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Abstract

:

Helical anchors have been widely used in geotechnical engineering due to their large uplift resistance. However, the current knowledge of the cyclic performance of helical anchors is still insufficient. Consequently, a series of small-scale model tests are carried out in sand to investigate the influences of embedment ratio, sand compactness and the cyclic parameters on the monotonic, cyclic and post-cyclic performance of single-helix anchors. The tests results indicate that the single-helix anchors with optimal embedment ratio still exhibit a relatively high uplift capacity after suffering cyclic load. The cyclic frequency has the greatest influence on the accumulated displacement, and the influence of amplitude is relatively greater than that of the mean cyclic load. The anchors in dense sand exhibit better performance to resist pullout than those in medium–dense sand under the same cyclic parameter ratios. Moreover, the correlation of post-cyclic uplift capacity and displacement after cyclic loading as well as the possible influence of the upward displacement on the sand flow above the helix are discussed.
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1. Introduction


Helical anchors or helical piles are widely used as foundations for various structures, such as transmission towers, onshore wind turbine foundations and floating offshore installations, to resist tension forces and vertical cyclic loads from wind, waves or current loads. They can provide large uplift capacity and good cyclic performance due to the anchor effect of the helix [1,2,3,4,5]. In recent years, this type of foundation has been suggested as a potential alternative to driven piles in offshore renewable energy structures due to the rapid installation, lesser disturbance, low noise and convenience for recycling [6,7].



The environmental cyclic loads are predominant in many applications of helical anchors, which need to be properly considered during design. The cyclic and post-cyclic responses of helical anchors with different geometries and the variations of loads the helix and shaft can resist during cyclic loading under different cyclic loading parameters and different loading sequences with different amplitudes in different soils have been investigated by 1 g model tests, centrifuge and field tests [8,9,10,11,12,13,14,15,16,17,18,19,20].



Clemence and Smithling [8] carried out the axial cyclic loading model test of single helical anchor in medium–dense sand to study the effects of displacement amplitude and pre-stressed load on the anchor response. The results show that the application of prestressed load can prolong the fatigue life of the anchor and the post-cyclic capacity decreases. Cerato and Buhler [9,10] and Buhler and Cerato [11] conducted field tests of multi-helical anchors in layered soil to investigate the influence of the number of anchor plates, dynamic load application sequence, load characteristics and groundwater level fluctuations on the uplift behavior of helical anchors under long-term wind load, and validated the existing uplift bearing capacity prediction methods. They found that the triple-helical anchor has the best cyclic performance under long-term dynamic loading, while cyclic loads at 25–40% of the static uplift capacity may visibly increase the post-dynamic uplift capacity and minimize the long-term creep, while the amplitude of cyclic load has a greater influence on the dynamic response of the helical anchor than the maximum load. Sharnouby and Naggar [12,13] conducted field tests on steel fiber–reinforced helical pulldown micropiles under axial compressive cyclic loading to study the cyclic bearing characteristics and load transfer mechanism of piles under different loading sequences. Newgard et al. [14] performed static and cyclic loading tests on a helical anchor model at shallow embedment in saturated medium–dense sand and observed the rapid increase in the rate of accumulation of displacements when the anchor reaches the displacement near the peak static load and the degradation of post-cyclic capacity. Wada et al. [15] investigated the bearing and pullout capacities of steel piles with continuous helix wings under two-way stepwise cyclic loading with an increment of 1/6 of ultimate static capacity for every three cycles by laboratory and field tests. It was found that the bearing and pullout capacities of continuous helix piles under cyclic reversal loading decreased to approximately 60–80% of those under monotonic loading, and the decrease in resistance was mainly due to the reduction in shaft friction. Schiavon et al. [16,17] carried out centrifugal tests for cyclic and post-cyclic monotonic loading of single-helix anchors in very dense sand. The results indicated that a rapid degradation of shaft resistance occurred during cyclic loading, no or slight reduction of post-cyclic uplift capacity occurred for stable anchors, cumulative permanent displacements developed rapidly in the approximately first 100 cycles and previous large cyclic amplitude improved the anchor cyclic performance. Schiavon et al. [18] also performed field tests for single-helix anchors in residual soil of sandstone. The results of cyclic loading tests show no significant degradation of helix bearing resistance and reduced displacement accumulation with increasing load cycles during the first stage cyclic loading. Thorel et al. [19] investigated the effect of the installation rotation rate on the tension resistance and the behavior of helical pile under cyclic loading based on centrifuge models. Hao et al. [20] investigated the influence of embedment ratio of single-helix anchor and number of helices on the cyclic uplift capacity in dense sand by centrifugal stepwise cyclic uplift tests. They found that the ultimate cyclic loading level increases gradually with embedment ratio to the maximum value at the embedment ratio of 6, and then keeps almost constant for greater embedment ratios. The uplift displacements at the beginning of ultimate cyclic loading level are very close to the failure displacements under monotonic loading for single-helix anchors. In addition, the double-helix anchor accumulates less uplift displacement than the single-helix anchor during cyclic loading.



Although these previous studies provided important information, the current knowledge of the cyclic performance of helical piles is still insufficient to enable the development of an appropriate design procedure [16]. Additionally, the influences of sand compactness and frequency on the performance of helical anchors under cyclic loading, as well as the possible change rule of sand compactness with anchor displacement after cyclic loading are rarely reported in the previous literature. Therefore, more investigations on the cyclic behavior of helical piles are necessary to confirm the findings of the previous studies, and to provide new results for onshore and offshore applications [1].



This paper carried out monotonic and cyclic loading model tests of single-helix anchors in medium–dense sand and dense sand to investigate the development of accumulated displacement, axial cyclic stiffness and post-cyclic uplift capacity. It focused on the comprehensive effects of embedment ratio on accumulated displacement, static and post-cyclic ultimate uplift capacity, and the differences in the development of accumulated displacement, axial stiffness and the post-cyclic uplift capacity ratio in different sand compactness under various cyclic loading conditions.




2. Materials and Methods


2.1. Sand Preparation and Installation of Anchors


The silica sand sample was prepared by the air pluviation method in a rectangular strongbox with internal dimensions of 1000 × 500 × 1000 mm (length × width × depth). The particle size of the sand is in between 0.1 and 1 mm, and the particle size in the range of 0.25–0.5 mm accounts for 89.5% of the total mass. The properties of the silica sand are given in Table 1.



Dry sand samples with relative density Dr = 62% (medium–dense sand) and Dr = 92% (dense sand) were obtained, respectively, by controlling the height, travel speed and opening width of the sand rain. The helical anchors are made of stainless steel. The thickness of the anchor plate is 1 mm and the diameter of the anchor plate D is 50 mm. The pitch and rod diameter are determined by referring to the size proportion of the helical anchor RS series products of A.B Chance [21]. The ratio of rod diameter to plate diameter d/D = 0.25, and the ratio of pitch to plate diameter t/D = 0.3. The helical plate and each rod part can be connected by screws and the base of the anchor is conical. The single-helix anchor models were installed by manually turning the handle at the speed of 20 rpm (80 mm/min). Anchor models and torsion mounting bracket are shown in Figure 1. Two anchors are installed in one strongbox. The distance between the two anchors is 8D and the minimum distance between the anchor and the wall of the box is 5D, which meets the requirements of boundary conditions [22]. Figure 2 shows the process of sand preparation and installation of anchors, as well as the connection with MTS actuator.




2.2. Test Program and Loading Mode


In order to analyze the influence of anchor depth, cyclic loading parameters and sand compactness on the cyclic performance of helical anchors, four groups of comparative tests are designed, as shown in Table 2. The cyclic loading pattern is shown in Figure 3. The anchors were pulled monotonically to the mean cyclic load Qmean first, and then vibrated for 1200 cycles in a one-way sinusoidal cyclic manner. The mean cyclic load Qmean and amplitude Qcyc are both set according to the ratio of static ultimate uplift capacity Qt that is obtained from the monotonic pull-out test of another anchor in parallel with the cyclic loading test. The maximum mean cyclic load Qmean is taken as 0.5Qt considering the design safety factor of 2 for static loading, while the amplitude Qcyc varies from 0.1–0.3 Qt. Cyclic frequency f is set 0.5 Hz, and when comparing the effect of frequency, f is set 1 Hz and 2 Hz. The anchors that are still stable after vibration are subjected to monotonic pull-out load to determine the post-cyclic uplift capacity Qpt. The testing program encompasses 28 monotonic and cyclic tests across 15 sand samples. The first letter of the test name represents the loading mode, i.e., M represents monotonic loading and C stands for cyclic loading; the second letter represents the compactness of sand samples, i.e., D for dense sand and M for medium–dense sand; the third letter H and the number close to H represents the embedment ratio, and the number after “-” is the number of parallel tests; the figures in brackets are the relative mean cyclic load Qmean/Qt and the relative amplitude Qcyc/Qt in turn. For the test on the effect of frequency, the frequency is listed last, and the ones unlisted are 0.5 Hz.



The monotonic and cyclic loading of the helical anchor is realized by MTS hydraulic actuator. The anchor head is rigidly connected with the actuator, as shown in Figure 2. Monotonic loading is controlled by displacement at the rate of 0.125 mm/s, and the pullout displacement is 1D. Cyclic loading is applied according to the set load parameters. After cyclic loading, displacement control is used for monotonic pullout of the helical anchors. The data acquisition frequency is 12.8 Hz.





3. Results


3.1. Test Results in Dense Sand


3.1.1. Results of Anchors with Different Embedment Ratios


	
Ultimate uplift capacity of monotonic loading






In order to analyze the influence of the embedment ratio on the monotonic and cyclic uplift behavior of helical anchors in dense sand, the tests of anchors with embedment ratio H/D varying from 8 to 14 were carried out with a fixed vibration frequency of f = 0.5 Hz, a mean cyclic load ratio Qmean/Qt = 0.4 and amplitude ratio Qcyc/Qt = 0.2.



Figure 4 shows the ultimate uplift capacity Qt and the breakout factor Nγ of helical anchors with various embedment ratios under monotonic loading, where Nγ = Qt/γAH, among which Qt is the peak values before the load displacement curve exhibits an obvious oscillation, as listed in Table 2; γ is the unit weight of soil mass; A is the cross-sectional area of anchor plate and H is the embedment depth of anchor plate. It can be seen that the static ultimate uplift capacity Qt increases with the increase in embedment ratio H/D, and when H/D ≥ 12, the growth rate of Qt slows down. The Nγ reaches the maximum at H/D = 12, beyond which the anchor can be considered as deeply buried [22,23]. The smaller the compactness of the sand sample, the smaller the critical embedment ratio corresponding to deep anchor [23,24]. Therefore, the embedment ratio of 12 can ensure that the anchor is deeply buried for medium–dense sand.



Figure 5 shows the standardized load and displacement curve u/D-Q/Qt under cyclic loading with different embedment ratios. The results of the first six cycles are shown in Figure 5b to demonstrate the loading process. There is an error between the actually applied load and the target load during the first three cycles. The applied load is slightly smaller than the target load when the embedment ratio H/D equals 8 due to the relative small cyclic load and the loading accuracy of the actuator.



Figure 6 shows the relationship between the number of cycles and standardized displacement, including the initial monotonic uplift displacement u0 at Q = 0.4Qt. The values of u0 of the anchors with the embedment ratio H/D = 8, 10, 12 and 14 are 0.01D, 0.022D, 0.02D and 0.016D, respectively. The value of u0 for anchor CDH8 (0.4, 0.2) is smaller than that of the other cases, which may be related to the fact that the initial monotonic loading Q = 0.35Qt does not reach the standard of 0.4Qt. Additionally, the value of u0 for anchor CDH10 (0.4, 0.2) is the largest, which may be due to the initial difference of sand samples or installation disturbance. The standardized pullout displacements u/D for the anchors with various embedment ratios after cyclic loading are less than 0.1, with the exception of CDH10 (0.4, 0.2).



	
Accumulated displacement






The developments of accumulated displacement ua and displacement accumulation rate with number of cycles N for the anchors with different embedment ratios are plotted in Figure 7. The displacement accumulation rate is the accumulated displacement in each cycle. It can be seen from Figure 7a that ua increases nonlinearly when N < 200 and then develops in a linear and slow way. The accumulated displacement of anchor CDH8 (0.4, 0.2) is the smallest, which may be related to the relatively small amplitude of the anchor and the first few cyclic loads being less than the target value compared to other anchors. Anchor CDH12 (0.4, 0.2, 0.5 Hz) shows better cyclic performance than anchor CDH10 (0.4, 0.2) and CDH14 (0.4, 0.2). Figure 7b displays the semi-log relationships of ua and N, which are linear before exhibiting hollow circles and then develops nonlinearly in different extents. The values of ua at the hollow circles are close to 0.02D, except for CDH10 (0.4, 0.2), and the numbers of cycles corresponding to hollow circles are less than 50 for all anchors with different embedment ratios. The values of accumulated displacement at N = 50 are all more than half of the total accumulated displacement, which indicates that the accumulated displacement develops significantly before N = 50.



It can be seen from Figure 7c that the accumulated displacement in the first cycle for the anchor CDH10 (0.4, 0.2) is 1.9–2.6 times that of other anchors with different embedment ratios, which may be due to the effect of installation disturbance. The initial displacement accumulation rate is the largest, and then decreases rapidly within three cycles, until reaching a small and stable value after 10 cycles for the anchors with different embedment ratios. The displacement accumulation rate decreases from 0.91–1.82 mm/10 cycles at the first 10 cycles to 0.14–0.3 mm/100 cycles after 100 cycles.



	
Axial stiffness






The axial stiffness k of the helical anchor is defined by the ratio of the load increment in each loading cycle to its deformation increment, as shown in Figure 8a. The relationships of axial stiffness k and normalized axial stiffness kN/k1 with number of cycles N for different embedment ratios are plotted in the semi logarithmic coordinate system, as shown in Figure 8b,c, where kN and k1 are the axial stiffness of the Nth cycle and the first cycle, respectively.



It can be seen from the figure that the axial stiffness k increases rapidly and nonlinearly within 10 cycles for different embedment ratios. The developments of axial stiffness for anchor CDH8 (0.4, 0.2) and CDH10 (0.4, 0.2) are generally stable after 10 cycles, although there are slight fluctuations compared to the other two anchors. The stiffness of the first two cycles is relatively low for CDH10 (0.4, 0.2) due to the sand loosening, which is caused by installation disturbance, and then the stiffness increases rapidly when the vibration densifies the sand above the anchor. The stable values of axial stiffness for anchor CDH8 (0.4, 0.2), CDH10 (0.4, 0.2), CDH12 (0.4, 0.2, 0.5 Hz) and CDH14 (0.4, 0.2) are 10.5 times, 13.9 times, 4.4 times and 4.3 times of the initial axial stiffness, respectively.



	
Post-cyclic monotonic response and uplift capacity






The monotonic pull-out tests were carried out after cyclic loading to obtain the load displacement responses, which were compared with the results of monotonic tests without cyclic loading, as shown in Figure 9, where the peak points are marked in the grey circles.



It can be seen from the figure that the monotonic responses after cyclic loading for the helical anchors with different embedment ratios are more rigid than that without cyclic loading. When monotonic pullout is carried out directly, the peak points of each anchor appear after the uplift displacement of 0.1D, while the peak points after cyclic loading are reached before 0.1D. Schiavon et al. [17] also found the stiffer initial response in post-cyclic monotonic uplift test by centrifuge and the peak points of direct monotonic and post-cyclic monotonic pullout also occur after and before uplift displacement of 0.1D, respectively.



The uplift capacity ratio after cyclic loading β is defined as the ratio of ultimate uplift capacity after cyclic loading Qpt and static ultimate uplift capacity Qt. The values of β for anchor CDH8 (0.4, 0.2), CDH10 (0.4, 0.2), CDH12 (0.4, 0.2, 0.5 Hz) and CDH14 (0.4, 0.2) are 1.007, 0.756, 0.985 and 0.824, respectively, which indicates that the ultimate uplift capacities of helical anchors with different embedment ratios in dense sand after cyclic loading with cyclic parameters (0.4, 0.2, 0.5 Hz) are not improved, and in fact some of them significantly reduced. The influence of the embedment ratio on the post-cyclic uplift capacity of anchors is irregular.



The single-helix anchor test with the embedment ratio of 12 exhibits the good static and cyclic behavior based on post-cyclic uplift capacity and the development of cyclic accumulated displacement and axial stiffness. Therefore, the helical anchor with H/D = 12 is selected for the later tests.




3.1.2. Results for Different Amplitudes and Mean Cyclic Loads


	
Accumulated displacement






Figure 10 shows the accumulated displacement developments of the anchors under different amplitudes (f = 0.5 Hz and Qmean/Qt = 0.4 and 0.3). It is evident that the greater the amplitude, the greater the accumulated displacement ua when other cyclic parameters are the same, which is similar with the observation of Hanna et al. [25] and Petereit [26] for plate anchors and Schiavon et al. [16,17] for helical anchors. The ua increases nonlinearly and rapidly for N less than 200 and then develops slowly under the situation of Qmax = Qmean + Qcyc < 0.7Qt, while ua develops very fast with cycle number and has reached 0.8D after 14 cycles when Qmean/Qt equals 0.4 and Qcyc/Qt equals 0.3 (Qmax = 0.7Qt), which is likely to represent a continuously pulled out case for which the test is interrupted.



The curves of accumulated displacement ua with cycle number N for the anchors subjected to different mean cyclic load ratios Qmean/Qt and the same amplitude ratios Qcyc/Qt of 0.1 or 0.2 are plotted in Figure 11. When Qcyc/Qt equals 0.2 and Qmean/Qt varies from 0.2 to 0.4, the rule according to which the greater the mean cyclic load, the larger accumulated displacement is observed. While when Qcyc/Qt equals 0.1, the accumulated displacement of anchor CDH12 (0.5, 0.1) subjected to a mean cyclic load ratio of 0.5 is obviously smaller than that of anchor CDH12 (0.4, 0.1) with a mean cyclic load ratio of 0.4, which is similar to the results of the sequence cyclic loading tests for single-helix anchors from Schiavon et al. [17] where a subsequent low-level cyclic loading produces very low permanent displacements due to the anchor performance being improved by previous large amplitude cyclic-loading. The observation indicates that the influence of the mean cyclic load on the accumulated displacement may be affected by the amplitude. When the amplitude is medium, the accumulated displacement of anchors subjected to a greater mean cyclic load will be larger. Additionally, when the amplitude is small, the influence of the mean cyclic load on the accumulated displacement shows the opposite trend. This phenomenon may be due to the fact that the sand densification above the anchor caused by preloading will remain dense during small amplitude cyclic loading, and the sand densification by preloading cannot be sustained and eventually becomes loose due to the backflow of sand above the anchor under the larger maximum cyclic load (corresponding to medium amplitude). The relationship of the accumulated displacement between anchor CDH12 (0.3, 0.2) > CDH12 (0.4, 0.1) and anchor CDH12 (0.3, 0.3) > CDH12 (0.4, 0.2, 0.5 Hz) > CDH12 (0.5, 0.1) can be observed by comparing the accumulated displacement of the anchors with the same maximum cyclic load ratio Qmax/Qt. This indicates that for the anchors under the same maximum cyclic load ratio Qmax/Qt, the greater accumulated displacement will be obtained when the anchors are subjected to the larger value of Qcyc/Qt and the smaller value of Qmean/Qt. The same conclusion for single-helix anchors in very dense sand is obtained by Schiavon et al. [17].



The developments of displacement accumulation rate of the anchors under different amplitudes and mean cyclic loads are shown in Figure 12. The rules of development for all the anchors are similar. The displacement accumulation rate decreases rapidly within three cycles, and then decreases slowly when the cycle number is more than 3 and less than 10. However, there is still an oscillated displacement accumulation rate after 100 cycles, which decreases to 0.1–0.23 mm per 100 cycles.



The anchor under the greater amplitude has the larger displacement accumulation rate, and the phenomenon is more obvious for larger Qmean. The displacement accumulation rate of anchors under small mean cyclic loads is relatively small in the cases of the same medium amplitude, and the displacement accumulation rate of the anchor under a smaller mean cyclic load is larger in the cases of the same small amplitude.



	
Axial stiffness






The relationships between axial stiffness and the number of cycles for the anchors in dense sand subjected to different Qmean/Qt and Qcyc/Qt are shown in Figure 13, which shows similar behaviors. The axial stiffness increases with the cycle number rapidly and nonlinearly within ten cycles and reaches stability at cycle numbers between 10 and 50. Stable axial stiffness is about three to six times the initial value for all the cases of different Qmean/Qt and Qcyc/Qt, except for CDH12 (0.4, 0.3). It is observed that the axial stiffness for anchors under a larger amplitude is relatively small and has no significant correlation with the mean cyclic load.



	
Post-cyclic monotonic response and uplift capacity






Figure 14 shows the monotonic responses of anchors without cyclic loading and post-cyclic monotonic responses in dense sand. The uplift capacity ratios after cyclic loading β for anchor CDH12 (0.4, 0.2, 0.5 Hz) and CDH12 (0.4, 0.1) are 0.985 and 0.847, respectively. Additionally, the values of β for anchor CDH12 (0.3, 0.2) and CDH12 (0.3, 0.3) are 0.973 and 1.093, respectively. The anchors subjected to a greater amplitude have a higher post-cyclic uplift capacity when the same mean cyclic loads are applied. The values of β vary from 0.847 to 1.004 when the amplitude ratio Qcyc/Qt = 0.1 and 0.2, and the mean cyclic load ratio Qmean/Qt = 0.2–0.5. Among these anchors, CDH12 (0.3, 0.3) has the largest displacement after cyclic loading, CDH12 (0.5, 0.1) has the smallest displacement and both uplift capacity ratios are greater than 1. Additionally, the centrifuge test results from Schiavon et al. [17] show the slight post-cyclic capacity degradation of 1–7% for the cases of Qmax/Qt = 0.42–0.69, while the centrifuge test results from Schiavon et al. [16] show no reduction or a slight increase in post-cyclic capacity for the Qmax/Qt = 0.61–0.93. The ratio of Qmax/Qt used in this study is similar to that in Schiavon et al. [17]; however, both a decrease and increase in the post-cyclic capacity occur, and the variation of post-cyclic capacity in comparison with monotonic value range from −15% to 10%.




3.1.3. Results for Different Cyclic Loading Frequencies


The developments of accumulated displacement under different cyclic frequencies are shown in Figure 15. Anchor CDH12 (0.4, 0.2, 1 Hz) under a frequency of 1 Hz is pulled up sharply at the initial stage of cyclic loading, indicating that the vibration frequency is close to the natural frequency of the anchor–soil system, and resonance occurs. The test is stopped when cyclic loading is applied for 12 cycles. Comparing the accumulated displacement development of CDH12 (0.2, 0.2, 0.5 Hz) and CDH12 (0.2, 0.2, 2 Hz), it can be seen that when f = 2 Hz, the anchor displacement increases rapidly and linearly with the cycle number. The test for anchor CDH12 (0.2, 0.2, 2 Hz) is stopped at the 526th cycle, corresponding to the accumulated displacement of 23.7 mm, which is close to 0.5D. Additionally, the accumulated displacement of anchor CDH12 (0.2, 0.2, 0.5 Hz) is of only is 2.6 mm after 1200 cycles. The results show that the influence of frequency on accumulated displacement is much higher than that of embedment ratio, cyclic amplitude and mean load. Therefore, the safety margin should be increased considering the impact of frequency variations.



Figure 16 indicates that the displacement accumulation rate of anchor CDH12 (0.4, 0.2, 1 Hz) rises rapidly after the third cycle, and reaches 3.77 mm/cycle after 11 cycles. The development for anchor CDH12 (0.2, 0.2, 2 Hz) has the same trend as that for CDH12 (0.2, 0.2, 0.5 Hz), but the displacement accumulation rate in the stable stage is more than six times that of anchor CDH12 (0.2, 0.2, 0.5 Hz).



It can be seen from Figure 17 that the development trend of axial stiffness at two frequencies is similar, and the axial stiffness at a high frequency is lower. The stable axial stiffness at a frequency of 0.5 Hz is approximately three times that at frequency of 2 Hz, and the values of stable axial stiffness are about three times those of the initial stiffness.



Figure 18 shows the comparisons between the post-cyclic monotonic responses of anchor CDH12 (0.2, 0.2, 0.5 Hz) and CDH12 (0.2, 0.2, 2 Hz) and the monotonic responses without cyclic loading. Their post-cyclic uplift capacity ratios are 0.920 and 1.006, respectively. After cyclic loading, the anchor CDH12 (0.2, 0.2, 2 Hz) produces a large uplift displacement, reaching 0.47D. Although there is a certain loss of embedment depth, the combined effect of vibration frequency and pullout displacement finally densifies the soil above the helix of anchor CDH12 (0.2, 0.2, 2 Hz), and the post-cyclic uplift capacity is not reduced compared with MDH12-5.





3.2. Test Results in Medium–Dense Sand


	
Accumulated displacement and axial stiffness






Figure 19 shows the developments of accumulated displacement and displacement rate for the anchors in medium–dense sand under different cyclic parameters. The anchors subjected to a greater amplitude at the same of mean cyclic load produce larger accumulated displacement, which is the same as that in dense sand. The accumulated displacement of anchor CMH12 (0.3, 0.3) is significantly greater than those of anchor CMH12 (0.3, 0.2) and CMH12 (0.3, 0.1) and its pullout displacement after cyclic loading is of 14.1 mm, up to 0.29D, which is far more than 0.1D.



By comparing the accumulated displacement of anchor CMH12 (0.4, 0.2), CMH12 (0.3, 0.2) and CMH12 (0.2, 0.2) with the same amplitude, it is observed that the anchor CMH12 (0.4, 0.2) subjected to the largest mean cyclic load has the largest accumulation displacement within 150 cycles and the largest displacement accumulation rate for the first two cycles, and the accumulated displacement of anchor CMH12 (0.2, 0.2) exceeds that of anchor CMH12 (0.4, 0.2) after 150 cycles, which may be an anomaly caused by the disturbance of sand above the helix or by a large amount of sand back-flowing around the edge of the helix into the void of the helix bottom after being tightly compacted. The accumulated displacement and displacement accumulation rate of anchor CMH12 (0.3, 0.2) are always at the minimum. Therefore, it is discerned that the anchors in medium–dense sand with a greater mean cyclic load may produce larger accumulated displacement when they are subjected to the same medium amplitude. The comparisons among the accumulated displacement of the anchors with the same maximum cyclic load ratio shows that the anchor subjected to a greater amplitude and a smaller mean cyclic load will produce larger accumulated displacement, which is the same as that observed in dense sand.



Figure 20 shows the development of axial stiffness k under different amplitudes and mean cyclic loads. It can be seen that when the cycle number is not above 3, the k value of each anchor increases rapidly. The axial stiffness of anchor CMH12 (0.3, 0.1) with Qcyc/Qt of 0.1 becomes stable after 10 cycles, which is the same as that of dense sand. However, for the anchors with Qcyc/Qt not less than 0.2, it still rises slowly after 10 cycles and becomes steady after 400 cycles. The stable axial stiffness of the anchors with different amplitudes and mean cyclic loads is 3.5–9 times the initial axial stiffness.



	
Post-cyclic monotonic response and uplift capacity






Figure 21 is post-cyclic monotonic and monotonic responses for the anchors in medium–dense sand under different cyclic loading parameters. The post-cyclic monotonic responses for the anchors in medium–dense sand are also stiffer than the monotonic responses without cyclic loading, which is the same as the responses in dense sand. The post-cyclic uplift capacity Qpt of anchor CMH12 (0.3, 0.3) decreases the most, and the ratio β equals 0.827, which may be caused by the flow of sand above the helix to the bottom of the helix loosening the sand above the helix at high amplitudes. The value of β for anchor CMH12 (0.3, 0.1) is 0.866, which is also relatively small compared to other anchors. It indicates that a small amplitude vibration also loosens the sand above the helix. The post-cyclic uplift capacities for the anchors with an amplitude ratio of 0.2 are basically close to the static uplift capacities.





4. Discussion


The accumulated displacements and post-cyclic uplift capacities for the anchors in medium–dense and dense sands subjected to the same cyclic loading parameters are listed in Table 3. It can be seen that the accumulated displacements of anchors in dense sand are smaller than those in medium–dense sand at the same cyclic loading parameters, and the difference is more obvious when the anchors are pulled under a higher amplitude ratio. The data shown in Table 3 indicate that the smaller the accumulated displacement, the larger the post-cyclic uplift capacity ratio in medium–dense sand, and the trend is opposite in dense sand. Schiavon et al. [17] found that the anchor with the significant capacity degradation after cyclic loading is the one that has a stable cyclic response, and that the anchor with the slight or negligible capacity degradation may be the one that has a meta-stable cyclic response by centrifuge tests of helical anchor in dense sand. This is similar with the observation in dense sand according to which the minimum accumulated displacement does not necessarily lead to high post-cyclic capacity. The post-cyclic uplift capacity ratio of the anchor in dense sand is higher or lower than that in medium–dense sand, which may be related to the flow state of the sand above the helix caused by their accumulated displacements.



The post-cyclic uplift capacities of anchors are affected by the change of sand compactness above the helix and the loss of embedment depth caused by uplift displacement after cyclic loading. Additionally, the change of sand compactness above the helix is controlled by both the uplift displacement after cyclic loading and the amount of sand back-flowing. Lumay et al. [27] considered that the flowability of powders can be evaluated by the measurements of the angle of repose of sand. Schiavon et al. [16] exhibited the gap formation below the helix during one cycle and Schiavon et al. [17] recognized the upward accumulated displacement being smaller than 5%D at the start of sand flow for the cases of helical anchors in dry dense sand and with the ratio D/d50 greater than 275.



Figure 22a is the relationship between post-cyclic uplift capacity ratio β and standardized displacement u/D of each anchor after cyclic loading at a frequency of 0.5 Hz. The loss ratios of embedment depth (ratio of uplift displacement to initial embedment depth) of these anchors are all less than 1%. The influence of embedment depth loss on post-cyclic uplift capacity is relatively small, and the influence of soil compactness change may be the control factor. The compactness of the sand above the anchor changes little when the uplift displacement of the anchor is small after cyclic loading, which basically does not affect the subsequent static uplift capacity, such as the test CDH12 (0.5, 0.1). It can be inferred that sand flow starts when the anchor’s upward movement reaches 0.04D, corresponding to the accumulated displacement 0.0235D. This is consistent with the conclusion obtained by centrifuge test from Schiavon et al. 2019 [17].



The sand above the helix gradually becomes loose, which is caused by the backflow of sand with the development of accumulated displacement, and the value of β begins to decrease. When the anchor displacement u reaches 0.05D after cyclic loading, the subsequent monotonic uplift capacity Qpt is more than 15% lower than the static uplift capacity Qt. However, when the accumulated displacement continues to increase, the sand above the helix will be compacted again, and the uplift capacity ratio β will gradually increase. The value of Qpt is close to Qt when the uplift displacement u exceeds 0.08D, and even Qpt will be higher than Qt when uplift displacement after cyclic loading exceeds 0.1D, for example, when the post-cyclic uplift capacity of anchor CDH12 (0.3, 0.3) has increased by nearly 10%.



Figure 22b shows the relationship between β and u/D for the anchors in medium–dense sand and the comparison with dense sand. Anchor CMH12 (0.3, 0.1) produces an uplift displacement of 0.05D after cyclic loading, corresponding to an embedment depth loss rate of 0.4%. The small embedment depth loss should have a slight influence on the post-cyclic uplift capacity Qpt; however, the value of Qpt reduces by more than 13%, which indicates that cyclic vibration loosens the sand above the helix of anchor CMH12 (0.3, 0.1). Therefore, it is inferred that the sand above the helix may also flow into the gap at the bottom of the helix in the case that the anchor in medium–dense sand produces a small displacement under cyclic loading. Additionally, when the uplift displacement after cyclic loading of anchor CMH12 (0.3, 0.2) is greater than 0.07D, the sand above the anchor recovers to the pre-vibration state or is densified, and thus Qpt reaches the static uplift capacity Qt, or an even higher magnitude. However, when the uplift displacement continues to increase, the sand on the helix is pulled tight enough to cause more sand flowing back to the helix’s bottom gap, and the sand above the helix becomes loose again, such as for the anchors CMH12 (0.4, 0.2), CMH12 (0.2, 0.2) and CMH12 (0.3, 0.2).



It can be seen from Figure 22b that the variation rule of the post-cyclic uplift capacity ratio in medium–dense sand with the standardized uplift displacement is different from that in dense sand. When the uplift displacement caused by vibration is about 0.05D, the compactness of the sand above the helix in medium–dense sand and dense sand will be looser than that before cyclic loading. With the continuous increase in uplift displacement after cyclic loading, the sand above the helix returns to the initial state before vibration, and the uplift displacement required for medium–dense sand to return to the initial state is smaller than that of dense sand. However, the post-cyclic uplift capacity ratio of anchor in dense sand continues to increase with the increase in uplift displacement after cyclic loading. After the uplift displacement exceeds 0.1D, Qpt still improves, indicating that the sand above the helix in dense sand is less likely to flow back to the bottom of the helix than that in medium–dense sand.




5. Conclusions


A series of reduced-scale cyclic loading model tests of a single-helix anchor in sand with different compactness have been carried out, and the effects of anchor embedment ratio and cyclic loading parameters on the accumulated displacement, the development of axial stiffness and the post-cyclic monotonic uplift capacity have been analyzed. The correlation of post-cyclic monotonic uplift capacity ratio and post-cyclic displacement and possible influence of the cyclic uplift displacement of the anchors on the sand flow above the helix were discussed. The main conclusions are as follows:




	
The single-helix anchor in dense sand with an optimal embedment ratio that is determined according to the relationship between breakout factors and embedment ratio under monotonic loading still exhibits a relatively high uplift capacity after cyclic loading. The post-cyclic monotonic responses of all the anchors exhibit stiffer behaviors.



	
The anchors in both dense sand and medium–dense sand subjected to greater amplitude ratios will produce greater accumulated displacement when the same frequency and mean cyclic load ratio are applied. The influence of the mean cyclic load ratio on the accumulated displacement of anchors in dense sand may be affected by the amplitude. Under the same medium amplitude ratio, the anchor in dense sand subjected to a greater mean cyclic load ratio will produce a larger accumulated displacement, which is similar to the anchor in medium–dense sand. Additionally, for the case of anchors with the same small amplitude in dense sand, the influence of the mean cyclic load ratio on the accumulated displacement is opposite. The cyclic frequency has the greatest influence on the accumulated displacement, and the influence of cyclic amplitude is relatively greater than that of the mean cyclic load ratio. For the anchors in both dense sand and medium–dense sand under the same maximum cyclic load ratio Qmax/Qt, the greater accumulated displacement is obtained when the anchors are subjected to a larger value of Qmean/Qt and a smaller value of Qcyc/Qt.



	
There are some differences in the development of axial cyclic stiffness of single-helix anchors in medium–dense sand and dense sand. When the anchors in medium–dense sand are subjected to a small amplitude, the development between axial stiffness and cycle number is the same as that of dense sand, and axial stiffness tends to stabilize at 10 to 50 cycles. However, the axial stiffness of the anchors in medium–dense sand with a medium amplitude still rises slowly after 10 cycles, and becomes stable after 400 cycles. The ratio of stable axial stiffness and initial value of anchors in dense sand is between 3 and 6, and the ratio varies between 3.5 and 9 in medium–dense sand.



	
The accumulated displacements at the first cycle and after cyclic loading in dense sand for the anchors under the same standardized cyclic load parameters are basically smaller than those in medium–dense dense sand, indicating that the anchor in dense sand has higher pullout resistance.



	
The backflow of sand above the helix has been inferred by analyzing the relationship of post-cyclic uplift capacity ratio and uplift displacement after cyclic loading. The variation of the post-cyclic uplift capacity ratio in medium–dense sand with the standardized uplift displacement is different from that in dense sand. However, the compactness of sand above the helix both in medium–dense sand and dense sand will be much looser than that before cyclic loading at the uplift displacement of 0.05D after cyclic loading. This relationship of post-cyclic capacity with anchor upward movement in dense sand and medium–dense sand can provide the reference of evaluation of stability and bearing capacity of helical anchors.








This investigation on the cyclic behavior of single-helix anchors in dense sand and medium–dense sand was carried out based on small scale model tests; therefore, the results may be different from those from field tests and centrifuge tests. In addition, the cyclic frequency and cyclic load parameters are selected based on the wind load on the transmission tower. Therefore, further studies are required to provide more comprehensive and conclusive observations.
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Figure 1. Model of helical anchor and torsion mounting frame. 
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Figure 2. Sand preparation, installation and connection with actuator of anchors. 
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Figure 3. Patten of cyclic loading. 
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Figure 4. Nγ and Qt of helical anchors with different embedment ratios in dense sand. 
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Figure 5. Standardized load–displacement curves at different embedment ratios (a) N = 1200; (b) N = 6. 
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Figure 6. Developments of uplift displacement at different embedment ratios. 
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Figure 7. Developments of accumulated displacement and displacement accumulation rate at different embedment ratios: (a) linear scale of ua-N; (b) semi-log scale of ua-N; (c) semi-log scale of displacement accumulation rate and cycle number. 






Figure 7. Developments of accumulated displacement and displacement accumulation rate at different embedment ratios: (a) linear scale of ua-N; (b) semi-log scale of ua-N; (c) semi-log scale of displacement accumulation rate and cycle number.



[image: Jmse 10 01338 g007]







[image: Jmse 10 01338 g008 550] 





Figure 8. Axial stiffness for different embedment ratios: (a) definition of axial stiffness; (b) relationship of axial stiffness k and number of cycles N; (c) relationship of normalized axial stiffness kN/k1 and number of cycles N. 
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Figure 9. Post-cyclic monotonic and monotonic responses for different embedment ratios. 
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Figure 10. Developments of accumulated displacement under different amplitudes. 
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Figure 11. Developments of accumulated displacement under different mean cyclic loads. 
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Figure 12. Developments of displacement accumulation rate under different amplitudes and mean loads: (a) the influence of amplitude; (b) the influence of mean cyclic load Qcyc/Qt = 0.2; (c) the influence of mean cyclic load Qcyc/Qt = 0.1. 
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Figure 13. Developments of axial stiffness for different amplitudes and mean cyclic loads: (a) different amplitudes; (b) different mean cyclic loads. 
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Figure 14. Monotonic and post-cyclic monotonic responses for different amplitudes and mean cyclic loads: (a) Qmean/Qt = 0.4; (b) Qmean/Qt = 0.3; (c) Qcyc/Qt = 0.2; (d) Qcyc/Qt = 0.1. 
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Figure 15. Developments of accumulated displacement under different frequencies. 
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Figure 16. Developments of displacement accumulation rate under different frequencies: (a) Qmean/Qt = 0.4 and Qcyc/Qt = 0.2; (b) Qmean/Qt = 0.2 and Qcyc/Qt = 0.2. 
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Figure 17. Developments of axial stiffness for different frequencies. 
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Figure 18. Post-cyclic monotonic and monotonic responses for different frequencies. 
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Figure 19. Developments of accumulated displacement and displacement accumulation rates under different cyclic parameters: (a) linear scale of ua-N; (b) semi-log scale of ua-N; (c) semi-log scale of displacement accumulation rate-N. 
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Figure 20. Development of axial stiffness under different amplitudes and mean cyclic loads. 
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Figure 21. Post-cyclic monotonic and monotonic responses for different cyclic parameters: (a) Qmean/Qt = 0.3; (b) Qcyc/Qt = 0.2. 
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Figure 22. Relationship between u/D after cyclic loading and uplift capacity ratio β. (a) Anchors in dense sand; (b) comparison of anchors in medium–dense sand with those in dense sand. 
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Table 1. Properties of silica sand.
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	Property
	Value





	Specific gravity, Gs
	2.63



	Average grain size d50: mm
	0.35



	Coefficient of uniformity, Cu
	1.57



	Curvature coefficient, Cc
	0.96



	Maximum dry density, ρdmax (g/cm3)
	1.75



	Minimum dry density, ρdmin (g/cm3)
	1.55



	Critical friction angle, ϕcv (°)
	28
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Table 2. Test program.
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Name

	
Sand Sample

	
Influence Factor

	
Frequency

f/Hz

	
H/D

	
      Q mean     Q t      

	
      Q cyc     Q t      

	
Number of Cycles

	
Qt/N

	
Uplift Capacity Ratio, β






	
MDH8

	
1

	
depth

	
—

	
8

	
—

	
—

	
—

	
316.3

	
—




	
CDH8 (0.4, 0.2)

	
1

	
0.5

	
8

	
0.4

	
0.2

	
1200

	
318.5

	
1.007




	
MDH10

	
2

	
—

	
10

	
—

	
—

	
—

	
580.1

	
—




	
CDH10 (0.4, 0.2)

	
2

	
0.5

	
10

	
0.4

	
0.2

	
1200

	
439.6

	
0.758




	
MDH12-1

	
3

	
—

	
12

	
—

	
—

	
—

	
863.3

	
—




	
CDH12 (0.4, 0.2, 0.5 Hz)

	
3

	
0.5

	
12

	
0.4

	
0.2

	
1200

	
850.6

	
0.985




	
MDH14

	
4

	
—

	
14

	
—

	
—

	
—

	
890.3

	
—




	
CDH14 (0.4, 0.2)

	
4

	
0.5

	
14

	
0.4

	
0.2

	
1200

	
733.9

	
0.824




	
MDH12-2

	
5

	
cyclic amplitude and mean load

	
—

	
12

	
—

	
—

	
—

	
822.3

	
—




	
CDH12 (0.4, 0.3)

	
5

	
0.5

	
12

	
0.4

	
0.3

	
14

	
—

	
—




	
MDH12-3

	
6

	
—

	
12

	
—

	
—

	
—

	
802.2

	
—




	
CDH12 (0.3, 0.3)

	
6

	
0.5

	
12

	
0.3

	
0.3

	
1200

	
876.7

	
1.093




	
CDH12 (0.4, 0.1)

	
7

	
0.5

	
12

	
0.4

	
0.1

	
1200

	
679.7

	
0.847




	
CDH12 (0.3, 0.2)

	
7

	
0.5

	
12

	
0.3

	
0.2

	
1200

	
780.5

	
0.973




	
CDH12 (0.2, 0.2, 0.5 Hz)

	
8

	
0.5

	
12

	
0.2

	
0.2

	
1200

	
738.3

	
0.920




	
CDH12 (0.5, 0.1)

	
8

	
0.5

	
12

	
0.5

	
0.1

	
1200

	
805.8

	
1.004




	
MDH12-4

	
9

	
frequency

	
—

	
12

	
—

	
—

	
—

	
813.2

	
—




	
CDH12 (0.4, 0.2, 1 Hz)

	
9

	
1

	
12

	
0.4

	
0.2

	
12

	
—

	
—




	
MDH12-5

	
10

	
-

	
12

	
-

	
-

	
-

	
803.8

	
—




	
CDH12 (0.2, 0.2, 2 Hz)

	
10

	
2

	
12

	
0.2

	
0.2

	
526

	
808.5

	
1.006




	
MMH12-1

	
11

	
compactness

	
—

	
12

	
—

	
—

	
—

	
658.8

	
—




	
CMH12 (0.3, 0.1)

	
11

	
0.5

	
12

	
0.3

	
0.1

	
1200

	
570.7

	
0.866




	
MMH12-2

	
12

	
—

	
12

	
—

	
—

	
—

	
638.4

	




	
CMH12 (0.3, 0.2)

	
13

	
0.5

	
12

	
0.3

	
0.2

	
1200

	
655.0

	
1.026




	
MMH12-3

	
14

	
—

	
12

	
—

	
—

	
—

	
630.4

	




	
CMH12 (0.3, 0.3)

	
14

	
0.5

	
12

	
0.3

	
0.3

	
1200

	
521.3

	
0.827




	
CMH12 (0.2, 0.2)

	
15

	
0.5

	
12

	
0.2

	
0.2

	
1200

	
620.5

	
0.984




	
CMH12 (0.4, 0.2)

	
15

	
0.5

	
12

	
0.4

	
0.2

	
1200

	
623.6

	
0.989
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Table 3. Accumulated displacement and post-cyclic uplift capacity ratio for anchors in medium–dense and dense sands.
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Cyclic Loading

Qmean ± Qcyc

	
Sand Compactness




	
Medium–Dense Sand

	
Dense Sand




	
ua(N = 1)

/mm

	
ua(N = 1200)

/mm

	
β

	
ua(N = 1)

/mm

	
ua(N = 1200)

/mm

	
β






	
(0.3 ± 0.3) Qt

	
0.65

	
13.46

	
0.827

	
0.60

	
5.19

	
1.094




	
(0.4 ± 0.2) Qt

	
0.83

	
3.73

	
0.989

	
0.55

	
2.72

	
0.985




	
(0.3 ± 0.2) Qt

	
0.36

	
2.72

	
1.026

	
0.66

	
2.52

	
0.973




	
(0.2 ± 0.2) Qt

	
0.49

	
4.13

	
0.984

	
0.37

	
2.28

	
0.920
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