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Abstract

:

Percussion driven earth anchors (PDEAs) are driven into soils using an installation steel hammer rod. PDEAs are relatively easy to install and have gained wide applications recently. The Texas Department of Transportation (TxDOT) planned to use these anchors for slope stability mitigation along the Clear Fork Trinity River at Interstate Highway 20 (IH-20) in Benbrook, Texas. However, there are no straightforward design and construction guidelines for these systems. In addition, the pull-out capacity and failure mechanisms of PDEAs in clayey soils have not been thoroughly studied. In this study, three PDEAs, Duckbill model 138 II (DB-138 II), were installed and tested on the proposed west channel bank slope to acquire the ultimate pull-out capacity. The anchors were embedded to an average depth of 10 feet into the slope bank, predominantly consisting of sandy lean clay (CL) soil. The slope was graded at an average 2:1 to 2.5:1 configuration. After installation, the anchors were subjected to an upward pull-out force using a hydraulic jack system to measure their pull-out capacity. The pull-out load, displacement, and strains were continuously recorded with a load cell, a linear variable differential transformer (LVDT), and a strain gauge, respectively. Pull-out load versus displacement curves were produced and analyzed to determine the behavior of the anchors. An empirical estimation method was then chosen to estimate pull-out capacity based on undrained shear strengths obtained either from laboratory tests or in situ Texas cone penetration (TCP) data. The comparison between estimated and field-obtained pull-out capacities showed that the pull capacity estimated using TCP data resulted in reasonably good agreement with the field-obtained capacity. The field experiment results help us to understand the relationship between the calculated and actual field pull-out resistance when PDEAs are used in clayey soil slopes.
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1. Introduction


State Departments of Transportation in the USA, including TxDOT, continuously battle with unforeseen slope failures associated with their infrastructure. Slopes are generally used as a part of roadside safety elements along roadways, bridge abutments, and channel banks. Several methods have been used to treat slopes associated with critical structures to minimize slope stability failures that may cause a safety hazard to the traveling public. TxDOT [1] recommends upper limits on the plasticity index (PI) for exposed side slopes based on different slope conditions to reduce the probability of slides. The agency does not recommend exposed slopes of less than 2.5 to 1. Bridge abutment slopes have been historically treated by concrete riprap. Rock riprap and gabion mattresses have been prevalent slope treatments for channel bank slopes. Rock riprap and gabion mattresses have successfully been used on slopes of 3:1 and flatter. Soil anchors and nails have been widely used to achieve stability of critical steep slopes by providing counter forces to the driving forces that tend to destabilize the slope mass. Channel slopes stabilized by soil anchors have the advantage of maintaining channel flow capability compared to retaining walls such as gabion walls.



The uplift capacity of a vertical buried anchor, also known as the breakout factor, typically comprises the weight of soil within the failure zone and frictional and/or cohesive resistance along the realized failure surface. The required uplift capacity of these systems can be enhanced by increasing the size and embedment depth of the anchor or improving backfill strength and density [2,3,4,5,6,7,8]. According to Kovacs [9], an anchor design depends upon a dimensionless critical depth value of H/B, where H is the depth of the anchor and B is the anchor base width or diameter, depending on the type of anchor. Critical depth defines the depth at which an anchor is classified as deep or shallow.



Extensive research has been performed to improve the assessment of anchor uplift behavior within unreinforced soil, comprising experimental, analytical, and numerical studies. Early research on anchor uplift capacity was conducted under 1 g conditions in stabilizing transmission towers. It was primarily limited to scaled laboratory experiments to demonstrate the effects of shape, embedment, soil conditions, and soil types on anchor resistance [10,11,12,13,14,15]. Centrifuge-based laboratory experiments have been employed to capture better realistic, scaled gravitational conditions assessing uplift capacity [16,17,18]. Theoretical uplift solutions have been developed by using cavity expansion theory [19], limit equilibrium theory [20,21,22,23], reverse hopper theory [24], and elastoplastic continuum analyses [18,25].



Three different experimental studies conducted on anchors’ performance by Kananyan [26] produced three critical depths of 6, 3, and 1.5, respectively. Baker and Konder [27] conducted experiments on sands with circular anchors and inferred that anchors with H/B of above 6 are deep. They found the critical depth based on the shape of the failure surface suggested by Balla [28]. They observed that the pull-out strength of anchors below the critical depth of 6 was very close to the ones calculated by the Balla equation. They also observed, for shallow anchors with a H/B value less than 6, that an upheaval of the ground surface above the anchor was preceded by a curvilinear failure plane. For deep anchors with H/B values over 6, Baker and Konder observed neither a curvilinear failure pattern nor upheaval of the ground surface until the anchors were pulled far enough [9]. Liang et al. [29] also looked at the failure modes of the sand soil during pull-outs of plate anchors and found that when anchors are sufficiently deep, i.e., H/B = 8, the soil exhibits local failure and moves clockwise around the anchor. He also observed that shallow anchors such as H/B = 2 and H/B = 5 generally show a conical failure shape mode during the pull-out of the anchor. Yoshida et al. [30] provided results of field pull-out experiments of actual flip anchors driven into the ground consisting of a top sand layer and a clay layer underneath. Their results indicated that pull-out behavior of flip anchors in clay was quite different from that in the sand. The overburden pressure contributed less to the pull-out force for anchors built in clay than in sand. In summary, previous studies mainly focused on the pull-out behaviors of traditional anchors, both in clay and sand, such as plate and flip anchors. Limited research has been conducted on investigations of the pull-out behavior of percussion-driven earth anchors in clay.



Some anchor manufacturers supply PDEA anchors in different shapes and sizes, including Platipus, Duckbill, and Hulk. However, the usage of these anchor systems is minimal due to the insufficient information on design methodology and performance data as it relates to slope stability applications. Therefore, building an anchor performance database containing different soil conditions for these anchors is necessary to enable engineers to develop and improve the design methodology for such systems. In summary, most theoretical and experimental studies on the pull-out resistance of soil anchors were conducted on circular plates within the sand. Additionally, very limited theoretical and experimental studies exist measuring the performance of deep anchors with a H/D value over 6. In addition, most of the analytical equations derived from the above theoretical and experimental studies could not be directly and fully applied to the deep PDEA studied in this project. Therefore, in this paper, field tests of three PDEA anchors are presented to study the pull-out capacity of PDEA anchors. The relationship between anchor pull-out load and displacement was established and analyzed to determine the behavior of PEDAs during the field pull-out process. Moreover, an existing empirical method was modified by inputting in situ Texas cone penetration (TCP) data to estimate pull-out capacity. The comparison between in situ pull-out and predicted results showed a reasonably good match. This study helped to understand the relationship between the calculated and actual field pull-out resistance when PDEAs are used in clayey soil slopes.




2. Background on PDEA


Percussion driven earth anchors (PDEA) are mechanical soil anchors driven into the soil with desired depth using percussion forces and load-locked by pulling the anchors to the required tension load. PDEAs have recently been widely used for slope stability and other applications in the transportation industry. However, limited information exists on design methodology, including pull-out capacity and performance data of such anchors as it relates to slope stability applications, especially the one used in this study, the DB 138 II PDEA anchor. Typical components of a percussion driven earth anchor (PDEA) are an anchor head with lower termination, wire tendon/rod, and top termination with a top accessory plate. Figure 1 shows the typical PDEA components.



In this study, a DB-138 II anchor was tested in the field to understand the ultimate pull-out resistance of the anchor in low-plasticity sandy lean clay (CL) soil. This was achieved by installing and testing three instrumented PDEA anchor systems on the IH-20 TxDOT project site in Benbrook, Texas. The measured ultimate pull-out resistance is compared with the prediction from the closest design equation developed for non-PDEA anchors. The performance of PDEA anchors, as described by the Platipus Anchors supplier, is shown in Figure 2. In addition, Figure 2 shows the idealized performance anchor response curve according to the Platipus Anchors brochure.




3. Site Conditions and Soil Characterization


The geotechnical soil exploration of the site near the channel slope indicated that the soil in the channel bank is composed predominantly of lean clay (CL) for the top 6 m, underlain by 1.2 m of clayey gravel and weathered limestone layers. Figure 3a illustrates the existing and proposed soil slope configuration of the channel bank slope. The existing west bank slope (dash line), i.e., the right-side bank in Figure 3a, is with a slope ratio of 1.8:1. Figure 3b shows the existing slope conditions after years of erosion and scouring before rebuilding the slope. From preliminary slope stability analysis results, the depth of the critical failure plane was located at 2.1 m with a factor of safety of approximately 1.0, which failed to meet the requirement from TxDOT [1]. Therefore, slope improvement is needed.



In addition, groundwater, encountered at 7.3 m from the top of the ground, has limited effects on the slope stability design. The west bank slope involved in this study was shaped by cutting, scraping, and compacting to a slope ratio of 2:1 for slope treatments. This, in turn, left the slope less disturbed. As a result, the slope was ready to get treated with the PDEA anchors with 4 feet spacing after slope shaping and compaction, as shown in Figure 4. Figure 4a shows the picture of the slope being worked by cutting and moving around the soil to achieve the proposed slope configuration, while Figure 4b shows the completed slope ready to be treated by the PDEA system. With the installation of the PDEA system, the factor of safety of the slope increases by 0.5 from 1.0 to 1.5, meeting the TxDOT’s slope stability requirement.



Figure 5 shows the Geotech borehole map near the vicinity of the west bank. In contrast, borehole B-3 is the closest applicable borehole to characterize the west bank in this study. B-4 is the applicable borehole to characterize the east bank. The boreholes show general soil profile consistency; hence, the whole area is predominantly similar soil with high moisture and gravel pocket variability.



As part of the geotechnical exploration, Texas cone penetration (TCP) tests were taken at 1.5 m intervals, following the TxDOT Designation Tex-132-E, ‘Test Procedure for Texas Cone Penetration’ [1]. The summary of TCP results, along with TCP boring log of borehole 3, are shown in Figure 6.



Laboratory testing was performed to obtain basic soil properties. In addition, bulk soil samples were collected from the west bank soil slope of the Clear Fork Trinity River. Laboratory tests were performed for Atterberg limits [32], particle size distribution [33], maximum dry density and optimum moisture content [34], specific gravity [35], and unconfined shear strength (UCS test) [36]. The test results are summarized in Table 1.



Moreover, the electrical resistivity imaging (ERI) method was utilized to map the proposed slope. The result indicated that the slope embankment is composed of dry and moist stiff clay with high moisture variability, as shown in Figure 7. Basic Geotech exploration was completed, including Texas cone penetration (TCP). The results from the TCP and the laboratory tests were consistent regarding the basic soil parameters and shear strength parameters. The undrained cohesion (Cu) based on the TCP in borehole B-3 was found to be 46.2 kN/m2 by using the design chart recommended by TxDOT [1]. However, the Cu in nearby boreholes, such as B-6 and B-4, exhibit a Cu value of 51.7 kN/m2 and 126.2 kN/m2, respectively, showing considerable variability in the same area.




4. Field Pull-Out Test Program


4.1. Installation of PDEA Anchors


Three DB 138 II PDEA anchors paired with stainless-steel wire tendons of a diameter of 6.35 mm were installed in three locations on the west bank and tested in this study. The tendons were secured using copper sleeve wire stops. Figure 8 shows the anchor used for this test.



The PDEA anchors were driven into the slope using a driving rod and a mini excavator with a hammer attachment. Once the desired depth had been reached, or the anchor encountered a rocky or hard layer and could not be pushed anymore, the driving ceased. During the field installation of the PDEA anchors, the anchors could not be hammered more than 3 m, as they encountered stiff soil layers such as gravel and weathered limestone. Even though the anchors were designed to be embedded 4.6 m perpendicular to the slope, the majority of anchors did not achieve the design depth, but did achieve an average embedment of 3–3.7 m due to the abundance of gravel and rock in the soil. This phenomenon can also be observed from the ERI results in Figure 7. Figure 9 shows the driving of PDEA anchors using a mini-excavator and a hammer attachment.




4.2. Instrumentation and Test Method


After the PDEA was hammered to the desired depth or was terminated due to refusal, comprehensive instrumentations were carried out for the field pull-out test to measure the anchor performance during testing. Figure 10 illustrates the setup and components of the field pull-out test. Figure 11 shows the process of driving the PDEA anchors and testing them for pull-out resistance. The anchor head was hammered perpendicular to the surface using a percussion force using an attached hammering rod that would later be taken out once the desired depth had been achieved (Figure 11a). The anchor was then pulled, rotated, and tensioned by applying a tensile load against the anchor (Figure 11b,c). An aluminum hollow plunger hydraulic cylinder (ENERPAC RACH206, 229 KN Capacity, 150 mm Stroke, Enerpac, Columbus, WI, USA) was used to transfer the load from the hydraulic hand pump (ENERPAC P392, Enerpac, Columbus, WI, USA) to the soil tendon (PDEA). A plunger was used to mobilize the cable in the PDEA system. The anchor displacement during the pull-out test was obtained via a displacement transducer (GEOKON Model 1450-6, GEOKON, Lebanon, NH, USA). A donut-type load cell (Transducer Techniques THC-7.5K-V, Temecula, CA, USA) was utilized to measure the pull-out load applied to the PDEA during the test. Strain gauges (Model 4151 Miniature Strain Gauge, GEOKON, Lebanon, NH, USA) were used to measure the strain of the tendon as a secondary data source for the load cell. Finally, the anchor was load-locked by using a top termination plate and grip system at a specified working condition (Figure 11d).





5. Results and Analysis


5.1. Field Pull-Out Test Results


According to Platipus Anchors Brochure [31], the load–displacement curve for the pull-out test typically goes through three major stages. The first stage is the repositioning and load-locking stage, where the anchor repositions to a horizontal position when subjected to pull-out loads. This stage typically occurs at lower loads of up to 2.2 kN, as observed in this study. The second stage of the pull-out test includes more loading and compaction of soil above the anchor. This stage produces high resistance while the anchor is subjected to pull-out loads. This second stage continues until the anchor reaches the ultimate resistance based on the soil conditions. In practice, the working load usually lies in this stage close to 75% of the ultimate resistance. The third and last stage brings the anchor to failure by bearing capacity due to the strength of the soil with respect to the anchor type.



For this study, the anchor pull-out tests were plotted based on the load and displacements measured using the load cell and LVDT, respectively. Four field pull-out tests were employed on the west slope. The performance of each anchor was evaluated in different field conditions. Table 2 summarizes pull-out test results, including the maximum pull-out load and displacement for each tested anchor. One of the anchors, anchor 3, was installed and tested near the northwest quadrant of the channel bank slope. It was subjected to pull-out force until the maximum pull-out resistance was achieved. This anchor was tested in five loading strokes.



Additionally, this anchor testing was used as an example to illustrate the behavior of each stroke and the stroke combination process. Figure 12 and Figure 13 depict each stroke’s load, displacement response, and the combined stroke curve. The first stroke, shown in Figure 12, subjected the anchor to repositioning and load locking. Then, the anchor shifted to the compaction and loading stage at around 2 kN load and stayed in that stage. The maximum load achieved by stroke 1 was 8.79 kN over 7.6 cm displacement. The second stroke experienced the compaction and loading phase and reached a maximum load of 8.8 kN over 7 cm displacement. The behavior of the anchor during the third stroke was similar to that in the second stroke, except that the third stroke achieved a higher load over a smaller displacement (12.76 kN over 5.6 cm displacement). Figure 12 also shows that the fourth stroke experienced the compaction phase and reached the ultimate pull-out strength of 17 kN over the 9 cm displacement. This stroke also showed that as the load decreased from the ultimate value, it experienced bearing capacity failure. In the last stroke of this test, stroke 5 regained the load up to around stroke 4′s last load and then continued to decrease toward failure.



The individual strokes were further processed to be merged into one continuous anchor-response pull-out curve to obtain the ultimate load and the corresponding maximum displacement. The curves for each stroke were combined using the following process. Stroke 1′s curve was held as the foundation of the combined curve and kept the same as the original shown in Figure 13. The curve from stroke 2 was shifted to the left until it reached stroke 1′s curve. The data from stroke 2 that were lower than the maximum displacement of stroke 1 were omitted. This process was repeated for all strokes to produce one continuous anchor-response load–displacement curve. Figure 12 illustrates the combined force-versus-displacement graph for the anchor 3 pull-out test. The ultimate pull-out resistance and corresponding maximum displacement from this test were found to be Pult = 17 kN and 20.6 cm, respectively.



Anchor 2 was tested twice to reach the ultimate pull-out strength. Figure 14 and Figure 15 show that the first test brought the anchor into the compaction and loading stage, while the second test brought the anchor through ultimate load and bearing capacity failure. Even though no sharp drop occurred after the ultimate load, the load remained relatively constant as displacement increased, indicating that the anchor had already reached the ultimate load.



Figure 16 shows the anchor pull-out test results for anchor 1. This anchor was the first that was installed in the southwest area of the west channel bank. This anchor was subjected to pull-out force using field mini-excavator equipment for repositioning, and hence already went through the reposition and locking stage before testing. Then, the pull-out test was performed to determine the maximum pull-out load using the hydraulic jack system. This anchor exhibited a load of 13.17 kN over a 2.85 cm displacement.




5.2. Prediction of Ultimate Pull-Out Load


Typical failure modes for shallow and deep anchors in sandy soil have been developed in previous studies. However, to the author’s knowledge, soil failure patterns from PDEA anchors embedded in clayey soil have not been well studied. In this study, there was not a defined failure pattern for anchors installed 3 m into the channel bank slope.



Existing methods available to estimate the ultimate pull-out of anchors in clayey soils have been examined throughout the literature review. An equation was identified for assessing the pull-out capacity of rectangular plates using the soil’s shape factors, weight factors, and undrained shear strength parameters. The following Equation (1) was suggested by Das 1980 [38] for deep anchors in clayey soils. The equation was developed based on an   α − β   parameter curve derived from experimental pull-out test results and using the breakout factor (Fc) with respect to embedment ratio, developed by Das, 1978 [39]. Per Das, the   α   value is the ratio of embedment ratio to critical embedment ratio, (H/B)/(H/B) cr, and the  β  value is the corresponding breakout factor ratio, Fc/Fc*. The equation is shown below as Equation (1). Equation (1) was used to calculate the maximum pull-out resistance, Qo.


   Q o  = BL   { [ 7.56 + 1.44 (  L B     ) ]   C   u  +    γ H } ;   Q   u  =  Q o  +  W f   



(1)







In Equation (1), B (cm) is the width of the anchor, L (cm) is the length of the anchor, Cu (kN/m2) is the representative undrained cohesion value of the soil,    γ     (kN/m3) is the unit weight of the soil, H (m) is the depth of the anchor,    Q u   (kN/m3) is the ultimate pull-out resistance, and   W f   (kN) is the self-weight of the anchor itself.    W f    (kN) can reasonably be ignored for small anchors as the self-weight effect is negligible.



For this study, the anchor was approximated as a rectangular plate anchor to utilize the existing pull-out capacity estimation techniques from previous studies. The following values are used in the pull-out capacity estimation calculation: L = 30.5 cm, B = 6.4 cm, Cu = 29.3 kN/m2, H = 3 m, and  γ  = 19.6 kN/m3. The half of the unconfined compressive strength from Table 1 was used as the undrained shear strength Cu. The ultimate pull-out capacity calculated based on this equation was 9.23 kN. This study’s three field pull-out tests found the maximum experimental field pull-out resistance to be in the 13.2 kN to 17 kN range. The average TCP-N number was utilized to obtain Cu values based on the correlation suggested by TxDOT, as shown in Equation (2). Another set of calculations was performed based on Cu values 46.2 kN/m2 from TCP data in the boring logs. The estimated Pu values were 13.8 kN. Figure 7 indicates strong spatial variabilities of soils, for example, moisture content, within the slope embankment. This nonuniformity results in different TCP-N values at different locations, generating different correlated Cu values. In addition, the laboratory Cu values were obtained using UCS test based on soil optimum moisture content. This also results in errors when utilizing Equation (1) to estimate ultimate pullout resistance, since the equation was developed for saturated clay. Table 3 tabulates the pull-out load obtained from field and laboratory and TCP data through Equation (1). The field pull-out test showed higher pull-out resistance by an average of 37% than the predicted value from empirical Equation (1) using Cu values generated by the laboratory test. In addition, based on the Cu values found from the in-situ TCP values, the estimated ultimate pull-out load is much closer to the pull-out test results, with only an 8% average variation. Hence, the equation is a good estimation tool and is more reliable based on Cu values from in-situ TCP values, especially if the slope is in a cut condition, like the one in this study.


   C u  = 3.575 N ,   N   i s   t h e   n u m b e r   o f   b l o w s / 30   cm  



(2)









6. Discussion


Load variations among different anchors were attributed to the type of soil encountered at the anchor depth. It was observed that during installation, the rate at which the anchors were driven was associated with the ultimate pull-out capacity measured during field tests. Anchors 1 and 2 were driven at a relatively faster rate than anchor 3; hence, the associated field pull-out test showed a higher load for anchor 3 than for anchors 1 and 2. Additionally, compared to anchor 3, anchors 1 and 2 might be installed close to or within the moist zone since the two anchors’ locations are near the middle of the slope. Moreover, it can be inferred and confirmed from the ERI resistivity images that anchors 1 and 2 were installed in the highly moist zone. In contrast, anchor 3 was installed in a dry, stiff, granular soil pocket area. During the installation of the anchors, the contractor went through different equipment trials to determine the most efficient way to install these anchors. It was observed that the most effective way to install this type of PDEA anchor was by using mini-excavators with hollow hammer attachments and malleable steel hammering rods, along with experienced equipment operators that have performed similar work.



The load-locking method used by the contractor utilized a mini-excavator along with a load reader to pull the anchor tendons until the desired locking load. After achieving the desired loading, the contractor locked the top termination using a manual button crimping tool. This method has limitations in that it does tend to leave some slack during crimping, and the slack causes the final locking load to be lower than the expected value. One obvious limitation of the PDEA anchors observed in this study’s site work was that the PDEA system is a great candidate where there is no high variability of soil stiffness and the existence of high gravel, rocks, and limestone layers. Therefore, this system is ideal for medium-stiffness clay materials.



The prediction equation’s limitation is that it does not consider the high variability in soil stiffness and the existence of gravel, rock, and sand seams in real-time conditions. However, this is a global challenge, as most geotechnical theories assume idealized conditions. It is recommended to use the in situ TCP values, especially for cut conditions, to minimize the limitations of this empirical equation and improve the accuracy of predicting PEDAs’ ultimate pull-out load.




7. Summary and Conclusions


In this study, the pull-out behavior of percussion driven earth anchors (PEDAs) in clayey soils was investigated by conducting both field and laboratory tests. The anchors were field-tested after being installed in lean silty clay (CL), the type of soil dominant on the project site. The anchors were installed around 3 m into the slope and were subject to field pull-out tests. The maximum experimental field pull-out resistance was found to be in the range of 13.2 kN to 17 kN. The variation was due to the strong spatially variabilities of soils, for example, moisture content, within the slope embankment. Additionally, an empirical equation was used to estimate the ultimate pull-out capacity based on the undrained shear strength obtained from laboratory and in situ TCP test data. Compared to the field maximum pull-out load, the pull-out resistance estimated by empirical equation 1 using laboratory-acquired Cu values is an average of 37% lower, while based on the Cu values found from the in situ TCP values, the estimated ultimate pull-out load is much closer to the pull-out test results, with only an 8% average variation. Therefore, the prediction equation is promising for estimating the pull-out capacity, but is highly affected by the accuracy of the shear strength value of the soil. Even though a considerable discrepancy exists between the calculated and experimental pull-out resistance, the equation can help estimate field pull-out strength during the planning stage. Moreover, it is recommended that the field pull-out test methodology be further refined and more field pull-out tests be performed in different conditions to develop an accurate empirical model to estimate the ultimate pull-out resistance of these types of anchors. In addition, future studies on the size effects of anchors on the pull-out behavior need to be performed. The failure modes for these anchors in clayey soils also need to be studied further.
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Figure 1. Components of PDEA [31]. 
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Figure 2. Expected load–displacement curve of PDEA [31]. 
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Figure 3. Existing and proposed channel bank configuration (a) and existing bank conditions (b). 
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Figure 4. Slope grading work on the west bank used for this study: (a) slope work to proposed configuration; (b) finished graded slope. 
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Figure 5. Geotech borehole locations (B-3 is the borehole involved in this study). 
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Figure 6. TCP data and boring log of borehole 3 (the circled point is the outlier data). 
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Figure 7. Inverted resistivity profiles from the ERI test at the west bank: (a) inverted resistivity profile from ERI line at the crest of the west bank slope; (b) inverted resistivity profile from ERI line at 36 m behind the crest of the slope. 
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Figure 8. Duckbill 138 II (DB 138 II) earth anchor [37]. 
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Figure 9. PDEA anchor driving process on west bank slope using mini-excavator: (a) setup of a mini excavator and (b) anchor driven using the excavator. 
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Figure 10. Schematics of field anchor pull-out test. 
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Figure 11. Illustration of PDEA anchoring and testing process: (a) anchor driven, (b) pullout test setup, (c) pullout test (anchor rotation), and (d) anchor locking and finish surface of slope. 
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Figure 12. Schematics of field anchor pull-out test. Anchor 3 pull-out test, all strokes, northwest bank, 25 January 2022. 
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Figure 13. Anchor 3 pull-out test, combined strokes, northwest bank, 25 January 2022. 
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Figure 14. Anchor 2 pull-out test 1, southwest bank, 13 January 2022. 
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Figure 15. Anchor 2 pull-out test 2 repeat, southwest bank, 15 February 2022. 
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Figure 16. Anchor 1 post-load-lock pull-out test on the southwest slope. 
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Table 1. Summary of laboratory test results.
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	Soil Sample Location
	IH-20 West Bank Middle
	PI (%)
	9





	Group Symbol
	CL
	Gs (-)
	2.7



	Group name
	Sandy Lean Clay
	γd, max (kN/m3)
	17.66



	Clay (%)
	13.29
	γ (kN/m3)
	19.64



	Silt (%)
	44.37
	ωopt (%)
	14.7



	Sand (%)
	42.34
	UCS qu (kN/m2)
	58.6



	LL (%)
	27
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Table 2. Summary of field anchor pull-out test.
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	Anchor ID
	Region
	Depth of Installation (m)
	Max. Pull-Out Load (kN)
	Corresponding Displacement (cm)





	Anchor 1: Post-load-lock
	Southwest
	2.4
	13.2
	2.85



	Anchor 2: Test 1
	Southwest
	3.0
	9.0
	32.5



	Anchor 2: Test 2 repeat
	Southwest
	3.0
	14.0
	19.3



	Anchor 3
	Northwest
	3.0
	17.0
	20.6
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Table 3. Summary of maximum field pull-out load and pull-out capacity estimated from laboratory and TCP data.
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Anchor ID

	
Max. Field Pull-Out Load (kN)

	
Pull-Out Load Estimated from Lab Data (kN)

	
Error (%)

	
Pull-Out Load Estimated from TCP Data (kN)

	
Error (%)






	
Anchor 1

	
13.2

	
9.23

	
30.1

	
13.8

	
4.5




	
Anchor 2

	
14.0

	
34.1

	
1.4




	
Anchor 3

	
17.0

	
45.7

	
18.8
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