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Abstract 11 

Soil nails and tieback anchors are extensively used for excavation support and slope stabilization; 12 

however, their performance can be complicated by limited pullout capacity or installation 13 

challenges. This paper presents the results of field load tests performed on anchorage elements 14 

with snakeskin-inspired surfaces that do not require grout and that can reduce the force required 15 

for installation. These tests evaluated the effect of the asperity geometry, soil type, and embedment 16 

depth on the anchor load transfer behavior and pullout capacity. The tests consisted of jacked 17 

installation and pullout loading in sites consisting of dense sand and structured silt. The test results 18 

in sand indicate that the installation force and pullout skin friction increase as the asperity height 19 

is increased and the asperity length is decreased. The pullout capacity of the snakeskin-inspired 20 

anchors was between 1.2 to 4.2 times greater than the capacity of a reference rough anchor. In the 21 

structured silt site, disturbance during installation influenced the pullout behavior, resulting in a 22 

decrease in anchor capacity as the asperity height was increased. However, the anchor capacity 23 

with small asperity heights was greater than that of the reference rough anchor. The snakeskin-24 

inspired anchors mobilized direction-dependent skin friction, resulting in pullout skin friction 25 

values that were up to 3.0 and 4.5 times greater than those generated during installation in the sand 26 
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and silt sites, respectively, due to mobilized passive resistances during pullout. The results indicate 27 

that the snakeskin-inspired anchors can outperform conventional driven anchors in sands. 28 

However, the possible effects of installation disturbance should be carefully evaluated in sensitive, 29 

structured soils.  30 

Keywords: ground anchors, soil anchors, snakeskin, pullout, bioinspiration 31 

 32 

Introduction  33 

Anchorage elements are extensively used for excavation support and slope stabilization. Tieback 34 

anchors and soil nails are commonly used in practice as part of earth retaining systems such as soil 35 

nail walls and soldier pile and lagging walls (Sabatini et al. 1999). Tieback anchors are 36 

pretensioned, whereas soil nails act passively. In soil nails, the movement of the soil wedge 37 

generates tensile loads that are resisted by the skin friction mobilized by the nail portion that 38 

extends past the wedge’s failure surface. These anchorage elements offer advantages over other 39 

alternatives such as mechanically-stabilized earth retention walls and strut support systems 40 

because they do not require excavation and compaction of backfill, can be installed in a relatively 41 

short time with compact equipment, and can be more economical. Despite their benefits, soil nails 42 

and tieback anchors can suffer from limited anchorage capacity, leading to pullout that can result 43 

in excessive wall or slope movement, and challenges during installation such as grout migration.  44 

Tieback anchors are predrilled and made of a steel bar that is grouted against the 45 

surrounding soil. Tieback anchors have an active bonding length with an enlarged diameter that is 46 

created by pressure-grouting and an unbonded length in which the steel bar can deform elastically 47 

(Sabatini et al. 1999). Traditionally, soil nails are installed by pre-drilling a hole into the backfill, 48 

inserting a bar, and grouting the nail (Lazarete 2015). The nails are typically made of steel or glass 49 



fiber-reinforced polymer (GFRP) and they can be either gravity- or pressure-grouted (Lazarete 50 

2015; Zhu et al. 2011). Soil nails can also be inserted directly into the ground by driving, jacking, 51 

or rapid launching (Li et al. 2008; Sharma et al. 2019a; Steward and Ribera 1995).  52 

The capacity of soil anchorage elements is mobilized either through skin friction or bearing 53 

capacity [Fig. 1]. Tieback anchors generate their capacity through skin friction and bearing 54 

resistance between the grout bulb at the end of the steel bar and the surrounding soil. Soil nails 55 

mobilize most of their capacity through friction between the nail and the surrounding soil (i.e., 56 

between grout, steel, or GFRP against soil). However, researchers have developed hybrid soil nails 57 

that also generate a significant portion of their capacity through bearing resistance mobilized by 58 

enlarged grouted bulbs created near the nail’s end (Wang et al. 2017; Bhuiyan et al. 2020). The 59 

surface roughness and confining stress around a soil nail have controlling effects on its capacity. 60 

Specifically, nails with a rougher surface mobilize greater capacities due to the greater nail-soil 61 

interface friction angle and increases in the confining stress around the nail, leading to increases 62 

in capacity (Junaideen et al. 2004; Chu and Yin 2005; Tei et al. 2008; Sharma et al. 2019a).  63 

The confining stress around an anchorage element can exceed the in-situ overburden stress 64 

due to densification of the surrounding soil during installation and soil dilation during shearing, 65 

which can be restricted by the surrounding soil. The latter effect is more pronounced in denser and 66 

more dilative soils and in elements with smaller diameters or rougher surfaces (Milligan and Tei 67 

1998; Luo et al. 2000; Sharma et al. 2019b). Due to the dilation-induced increases in confining 68 

stress, the mobilized skin friction can exceed the calculated shear strength of the surrounding soil 69 

assuming a constant confining stress, leading to greater apparent friction coefficients or friction 70 

factors which tend to decrease with increasing overburden pressure due to the suppression of 71 

dilation (e.g. Luo et al. 2000). However, researchers have also reported no significant influence of 72 



overburden pressure on capacity in grouted soil nails, resulting from the decrease in confining 73 

stress during the drilling process (e.g. Zhang et al. 2009).  74 

This paper investigates the effect of a specific type of surface texture on the behavior of 75 

jacked anchorage elements. Specifically, a series of field tests on anchorage elements with 76 

snakeskin-inspired surfaces were performed to investigate the behavior during jacking installation 77 

and subsequent loading, including their pullout capacity, overall load transfer behavior, and 78 

dependence of skin friction on the direction of loading. Experiments were performed on eight 79 

snakeskin-inspired anchors with different surface texture to evaluate the effect of the asperity 80 

height and length in sites composed of both dense sand and structured silt. The results of 81 

experiments on a reference rough anchor are used to evaluate the benefits of the snakeskin-inspired 82 

surface texture.  83 

 84 

Previous work and basis for experimental design  85 

Bio-inspired design involves adapting strategies employed by living organisms to address 86 

engineering challenges. In the last decade, geotechnical engineers have searched for solutions in 87 

nature for applications including anchorage elements and foundations, in-situ testing, slope 88 

stabilization, and tunneling (Martinez et al. 2022). Specifically relevant for soil-structure load 89 

transfer, the directional dependence of the friction generated between snakeskin and different 90 

substrates has been quantified by biologists, where relative displacement in the cranial direction 91 

(i.e., against the scales’ sharp edges) generates greater friction coefficients than in the caudal 92 

direction (i.e., along the scales’ mild slope) by factors between 1.4 and 3.0 (Gray and Lissmann 93 

1950; Marvi and Hu 2012; Marvi 2013).  94 



The field tests performed as part of this investigation were designed to build on previous 95 

research on snakeskin-inspired soil-structure interfaces. Martinez et al. (2019) and O’Hara and 96 

Martinez (2020) performed interface shear tests between surfaces generated based on the profiles 97 

of three preserved snake species [Fig. 2(a)] and two different sand types, where the surface 98 

asperities consisted of an asymmetric sawtooth pattern with a height of H and a length of L. The 99 

authors reported greater interface strengths in the cranial direction than in the caudal one [Fig. 100 

2(b)]. Lee and Chong (2022), Vena Latha et al. (2022), and Stutz and Martinez (2021) reported 101 

similar differences between cranial and caudal interface friction angles. Interface shear tests with 102 

constant normal stiffness boundary conditions showed greater dilation-induced increases in normal 103 

effective stresses in the cranial direction caused by the greater interlocking between the snakeskin-104 

inspired asperities and sand particles (O’Hara and Martinez 2020; O’Hara 2022) [Fig. 2(c)]. 105 

Laboratory tests have also shown the effect of the asperity height and length on tests with sand, 106 

where increases in H and decreases in L result in greater interface shear strengths, and in sand the 107 

L/H parameter has been shown to unify the interface strength trends [Fig. 2(d)]. The L/H ratio is 108 

related to the angle of the asperity during caudal shearing (i.e., smaller L/H indicates a larger angle) 109 

and to the normalized spacing between asperities during caudal shearing (i.e., smaller L/H 110 

indicates a smaller normalized spacing). Particle Image Velocimetry (PIV) analyses have shown 111 

the development of soil wedges ahead of the asperities during cranial shearing, suggesting transfer 112 

of load in the form of passive resistances (Martinez et al. 2019) [Fig. 2(e)].  113 

Snakeskin-inspired surfaces have been implemented on piles with the purpose of enabling 114 

direction-dependent skin friction. O’Hara and Martinez (2022a) and Martinez and O’Hara (2021) 115 

performed centrifuge load tests on piles in loose and medium dense sands. Their results show a 116 

large difference in skin friction between piles installed in the caudal direction and pulled in the 117 



cranial direction and vice versa, with the cranial direction mobilizing greater skin friction in both 118 

installation or pullout [Fig. 2(f)]. For the caudally-installed and cranially-pulled pile, O’Hara and 119 

Martinez (2022a) reported a skin friction during pullout that was on average 40% greater than the 120 

skin friction during installation, likely resulting from greater increases in dilation-induced effective 121 

stresses around the pile. Zhong et al. (2021) performed 2D DEM simulations on a snakeskin-122 

inspired pile, shedding light on the soil deformation and load transfer mechanisms involved in the 123 

mobilization of direction-dependent skin friction.  124 

To the author’s knowledge, field tests on geotechnical elements with snakeskin-inspired 125 

surfaces have not been reported in the literature. In this investigation, the behavior of anchors with 126 

snakeskin-inspired surfaces is explored with particular focus on the effect of the asperity height 127 

and length and soil type on the forces involved in the installation and pullout of the anchors. The 128 

results from field tests in dense sand are used to verify trends obtained from laboratory tests and 129 

centrifuge pile load tests. The tests on the structured silt site were performed to develop 130 

understanding of the behavior of the snakeskin-inspired anchors in a fine-grained soil with 131 

significant structure.  132 

  133 

Materials and methods  134 

Snakeskin-inspired anchors 135 

Eight snakeskin-inspired anchors with different H and L were manufactured with stainless steel. 136 

The asperity height ranged from 0.5 to 4 mm while the asperity length ranged from 12 to 48 mm, 137 

yielding L/H ratios between 3 and 24 [Table 1, Figs. 3(a and b)]. The naming designation for the 138 

anchors is “HXLYY”, where “X” represents the value of H in mm and YY represents the value of 139 

L in mm. For example, the H4L12 anchor has an H of 4 mm and an L of 12 mm.  140 



The variations in H and L allowed evaluating their individual effects on the anchor load 141 

transfer behavior. Specifically, the H4L12, H2L12, H1L12, and H0.5L12 anchors have differences 142 

in H while keeping a constant L of 12 mm, whereas the H4L12, H4L24, and H4L48 and H2L12, 143 

H2L24, and H2L48 anchors have differences in L while maintaining a constant H of 4 and 2 mm, 144 

respectively. The anchors were machined in sections with a length of 152.4 mm for ease of 145 

manufacture, and the entire anchors were assembled to their final length using threaded studs [Fig. 146 

3(b)]. Anchors with embedded lengths of 2.7 and 5.5 m were tested. All the anchors had an outer 147 

diameter of 22.3 mm. An additional reference anchor was tested to provide data representative of 148 

the behavior of a fully rough surface. The reference rough anchor consisted of a piece of #7 rebar 149 

with an outer diameter of 22.3 mm and the same length as the snakeskin-inspired anchors. The 150 

average and maximum surface roughness parameters of the rough anchor were measured as 0.613 151 

and 1.755 mm, respectively, using a white light scanner. Considering the large surface roughness 152 

of the rough anchor, the interface friction angle can be considered to be equal to the surrounding 153 

soil’s friction angle (i.e., δ = φ conditions, Martinez and Frost 2017). All the anchors were 154 

equipped with a section with the same diameter as the anchor (i.e., 22.3 mm) with a conical tip 155 

with an apex angle of 60° for protection and to reduce the penetration resistance.  156 

 157 

Installation and load testing setup 158 

All the anchor load tests were performed using a small, tracked drill rig equipped with a hydraulic 159 

actuator [Fig. 4(a)]. For ease of testing, all tests were performed on vertically-installed anchors. 160 

The anchors were installed by quasi-static jacking at a rate of about 2 cm/s using the drill rig’s 161 

hydraulic actuator. A plate adapter was used to push a ball bearing that rested on the head of the 162 

anchors [Fig. 4(b)]. Three anchor sections were jacked with each stroke of the drill rig, for a 163 



penetration depth of about 460 mm per stroke. A centering frame was used to maintain verticality 164 

during installation of the anchors. Immediately after installation, the anchors were pulled using a 165 

chain hoist that was attached to the flanges at the end of the rig’s hydraulic actuator [Fig. 4(c)] at 166 

a rate of about 2 cm/s. The installation and pullout forces were measured with a load cell installed 167 

at the head of the anchors, while the displacement of the anchors was measured using a string 168 

potentiometer attached to the bottom reference frame and the rig’s hydraulic actuator. All the 169 

anchors were tested such that caudal shearing took place during installation to reduce the pushing 170 

forces and cranial shearing took place during pullout to increase the capacity. The reference rough 171 

anchor was not equipped with a load cell during installation; therefore, only pullout forces were 172 

measured for the tests on this anchor.  173 

 174 

Test sites 175 

The anchor load tests were performed at sites consisting of dense sand and structured silty soil. 176 

Nine anchor load tests at a target depth of 2.3 m were performed in the sand site while eighteen 177 

tests at depths of 2.7 and 5.5 m were performed in the structured silt site [Fig. 5]. The vertical 178 

effective stress (σ’v) at the midpoint along the anchors’ embedded length was around 22 kPa for 179 

the tests in the sand site and the corresponding σ’v was around 24 and 48 kPa for the tests in the 180 

silty soil site with depths of 2.7 and 5.5 m, respectively.  181 

The sand site consisted of a buried tank with a diameter and depth of 6.83 m filled with 182 

compacted concrete sand, and is referred to as the “sand pit”. The sand was compacted in 10 cm 183 

thick lifts with a hand-operated compactor. Proctor compaction tests indicated a maximum dry 184 

unit weight of 20.5 kN/m3 and an optimum water content of 7.5%. The sand was compacted to a 185 

target relative compaction of 95%, which was verified using a nuclear density gage and sand cone 186 



tests. The sand at the top of the tank was dry, while a small amount of moisture was present towards 187 

the bottom of the tank. However, there was no water table inside the sand pit. The sand had a 188 

median particle size of 0.75 mm, coefficient of uniformity of 5.0, coefficient of curvature of 0.8, 189 

less than 1% fines by mass, and maximum and minimum void ratios of 0.64 and 0.32, respectively.  190 

The structured silt site was located next to the Center for Geotechnical Modeling in the UC 191 

Davis west campus near Putah Creek. Flooding events of the creek have led to significant layering, 192 

resulting in an appreciable degree of vertical and lateral spatial variability. Several wetting and 193 

drying events have overconsolidated the soil, resulting in a hard surficial layer. A Cone Penetration 194 

Test (CPT) revealed that the ground water table was located at a depth of 19.4 m. The soil is known 195 

locally as Yolo loam. The liquid and plastic limits of the Yolo loam at the testing site were 196 

measured as 34% and 23.5%, respectively. These values yield a classification of a low-plasticity 197 

silt (ML) based on the USCS soil classification system.  198 

 CPT soundings were performed in both sites to further characterize the soils in-situ. The 199 

sand pit showed CPT tip resistances (qt) greater than 5 MPa at depths greater than 0.5 m [Fig. 200 

6(a)]. The soil behavior index (IC) was smaller than about 1.7, indicating clean dense to medium 201 

dense sands. The peak friction angle (φ’p) was calculated using the Mayne (2006) correlation:  202 
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where Pa is the atmospheric pressure and σ’v0 is the overburden stress. Eq. 1 provides φ’p values 204 

between 39° and 42°. The relative density (DR) was calculated using the Jamiolkowski et al. (2003) 205 

correlation: 206 
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Eq. 2 provides DR values close to 90% at depths between 0.5 and 1 m which steadily reduce to 208 

about 70% at a depth of 4 m. The Mayne (2014) correlation was used to estimate an average total 209 

unit weight (γt):  210 

𝛾𝛾𝑡𝑡 = 26 − 14
1+[0.5 𝑙𝑙𝑙𝑙𝑙𝑙(𝑓𝑓𝑠𝑠+1)]2        Eq. 3 211 

Eq. 3 yields an average γt of 19.4 kN/m3.  212 

Two CPT soundings in the Yolo loam site showed qt magnitudes between 2 and 5 MPa 213 

that increased steadily with depth [Fig. 6(b)]. The IC values are between 2.0 and 2.3 at depths 214 

smaller than 3 m, and they increase to about 2.5 at depths between 5 and 6 m, indicating a 215 

progression from sand mixtures to silt mixtures in the soil behavior type. The Mayne (2006) 216 

correlation yields near-constant friction angles with depth with values between 34° and 36°. The 217 

Mayne (2001) correlation was used to estimate preconsolidation stress values (σ’p):  218 

𝜎𝜎𝑝𝑝′ = 0.33(𝑞𝑞𝑡𝑡 − 𝜎𝜎𝑣𝑣0′ )          Eq. 4 219 

The σ’p were used to calculate overconsolidation ratios (OCR), indicating a highly 220 

overconsolidated crust and OCR values of about 2 at depths greater than 2.5 m. The Mayne (2014) 221 

correlation yielded an average total unit weight of 18.1 kN/m3 in the Yolo loam. Comparison of 222 

the results of the two CPT soundings in the Yolo loam site shows an appreciable degree of 223 

variability in qt, friction sleeve (fs), IC, and φ’p; however, the quantities show consistent trends with 224 

increasing depth. Trendlines fitted to the qt traces using polynomial functions are presented in Fig. 225 

6 for both the sand pit and Yolo loam sites; these trendlines are used to estimate the penetration 226 

resistance of the anchors in the analysis presented in the following sections.  227 

 228 

Results  229 



The transfer of load between the anchors’ asperities and the surrounding soil takes place in both 230 

friction and passive modes due to the geometry of the snakeskin-inspired asperities. During 231 

installation in the caudal direction, shear (FS,i) and normal (FN,i) forces are mobilized against the 232 

surface of any given asperity, producing a resultant force (FR,i) [Fig. 7(a)]. These forces can be 233 

translated into vertical (FVS,i) and horizontal forces (FHS,i) using the following equations:  234 

𝐹𝐹𝑉𝑉𝑉𝑉,𝑖𝑖 = 𝐹𝐹𝑁𝑁,𝑖𝑖 sin𝛼𝛼 + 𝐹𝐹𝑆𝑆,𝑖𝑖 cos𝛼𝛼        Eq. 5 235 

𝐹𝐹𝐻𝐻𝐻𝐻,𝑖𝑖 = 𝐹𝐹𝑁𝑁,𝑖𝑖 cos𝛼𝛼 + 𝐹𝐹𝑆𝑆,𝑖𝑖 sin𝛼𝛼        Eq. 6 236 

where α is the angle between the asperity surface and the vertical direction. The measured force at 237 

the anchor head consists of the sum of the vertical installation forces at each asperity (FVS,I,i) and 238 

the force mobilized at the anchor’s tip section (FVT,I). Note that since the tip section has a length 239 

of 10 mm behind the shoulder; therefore a frictional component can be mobilized in addition to 240 

the penetration resistance component [Fig. 7(b), Eq. 7].  241 

𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =  ∑ 𝐹𝐹𝑉𝑉𝑉𝑉,𝐼𝐼,𝑖𝑖
𝑁𝑁𝐴𝐴
𝑖𝑖=1 + 𝐹𝐹𝑉𝑉𝑉𝑉,𝐼𝐼      Eq. 7 242 

During pullout in the cranial direction, an additional passive component is mobilized due to the 243 

annular bearing area of the asperities. The measured force at the anchor head consists of the sum 244 

of the vertical pullout (FVS,P,i) and passive forces (FPA,P,i) at each asperity and some friction 245 

mobilized at the anchor tip section [Fig. 7(c), Eq. 8].  246 

𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃 𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 =  ∑ 𝐹𝐹𝑉𝑉𝑉𝑉,𝑃𝑃,𝑖𝑖
𝑁𝑁𝐴𝐴
𝑖𝑖=1 + ∑ 𝐹𝐹𝑃𝑃𝑃𝑃,𝑃𝑃,𝑖𝑖

𝑁𝑁𝐴𝐴
𝑖𝑖=1 + 𝐹𝐹𝑉𝑉𝑉𝑉,𝑃𝑃    Eq. 8 247 

In the following sections, the data is analyzed in terms of the average penetration forces, 248 

peak pullout capacities, pullout stiffnesses, and pullout softening rates. Tables 2 and 3 present a 249 

summary of the test results. The pullout capacity is quantified in terms of the ratio of the average 250 



shear stress to average vertical effective stress (τs/σ’v), where the former is calculated as the total 251 

measured pullout force divided by the anchor’s surface area and the latter is calculated as the 252 

average value along the anchor’s length. The vertical projection of the anchor surface area is 253 

considered for the calculation of τs, consisting of the anchor circumference by its embedded length. 254 

τs/σ’v values are used for comparison rather than τs magnitudes to enable comparison of the results 255 

of anchors that were fully embedded with those that reached installation refusal at smaller depths 256 

in the sand site, as described below. It should be noted that a more appropriate normalization would 257 

use the horizontal effective stress (σ’h). However, since measurements of σ’h were unfeasible 258 

during this investigation, σ’v was used in the normalization. The pullout stiffness (k50) is defined 259 

as the slope of the pullout curve from the origin to a force equivalent to half of the peak capacity 260 

and represents the rate of capacity mobilization at small displacements [Fig. 7(d)]. The softening 261 

rate (St) is defined as the slope of the pullout curve over a displacement of either 100 mm or 2L 262 

after the peak load is mobilized [Fig. 7(d)] and represents the rate at which capacity is degraded 263 

past the peak (i.e., failure brittleness).  264 

 265 

Tests in the sand pit site 266 

Nine load tests were performed at the sand pit site. The reported trends are compared with those 267 

from previously published studies consisting of laboratory interface shear tests and centrifuge pile 268 

load tests against sands.  269 

 270 

Installation of anchors 271 

The total measured force during anchor installation increased with depth due to both the increases 272 

in anchor surface area and vertical effective stress, and is influenced by the asperity height and 273 



length of the snakeskin-inspired texture. Fig. 8(a) presents the installation forces as a function of 274 

the anchor tip depth, showing an increase in magnitude as H was increased, where H is varied from 275 

0.5 to 4 mm while L is maintained constant at 12 mm. As shown, the H4L12 anchor mobilized the 276 

greatest forces while the H0.5L12 anchor produces the smallest magnitudes. In fact, refusal was 277 

reached at a depth of 1.32 m for the H4L12 due to the high installation forces and limited reaction 278 

mass of the drill rig. The installation forces decreased as L was increased for H values of 4 and 2 279 

mm, as shown in Figs. 8(b and c). In both test series, the anchors with an L of 12 mm generated 280 

the greatest total forces while the anchors with an L of 48 mm produced the smallest forces. The 281 

asperity geometry affects the skin friction force, but does not influence the penetration resistance 282 

force as previously shown by O’Hara and Martinez (2022b) during centrifuge pile load tests in 283 

sand. Assuming that the anchors’ tip resistance is equal to the qt measured during CPT soundings 284 

allows calculating the tip penetration force. Then, the skin friction force can be calculated by 285 

subtracting the tip penetration force from the total head force. Figs. 8(d–f) presents the traces of 286 

the skin friction forces as a function of depth. The skin friction force follows the same trends with 287 

H and L as described for the total force, and accounts for 18 to 70% of the total installation force. 288 

The anchors with greater H and smaller L mobilized greater fractions of the total installation force. 289 

Figs. 8 (g-i) show the calculated average stress ratios which exhibit a rapid decrease at shallow 290 

depths and stabilize at depths greater than about 1.3 m. This decrease is due to the gradual 291 

densification of sand it continues to be sheared by the snakeskin-inspired asperities passing, as it 292 

has been previously reported for piles (White and Lehane 2004). The decrease in τs/σ’v is also 293 

likely due to the suppression of dilation due to the increasing overburden stress.  294 

 The effect of H on the installation forces is more pronounced than that of L on the skin 295 

friction. Namely, the skin friction force is about 12 times greater in the H4L12 anchor than the 296 



H0.5L12 anchor, while the skin friction is only about 2 times greater in the H4L12 and H2L12 297 

anchors than the H4L48 and H2L48 anchors, respectively. Figs. 9(a and b) show the stress ratios 298 

at a depth of 1.3 m, where the effects of H and L are decoupled. Individual relationships can be 299 

drawn as a function of H for different L values [Fig. 9(a)] or as a function of L for different H 300 

values [Fig. 9(b)]. Plotting the τs/σ’v values as a function of the L/H ratio appears to unify the data 301 

reasonably well [Fig. 9(c)], in agreement with results of laboratory tests on sands from Martinez 302 

et al. (2019) in both the caudal and cranial directions as shown in Fig. 2(d). The relationship 303 

between τs/σ’v and L/H can be fitted with a power law function, indicating a greater sensitivity of 304 

at smaller L/H values.  305 

 306 

Pullout of anchors 307 

The pullout response of the anchors is analyzed in terms of the τs/σ’v ratio due to differences in 308 

final anchor embedment depth, particularly for the H4L12 anchor which reached refusal at a 309 

relatively shallow depth. An additional test on the reference rough anchor is included for 310 

comparison. The pullout response was measured over a vertical displacement of 200 mm, or 9 311 

times the anchor diameter [Figs. 10(a–c)].  312 

The pullout capacity was influenced by the asperity geometry. Specifically, increases in H 313 

led to sharp increases in τs/σ’v, as shown in Fig. 10(a) for anchors with a constant L of 12 mm. For 314 

this value of L, all the snakeskin-inspired anchors mobilized greater pullout capacities than the 315 

reference rough anchor. Particularly, the H4L12, H2L12, H1L12, and H0.5L12 anchors mobilized 316 

peak τs/σ’v that are 4.2, 1.8, 1.4, and 1.2 times greater than the reference rough anchor. For a 317 

constant H, increasing L led to a decrease in τs/σ’v and to a change in the shape of the pullout curve 318 

[Figs. 10(b and c)]. Specifically, the pullout curves of the anchors with a small L of 12 mm show 319 



an initial stiff response up to the peak τs/σ’v followed by strain softening, while the pullout response 320 

of the anchors with an L of 48 mm show an initially softer response with a capacity that continues 321 

to increase with increasing displacement. The peak capacity of all the snakeskin-inspired anchors 322 

was greater than that of the reference rough anchor; however, the H2L48 anchor exhibited a 323 

significantly softer response than the rough anchor.  324 

 The asperity height and length had distinct effects on the peak stress ratio, with H having 325 

a greater influence on the magnitude of peak τs/σ’v [Figs. 11(a and b)]. Namely, an increase in H 326 

from 0.5 to 4 mm for an L of 12 mm led to an increase in peak τs/σ’v of 340%, while an increase 327 

in L from 12 to 48 mm for H values of 4 and 2 mm led to increases in peak τs/σ’v of 220% and 328 

160%, respectively. The L/H ratio unifies the peak τs/σ’v data showing greater sensitivity at smaller 329 

L/H values; this relationship can be reasonably well fitted with a power law function, similarly to 330 

the installation skin friction forces. The trend between peak τs/σ’v and L/H is also in agreement 331 

with laboratory cranial shearing results on sands presented by Martinez et al. (2019), as shown in 332 

Fig. 2(d). The three figures show the greater pullout capacity of all the snakeskin-inspired anchors 333 

in comparison with the reference rough anchor.  334 

 The stiffness and softening rates of the snakeskin-inspired anchor were generally greater 335 

than that of the reference rough anchor. While H does not appear to affect k50 in a systematic 336 

manner, anchors with smaller L produced stiffer responses [Figs. 12(a and c)]. The data also shows 337 

a decrease in k50 with increasing L/H [Fig. 12(e)]. The anchors with small L/H mobilized 338 

stiffnesses between 1.8 and 2.6 times greater than the reference rough anchor, while the k50 values 339 

were close between the rough anchor and the snakeskin anchors with L/H of 24. The softening rate 340 

was determined using a displacement of either 100 mm or 2L after the peak load, but there are no 341 

systematic differences in the calculated St values. There is no clear relationship between St and 342 



either H and L. However, a trend emerges when plotted in terms of L/H, with larger St for small 343 

L/H and an apparent convergence of the softening rates of the snakeskin and reference rough 344 

anchors at large L/H values.  345 

 346 

Tests in the Yolo loam site 347 

Eighteen tests were performed at the Yolo loam sites at two different target depths. These tests 348 

were performed to build on the existing tests on snakeskin-inspired surfaces, which have been 349 

primarily performed against dry sands.  350 

Installation of anchors 351 

The total force and skin friction force of the anchors in the Yolo loam site showed significant 352 

variation, likely due to the spatial variability in the site. Figs. 13(a–i) show the total force, skin 353 

friction force, and stress ratio distributions with depth for the anchors installed to a depth of 2.7 m. 354 

For certain anchors, the total and skin friction forces were relatively constant with depth (i.e., 355 

H2L12, H2L24), while for other anchors the installation forces were greatest at shallow depths 356 

due to the presence of the shallow overconsolidated crust at the site (i.e., H4L12, H4L24, H2L48). 357 

This results in decreases in τs/σ’v with depth which stabilize at depths greater than about 1.5 m.  358 

The depth traces for the anchor tests installed to a depth of 5.5 m are not presented for brevity; 359 

however, they follow similar trends with near-constant forces with depth or large forces at shallow 360 

depths.  361 

 In general, the installation stress ratios decreased as the asperity height was increased, and 362 

changes in asperity length did not lead to systematic changes in the skin friction force, as shown 363 

in Figs. 14(a–c). The trend with H is particularly clear for the anchors installed to a depth of 2.7 364 

m, while the deeper tests show a significant amount of variability. This decrease in force with H 365 



shows the opposite trend to the anchor tests in the sand pit site. This is due to the structure of the 366 

Yolo loam at the site, where the overconsolidated and unsaturated state leads to a stiff yet brittle 367 

behavior, making the soil sensitive to disturbance. As described in more detail in the next section, 368 

the anchors with greater H led to greater disturbance of the soil which reduced the amount of skin 369 

friction at locations away from the anchors’ tip. This is particularly evident for the H4L24 anchor 370 

which mobilized a skin friction of nearly zero. When plotted as a function of L/H, no clear trends 371 

emerge with τs/σ’v [Fig. 14(d)]. The results also show that the stress ratios are generally greater for 372 

the shallower anchors, likely due to the aforementioned disturbance. Overall, the installation forces 373 

are controlled by the spatial variability of the site and the sensitivity of the structured silty soil.  374 

 375 

Pullout of anchors 376 

The asperity height had a greater influence on the pullout capacity and stress ratio – displacement 377 

curves than the asperity length in the structured silt. Figs. 15(a and b) show the pullout curves at 378 

depths of 2.7 and 5.5 m, respectively, for anchors where H is varied and L is kept at 12 mm. The 379 

pullout curves for the anchor with the smallest H of 0.5 mm show a peak capacity followed by 380 

strain softening, while the curves for the anchors with greater H and L did not show clearly defined 381 

peak capacities. The results show an increase in τs/σ’v as the H is reduced. Photographs from 382 

anchors fully pulled out of the ground can explain this trend. For the anchors with a large H, the 383 

structured silty soil is disturbed during installation, offering little resistance during pullout, as 384 

evident in the photograph in Fig. 16(a) showing loose soil clumps ahead of the asperities. In 385 

contrast, the anchor with a small H produces a smaller amount of disturbance during installation, 386 

resulting in soil-soil shearing during the pullout test. This behavior contrasts with that observed in 387 

the sand pit tests due to the sand’s ability to flow around the asperity. The field tests show passive 388 



wedges developed ahead of the asperities during pullout loading [Fig. 16(b)], in agreement with 389 

previous laboratory tests (i.e., Fig. 2(e)). In this case, the greater bearing area of the asperities with 390 

a larger H leads to a greater pullout resistance.  391 

 The peak anchor capacity decreased sharply with increasing H, as shown in Fig. 17(a). The 392 

relationship between τs,peak/σ’v and H can be fitted with a power function for the tests at both depths. 393 

The asperity length did not have a systematic effect on the τs,peak/σ’v, resulting in significant scatter 394 

in the relationship with the L/H ratio [Figs. 17(b–d)]. The anchors with H of 0.5 and 1 mm 395 

mobilized greater τs,peak/σ’v than the reference rough anchor. Specifically, the τs,peak/σ’v is 2.5 to 396 

4.4 times greater for the H0.5L12 anchor than the reference anchor, while the H1L12 anchor 397 

mobilized a τs,peak/σ’v that is between 1.4 and 1.7 times greater than the reference anchor. It is noted 398 

that results on the stiffness and sensitivity of the anchor load tests in the Yolo loam site are not 399 

included because many of the curves did not reach a distinct peak τs/σ’v.  400 

 401 

Discussion 402 

Directionality 403 

A unique aspect of the snakeskin-inspired texture is its ability to mobilize different interface 404 

strengths in the cranial and caudal directions. These differences are driven by differences in the 405 

interactions between the asperities and soil, where the bearing area in the cranial direction produces 406 

passive resistances in addition to frictional load transfer. In the caudal direction, the load of transfer 407 

is likely dominated by shearing between the steel and soil, while some passive resistances can be 408 

mobilized particularly when the asperity slope is large (i.e., small L/H).  409 

The difference in skin friction can be quantified in terms of the ratio of the peak pullout 410 

skin friction force (i.e., in the cranial direction) to the peak installation skin friction force (i.e., in 411 



the caudal direction). The skin friction directionality is presented in Figs. 18(a and b) for the tests 412 

in the sand site and in Figs. 18(c and d) for the tests in the structured silt site. As shown, the 413 

directionality decreases as the asperity height increases in both soil types, and the relationships can 414 

be fitted with power functions. For an H of 0.5 mm, the directionality is close to 3 in the sand and 415 

between 2.3 and 4.5 in the structured silt. At an H of 4 mm, the directionality is around 1.8 in the 416 

sand, while in the structured silt the directionality is smaller than 1.0, indicating a greater skin 417 

friction during installation likely as a result of soil disturbance as previously described. The 418 

directionality increases with an increase in the L/H ratio in both sites; however, the results from 419 

the silt site show a significant amount of scatter. Overall, the results show that the skin friction 420 

directionality has a well-behaved relationship with H.  421 

 422 

Load transfer 423 

The snakeskin-inspired pattern results in transfer of load in the form of passive resistances and 424 

skin friction, leading to the large capacities observed during the field tests. This effect is 425 

particularly pronounced during cranial shearing due to the bearing area of the asperities. 426 

Measurements of soil deformation during laboratory tests confirm this, where soil wedges are 427 

displaced during cranial shearing indicating local passive conditions [Fig. 2(e)].  428 

 The peak stress ratio values measured during the tests in the sand pit site can be used to 429 

further examine the likely load transfer mechanisms between the snakeskin-inspired asperities and 430 

the surrounding soil. Assuming a purely frictional transfer of load, as typically done for the design 431 

of piles, would lead to calculation of the skin friction as τ = σ’h×tan(δ’) = σ’v×K×tan(δ’), where 432 

σ’h is the horizontal effective stress against the anchor surface, K is the lateral earth pressure 433 

coefficient, and δ’ is the interface friction angle (Salgado 2006). Assuming δ’ = φ’p for a rough 434 



interface, according to Uesugi and Kishida (1986), allows back-calculating the in-situ K 435 

coefficients. Using an average φ’p of 41° from the CPT results [Fig. 6(a)] yields K coefficients 436 

mobilized at peak conditions of 12.7 and 7.7 for the H4L12 and H4L24, which are unreasonably 437 

high for axially-loaded elements. For example, finite element analyses from Salgado (2006) yield 438 

K values between 2.0 and 5.5 for piles in sand with a DR of 80%. The back-calculated K values 439 

for the anchor with the smallest H (i.e., H0.5L12) and the reference rough anchor are 3.8 and 3.0, 440 

respectively, falling in the typical range for high DR sands. This suggests that passive resistances 441 

contribute significantly to the transfer of load, particularly for textures with high H values. 442 

However, it should be considered that the small diameter of the anchors could also result in 443 

dilation-induced increases in horizontal effective stresses, as described by Luo et al. (2000) and 444 

Junaideen et al. (2004), contributing to the large back-calculated K values.  445 

 The asperity height, length, or L/H ratio were shown to control different aspects of the 446 

anchor pullout response in sand. Increases in H led to greater increases in peak capacity than 447 

increases in L. For example, a fourfold increase in H from 1 to 4 mm led to an increase in peak 448 

capacity by a factor of 3.0 while a fourfold decrease in L from 48 to 12 mm, translated to a 449 

corresponding increase in the number of asperities, led to an increase in peak capacity by a factor 450 

between 2.2 and 1.6. This difference cannot be explained simply by the increases in the total 451 

annular bearing area, as increasing H leads to an increase in annular bearing area by a factor of 3.4 452 

while decreasing L leads to an increase by a factor of 4.0. Rather, it is possible that the bearing 453 

area magnitude at each asperity is the controlling factor. Namely, a greater H may allow the 454 

individual asperities to fully develop passive conditions, thus inducing local increases in effective 455 

stresses. It is noted that while a similar effect has been reported for other applications, such as 456 

screw anchors, multi-plate anchors, and self-burrowing probes (e.g., Luttenegger 2011; Nelly and 457 



Hambleton 2019; Chen et al. 2022), these have much larger sizes compared to the soil particle 458 

sizes. Therefore, the influence of particle size effects, should be assessed in the future. The initial 459 

anchor stiffness was mostly influenced by L, suggesting that the number of asperities, rather than 460 

their height, controls this parameter, possibly because at small displacements the passive 461 

resistances have not been fully mobilized. Lastly, the softening rate was shown to increase with 462 

L/H, which in cranial shearing represents the normalized spacing between asperities. This trend 463 

may be explained by the interaction between asperities if it is considered that each asperity disturbs 464 

soil within a zone locally around it which grows with pullout displacement. In sand, this 465 

disturbance likely causes exhaustion of the soil’s dilative potential and thus softening. Therefore, 466 

as the displacement is increased, the zones may begin to overlap, producing an overall softening 467 

anchor response.  468 

 469 

Applicability of snakeskin-inspired anchors in different soil types 470 

The results of the field tests highlight the applicability of the anchors with snakeskin-inspired 471 

texture in different soil types. In the sandy soils, all the tested snakeskin-inspired anchors 472 

outperformed the reference rough anchor, in some instances by factors as high as 4 in terms of the 473 

peak pullout capacity. In contrast, the pullout performance of the snakeskin-inspired anchors in 474 

the structured silt was controlled by the disturbance caused during installation. This led to the 475 

snakeskin-inspired anchors generating greater pullout capacities than the reference rough anchor 476 

when the H was small, but their capacity was smaller than that of the reference rough anchor when 477 

H was large. The increase in capacity with H in sandy soils is in agreement with previously 478 

published results from laboratory interface shear tests and centrifuge pile load tests (Martinez et 479 

al. 2019; O’Hara and Martinez 2020; O’Hara and Martinez 2022a). However, this comes at the 480 



cost of increased installation forces. For application in sensitive soils such as the structured silt in 481 

the Yolo loam site, careful evaluation is required to evaluate the possibility of detrimental effects 482 

of installation disturbance. All anchors were tested at effective stress levels that at the lower limit 483 

of magnitudes relevant for slope stabilization and excavation support. Therefore, future studies 484 

should focus on understanding the possible effects of increased overburden stress and depth on the 485 

installation and pullout responses. 486 

This field testing campaign did not include tests in saturated, normally consolidated clay. 487 

However, the results of interface shear tests from Huang and Martinez (2021) suggest that the 488 

snakeskin-inspired texture can produce beneficial behaviors in this soil type. Namely, the 489 

laboratory results indicate shearing in the cranial direction generates greater skin friction than in 490 

the caudal direction. In addition, the ability of soft clay to flow around asperities will likely lead 491 

to limited installation disturbance effects. 492 

 493 

Implications in geotechnical practice and future deployment  494 

One of the main benefits of driven or launched soil nails or anchors is that grout is not needed, 495 

leading to faster production and simpler logistics because fewer steps and equipment are needed 496 

for installation. Another benefit of the snakeskin-inspired anchors is their greater capacity. 497 

Namely, the H4L12 anchor in the sand pit site mobilized 4.2 times the peak capacity of the 498 

reference rough anchor, while the H0.5L12 anchor in the Yolo loam site mobilized between 2.5 499 

and 4.4 times the peak capacity of the reference rough anchor. For a project, this would mean that 500 

either fewer anchors or anchors with smaller lengths would be needed to provide the required 501 

pullout capacity, resulting in material and installation time savings. 502 



The forces involved can be significantly greater during anchor pullout than during 503 

installation. For example, the ratio of the total pullout force to total installation force, which also 504 

accounts for the tip penetration resistance, is greater than or equal to one for all tests in the sand 505 

pit, indicating that in terms of total net force, the anchors require a greater force to fail in tension 506 

than to be jacked into the ground. The anchors with a small H have a greater total force ratio, with 507 

the H0.5L12 anchor mobilizing about twice the pullout force compared to the total installation 508 

force. The direction-dependent behavior of the snakeskin-inspired anchors can allow for 509 

installation with smaller forces compared to a conventional rough anchor, potentially allowing for 510 

the use of smaller installation equipment further providing efficiency in the logistics at project 511 

sites and potentially reducing the cost and environmental impacts. 512 

  The snakeskin-inspired anchors were machined in a lathe in sections with a length of about 513 

150 mm. Because of this specialty machining, the anchor prototypes tested in this investigation 514 

have a high cost. In addition, the need to assemble the anchors results in a relatively slow 515 

installation in comparison with installation of an anchor composed of a single piece. In the future, 516 

the snakeskin-inspired anchors could become a competitive technology if their benefits in capacity 517 

and installation procedures outweigh the possible additional costs of manufacturing.  518 

 519 

Conclusions 520 

A series of field load tests were performed on anchorage elements with snakeskin-inspired surfaces 521 

in two sites composed of dense sand and structured, overconsolidated low-plasticity silt at two 522 

different depths. The snakeskin-inspired surfaces have previously been shown to mobilize 523 

direction-dependent skin friction, where shearing in the cranial direction mobilizes greater strength 524 

than in the caudal direction. The goal of these tests was to evaluate the effect of the asperity height 525 



and length on the forces involved in the installation and pullout of the snakeskin-inspired anchors, 526 

compare the results with those of a reference “fully rough” anchor, and quantify the direction-527 

dependence of the anchor skin friction. Load tests were performed on eight different snakeskin-528 

inspired anchors to discern the effect of the asperity height and length.  529 

 The skin friction during installation and pullout was highly influenced by the asperity 530 

height and length in the tests performed in the sand site. During both test stages, increasing the 531 

asperity height for any given length and decreasing the asperity length for any given height led to 532 

large increases in skin friction. The ratio of asperity length to height (i.e., L/H) unified the 533 

installation skin friction and peak pullout capacity data in relationships that can be fitted with 534 

power functions. The skin friction during pullout loading of all the snakeskin-inspired anchors was 535 

greater than that mobilized by the fully rough anchor by factors as high as 4.2. The asperity length 536 

and L/H ratio controlled the initial stiffness of the anchors, with a decrease in stiffness with an 537 

increase in either parameter. The post-peak softening rate decreased as the L/H ratio was increased, 538 

indicating that while the anchors with small L/H mobilize greater capacities and initial stiffness, 539 

their capacity can reduce with continued deformation. 540 

 In the structured silt site, the skin friction during installation and pullout generally 541 

decreased with an increase in asperity height. Due to the sensitivity of the material, the snakeskin-542 

inspired anchors with taller asperities produced a greater degree of disturbance during installation, 543 

which resulted in a reduction of the pullout capacity. This led to a decrease in pullout capacity as 544 

the asperity height was increased. Still, the snakeskin-inspired anchors with small asperity heights 545 

of 0.5 and 1 mm mobilized greater capacities than the reference rough anchor. 546 

 The anchors mobilized significant skin friction directionality during the field tests. The 547 

skin friction directionality was defined as the ratio of the peak pullout to peak installation skin 548 



friction forces. The directionality decreased as the asperity height was increased and as the L/H 549 

ratio was increased. Directionality values were mobilized between 2.9 and 1.8 in the sand site and 550 

between 4.5 and 0.3 in the structured silt site. The directionality is a result of the difference in load 551 

transfer mechanisms, where greater passive resistances are mobilized during cranial pullout due to 552 

the bearing area produced by the asperities.  553 

 The greater capacity of the snakeskin-inspired anchors can result in a reduction in the 554 

anchor length or the number of anchors needed to mobilize a required pullout capacity. The 555 

direction-dependence of the mobilized skin friction can allow for installation of anchors that 556 

mobilize a greater pullout capacity for a specific jacking installation force or that require smaller 557 

installation forces to generate a specific pullout capacity. These aspects can benefit projects by 558 

simplifying their logistics and potentially resulting in reduction of cost and environmental impacts. 559 

Future efforts should be devoted to producing designs of the snakeskin-inspired anchors that use 560 

available materials to simplify their installation and reduce their cost.   561 
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Table 1: Asperity dimensions of the snakeskin-inspired anchors. 708 

Designation Asperity 
height, H (mm) 

Asperity 
length, L (mm) 

Geometry 
ratio, L/H 

H4L12 4 12 3 
H2L12 2 12 6 
H1L12 1 12 12 

H0.5L12 0.5 12 24 
H4L24 4 24 6 
H2L24 2 24 12 
H4L48 4 48 12 
H2L48 2 48 24 

 709 

 710 

Table 2: Results of anchor load tests in the sand pit site. 711 

Designa-
tion 

Asperity 
height, 
H (mm) 

Asperity 
length, 
L (mm) 

Geo-
metry 

ratio, L/H 

Tip 
depth, 
z (m) 

Avg. initial 
eff. stress, 
σ'v (kPa) 

Install. 
load at 1.3 

m (kN) 

Install. 
shaft force 

at 1.3 m 
(kN) 

Peak 
pullout 
force 
(kN) 

Peak pullout 
stress ratio, 
τpeak/σ'v 

Peak 
directio-

nality 

H4L12 4 12 3 1.3 12.4 11.4 8.1 11.6 11.1 1.4 
H2L12 2 12 6 2.2 21.6 6.6 3.1 15.0 4.6 2.0 
H1L12 1 12 12 2.3 22.7 5.9 2.4 12.9 3.7 2.7 

H0.5L12 0.5 12 24 2.3 22.6 3.7 0.7 11.4 3.2 2.9 
H4L24 4 24 6 1.9 18.6 9.8 6.7 15.7 6.7 1.8 
H2L24 2 24 12 2.5 24.1 6.0 2.6 12.8 3.6 2.2 
H4L48 4 48 12 2.2 21.5 7.8 4.2 13.9 5.1 1.8 
H2L48 2 48 24 2.3 22.1 5.4 1.5 9.1 2.9 2.2 
Rebar - - - 2.0 19.2 - - 7.7 2.6 - 

 712 

 713 

 714 

 715 

 716 

 717 

 718 

 719 

 720 



Table 3: Results of anchor load tests in the Yolo loam site. 721 

Designa-
tion 

Asperity 
height, 
H (mm) 

Asperity 
length, 
L (mm) 

Geo-
metry 

ratio, L/H 

Tip 
depth, 
z (m) 

Avg. initial 
eff. stress, 
σ'v (kPa) 

Install. 
load 
(kN)a 

Install. 
shaft 

force (kN)b 

Peak 
pullout 
force 
(kN) 

Peak 
pullout 

stress ratio, 
τpeak/σ'v 

Peak 
directio-

nality 

H4L12 4 12 3 2.5 22.6 1.8 0.7 0.4 0.1 0.2 
H2L12 2 12 6 2.7 24.4 1.7 0.6 1.3 0.4 0.9 
H1L12 1 12 12 2.4 22.0 2.8 1.6 3.4 1.0 1.7 

H0.5L12 0.5 12 24 2.6 23.8 3.0 1.8 6.3 1.5 2.3 
H4L24 4 24 6 2.7 24.2 1.6 0.4 0.3 0.1 0.2 
H2L24 2 24 12 2.8 25.2 1.8 0.7 1.4 0.4 1.0 
H4L48 4 48 12 2.8 25.2 1.7 0.7 1.0 0.3 0.9 
H2L48 2 48 24 2.7 24.4 1.5 0.5 2.0 0.6 0.7 
Rebar - - - 2.7 24.4 - - 2.9 0.6 - 
H4L12 4 12 3 5.6 50.6 3.7 2.1 3.6 0.3 0.9 
H2L12 2 12 6 5.3 48.0 3.8 2.1 4.0 0.2 1.2 
H1L12 1 12 12 5.5 49.4 3.3 1.5 6.8 0.4 3.1 

H0.5L12 0.5 12 24 4.8 43.6 4.8 2.7 17.4 1.3 4.5 
H4L24 4 24 6 5.6 50.7 1.9 0.0 1.7 0.1 0.8 
H2L24 2 24 12 5.1 46.4 2.7 0.9 3.2 0.2 1.6 
H4L48 4 48 12 5.0 44.8 2.9 0.8 1.4 0.1 0.6 
H2L48 2 48 24 5.4 48.9 2.8 1.3 3.5 0.2 1.6 
Rebar - - - 5.5 48.9 - - 5.3 0.3 - 
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