
Force–Displacement Characteristics of Helical Soil Nail
under Monotonic Pullout Loading: Experimental and Theoretical
Study

Pankaj Sharma1 • Saurabh Rawat1 • Ashok Kumar Gupta1

Received: 29 August 2020 / Accepted: 2 February 2021 / Published online: 12 February 2021

� Indian Geotechnical Society 2021

Abstract This study investigates the shear stress–dis-

placement behavior of helical soil nails (HSN) under dif-

ferent overburden pressure and monotonic pullout loading.

Two types of individual HSN (ribbed solid and hollow

plain) and a group of nine ribbed solid shafts HSN installed

with uniform spacing are experimentally investigated. The

study also examines vertical stresses and axial stresses

developed along with HSNs. Further, theoretical modeling

of the obtained experimental stress–displacement behavior

has also been carried out. The results depict mobilization of

nonlinear stresses under monotonic pullout for both indi-

vidual and group HSN. The stress–displacement behavior

is vividly marked by a pre-peak and post-peak stage.

Higher shear stress mobilization is found for solid HSN as

compared to hollow ones. A close agreement with a low

coefficient of variance between measured and predicted

values for overburden pressure between 5 and 50 kPa

depicts the efficacy of the developed theoretical model.

The results of axial strain for both shaft types HSN reveal

strain softening during post-peak, which diminishes in case

of group behavior. It is concluded that truncated cone

rupture failure during group behavior significantly governs

the stress–displacement response majorly by bearing than

interface shearing resistance of soil plugging in hollow

shafts.

Keywords Helical soil nail � Stress–displacement �
Theoretical modeling � Pre-peak � Post-peak � Axial strain

Introduction

Soil nailing has proved a time- and cost-efficient ground

improvement technique since its inception in the late

twentieth century. Since then, the soil nailing technique is

continuously under up-gradation with its usage extending

from tunneling, vertical excavation to highway and railway

widening projects and eventually for slope and fill stabi-

lization [1, 2]. The top-down construction procedure

involves drilling of a borehole, placement of steel, GFRP

[3] or bamboo [4] inclusion, and subsequent grouting.

During the installation of traditional soil nails, problems

such as in situ soil disturbances due to drilling, inadequate

grout distribution due to faulty drilling, and production of

significantly large soil spoils are often encountered. In

addition, restriction of drilling in cohesionless soils leading

to borehole collapse and soil nailing below groundwater

table due to its susceptibility for corrosion and alteration of

grout–water ratio are also associated problems of tradi-

tional nailing technique. Because of these lacunae, many

recent researchers [5–8] have attempted to incorporate the

concept of helical piles and anchors to overcome the

installation difficulties and facilitate nailing below satu-

rated soil conditions. This kind of soil nail is termed as

helical soil nail.

The concept of soil–structure interaction as listed by

Mitsch and Clemence [9] was primarily governed by

interface pile/anchor shaft–soil frictional resistance and

bearing resistance offered by the helical plates attached

along the pile/anchor shaft. Helical soil nails (HSNs) are
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generally used to mobilize higher pullout strength due to

the presence of helices against pullout load, and over-

turning moments. Owing to the advantages of quick

installation, least disturbance, and instantaneous loading

potential, their extent of use has prolonged beyond the

conventional applications to hydraulic structures, tunnels,

and unstable slopes, excavations, and embankments

[10, 11]. Helical nail is considered a modern substitute for

traditional soil nail applications. HSN is installed under the

action of torque and offers bearing capacity from the helix

blade affixed to the nail shaft. As per Perko [10] for helical

plates spaced at a distance of 3 times the helix diameter

(Dh), helical plate bearing predominates the behavior of

helical elements both during compressive and tensile

loading. To further enhance the soil–shaft interaction, Han

et al. [12] suggested the use of an open-ended pipe pile for

incorporating the soil plug phenomena is providing addi-

tional internal shaft friction and annulus bearing during pile

driving. Using a similar approach Sharma et al. [13, 14]

evaluated the behavior of hollow helical nails to assess the

advantage of soil plugging during the pullout. It was

observed that the internal frictional resistance contributes

about 11.5% of total shaft friction. Moreover, the remain-

ing resistance was found to be attained mainly by the

helical bearing instead of outer shaft friction.

As per FHWA [1], the internal stability of a soil-nailed

structure is largely dependent on the pullout force of the

soil nail. The pullout failure mode is defined as the failure

occurring at the soil–grout interface due to the movement

of active soil wedge under surcharge loading. The mobi-

lized shear stress at the soil–grout interface is inadequate

due to weak bond strength or smaller pullout nail length.

The review of the literature [15–18] revealed that mobi-

lized pullout resistance is governed by various parameters,

such as in situ soil conditions, soil saturation, soil nail

configuration and geometry, surcharge pressure, overbur-

den pressure, installation method, grouting pressure, and

roughness of grout–nail and soil–grout interface. Extensive

laboratory and field studies have been carried out by

researchers on traditional soil nails for the evaluation of

pullout capacity and its parametric variation [19–23].

However, in the context of helical soil nails, pullout failure

is related to the load which causes a continuous pullout

movement (creep) of helical soil nails. This pullout load

may not necessarily be the maximum pullout load [11].

Moreover, the literature presently available regarding

pullout investigation of helical soil nails through laboratory

testing or numerical modeling primarily focuses on inter-

preting the pullout response with increasing surcharge, the

effect of shaft diameter, helix diameter, number of helices,

and helical spacing [7, 8, 24–30]. Tokhi et al. [25] found

that the pullout behavior of helical soil nails is comparable

to traditional nails up to 130 kPa depicting good agreement

in terms of apparent coefficient of friction also. However,

the evaluated apparent friction was conservative as the

contribution of helical bearing was neglected. A similar

experimental study conducted by Sharma et al. [23] also

observed an increase in pullout response of helical soil

nails with progressive displacement up to a peak pullout

load and thereafter becoming constant. To further com-

prehend the pullout response, Rawat et al. [27] through

three-dimensional finite element modeling recorded strain-

softening phenomenon with an increasing number of heli-

ces during the pullout.

Among the limited helical soil nail pullout studies

prevalent, lacunae for extensive investigation of stress–

strain characteristics exists for clearly understanding the

mechanism occurring during helical nail pullout. More-

over, to closely model the actual field conditions, stress–

strain condition mobilized during group action of helical

nails becomes essential. The comprehension of developed

and mobilized pullout stress–strain will enable decipher the

progressive failure occurring at the soil–nail interface.

Therefore, the present study aims at investigating the

stress–strain condition mobilized at the helical soil nail

(HSN) under a monotonic pullout loading. The study is

conducted on a single helical nail and a group of nine

helical nails arranged in a uniform configuration. The

parametric study involves studying the stress–strain varia-

tion with increasing surcharge pressure and different cir-

cular shaft type [ribbed solid (RS) and plain hollow (PH)].

Furthermore, the assessment of axial strains under pro-

gressive horizontal displacement developed along HSN

length is also studied. Finally, analytical analysis of the

observed stress–stain behavior is carried out and compared

with the experimental results.

Mechanism of Helical Nail Pullout

Helical soil nails differ from helical anchors based on the

fact that anchors are pre-tensioned elements against nails

that require movement for mobilization of shearing resis-

tance [28]. During failure as the helical soil-nailed struc-

ture undergoes lateral movement, the slip surface

propagating across the nails forms two distinct soil wedges.

The wedge enclosed within the slip surface and facing

constitute the active surface and the passive wedge is

formed beyond the slip surface. The helical nail length

extending in the passive wedge determines the pullout

resistance of the helical nail. Moreover, as per field prac-

tices, the adopted helical plate spacing is 3Dh which

facilitates the development of individual bearing failure

mechanism during pullout [8, 11, 29]. Thus, for individual

helical nails under pullout loading (Fig. 1), it can be seen

that pullout resistance (PR) of the helical element is
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governed by the shear resistance of the nail shaft and

helical plate bearing resistance given by Eq. (1) modified

in the present manuscript after Perko [10] as:

PR ¼ pdsLNravg tan dþ
X

AHelix KPravgNq

� �
ð1Þ

In Eq. (1), average normal stress (ravg) is adopted to

counter for both vertical (rv) and horizontal (rh) stresses

acting on the circular surface area of the nail shaft. The

average normal stress is calculated using Eq. (2) as:

ravg ¼ rv þ rh
2

¼ rv 1 þ K0ð Þ
2

¼ rv 2 � sinuð Þ
2

ð2Þ

In Eqs. (1) and (2), ds = diameter of helical nail shaft;

LN = length of helical nail behind the slip surface;

d = soil–nail interface frictional angle; AHelix = surface

area of the helix in contact with soil; and KP = coefficient

of passive earth pressure =
1þ sin/ð Þ
1� sin/ð Þ.

Zhou [5] reported that redistribution of stresses around

the drilled hole can be neglected when the installation

procedure for grouted nails is not considered. Hence, the

ratio of horizontal stress to vertical stress can be taken

equal to the earth pressure at rest (K0) condition. However,

in the present study, the torque installation of helical nails

leads to transversing of soil and redistribution of stress

around the helical plates as the nail installation progresses.

Thus, to precisely account for the stress redistribution after

nail installation, Kp represents a more realistic earth pres-

sure situation around the helical nail. Likewise, during

pullout, the helical plate presses against the soil in the

direction of monotonic load depicting passive earth pres-

sure condition (Kp). Simultaneously, the soil behind the

helical plate undergoes a momentary detachment leading to

active earth pressure conditions (Ka). Hence, to account for

soil resistance during pullout, Kp has been employed in

place of K0, / = angle of internal friction of soil; K0-

= coefficient of earth pressure at rest = (1 – sin/); and

Nq = modified Meyerhof bearing capacity factors.

However, as per FSI [11], Meyerhof bearing factors are

recommended to be modified for installation disturbance of

the helical element. Similarly, Perko [10] also suggested a

disturbance factor (kd) equal to 0.87 to account for dis-

turbances during operational and installation procedures

which affect the pullout capacity of helical elements.

Hence, Eq. (1) can be modified as:

Pullout
Direction

Embedded 
nail length 

Helical Plates of diameter (Dh2)

Group Cap 

Simplified failure surface for 
group helical soil nails 

Idealized surface of rupture for 
individual helical nails 

Nail Shaft 

Shearing resistance along 
conical rupture surface  

Increased bearing 
resistance due to 
enlarged diameter of 
truncated soil cone 

θ

(a)

(b)

Helical Plates 

Helical Plates of diameter (Dh1)

3Dh2

ERDh2

Vertical load cell 

Horizontal load cell 

Pullout 
Direction 

Approx. rear helix 
start and end

Approx. tip helix 
start and end 

1

3

2

4

5 50 32 

Fig. 1 Failure surface a group of helical soil nails simplified after Tokhi, 2016 b actual failure Tokhi, 2016 for single helical soil nail
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P
0

R ¼ PRkd ð3Þ

For the group of helical soil nails, each nail acting in

individual bearing leads to the formation of a cylindrical

surface extending from the penetrating nail head and

touching the outer edges of the helical plates. Thus, the

resistance against pullout for the helical soil nail group

depends upon the mobilized shear stress acting along this

enlarged cylindrical surface (Fig. 1). For helical plates of

equal diameter, the formation of a cylindrical surface is

obvious; however, the transition of the surface from

cylindrical to the conical (tapered) surface is observed for

helical nails with increasing helix diameter. The bond

stress acting is therefore mobilized along this conical

failure surface.

Ideally, the conical failure surface is complex and can be

mapped using log spiral lines, but for simplification,

straight lines are considered in the present analysis. Fig-

ure 1 shows that in a group action, instead of individual

bearing resistance through helical plates, bearing resistance

is majorly dependent on the truncated cone that extends

beyond the last helix. The bearing offered by the enlarged

diameter can thus be given by taking into consideration the

increased volume of soil within the truncated soil cone.

Simultaneously, shearing resistance is mobilized along

the lateral surface of the enlarged conical rupture surface

between the first and last helix. In the present case, the

slanting surface of the conical failure zone is assumed to

vary linearly between the first and last helix. Also, the

shearing resistance acting along the first helix and pene-

trating nail head are neglected as the conical wedge formed

has a significantly smaller surface area in comparison with

the inter-helical rupture surface area. Figure 2 shows the

sketch helical soil nail. Based on the assumptions and

simplification, the pullout resistance for the helical soil nail

group can be given by Eq. (4):

Pgroup ¼ KPravgNqCN

þ p Dc1 þ Dc2ð Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dc2 � Dc1ð Þ2þ ERDc1ð Þ2

q� �
KPravg tan d

ð4Þ

where CN = weight of the conical region formed governed

by the embedment depth ratio (ER) defined as the ratio of

the depth of frustum (H) to the diameter of the formed soil

truncated cone (Dc2); N = number of helical nails in the

group; DC2 = larger diameter of the truncated soil cone

(3NDh2 ? 2ERDh2tanh); and DC1 = smaller diameter of

truncated soil cone (3NDh2). CN can be calculated by

Eq. (5) as:

CN ¼ p
4
cD3

h2 9N2ER þ 6NE2
R tan hþ 4

3
E3
Rtan2h

� �
ð5Þ

Testing Program

The testing of the pullout of helical soil nails was con-

ducted using an apparatus capable of both installation and

pullout. Generally, in deformation and stability analysis of

helical soil the nailed slope is a boundary value problem

when consolidation and creep effects are neglected. For

solving such a three-dimensional problem, three equilib-

rium stress equations, six strain compatibility equations

and six constitutive equations are required. Using appro-

priate boundary conditions, the unknown six stresses, six

strains, and three displacements values can be evaluated.

Thus, for analysis of helical soil-nailed structure, non-

uniform stress conditions are prevalent along the entire

length of the helical soil nail. As previously mentioned,

helical nail length within the active zone develops shear

stresses in direction of the soil movement whereas the

pullout length of helical nail residing in the passive zone

has shear stress acting against the nail movement. Thus, by

modeling the pullout nail length only, uniform stress con-

ditions are mobilized. This simplifies the investigation of

Bevelled Tip 
Shaft of nail 

Pitch 

Helix 
Thickness of Helix 

Fig. 2 Helical soil nail
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the effects of parameters such as overburden pressure,

installation effects on stress–displacement, and the strength

of helical nails during pullout [30].

In line with the stated reason, a model test tank of

dimensions 2000 mm (long) 9 1100 mm (wide) 9 1100

mm (height) is used. The dimensioning of the tank is based

on the finite element analysis carried out by Yin and Su

[30] which suggested that stresses during drilling of

100 mm borehole reduce significantly at a lateral distance

of 300 mm and vertical distance of 400 mm (about 1.9%).

Moreover, Gurpersaud et al. [31] recommended that the

minimum dimension for avoiding boundary effect be equal

or greater than ten times the nail diameter. Since in the case

of helical nails, the diameter of the helix governs the

development of the influence zone, all dimensioning has

been adopted according to the maximum helix diameter of

size 96 mm. Thus, the minimum dimension for the model

tank is adopted as 1100 mm[ (10 9 96 mm) = 960 mm.

The dimensioning has also been done to keep a clear edge

distance of 2.5 Dh [32–35] for the case of the helical soil

nail group.

The model tank is filled with cohesionless soil classified

as poorly graded sand having specific gravity (G) = 2.7;

average grain size (D50) = 0.25 mm; coefficient of uni-

formity (Cu) = 1.75; and coefficient of curvature (Cc) = 1.

The angle of internal friction (/�) as determined from the

direct shear test is 37.9� with an almost negligible cohesion

(c) value taken as 0. All standard procedures of testing

have been adopted as per IS codes [36] (Fig. 3). As per the

field conditions, the relative density of soil is 80% to 90%

for soil nailing structures [1, 11] and is maintained at 86%

for all the testing. The dry pluviation or the raining of sand

is a commonly employed technique used to prepare sand

samples in the laboratory to some specified initial state.

The technique is calibrated so that the density of the

samples produced is known accurately and precisely. The

relative density of sand has been influenced by the size,

gradation, and shape of the particle. The bigger size of

particles leads to the greater kinetic energy of particles

impacting the sand bed resulting in densified soil mass

[37]. Thus, the relative densities from 30 to 100% are

easily achievable using this technique without compaction.

The sand fall heights greater than 0.5 m have no affected

on density and are confirmed as reported by Okamoto and

Fityus [38].

In the present study, the filling of the model tank is

carried out by the pluviation technique by free-falling soil

from a height of 108 cm with a constant check on relative

density attained after every 200 mm filling. It was observed

that the achieved relative density of the filled tank was

about to 86 ± 2%, which is checked at different depths

using the sand replacement method. A similar type of

method has been suggested by Cresswell et al. [39] and

Rad and Tumay [40] for the preparation of the sand

sample.

For attaining the in situ equilibrium stress condition for

the soil filled in the tank, a seating load of 2 kN is applied

using a hydraulic jack. The hydraulic jack is fixed against a

steel reaction frame designed for negligible deflection

under reaction from a hydraulic jack. It is also ensured that

Fig. 3 Particle size distribution

of soil used. Note: D50, average

grain size. D10, D30, and D60 are

the soil grains diameter where

10%, 30%, and 60% of the

particles are finer than this size,

respectively
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no self-weight of the reaction frame accounts for the load

applied over the soil tank. The seating load is kept for 24 h

before the installation of the helical soil nail. Since helical

soil nail structures are used as rectification measures,

testing of pullout behavior under overburden pressure

becomes necessary for keeping the study close to field

conditions.

Therefore, four different overburden pressures of 5 kPa,

12.5 kPa, 25 kPa, and 50 kPa are used in the study. For

testing of the pullout of traditional soil nails, an overburden

range varying between 0 and 150 kPa has been employed

by many researchers in the past [19, 21, 25]. As per

Pradhan et al. [21], an overburden pressure of 150 kPa

generally corresponds to an overburden caused by a fill

having a height of 6–7 m. Since installation operations of

nails were carried out with top to down construction

approach, the lower range of overburden pressure

(0–50 kPa) reflects a fill height of 2 m [1]. Secondly, an

equipment limitation was also observed in the form of

heating and oil spilling from hydraulic jack when over-

burden pressure beyond 50 kPa, as pressure was main-

tained for long durations. The hydraulic jack was

connected with a load cell for recording the real-time load

application. To ensure uniform load distribution from the

hydraulic jack, a steel plate of thickness 10 mm was placed

on the top of the soil surface. The plate thickness was

initially checked for any deformation under sustained

loading and thus adopted. The settlement of the top plate

under loading is further recorded using LVDTs attached in

a triangular arrangement around the loading plunger.

The helical soil nails used in field application generally

have shaft diameters ranging between 38 and 88 mm. For

helical soil nails to act in an individual bearing mechanism,

the ratio of Dh/d C 3 is suggested by Hubbell [41].

Therefore, helical diameter ranging between 152 and

356 mm is traditionally employed. Similarly, with inter-

helical spacing of 3Dh and the number of helical plates

equal to 3, helical soil nail length is determined based on

the ratio of the length of helical soil nail (L) to the height of

the helical nailed wall (H). The suggested ratio lies

between 0.7 and 1.2 as per FHWA [1]. For model helical

anchors, Schiavon et al. [42] reported that the scale effects

during model testing are governed by two parameters:

(a) effect of mean particle size (D50) on the shaft diameter

(d) accounting for the shaft shearing resistance and (b) ef-

fect of mean particle size (D50) on the wing ratio (WR)

accounting for the bearing resistance of the helical plates.

The wing ratio (WR) is defined as the difference of helix

diameter to shaft diameter calculated as 0.5 (Dh – d). Thus,

Schiavon, et al. [42] recommended that for avoiding scale

effect on shaft shearing resistance d/D50 [ 30 – 50 and WR/

D50[ 58 for no scale effect on helical bearing resistance.

Moreover, Rotte and Viswanadham [43] employed a

factor of 5, to scale down prototype soil nails to model soil

nails. Hence, for the present study, a field helical shaft

diameter of 80 mm is scaled down by 5, to adopt a shaft

diameter of 16 mm. The length of the helical nail adopted

for a height of 1000 mm with an L/H ratio of 0.9 is

900 mm for the present study. The nail length embedded in

the soil tank used is 770 mm, and the remaining 130 mm is

used for clamping purposes. To facilitate ease of penetra-

tion, the front 20 mm of helical nail penetrating head is

beveled at an angle of 30� with the penetration axis. All the

corresponding helical nail configuration details are sum-

marized in Table 1.

The installation of helical nails both individual and

group is attained by modifying the front panel of the model

tank. The front iron panel was marked with a circular

opening of a diameter slightly greater than 96 mm to

accommodate the largest helix during installation and

pullout. Likewise, for group helical soil nails, the uniform

arrangement was formed by creating circular openings at

the desired spacing of 3Dh. For installation of the indi-

vidual helical nail, the front panel is fixed at the model tank

with a rubber membrane placed against the hole to prevent

any soil from draining out during filling. Now, with the

soil-filled tank and seated load placed for 24 h, the indi-

vidual nail is installed at 20� with the horizontal. The angle

of inclination for installation is adopted based on the fact

that beyond 25�, compressive forces are mobilized which

decreases the reinforcing action of nails [44].

The installation of helical nails is carried out by the

pullout/torque installation machine which includes two

three-phase induction motors (0.5 HP). The first motor

allows forward and backward movement of the nail, while

the second motor offers the revolution to the nail during

installation. The device consists of a drive head for pro-

viding the necessary torque and rotation speed of

10–20 rpm display over-torque meter and RPM (revolu-

tions per minute) gauge, respectively. The RPM gauge

allows setting any rotation rate in the range of 10–20 rpm.

The tail of the nail was gripped in the holding adaptor of

the device, which revolves the nail at 10 rpm (adopted in

the present study) and also provides a constant crowd force

at a rate of penetration of one helix pitch in one revolution

FSI [11]. The torque installation of the nail was carried up

to a length of 700 mm with different nail inclination to the

horizontal being achieved using the guided inclination

arrangement of the apparatus [11, 41].

However, in the field practices, a standard backhoe

attached with a torque head is used for helical soil nail

installation. The helical soil nail length installed is about

700 mm out of the total 1000 mm used for nail fabrication.

The remaining 300 mm is left to accommodate the

clamping of nails in the adapters for installation and
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pullout. For the installation of a group of helical nails, the

modified front panel (with nine circular openings) is

attached in place. The top-down construction is adopted as

per field practice with the top row of nails being installed

first, one after the other, followed by the next row till all

nine nails used in the group are installed. FSI [11] manual

suggests the range of center to center spacing between

helical elements (helical nails and helical tiebacks) from

1.5 Dh to 4.5 Dh (Dh = helical diameter), respectively, for

no interference of adjacent element. In the present study

due to the laboratory limit, the minimum spacing has been

adopted 2.86 times bigger most helical diameter for group

pullout. It is also observed by Mittal and Mukherjee

[32–34] that the group behavior of helical anchors in sandy

soil depicts no interference from the adjacent helical

anchors for when helical anchors are spaced at 2.5 times

the screw diameter. The rate of installation and penetration

remains similar to the installation of the individual helical

soil nail.

Prior to subjecting the nails to a pullout monotonic

loading, installed nails are left undisturbed in the soil tank

for one complete day (24 h) so that equilibrium in situ

stress conditions are achieved. The pullout of individ-

ual/group nails is carried out by the same installation

apparatus by moving it over a guided arrangement in the

backward direction. During this maneuver, only transla-

tional backward movement is applied at a rate of 1 mm/

min for simulating the monotonic pullout loading. The rate

of the pullout is also determined based on the field pullout

testing range of 1 mm/min (minimum) – 10 mm/min

(maximum) as given by Hubbell [41]. The peak pullout

force can be taken as either the maximum peak value or the

point where increment in force per 1 mm displacement is

less than 1% or a point where displacement reaches 30 mm

[45].

In the present study, the pullout force is taken as the

maximum peak value for both experimental and theoretical

cases. The horizontal displacement (pullout length) is

recorded using two LVDTs attached to the adapter, while

the installation torque/pullout load is recorded by the tor-

que meter and load cell attached within the 30-channel

Universal Data Acquisition System (UDAS), respectively.

Tensile testing (IS 1608:2005 [46]) on three specimens of

hollow and rough nail shafts each was conducted using a

UTM machine. The UTM was operated at a strain rate of

1 mm/min. for both ribbed solid and plain hollow nail.

From the stress–strain plot for the hollow shaft section, the

ratio of stress (within elastic limit) to the strain (i.e., E) was

seen equal to 210GPa and 140GPa for ribbed solid and

hollow shaft, respectively.

Table 1 Details of individual and group of helical soil nails used in the study
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Results and Discussions

Stress–Displacement Behavior of Individual HSN

The stress–displacement behavior of individual HSN for

both RS and PH at 20� with the horizontal is shown in

Fig. 4. Figure 4 shows that the pre-peak and post-peak

curve of shear stress with displacement under monotonic

pullout loading follows a similar trend for both RS and PH

helical nails. The mobilization of stress is found to increase

with increasing displacement, till maximum shear stress is

reached. With the further increment in displacement,

mobilization of shear stress starts to decrease or becomes

constant. The initial increase in shear stress can be

accounted for by the bearing resistance and shearing

resistance mobilization as the nail begins to move out

under the pullout loading. As seen from the mechanism, the

truncated cone provides an increased bearing ahead of the

last helix and simultaneously larger shearing resistance is

mobilized around the increased surface area of the conical

failure surface.

The fading off from the peak shear stress is attributed to

the permanent deformation of soil that occurs under the

monotonic loading. As external pullout force is applied to

the nail shaft, the soil undergoes permanent deformations.

The soil deformations occur momentarily till shearing

resistance mobilizes along the outer edge of the helical

plate. However, it can be observed that maximum shear

stress mobilized in the case of HSN (RS) is significantly

higher than HSN (PH) under the same overburden pressure.

Likewise, it is seen that shear stress for both HSN (RS and

PH) increases with an increase in overburden pressure from

5 to 50 kPa. This is obvious as normal stress around the

HSN increases which increases the interface friction.

However, it should be noted that as interface governing the

mobilization of shearing resistance does not take place at

the soil–HSN interface but at a larger radial distance away

from the HSN shaft. Tokhi [25] also observe the pullout

failure envelope of the helical nail and found that the

rupture surface lies about 50 mm from helical plates, while

30 mm away from the nail shaft.

The low shear stress obtained for plain hollow helical

nails as compared to rough solid helical nails has been

accounted to the smaller resistance to nail displacement

which occurs due to the tubular section of hollow nails.

However, the authors agree that in addition to this, the

surface roughness of plain and rough nails also contributes

significantly to increasing the interface shearing resistance

and hence yielding higher shear stress values for rough

solid helical nails. The internal friction component helps

only in installation and allows the soil to move into the

pipe under compressive force up to the soil plugging stage.

The plugged stage is the point where the soil does not move

with respect to the inner wall of the hollow pipe. As the

nail advance under compressive load, the plug densifies

and the plug resistance builds up [12–14].

Thus, during pullout of the hollow nail, the contribution

of effect of soil plugging in providing resistance against

pullout is less significant as compared to the contribution of

surface roughness of both the nail shafts (i.e., plain and

rough). Additionally, for hollow and solid shafts with an

equal amount of material, it is observed that hollow sec-

tions perform better than solid sections. However, in the

present study, the hollow shafts used are three times lesser

in weight than the solid nail with rough shaft rendering

them with smaller pullout strength.
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To further investigate the contribution of failure surface,

vertical stresses around the helical plates are also recorded

using earth pressure cells (Fig. 5a). The piezo-resistive

type pressure transducers were used during laboratory

testing. To investigate the vertical soil stresses around

helical nails during pullout, six earth pressure cells of

capacity 3 MPa were placed vertically below the nail. All

six earth pressure cells were installed horizontally at depths

of 70 mm above and below the nail length positioned

230 mm, 460 mm, and 700 mm away from the pullout nail

end. Earth pressure cell was employed to record the real-

time changing vertical stresses during installation and pull

out of the soil nail. The pressure cells were calibrated over

the whole operational range (0 to 50 kPa). The pressure

was applied from 0 to 50 kPa using different weights,

while the response of increment in pressure was recorded

from the data logger. The sensitivity of the earth pressure

cell was recorded as 0.01 MPa.

As evident from Fig. 5b, vertical stress is found maxi-

mum around the first helical plates signifying increased

bearing resistance to be overcome by the first helical plate

under pullout loading. As the pullout length increases, the

volume of soil in the conical rupture surface decreases, and

hence smaller bearing is mobilized. Moreover, it can be

deduced that confining pressure around the helical soil nail

also increases with an increase in embedded nail length.

The variation of vertical stress supports the criteria of

development of non-uniform stresses around helical soil

nails during monotonic pullout loading. Similar stress

aDiagrammatic representation of location of strain gauges and earth pressure cells

b Lateral stress around helical plates at different embedded length during peak shear stress 
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conditions have also been found for traditional soil nails

during pullout under surcharge loads [8, 30, 40].

Stress–Displacement Behavior of Group of HSN

Individual HSN was tested under different overburdens

pressure of 5 kPa, 12.5 kPa, 25 kPa, and 50 kPa. As evi-

dent that with increases in surcharge pressures the pullout

resistance of nail increases, but follow the same trend

under different surcharge pressure. In order to investigate

the group pullout capacity of a helical nail, testing con-

ducted at 10 kPa lead to heating and misalignment of the

pullout device significantly. In order to avoid inconsistent

pullout values, group testing was conducted under an

overburden pressure of less than 10 kPa. Hence, the qual-

itative comparison of individual and group HSN was

reported at 5 kPa only. In addition, Junaideen et al. [19]

and Pradhan et al. [21] reported that 7 m of wall height has

equivalent pressure up to 150 kPa for pullout study of

grouted nails. Thus, 5 kPa of overburden pressure can be

accounted for fill height of 1–2 m, respectively.

A group of nine helical soil nails was investigated for

stress–displacement behavior under monotonic pullout

loading with an overburden pressure of 5 kPa. Abiding by

the field practice, a uniform group arrangement has been

adopted (Table 1). Figure 6 shows that stress–displacement

behavior for the helical nail group follows a similar pattern

as individual helical nails. The variation is marked by an

initial elastic phase (pre-peak) as the maximum shear stress

value is reached. Therefore, in the post-peak phase, a pure

plastic behavior is depicted by the constant shear stress

value under sustained displacement values. The increases

in shear stress with initial pullout displacement can be

contributed to the combined rupture surface formed. The

individual helical nails are spaced at 3Dh distance such that

under pullout loading, the failure occurs against bearing

and shearing from the combined failure surface in the form

of a truncated cone. The maximum shear stress obtained

using the helical soil nail group is approximately 425 kN/

m2 in comparison with HSN (RS) and HSN (PH) depicting

maximum values of 190 kN/m2 and 60 kN/m2, respec-

tively. Moreover, due to the enlarged failure surface and

conical bearing, a significantly higher shear stress value is

attained. The development of cumulative strain (DLL ) around

the single helical soil nails was found to be 14% more as

compared to the strain developed during group pullout of

the helical nail for similar nail arrangement.

Theoretical Analysis of Stress–Displacement

Behavior of HSN

The theoretical modeling of shear stress–displacement

behavior helps in estimating the long term performance of

the helical soil-nailed structure. Moreover, validation of

experimental results by theoretical results further helps in

the rectification of discrepancy related to laboratory tests

due to restrictions of accurate simulation. As discussed

earlier in Fig. 4, the shear stress behavior of HSN (RS) and

HSN (PH) under different surcharge pressure completely

depends upon the pullout loading and corresponding nail

displacement. Furthermore, Fig. 4 shows that the stress–

displacement curve can be divided into two distinct stages,

namely (a) pre-peak stage and (b) post-peak stage. The last

value of pre-peak is equal to the first value of post-peak

that is a common point for both cases. Hence, the last point

of pre-peak and the first point of post-peak is the peak

value.
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Analysis of Pre-Peak Stage

A helical nail is a tension member having a helical diam-

eter (Dh), installation length (l), and modulus of elasticity

(E). For an installed nail in soil pullout force (F) has been

applied to the nail which produces tension in the soil nail

and can be expressed as in Eq. (6). Equations (6) to (11)

are exclusively for helical soil nails and not conventional

nails. The models have been modified after (Kondner [47];

Zhang et al. [48]):

F xð Þ ¼ p
4
D2

hEe xð Þ ð6Þ

where F(x) = force applied on the soil nail at x distance

from the nail head; e xð Þ is axial strain at point x, which is

given as in Eq. (7):

e xð Þ ¼ du xð Þ
dx

ð7Þ

where du xð Þ is a change in the position of the nail due to

pullout force. Due to this resisting force (tension),

mobilization of shear stress occurs between the

interfaces. Consider force equilibrium of small section of

nail dx in concurrence with the x-direction given as in

Eq. (8):

oF xð Þ
ox

¼ �p � Dhs � xð Þ ð8Þ

where s is shear stress between the interface. Kondner [47]

reported a nonlinear model for the pre-peak stage in shear

stress (s(x)) versus pullout displacement u(x) curve,

expressed as in Eq. (9):

s xð Þ ¼ u xð Þ
1
K þ u xð Þ

sult

ð9Þ

where u(x) is the displacement during pullout; sult is

ultimate shear stress; and K is the slope of shear stress–

displacement curve. The K value depends upon overburden

pressure (r) and can be represented from Eq. (10)

developed from Fig. 7

K ¼ 0:016r� 0:07 ð10Þ

Using Eqs. (6)–(10), second-order differential equation

has been generated [49] accounted with the variation of

helical diameter for helical nail in Eq. (11):

o2F xð Þ
ox2

¼ 4KF xð Þ
p2ED3

hs
2
ult

dF xð Þ
d xð Þ þ pDhsult

� �2

ð11Þ

The second-order differential can be solved using

appropriate boundary conditions. It is observed that since

helical soil nails are treated as inextensible, all the force

applied under monotonic pullout loading acts at the point

of load application (i.e., helical nail toe). Similarly, shear

stress dissipates after reaching a peak value and becomes

negligible at the nail head. Hence, the following boundary

condition is given in Eqs. (12) and (13) are applied as:

F x ¼ 0ð Þ ¼ F0 ð12Þ
F x ¼ Lð Þ ¼ 0 ð13Þ

where L has installed length of the helical nail; and

F0 = Initial pullout load.

Equation (11) is the governing differential equation that

presents the change in force with a displacement of the

helical nail. The change in pullout load can be further used

to estimate the mobilized shear stress with displacement

using Eq. (8). The various parameter that is required to

solve Eq. (11) are Dh, E, K, and sult. As per design

requirements, Dh is known, whereas the E and K can be

estimated from experimental results. The ultimate shear

strength (sult) can be calculated as the ratio of peak shear

strength (spÞ to failure ratio factor (fr), further which is the

ratio of peak shear strength to ultimate shear stress [24]
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fr ¼
sp
sult

ð14Þ

Analysis of Post-Peak Stage

To describe the post-peak stage of stress–displacement

behavior of HSN, it is observed that beyond the peak value,

shear stress begins to fade until a residual shear stress value

is reached. To quantify this change from peak to residual, a

residual factor (f) [24, 47] was calculated by Eq. (15) as:

f ¼ sp � s
sp � sr

ð15Þ

sp = peak shear strength between interfaces;

sr = residual interface shear strength between interfaces;

and s = initial shear strength. The change in residual factor

with displacement in the post-peak stage can be given by

Eq. (16) as developed from Fig. 8.

f ¼ 0:97ln u xð Þ½ � � 3:12 ð16Þ

where u(x) = pullout shear displacement at post-elastic

stage. Using Eqs. (15) and (16), the post-peak shear stress

can be predicted. Combining Eq. (11) for pre-peak and

Eq. (15) for post-peak, theoretical estimation of shear

stress with displacement under varying overburden pres-

sure can be made. As evident from Fig. 9, experimentally

measured and theoretically simulated results for HSN shear

stress–displacement are found in good agreement with a

coefficient of variation (COV) ranging between 2 and 3 for

5 kPa, 12.5 kPa, and 25 kPa. However, a higher COV of

17 is attained for 50 kPa (Table 2).

Development of Axial Strains

The axial strains were measured using twelve strain gauges

fixed at three different locations along the nail length.

Strain gauges were placed parallel along the nail axis,

while the other two perpendiculars to the nail axis [50].

This orientation of each set of two strain gauges was pasted

near the head, tail, and center of the nail, respectively. To

check the consistency of the strain result, six more strain

gauges were pasted on the opposite side of the previously

pasted gauges. The distance of each set from the head of

the nail was 50 mm, 350 mm, and 600 mm, respectively.

The detailed procedure of strain gauge installation has been

elaborated in Sharma et al. [8].

Figure 10a, b shows that initially when horizontal dis-

placement under pullout loading is small, a linear variation

of axial strain is observed. This indicates that initially, the

stress distribution along the nail is uniform. However, on

further increase in nail displacement under monotonic

loading, axial strain variation becomes nonlinear. The

strains in HSN (PH) are significantly larger than the HSN

(RS). On the basis of strain trend, the interface between soil

and nail can be characterized into three typical zones. It

includes the stress release state, the stress transferring state,

and the part subjected to constant tension effect. When

pullout force is applied over the nail due to tension

deformation, the redistribution of stress or stress release

along the nail will undergo. The second is the transition

zone where the strain increase and further starts decreasing

after attaining peak strain position. And the third zone is

where the interface friction between soil and nail is still

subjected to tension effect. It is during this tension effect

stage that soil begins to depict the strain-softening effect.

The zigzag pattern of axial strains with displacement for

both HSNs (RS and PH) is due to the occurrence of strain

softening in soil. For the group of HSN (Fig. 10c), it is

observed that maximum axial strains are observed for nail

numbers 5, 8, and 6, whereas nail numbers 1, 2, and 3

depicts low axial strain values.

Based on the observation, it can be stated that maximum

axial strains are found along with nails that are under the

direct influence of monotonic load application. It can also

be deduced that top row of nails (i.e., 1, 2 and 3) undergo

smaller horizontal pull as compared to the middle and last

row of HSNs. Further, if the locus of maximum axial strain

values along all 9 HSNs is traced, it will originate close to

the tank surface for the last row of nails and further away

for the top HSN row. This locus can be treated as a path for

the occurrence of the slip failure surface. Based on the

predicted slip surface, it may be recommended to opt for a

smaller HSN length in the last rows and a larger HSN

length in the upper rows. This result is in close accordance

with the construction methodology recommended by

FHWA [1]. However, one critical observation for group

HSN is the non-formation of strain-softening effect. This

could be explained based on the larger volume of soil

restrained in the truncated cone formed during group

failure.
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Conclusions

In this study, the pullout stress–displacement behavior of

HSNs has been investigated under different overburden

pressure and monotonic pullout loading. The experimental

results are further validated by theoretical modeling of

stress–displacement HSN behavior for pre-peak and post-

peak stages. In addition, the vertical stresses and axial

strain around HSN are also studied. Based on the experi-

mental and theoretical results, the following conclusion can

be drawn:

1. The stress–displacement behavior of HSN is nonlinear

depicting an initial increase to reach a peak value, and

then, gradually fading off until residual stress is

reached. The trend of stress–displacement for both

individual and group HSN is almost identical with

more shear stress variation in the case of individual

HSN for post-peak behavior. The stress–displacement

behavior is governed by the truncated cone rupture

surface formed during monotonic pullout loading.

Further, based on shear stress behavior, HSN (RS) is

found to perform better as compared to HSN (PH). It is

also concluded that increased bearing obtained due to

enlarged truncated cone failure surface contribute

significantly as compared to shearing resistance or

resistance due to soil plugging as in the case of HSN

(PH). This is further validated from the vertical stress

variation along the HSN embedded length.

2. The experimentally measured results are in good

agreement with the theoretical simulated result for

pre-peak and post-peak shear strength stage under

varying pressure for pullout helical soil nail with a

small coefficient of variance of 2–3% for overburden

pressure between 5 and 25 kPa. Hence, the developed

theoretical model for HSN can be used to predict

stress–displacement behavior for the overburden range

up to 50 kPa. In addition, solid and hollow nails follow

a similar trend for the pre-peak and post-peak shear

strength stages.

3. The axial strain variation for both HSN (RS) and (PH)

depicts the strain-softening effect. This strain softening

is diminished as the number of HSN is increased in the

case of group HSN. The variation of axial strain is

more for HSN directly under the loading point as

decreases for upper rows of nails. The construction

methodology of using smaller length in the last rows

and larger in the upper rows is also valid for HSN. This

conclusion can be realized from the locus of maximum

axial strain along HSN length.
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Table 2 Statistical variation between measured and simulated results

Overburden pressure

(kPa)

Measured peak shear stress HSN (RS)

(kPa)

Simulated peak shear stress HSN (RS)

(kPa)

Coefficient of variance

(COV)

5 205.03 214.61 3.22

12.5 kPa 276.54 290.08 3.38

25 kPa 343.30 354.00 2.17

50 kPa 391.06 497.65 16.96
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Limitation of the Present Study

The effect of overburden on the conical failure rupture

surface for both individual and group HSN is neglected in

the present study. However, a thorough investigation is

needed for accurately predicting the shape and nature of

failure rupture surface with vertical overburden pressure in

the case of HSNs. Due to the limited capacity of equip-

ment, group analysis of HSN is conducted under low

overburden pressure of 5 kPa only. Moreover, no vertical

stresses are investigated during group HSN behavior under

loading. Therefore, for predicting more realistic group

behavior and corresponding confining stresses around the

HSN group, studies with higher overburden pressure

should be conducted. During the theoretical modeling, the

soil dilation effect should be considered for higher / values

of soil. The above-mentioned investigation will significant

contribute to a better comprehension of HSN behavior.
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