3.1. Test Results of Pile Models with 4 Widening


The test results of driving pile models with four widenings are presented in Figure 6 and Table 3. For a comparative assessment of the test results, the following indicators were adopted:




	-

	
The overall energy applied by the hammer ( E ) spent on burying the pile model to the required depth;




	-

	
The energy intensity of the hammer for driving a pile model (   E v   ) expressed per unit volume of the portion of the pile buried within the soil (calculated as the ratio of the total energy expended for driving a pile model to the volume of the section buried in the soil);




	-

	
The volume of backfilling material (   v p   ) introduced into the vicinity of the pile during the driving process;




	-

	
An indicator of the enhanced energy intensity during driving (   P e   ) calculated as the ratio of the total driving energy required for the pile model with the inclusion of rigid material to the total driving energy necessary for the pile model without any backfill material.









The experimental findings presented above revealed several key observations regarding the driving of pile models featuring four widenings:




	-

	
Depending on the type of rigid material used as backfill, at the same depth of immersion, the experimental pile models (with backfill) exhibited a 1.36–1.54-times-higher energy intensity during driving compared to the control pile model (without backfill).




	-

	
The energy intensity of pile driving per unit volume was 1.356–1.535 times greater for pile models with backfill compared to those without any backfill material.




	-

	
When driving pile models to the same depth, the volume of backfill material varied, with loam requiring the least (62 cm3), sand the most (136 cm3), and crushed stone (96 cm3) and gravel (132 cm3) falling in between.









As can be seen from the test results (Table 3), the spending on crushed stone for backfill in driving a model pile was 1.38 times less than the spending on gravel. However, at the same time, the total energy intensity for driving a model pile with crushed stone was 11.45% more than when driving a model pile with gravel. This can be attributed to the fact that crushed stone, unlike gravel, has a more consistent size distribution with fewer smaller particles. Moreover, the surface of crushed stone particles exhibits substantial roughness and irregularities, impeding their relative movement when impacting a pile model and consequently increasing soil resistance. Hence, between these two types of coarse materials, the preference for driving pile models should be given to gravel mixtures over crushed stone. This choice is further justified by the lower cost of gravel compared to crushed stone.



A comparison of the test results pertaining to the driving of a pile model using fine-grained backfill materials (loam and sand) revealed that the consumption of loam was 2.19 times less than that of sand (as indicated in Table 3). With the reduced usage of loam, driving a model pile incurred a lower total energy expenditure from the hammer (1.13 times less) in comparison to driving a model pile filled with sand. This distinction, in our assessment, was attributed to the cohesive nature of loam particles, which exhibited better interconnection. Consequently, loam was less mobile within the soil when subjected to the impact of the pile model, leading to a smaller volume of loam being incorporated into the soil and a subsequent reduction in the energy intensity required to drive the pile model.



The resistance of the pile models with four widenings was assessed based on the results of their static tests with axial loads (Table 4). The dependence of the settlement of pile models under an axial load is shown in Figure 7.



The following indicators were adopted for the comparative assessment of the test results (Table 4):




	-

	
Load-bearing capacity    F d   , established in accordance with the provisions of the regulatory document [32];




	-

	
Load-bearing capacity per unit volume    F d v   , i.e., the ratio of the load-bearing capacity of the pile model to the buried volume of the pile in the soil;




	-

	
Resistance-increasing index    P d   , which was the ratio of the resistance of the pile model with the addition of rigid material to the bearing capacity of the pile model without any addition.









The test results indicated that pile models with backfilling, depending on the type of backfill material, exhibited a greater load-bearing capacity (1.36–1.68 times) compared to the control pile models (without backfilling) while maintaining the same settlement values. The highest load-bearing capacity values were observed in pile models driven with added sand and gravel, whereas the lowest values were found in piles with added crushed stone and loam (refer to Table 4). We attributed the increased resistance of pile models with sand and gravel backfill to the substantial volumes of backfill material introduced into the soil during driving. Specifically, the volume of gravel filled into the soil was 1.38 and 2.13 times greater than the volume of crushed stone and loam, respectively. Similarly, the volume of sand was 1.42 and 2.19 times greater, respectively. The introduction of a larger volume of backfill material during driving contributed to enhanced soil compaction around the widening of the models, thereby increasing their bearing capacity.



Comparatively, the load-bearing capacity of a pile model with sand filling was 1.23 and 1.18 times greater than pile models with crushed stone and loam addition, respectively. Similarly, the load-bearing capacity of a pile model with gravel addition was 1.14 and 1.10 times greater, respectively.



Considering the advantages demonstrated by pile models driven with sand and gravel, subsequent tests involving pile models with two and three shaft widenings were exclusively conducted using these materials, as they proved more effective in ensuring the load-bearing capacity of the piles.




3.2. Test Results of Pile Models with ThreeWidenings


The test results for the driving and static testing of pile models with three widenings are presented in Figure 8 and Figure 9 and Table 5 and Table 6.



The energy intensity of the hammer for driving pile models with added sand and gravel significantly exceeded the intensity for driving them without adding any bulk material (Table 5). Driving a pile model with sand addition rather than with gravel backfilling was more energy-consuming (by 5.13%). This difference was due to the unequal volume of sand and gravel added to the soil during the model driving. Consequently, 3.53% more energy was expended on driving a pile model with sand relative to gravel backfilling, leading to an escalation in the energy intensity during pile driving when sand was used.



The bearing capacity of pile models with gravel and sand backfilling was higher than the bearing capacity of a pile model without backfilling (Table 6). At the same time, the greatest load-bearing capacity belonged to the model of the pile driven with sand, which was 6.25% greater than that of the model with gravel.




3.3. Test Results for Pile Models with TwoWidenings


The results of driving and static testing of pile models with two widenings are shown in Figure 10 and Figure 11 and Table 7 and Table 8.



The energy intensity of driving pile models with added sand and gravel exceeded the intensity of pile driving without adding bulk material (Table 7). Moreover, 15.2% more energy was spent on driving a pile model with sand addition than with gravel addition. This increased energy expenditure on driving a pile model with sand can be attributed to the fact that the consumption of sand during the pile driving process exceeded that of gravel by 5%, leading to the elevated energy intensity during pile driving when sand was employed.



It was evident from the test results that the load-bearing capacity of the pile models filled with gravel and sand exceeded that of pile models lacking any backfill material (as outlined in Table 8). Notably, the pile model driven with sand exhibited the highest load-bearing capacity, surpassing the pile model with gravel backfilling by 7.06%.




3.4. Test Results Comparison of Pile Models with 2–4 Widenings


A comparison of the test results of driving pile models with 2–4 widenings buried with sand and gravel showed the influence between the number of widening in pile models and the amount of backfilling material. An increase in the number of widening led to an increase in the bulk material entrained by their widening into the soil (Table 9).



According to Table 9, the correlation dependencies      v p     v u    = f  n    were established (where    v u    is the volume of widening of the pile model (backfilled volume), m3; and  n  is the number of widenings in the pile model), which are described by the linear function (3) (Figure 12):


    v p   = t n + w ,  



(3)




where t and w are the coefficients accepted according to Table 10 and n is the number of widenings in the pile model.



Increasing the number of widenings in the pile models caused an increase in the energy intensity of their driving (   E v   ) (Table 11 and Figure 13). This regularity is described by the dependency given in Equation (4).


    E v   = p n + s ,  



(4)




where p and s are the coefficients accepted according to Table 12 and n is the number of widenings in the pile model.



The load-bearing capacity of the pile models increased with their number of widenings (Table 13). This regularity is well described by a polynomial function of the second degree (5) (Figure 14).


    p d   = q  n 2  − d n + m ,  



(5)




where q, d and m are the coefficients accepted according to Table 14 and n is the number of widenings in the pile model.




3.5. Interrelation of the Present Test Results with the Experiments of the First Stage of Research


The comparative analysis of the energy intensity of driving pile models at the first stage of research [8] and similar parameters presented in this paper allowed us to formulate the following dependence:


   E  u p   =  K e   P e   E p  =  K  k p  e   E p   



(6)




where    E  u p     is the energy intensity for driving a pile model with widening and a backfilling of bulk material (gravel or sand),    K e    is an indicator of the comparative energy intensity of a pile model with widenings and buried without backfilling bulk material [8],    E p    is the energy intensity for driving a pile model without shaft widening (prismatic or pyramidal pile models), and    K  k p  e    is a coefficient that takes into account the number of widening in the pile model and the type of backfill of bulk material used in driving (Table 15).



Equation (6) allows for a comparative assessment of the energy intensity of driving piles with shaft widenings relative to piles without widenings (prismatic and pyramidal piles). Table 15 shows that the energy intensity for driving piles with widenings and a backfilling of bulk material could be 1.4–5.1 times higher than the energy intensity for driving traditional piles without adding any bulk materials.



Formula (7), which was obtained similarly to Equation (6), allows for a comparative assessment of the load-bearing capacity of piles with shaft widenings relative to piles without widenings (prismatic and pyramidal piles).


    F  d u p    =   K H     p d     F  d p    =   K  k p  d     F  d p    ,  



(7)




where    F  d u p     is the load-bearing capacity of a pile model with widenings and a backfilling of bulk material (gravel or sand),    K H    is an indicator of the comparative load-bearing capacity of a pile with widenings and buried without adding any bulk material [8],    F  d p     is the load-bearing capacity of a pile model without shaft widenings (prismatic or pyramidal pile models), and    K  k p  d    is a coefficient that takes into account the number of widenings in the pile model and the type of backfilling of bulk material used in driving (Table 16).



As can be seen in Table 16, the bearing capacity of piles with widenings that were driven with the addition of bulk material could be 1.5–4.6 times higher than the bearing capacity of traditional piles driven without adding any bulk materials.




3.6. Practical Application of the Obtained Results


The research results obtained through the conducted experiments hold significant relevance in engineering practice, particularly in the design and construction of pile foundations for buildings and structures. The findings from experiments evaluating the submersibility and energy intensity of pile-driving models provide valuable insights for making informed decisions regarding the selection of a pile-driving unit and its impact energy. This consideration is essential for the effective driving of piles with widenings to account for the type and volume of the applied fillings.



Moreover, the results of tests assessing the resistance of the studied piles under static axial loads offer valuable input at the design stage of pile foundations. Utilizing this data, a methodology for testing foundations composed of piles with widenings and the addition of soil and building materials can be formulated.



The proposed formulas enable a comparative evaluation of the energy intensity involved in driving piles with shaft widenings relative to piles without widenings, particularly prismatic and pyramidal piles. These formulas find utility in the variant design stage of foundations, facilitating the assessment of energy costs associated with the pile-driving process and the power parameters of piles with shaft widenings immersed in the ground with gravel and sand.



Consequently, the experimental data derived from the research results will contribute to the development of recommendations for executing pile work in construction. The adoption of this technology for installing piles with widenings in the construction of foundations, owing to their enhanced bearing capacity, has the potential to reduce the cost of foundation work (with forecast estimates suggesting up to 25–28% reduction). This in turn can lead to a reduction in the overall construction cost of the facility by approximately 17–19%, depending on its purpose. The introduction of the proposed technology for pile construction with extensions into construction practice thus presents an attractive advantage.





4. Conclusions


The results of experimental investigations detailed in this paper led to the following main conclusions:



(1) Piles with widenings driven with the addition of soil and rigid materials differed from higher (1.14–1.66 times) energy intensity than their driving without the mentioned addition. The energy intensity of pile driving was notably influenced by the choice of backfill material, with the lowest energy intensity observed when driving piles with loam backfill and the highest energy intensity evident when sand and crushed stone were used as backfill materials. Furthermore, the energy intensity of pile driving increased with the number of widenings in the pile, as the inclusion of a greater quantity of backfill material into the soil during the driving process was necessitated.



(2) The bearing capacity of piles with widenings driven with the addition of soil and rigid materials was higher (1.15–1.68 times) than the bearing capacity of piles driven without the use of filling material. This effect was more pronounced with an increasing number of widenings in the piles, as a larger volume of backfill material became integrated into the soil during the driving process.



(3) The type of backfill material affected the resistance of the piles to axial static loads. The greatest resistance was typical for piles driven with added sand, and the lowest with added crushed stone. Specifically, the load-bearing capacity of piles filled with sand surpassed that of piles filled with crushed stone and loam by factors of 1.23 and 1.18, respectively. Similarly, the bearing capacities of piles filled with gravel were 1.15 and 1.10 times higher, respectively. Based on the load-bearing capacity of the piles, it was preferable to use sand and gravel as backfill material.



(4) The energy intensity for driving piles with widenings and adding bulk materials was greater (1.4–5.1 times) than the energy intensity for driving traditional piles (prismatic and pyramidal piles) without adding bulk materials. In addition, the load-bearing capacity of piles featuring widenings and driven with the inclusion of bulk materials surpassed that of traditional piles (lacking shaft widening) driven without any bulk material, exhibiting an increase ranging from 1.5 to 4.6 times.



(5) The correlation dependencies established based on the results of this research exhibited sufficient reliability and can be utilized for relatively approximate predictions of the energy and strength parameters of piles featuring shaft widenings buried in soil with gravel and sand backfill.



(6) The studies identified sand and gravel as the two most effective filling materials for enhancing the bearing capacity of piles with shaft widenings. Subsequent research will involve additional comparative studies incorporating numerical modeling to further investigate and validate these findings.
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Figure 1. General view (a) and scheme (b) of models of piles with widenings. 
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Figure 2. Types of soil and rigid materials used as backfill material. (a)—light sandy loam; (b)—medium-sized sand; (c)—gravel; (d)—crushed stone. 
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Figure 3. General view (a) and scheme (b) of the soil tray and attachments for driving and testing pile models. 1—Soil tray; 2—pile model; 3—inverted U-shaped lower frame; 4—upper frame with inclined racks; 5—guide rod; 6—hammer; 7—headrest; 8—removable guide beam; 9—hinged part of the lever system; 10—beam-lever; 11—cable; 12—container for cargo; 13—indicator; 14—rod for attaching the indicator; 15—cantilever plate. 
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Figure 4. Fragments of driving (a) and static tests (b) of pile models with wideningsand backfilling with rigid material. 
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Figure 5. Schematic view of driving piles with shaft widenings with a backfill of soil or rigid material. 1—Pile with widening; 2—headrest; 3—hammer; 4—guide rod; 5—funnel; 6—backfilling composed of soil or rigid material; 7—compacted rigid material. 
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Figure 6. Pile models driven with 4 widenings. 
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Figure 7. Settlement versus static load for pile models with 4 widenings. 
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Figure 8. Pile models driven with 3 widenings. 
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Figure 9. Static test results for pile models with 3 widenings. 
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Figure 10. Pile models driven with 2 widenings. 
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Figure 11. Static test results for pile models with 2 widenings. 
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Figure 12. Dependence of the ratio      v p     v u      on the number of widenings in the pile model. 
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Figure 13. Energy intensity of pile driving (   E v   ) versus the number of widenings in the pile model. 
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Figure 14. Resistance-increasing index (   P d   ) versus pile models for the number of widenings. 
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Table 1. Geometric parameters of pile models and their weights.
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Pile Model View

	
Geometric Parameters, mm

	
Weight, g




	
Shaft Length

	
Tip Length

	
Shaft Cross-

Section Dimensions

	
Widening Width

	
Widening Height






	
Pile with 2 widenings

	
500

	
15

	
20 × 20

	
45

	
100

	
135




	
Pile with 3 widenings

	
147




	
Pile with 4 widenings

	
158











 





Table 2. Physical and mechanical characteristics of the soil base.
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	Description
	Value





	  Water   content ,     ω , %
	9.94–11.86



	Soil density,  ρ , g/cm3
	1.29–1.47



	  Liquid   limit ,    W L   , %
	25.05–25.17



	  Plastic   limit ,    W p   , %
	13.23–15.03



	Plasticity   index ,    I p   
	9.93–11.96



	  Maximum   penetration   resistance ,    P  max    , MPa
	0.268–0.275



	Compaction ratio,  K 
	0.81–0.84



	   Wetness   index ,   ( degree )    I w    
	1.73–1.98



	  Strain   modulus ,    E 0   , MPa
	15.2–16.0



	Angle of internal friction,  ϕ , grade
	13.1–13.2



	Intercept cohesion,  c , MPa
	0.0302–0.0310










 





Table 3. Driving test results of pile models with 4 widenings.
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	Pile Model
	Backfilling Material

Volume,     v p    , cm3
	Total Energy of Pile Driving,   E  , J

(Number of Blows)
	Immersion Depth of Pile,   L  , mm
	Piles’ Immersed-Part Volume,   V  , cm3
	Energy Intensity of Pile Driving per Unit Volume,     E v    , J/cm3
	Indicator of

Increasing Energy Intensity of Driving,     P e    





	Pile model with four widenings (without backfill)
	-
	279.59 (95)
	425
	215.0
	1.300
	-



	Pile model with loam backfill
	62
	379.65 (129)
	426
	215.4
	1.763
	1.36



	Pile model with crushed stone backfill
	96
	429.68 (146)
	426
	215.4
	1.995
	1.54



	Pile model with gravel backfill
	132
	385.53 (131)
	426
	215.4
	1.790
	1.38



	Pile model with sand backfill
	136
	429.68 (146)
	426
	215.4
	1.995
	1.54










 





Table 4. Values for the    F d   ,    R  c ; k    ,    F d v   , and    P d    indicators of pile models with 4 widenings.
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	Pile Model
	Load-Bearing Capacity,     F d    , N
	Characteristic

Resistance of Soil to Compression at the

Limiting State of

Bearing Capacity,     R  c ; k     , N
	Load-Bearing Capacity per Unit Volume,     F d v    , V/cm3
	Resistance-Increasing Index,     P d    





	Pile model with four widenings (without backfill)
	272.8
	259.81
	1.269
	-



	Pile model with loam backfill
	388.0
	369.52
	1.801
	1.42



	Pile model with crushed stone backfill
	371.9
	354.19
	1.727
	1.36



	Pile model with gravel backfill
	425.8
	405.52
	1.977
	1.56



	Pile model with sand backfill
	457.6
	435.81
	2.124
	1.68










 





Table 5. Driving test results for pile models with 3 widenings.
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	Pile Model
	Backfilling Material

Volume,     v p    , cm3
	Total Energy of Pile Driving,   E  , J

(Number of Blows)
	Immersion Depth of Pile,   L  , mm
	Piles’Immersed-Part Volume,   V  , cm3
	Energy Intensity of Pile Driving per Unit Volume,     E v    , J/cm3
	Indicator of

Increasing Energy Intensity of Driving,     P e    





	Pile model with three widenings(without backfill)
	-
	217.78 (74)
	426
	215.4
	1.011
	-



	Pile model with gravel backfill
	85
	344.33 (117)
	425
	215.0
	1.602
	1.58



	Pile model with sand backfill
	88
	361.99 (123)
	426
	215.4
	1.681
	1.66










 





Table 6. Values for the    F d   ,    R  c ; k    ,    F d v   , and    P d    indicators of pile models with 3 widenings.
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	Pile Model
	Load-Bearing Capacity,     F d    , N
	Characteristic

Resistance of Soil to Compression at the

Limiting State of

Bearing Capacity,     R  c ; k     , N
	Load-Bearing Capacity per Unit Volume,     F d v    , V/cm3
	Resistance-Increasing Index,     P d    





	Pile model with three widenings (without backfill)
	255.06
	242.91
	1.184
	-



	Pile model with gravel backfill
	313.92
	298.97
	1.460
	1.23



	Pile model with sand backfill
	333.54
	317.66
	1.548
	1.31










 





Table 7. Driving test results for pile models with 2 widenings.
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	Pile Model
	Backfilling Material

Volume,    v p   , cm3
	Total Energy of Pile Driving,   E  , J

(Number of Blows)
	Immersion Depth of Pile,   L  , mm
	Piles’ Immersed-Part Volume,   V  , cm3
	Energy Intensity of Pile Driving per Unit Volume,     E v    , J/cm3
	Indicator of

Increasing Energy Intensity of Driving,     P e    





	Pile model with two widenings (without backfill)
	-
	170.69 (58)
	425
	215.0
	0.794
	-



	Pile model with gravel backfill
	40
	194.24 (66)
	426
	215.4
	0.902
	1.14



	Pile model with sand backfill
	42
	223.67 (76)
	426
	215.4
	1.038
	1.31










 





Table 8. Values for the    F d   ,    R  c ; k    ,    F d v   , and    P d    indicators of pile models with 2 widenings.
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	Pile Model
	Load-Bearing Capacity,     F d    , N
	Characteristic

Resistance of Soil to Compression at the

Limiting State of

Bearing Capacity,     R  c ; k     , N
	Load-Bearing Capacity per Unit Volume,     F d v    , V/cm3
	Resistance-Increasing Index,     P d    





	Pile model with two widenings (without backfill)
	244.4
	232.76
	1.137
	-



	Pile model with gravel backfill
	281.8
	268.38
	1.308
	1.15



	Pile model with sand backfill
	301.7
	287.33
	1.401
	1.23










 





Table 9. The spending of backfilling (   v p   ) during the driving of pile models with 2–4 widenings.
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Backfilling Type

	
Spending of Backfilling     v p    , cm3, during the Driving of Pile Models with the Number of Widenings




	
2

	
3

	
4






	
Gravel

	
40

	
85

	
132




	
Sand

	
42

	
88

	
136











 





Table 10. Coefficients t and w in Equation (3).
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Backfilling Type

	
Coefficient Values

	
Approximation Index R2




	
t

	
w






	
Gravel

	
0.08

	
1.4467

	
0.979




	
Sand

	
0.065

	
1.555

	
0.982











 





Table 11. Energy intensity of pile driving (   E v   ) per unit volume of pile models with 2–4 widenings.






Table 11. Energy intensity of pile driving (   E v   ) per unit volume of pile models with 2–4 widenings.





	
Backfilling Type

	
   Values   of   Energy   Intensity    E v     Related to Pile Models with the Number of Widenings




	
2

	
3

	
4






	
Gravel

	
0.902

	
1.602

	
1.790




	
Sand

	
1.038

	
1.681

	
1.995











 





Table 12. Coefficients p and s in Equation (4).






Table 12. Coefficients p and s in Equation (4).





	
Backfilling Type

	
Coefficient Values

	
Approximation Index R2




	
p

	
s






	
Gravel

	
0.444

	
0.099

	
0.900




	
Sand

	
0.478

	
0.135

	
0.962











 





Table 13. Values of the resistance-increasing index    P d    for pile models with 2–4 widenings.






Table 13. Values of the resistance-increasing index    P d    for pile models with 2–4 widenings.





	
Backfilling Type

	
    P d     Index Values Related to Pile Models with the Number of Widenings




	
2

	
3

	
4






	
Gravel

	
1.15

	
1.23

	
1.56




	
Sand

	
1.23

	
1.31

	
1.68











 





Table 14. Coefficients q, d and m in Equation (5).






Table 14. Coefficients q, d and m in Equation (5).





	
Backfilling Type

	
Coefficient Values

	
Approximation Index R2




	
q

	
d

	
m






	
Gravel

	
0.125

	
0.295

	
1.32

	
1.0




	
Sand

	
0.145

	
0.355

	
1.44

	
1.0











 





Table 15.    K  k p  e    coefficient values.






Table 15.    K  k p  e    coefficient values.





	
Traditional Pile Type

	
    K  k p  e     Coefficient Values Depending on the Backfilling Type and the Number of Widenings in the Pile




	
Backfilling Type

	
Number of Widenings




	
2

	
3

	
4






	
Prismatic pile with section dimensions of 20 × 20 cm

	
Gravel

	
2.440

	
4.361

	
4.595




	
Sand

	
2.803

	
4.582

	
5.128




	
Prismatic pile with section dimensions of 30 × 30 cm

	
Gravel

	
0.855

	
1.533

	
1.615




	
Sand

	
0.983

	
1.610

	
1.802




	
Pyramidal with cross-sectional dimensions of 30 × 30 cm at the top and 20 × 20 cm at the bottom

	
Gravel

	
1.391

	
2.481

	
2.608




	
Sand

	
1.598

	
2.606

	
2.911











 





Table 16.    K  k p  d    coefficient values.






Table 16.    K  k p  d    coefficient values.





	
Traditional Pile Type

	
    K  k p  d     Coefficient Values Depending on the Backfilling Type and the Number of Widenings in the Pile




	
Backfilling Type

	
Number of Widenings




	
2

	
3

	
4






	
Prismatic pile with section dimensions of 20 × 20 cm

	
gravel

	
2.312

	
2.792

	
4.259




	
sand

	
2.472

	
2.974

	
4.586




	
Prismatic pile with section dimensions of 30 × 30 cm

	
gravel

	
1.599

	
1.931

	
2.933




	
sand

	
1.710

	
2.057

	
3.158




	
Pyramidal with cross-sectional dimensions of 30 × 30 cm at the top and 20 × 20 cm at the bottom

	
gravel

	
1.507

	
1.820

	
2.777




	
sand

	
1.611

	
1.939

	
2.990
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