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Abstract

An analytical approach was performed to predict the uplift capacity of a micropile embedded in soil on the basis of the failure
surface generated inside the soil mass around a micropile. The failure surface rises from the critical embedded depth of the micropile
and has an angle equal to half of the internal friction angle of soil to the vertical. To investigate the failure surface, image of soil
deformation was captured from a model test on a panel embedded in soil. The analytical approach to uplift capacity could evaluate
the effect of parameters related to the properties of both the micropile and soil such as the embedded length, the diameter and surface
roughness of the micropile, and the shear strength parameters of the soil. A series of model tests were conducted on a micropile to
verify the applicability of the analytical approach in actual practice. Furthermore, to increase the reliability of the analytical approach,
the predicted uplift capacity was compared with experimental results previously presented in the literature. The predicted uplift
capacity of the micropile shows practically good agreement with the experimental results of the model tests. Moreover, the predicted
uplift capacity has good agreement with previous experimental results.
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1. Introduction

Buildings which have several underground floors are commonly

built in coastal areas where the ground water level is high.

Buoyancy acts on these buildings due to the high water pressure.

Moreover, underground structures such as subways or underground

roads may be built to be completely submerged in ground water.

In this case, parts of the underground structures are uplifted and

severe deformations, including cracks, are generated on the walls

and bases of the structures. The overturning of power-transmission

towers due to wind, ice and broken electric wires may also cause

uplift forces. Additionally, uplift forces sometimes act on structures

built on expansive soils (Wayne et al., 1984).

The micropile, which has a diameter of less than 300 mm and

is five to ten meters in length, may be effectively used to resist

uplift forces. When the micropile is used to reinforce foundations,

the compressive force is loaded on the micropile. However, the

micropile has several disadvantages for use with compressive

forces because of buckling. In contrast, micropiles can resist high

uplift forces due to the high resistance of the steel bar, steel pipe

or rebar inside the micropile. Since the diameter of the micropile

is small, the frictional area of the micropile is over 100 times

larger than the cross sectional area of the micropile. Therefore,

high uplift capacity is expected from micropiles.

Early studies (Meyerhof, 1973; Das, 1983) showed that the

uplift capacity of a pile depends only on the unit skin friction

mobilized on the lateral surface of the pile. However, recent

studies have shown that the resistance of an uplift pile is a

combination of both the skin friction resistance at the lower part

of the pile and the shearing resistance mobilized on the failure

surface in soil at the upper part of the pile (Chattopadhyay and

Pise, 1986; Shanker et al., 2007). Consequently, the configuration

of the failure surface of the soil mass around the pile still comes

into question.

In this study, two model tests were performed to investigate the

failure surface inside the soil mass and the uplift capacity of a

micropile embedded in sand. The first test aimed to capture the

configuration of the failure surface inside the soil mass, while the

second test focused on the uplift capacity of the micropile. 

On the basis of the failure configuration obtained from the first

model test, an analytical approach was performed to predict the

uplift capacity of a micropile embedded in soil. The reliability of

the analytical approach was investigated by making a comparison

of the predictions from the analytical approach with the experi-

mental uplift capacity obtained from the second model test.

Finally, comparisons between the predicted uplift capacity and

previous experimental results presented in the literature (Das,

1983; Dash and Pise, 2003; Shanker et al., 2007) were made to

ensure that the presented analytical approach is applicable under

various conditions.
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2. Previous Studies

In response to the problem of uplifting forces acting on the

structures described above, the uplift pile, the tension pile, and

the micropile have been used to resist uplift force (Joseph, 1982;

Chattopadhyay and Pise, 1986; Misra and Chen, 2004). The

application of micropiles to resist uplift force is shown in Fig. 1.

Several rows of micropiles may install below buildings or

footings in order to resist uplift force.

Two approaches have been used to evaluate the uplift resistance

of a pile embedded in soil. One is based on the skin friction

between the soil and pile (Meyerhof, 1973; Das, 1983). The

other is dependent on the failure surface that occurs inside the

soil around the pile (Chattopadhyay and Pise, 1986; Shanker et

al., 2007; Chim, 2013).

The skin friction values were obtained from experiments

performed in the lab (Das and Seeley, 1975; Awad and Ayob,

1976; Chaudhuri and Symon, 1983; Das et al., 1977; Levacher

and Sieffert, 1984) or full-scale tests in the field (Ireland, 1957;

Downs and Chieurzzi, 1966; Sowa, 1970; Vesic, 1970; Ismael

and Klym, 1979). These studies showed that the skin friction

depends on not only the soil properties but also on the method of

pile construction. 

The skin frictional resistance may be determined from the

uplift coefficient (Meyerhof, 1973; Das, 1983; Vesic, 1970; Ismae

and Klym, 1979), which is dependent on the internal friction

angle of soil. Some studies have suggested using the same uplift

coefficient as applied to compressive piles (Vesic, 1970; Ismae

and Klym, 1979). However, Poulos and Davis (1980) applied a

reduction factor of 2/3 to the uplift capacity of piles obtained

from the uplift coefficient used in compressive piles. Later,

Meyerhof (1973) ran a model test of an anchor embedded in

sand and proposed the uplift coefficient, Ku, that varied from 0.6

to 3.8 according to the internal friction angle of the soil. Based on

the uplift coefficient, Ku, Meyerhof (1973) created a method to

predict the uplift capacity of a pile, which was shown to increase

as the embedded length of the pile increased.

However, the model test performed by Das (1983) showed that

the increment of skin friction along the pile had limits. The skin

friction reached a constant value at the critical embedment ratio,

which is the critical embedded depth divided by the diameter of

the pile. Das (1983) also showed that the critical embedment

ratio depended on the relative density of soil.

One of the important factors for evaluating the skin friction of

a pile is the friction angle between the pile and soil (Meyerhof,

1973; Das et al., 1977; Das, 1983). The friction angle generally

ranges from 0.4 to 1 times the internal friction angle of soil

according to the relative density of soil (Das et al., 1977).

However, NAVFAC DM 7.2 (1984) suggested 2/3 of the internal

friction angle for concrete pile and 20º for steel pile.

Some studies (Matsuo, 1968; Chattopadhyay and Pise, 1986;

Shanker et al., 2007) have shown that the uplift capacity of a pile

or footing was mobilized along the failure surface that passed

through the soil mass around the pile or the footing. Matsuo (1968)

studied the uplift capacity of a footing by assuming that the failure

surface in soil around a footing is formed from a combination of

curves, which rise as a logarithmic spiral from the tip of the footing

and continue as a tangential straight line of the logarithmic curve

near the ground surface. 

Chattopadhyay and Pise (1986) proposed an approach to

predict the uplift capacity of a pile by making the assumption

that the failure surface is a curve that passes through the

surrounding soil mass. However, the proposed failure surface

was too complicated to use in practical analysis. Additionally,

Shanker et al. (2007) assumed that the failure surface forms a

truncated cone that passes through the soil mass from the tip of

the pile with an angle φ/4 to the vertical, where φ is the internal

friction angle of the soil.

3. Model Tests

3.1 Model Test Apparatus

Two kinds of model tests were conducted. The first test, which

was called the soil deformation test, aimed to define the

configuration of the failure surface that passed through the soil

mass. The second test, which was called the uplift capacity test,

focused on the uplift capacity of the micropile embedded in soil.

A schematic of the model test apparatus for the uplift capacity

test of a micropile embedded in soil is shown in Fig. 2.

3.1.1 The Uplift Capacity Test Apparatus

The uplift capacity test apparatus consisted of four important

parts: the soil container box, the model micropile, the pullout

equipment, and the recording devices, as shown in Fig. 2. 

The soil container box, which had dimensions of 80 cm high,

83 cm wide and 83 cm long, was manufactured from acrylic

plates, as shown in Figs. 2 and 3(a). The acrylic plates used in the

test had a thickness of 2 cm, which provided sufficient stiffness

during testing. Additionally, a steel frame was used to strengthen

the soil container box from the outside. Four wheels were attached
Fig. 1. Application of the Micropile to Resist the Uplift Force: (a)

Building, (b) Underground Structure
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to the bottom of the soil container box so that the box could be

moved easily.

An aluminum model micropile with a diameter of 15 mm was

used in the test. The sand used in the test was attached to the

lateral skin surface of the micropile with glue in order to make

the surface of the micropile rough.

Strain control uplifting was generated from a system that was a

combination of a motor and steel cables. The steel cables had

sufficient strength and negligible elastic elongation. The model

micropile was connected to the uplift equipment by the steel

cables through pulleys on the steel guide frame, as shown in Fig.

2(b). A constant uplift strain with a rate of 0.5 mm/min was

generated from the motor.

An important part of the test apparatus was a recording device

consisting of the load cell, a displacement gage, a data logger and

a laptop computer. A load cell with a maximum capacity of 490 N

was used, and the displacement gage had a maximum displacement

of 10 cm. The data logger, which functioned as the data interpreter,

connected the load cell and the displacement gage to the laptop.

The displacement and force produced during the test were stored

in the laptop.

3.1.2 The Soil Deformation Test Apparatus

The configuration of the failure surface that passes through the

soil mass around a micropile may not be observable, since the

failure occurs in three dimensions under axisymmetric conditions.

Regarding this problem, plane strain conditions can be applied as

an alternative to axisymmetric conditions in order to observe the

configuration of the failure surface in soil. A pullout test of a

panel may allow for visualization of soil deformation under the

plane strain condition in the soil around the panel.

The procedure and apparatus of the soil deformation test

performed on a panel were conceptually the same as the uplift

capacity test performed on a micropile with the exception of the

size of the soil container box and the shape between the micropile

and the panel placed in the soil container box, as shown in Fig.

3(b).

Transparent acrylic plates were used to create the soil container

box to allow the failure that occurred inside the soil mass around

the panel to be visible. The dimensions of the soil container box

were 83 cm long, 38 cm wide and 80 cm high, as shown in Fig.

3(b). 

The uplift panel used in the soil deformation test was made

from an acrylic plate with dimensions of 76 cm high, 26 cm wide

and 2 cm in thickness. The surface of the panel was a rough

surface, which was obtained by attaching the sand used in the

test onto the surface of the panel with glue. The sand was

reattached to the panel after each test, since some of the glued

sand grains detached during the test. The panel was connected to

the steel cable through two rings attached at the top of the panel.

The pullout equipment and the recording devices of the soil

deformation test were the same as those used in the uplift

capacity test.

3.2 Model Soil

The soil in the model tests was simulated using sand. For the

soil deformation test, clean, coarse, uniform-grain sand was used

to capture clear deformation. However, the model soil for the

uplift capacity test was fine-grain silica, which simulated real

soil in the field.

The model soil in the soil deformation test was simulated using

sand sampled from the North Han River in South Korea. The

Fig. 2. Schematic of Apparatus for the Uplift Capacity Test (units in cm): (a) Front View, (b) Side View, (c) Top View

Fig. 3. Soil Container Box (units in cm): (a) For the Uplift Capacity

Test, (b) For the Soil Deformation Test
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sand was dried, passed through a number 16 sieve (1.19 mm)

and then washed in water. After that, the sand was put in an

oven and dried for 24 h before use. The uniform coarse grain

sand has the following characteristics: effective grain size of

1.1 mm; coefficient of uniformity of 2.32; coefficient of

curvature of 0.91; specific gravity of 2.66; maximum and

minimum dry unit weights of 15.30 kN/m3 and 13.14 kN/m3,

respectively; and maximum and minimum void ratios of 1.01

and 0.71, respectively.

The model soil in the soil deformation test was prepared to

have three different relative densities. The relative density of

loose sand was 40%; 60% for medium sand and 80% for dense

sand. In this test the different dry unit weight was created by sand

pluviation. The internal friction angle of the used sand was 0.71

rad (40.68o) for loose sand (Dr=40%) with the dry density of

13.83 kN/m3; for medium sand (Dr=60%), the internal friction

angle was 0.72 rad (41.25o) and dry density was 14.32 kN/m3;

the internal friction angle was 0.79 rad (45.26o) and dry density

14.71 kN/m3 for dense sand (Dr=80%).

On the other hand, the model soil in the uplift capacity test was

simulated using Jumunjin silica, which is the standard Korean

testing material. The Jumunjin silica had the following charac-

teristics: effective grain size of 0.41 mm; coefficient of uniformity

of 2.57; coefficient of curvature of 0.99; specific gravity of 2.65;

and maximum and minimum dry unit weights of 15.79 kN/m3

and 13.73 kN/m3, respectively.

The model soil used in the uplift capacity test was prepared to

have three different relative densities. Three model grounds were

prepared by use of sands with three different relative densities.

The relative density of loose sand was 40%; 60% for medium

sand and 80% for dense sand. In this test the different dry unit

weight was created by sand pluviation. Model soil with a relative

density of 40% had an internal friction angle of 0.66 rad (37.8º)

and a dry unit weight of 14.79 kN/m3; soil with a relative density

of 60% had an internal friction angle of 0.73 rad (41.7º) and a dry

unit weight of 15.04 kN/m3; soil with a relative density of 80%

had an internal friction angle of 0.76 rad (43.6º) and a dry unit

weight of 15.29 kN/m3.

3.3 Testing Program

3.3.1 The Uplift Capacity Test

The model micropile was placed in the middle of the soil

container box and suspended there until the micropile was stable.

Then, the Jumunjin silica was pluviated from a predetermined

height until the micropile had the desired embedded depth.

Finally, uplifting force was applied to the model micropile at an

uplifting displacement rate of 0.5 mm/min.

Two different researchers repeated two series of the uplift

capacity tests in order to minimize operator error during the test.

The model tests were carried out over wide ranges of embedment

ratios (the ratio of embedded depth to diameter of micropile) for

both the short micropile and the long micropile. The embedment

ratios ranged from 4 to 25 for three different model soils, which

varied according to relative density (40% for the loose soil, 60%

for the medium soil, and 80% for the dense soil). During the test,

the uplifting force and the displacement of the micropile were

recorded and stored in the laptop.

3.3.2 The Soil Deformation Test

The soil deformation test was conducted as follows. First, the

soil container was cleaned in order to provide clear visibility. Next,

the panel was suspended in the middle of the soil container box.

Then, sand pluviation was performed from the predetermined

height to reach the desired embedment depth. A layer of black

sand, which was made by coating the sand used for each

experiment, was placed every 3 cm to form lateral black strips

with a thickness of 3 mm. After that, the panel was uplifted with

a constant displacement rate of 0.5 mm/min. During uplifting,

the relationship between the uplift force and the displacement

was displayed on the laptop. The image of the soil deformation

around the panel was captured during the test. The embedment

depth of the panel was 30 cm, which results in an embedment

ratio (the ratio of embedded depth to the thickness of the panel)

of 15. To confirm the repeatability of the test results, the soil

deformation test was performed three times under the same

conditions.

Fig. 4. Relationship between Uplift Force and Displacement of Micropile: (a) Loose Sand (Dr = 40%) (b) Medium Sand (Dr = 60%), (c)

Dense Sand (Dr = 80%)
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4. Results of the Uplift Capacity Test

The Uplift capacity of model microipile for each relative density

was determined from the relationships between the uplift force and

displacement which were recorded during the performing of

model tests. The uplift capacity in this study refers to the peak

value of the uplift force.

The relationships between the uplift force and displacement

from the uplift capacity test for the model grounds which had the

relative density of 40%, 60%, and 80% respectively are shown in

Fig. 4. Three tests from each relative density are shown. The

relationships have some common behaviors even the relative

densities are different. The uplift behavior of micropile contains

elastic, plastic and plastic softening behaviors. The uplift capacity

and displacement at peak of uplift force is significantly increased

when soil density increases. Fig. 4(a) shows the relationship

between uplift force and displacement for the loose soil. The test

result of embedment ratio of 15, 20, and 25 are shown in this

figure. The elastic behavior happens at the low displacement and the

elastic range increases according to the increment of embedment

ratio. For the embedment ratio of 15, 20, and 25 the elastic range

was around the uplift displacement of 3 mm, 4 mm, 5 mm

respectively. Then the uplift force and displacement relationship

reached a peak point, after that, falls to the plastic state and,

finally, the plastic softening happens at high displacement. The

peak uplift force or uplift capacity of model micropile for

embedment ratio of 15, 20, and 25 reach about 40 N, 55 N, 70 N

respectively. For the medium soil the behavior happens too as

shown in Fig. 4(b). However, for the dense sand the plastic

softening behavior after peak was not obtained sufficiently as

shown in Fig. 4(c).

5. Results of the Soil Deformation Test

5.1 Observation of Soil Deformation

The soil deformation around the uplifted panel is shown in Fig.

5. The configuration of the failure inside the soil mass was

obtained from observing the soil deformation. Deformation

generated in the soil mass around the panel was investigated by

observing the movement of the lateral stripes of black sand from

their initial positions. 

Figure 5 shows the soil deformation around the wall according

to the three different relative densities. Deformation generated in

the soil around the panel was investigated by observing the

movement of the lateral stripes of black sand from their original

position. Fig. 5 presents the boundary of soil deformation, which

can give the failure surface generated in the soil around the panel.

Soil failure was approximately represented by a slip surface

represented by the β angle to the vertical.

In Fig. 5, the original position of the top lateral black strip is

represented by the white horizontal dashed line. Under the effect

of uplifting force, a certain part of the original black sand strip

nearby the panel ascended and others remained unchanged. Along

each deformed black sand strip, a turning point was generated

during uplifting.

The turning point was located relatively far from the panel at

the ground surface. However, the turning point was getting close

to the panel when the depth increased and finally reached the

panel surface at a certain depth which was named as the critical

embedded length Lcr. A failure surface was obtained by

connecting the turning points of all black sand stripes from the

tip of the panel to the ground surface. 

The failure surface is the boundary between plastic state and

elastic state of soil. From the slip surface to the panel’s surface,

the soil was in the plastic state where high deformation was

observed. Beyond the failure surface, the soil was clearly in an

elastic state; there was no soil displacement.

5.2 Configuration of the Failure Surface

The final failure surface was decided on the base of shearing

resistance and skin frictional resistance and then, verified by the

observation the failure surface occurred in the model test. Early

studies (Meyerhof, 1973; Das, 1983) showed that the uplift

capacity of a pile depends only on skin friction mobilized along

the pile shaft. However, recent studies have shown that the

resistance of an uplift pile is a combination of both the skin friction

resistance at the lower part of the pile and the shearing resistance

mobilized on the failure surface in soil at the upper part of the

pile (Chattopadhyay and Pise, 1986; Shanker et al., 2007).

Slip angle, which is the angle between the failure surface and

panel’s surface, was increased according to the increment of soil

relative density as shown from Fig. 5(a) to Fig. 5(c). Angle of the

failure surface was obtained from the measurement of failure

surface inside the captured image shown in Fig. 5.

Fig. 5. Soil Deformation during Uplifting Test: (a) Loose Sand (Dr = 40%), (b) Medium Sand (Dr = 60%), (c) Dense Sand (Dr = 80%)
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Figure 6 shows the relationship between the measured angle of

the failure surface and the internal friction angle of sand. The

angle of failure surface β could be measured from both sides of

the panel. Fig. 6 shows that β increases according to the increment

of soil relative densities. The measured angles were plotted

between two lines of β= φ/1.5 and β= φ/2.5. Therefore, a line

of β= φ/2 can be chosen as the average relationship between the

angle of failure surface β and the internal friction angle of soil.

Meanwhile Shanker et al. (2007) also proposed the failure

angle to the vertical as φ/4 by the trial and error method in their

theoretical approach. According to the comparison with the

measured angle as shown in Fig. 6, Shanker et al. (2007)

underestimated the values of failure angle. 

The model test shows briefly that the angle of failure surface β

is φ/2 as shown in Fig. 6. The truncated cone of soil around the

micropile can be defined as the plastic boundary of soil. The

failure surface rises from the critical embedded depth of the

micropile at an angle β= φ/2 to the vertical, and passes through

the soil surrounding the micropile up to the ground surface. The

truncated cone of soil works as the generator for soil shearing

resistance, which can be evaluated by the shear strength mobilized

along the failure surface. 

5.3 Earth Pressure on the Failure Surface

A detailed drawing of the failure surface that was used to

determine the earth pressure is shown in Fig. 7(b). As a result of

the effect of the uplift force, soil element A (represented by solid

lines) may deform to the dashed lines presented as the trace of

deformation in Fig. 7(b). The stresses were considered on three

different planes within the plastic zone of soil: the plane of

contact between the micropile and soil, the plane located at the

intermediate between the micropile and the failure surface, and

the plane located along the failure surface.

The deformation trace was obtained by observing the

deformation of the black sand strips in Fig. 5. Initially the black

sand strips were horizontally straight and parallel to the white

dashed line. Consequently, soil element A is an element that was

initially represented by the solid horizontal lines in Fig. 7. Soil

element A is represented by dashed lines in Fig. 7(b) according to

loading the uplift force, which is clarified by the deformed black

sand stripe in Fig. 5. The soil element deformed from a horizontal

straight element to an arched one. Based on the small displacement

assumption, the horizontal stresses acting on the three different

planes indicated by σhw, σhII, σN on the deformed element may be

assumed to be equal to each other as σh.

The plane located at the interface between the micropile and

soil is indicated by plane I in Fig. 7(b). When the ultimate uplift

force is reached, soil element A is subjected to a tangential stress

τw and a normal stress σhw. For simplication of analysis it is

assumed that the cohesion is considered only on the failure line,

the relationship between the normal stress and the tangential

stress at active stress can be given as τw = σhwtanδ, where σhw =

kaσv. σv is the vertical stress and ka is the coefficient of active

earth pressure. The stress state within the deformed soil is under

neither the active stress state nor passive stress state. It might be

under some state between the two stress states. However, herein

the active stress state is assumed because the soil around

micropile expends during uplift test.

Along next potential failure plane, which is indicated by II, the

shearing force may be generated from shearing inside soil mass.

Consequently, the friction angle δ between the micropile and soil

on plane I turns to the internal friction angle of soil (δ = φ), and

the shearing force τII may be given as σhwtanφ. The final plane of

failure is the surface that is designated III in Fig. 7(b). On this

plane soil element A is subjected to tangential stress σT and

perpendicular stress σN. The relationship between σT and σN can

be assumed to be tanθ = σT/σN. Using an assumption of small

deformation, the tangential stress σT will be equal to the

tangential stress τ II that occurs on plane II. Thus, σT = σhwtanφ.

Because the normal stress σN on plane III was assumed to be

equal to σh, Eq. (1) is obtained:

(1)

From Eq. (1), the ratio between the vertical stress σv and the

σN σh

τII
tanθ
---------- ka

tanφ

tanθ
----------σv= = =

Fig. 6. Relationship between the Angle of Failure Surface and the

Internal Friction Angle of Sand

Fig. 7. Geometric Configuration of the Failure Surface: (a) Failure

Surface, (b) Deformation of Soil Element A in the Plastic

Zone



Prediction of Uplift Capacity of a Micropile Embedded in Soil

Vol. 00, No. 0 / 000 0000 − 7 −

horizontal stress σh results in the coefficient of earth pressure as

follows:

(2)

where, θ=π/2-β and β (=φ/2) is the angle of the failure surface

to the vertical.

6. Theoretical Analysis to predict Uplift Capacity

6.1 Short Micropile and Long Micropile

In the case of the deeply-embedded micropile, the failure surface

cannot arise from the tip of the micropile, but will arise from the

limited depth along the micropile. The limited depth can be

defined as the critical embedded depth where the truncated cone

of soil can be generated at a maximum.

Therefore, micropiles can be divided into two groups, short

micropiles and long micropiles, according to their embedded

depths, as shown in Figs. 8(a) and 8(b). If the length of the

micropile L is shorter than the critical embedded depth Lcr

determined using the critical embedment ratio λcr= (Lcr/d), the

micropile is designed to be a short micropile, as shown in Fig.

8(a). The long micropile is embedded to a depth deeper than the

critical embedded depth, as shown in Fig. 8(b). In this case, the

critical embedment ratio λcr= (Lcr/d) would be obtained

experimentally. Das (1983) determined the critical embedment

ratio as a function of the relative density.

The uplift resistance of the short micropile is mobilized only

by the soil shearing resistance along the failure surface generated

through the soil mass as shown in Fig. 8(a), while the uplift

capacity of the long micropile is produced by the combination of

the soil shearing resistance and the skin frictional resistance as

shown in Fig. 8(b). The skin frictional resistance is mobilized on

the skin surface of the micropile in contact with the surrounding

soil below the critical embedded depth. The friction angle

between micropile and soil is the major factor in determining the

skin frictional resistance, along with the lateral earth pressure

acting on the micropile.

6.2 Shearing Resistance on the Failure Surface in Soil

The stresses and the forces acting on arbitrary soil element A in

the truncated cone of soil around a micropile are shown in Fig.

9(a), where ∆z is the thickness of soil element A located at height

z from the tip of the micropile. P and P + ∆P are the uplift forces

acting on the micropile. q and q + ∆q are the vertical stresses

acting on soil element A. ∆W is the weight of soil element A, in

which the weight of the micropile is not included. ∆T is the shear

force mobilized on the failure line. An analytical approach was

performed to predict the uplift capacity of the micropile embedded

in soil under axisymmetric conditions, as shown in Fig. 8(a). For

this approach, the behaviors of small deformation of soil were

assumed.

The shearing resistance, ∆T, mobilized on the failure line of

soil element A can be estimated as follows:

(3)

where, c and φ are the cohesion and internal friction angle of soil,

respectively. ∆L is the failure line of soil element A. ∆N and σN

(= ∆N/∆L) are the normal force and normal stress acting on the

failure line, respectively. 

∆N can be obtained by combining the components of the

normal direction of the failure line from the vertical force ∆V and

the horizontal force ∆H = k∆V as shown in Fig. 9(b):

(4)

k is calculated using Eq. (2)

Equation (5) is obtained by substituting Eq. (4) into Eq. (3):

(5)

where, . γ is the unit weight of the soil

k
σh

σv

----- ka
tanφ

tanθ
----------

1 sinφ–( )
1 sinφ+( )

-----------------------
tanφ

tanθ
----------= = =

T∆ c σNtanφ+( ) L∆=

σN

N∆
L∆

------- V∆
L∆

------- cosθ ksinθ+( )= =

γ

L∆
------- L z–( ) cosθ ksinθ+( )=

T∆ c γkm L z–( )+[ ] z∆
sinθ
----------=

km cosθ ksinθ+( )tanφ=

Fig. 8. Mechanism of Shearing Resistance mobilized on Micropile:

(a) Short Pile, (b) Long Pile

Fig. 9. Analytical Approach of Uplift Capacity: (a) Forces acting on

Horizontal Soil Element A, (b) Detail of Portion m in Fig. 9(a)
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and L is the embedded depth of the micropile. 

Equation (6) is obtained from the equilibrium of the forces

acting on soil element A,

(6)

Considering that the second order of the derivation tends to

zero, Eq. (6) becomes Eq. (7):

(7)

Equation (8) is obtained by replacing ∆T in Eq. (7) with Eq.

(5), and expressing it as a differential equation:

(8)

The geometrical conditions are:

Overburden soil pressure:  and (9)

Weight of the soil element A:  and

(10)

Width of the soil element A:  and 

(11)

By substituting the geometrical conditions given by Eq. (9) to

Eq. (11) into Eq. (8), Eq. (12) is:

(12)

By integrating Eq. (12) along the micropile length, the uplift

capacity PSR due to the shearing resistance on the failure surface

can be derived to be Eq. (13). The uplift capacity given by Eq.

(13) does not include the weight of the micropile.

(13)

6.3 Skin Frictional Resistance on the Micropile

Based on the observations in Fig. 5, skin frictional resistance

can be expected from the portion of the micropile below the

critical embedded depth. The skin frictional resistance depends

on the unit skin friction, which varies with the uplift coefficient.

The skin frictional resistance was investigated by many researchers,

including Meyerhof (1973) and Das (1983).

Meyerhof (1973) presented the uplift coefficient Ku, which

varied from 0.6 to 4 depending on the internal friction angle of

the soil. The coefficient Ku was obtained from a model uplifting

test of an anchor, which has a plate at the end, embedded in sand.

The unit skin friction given by Meyerhof (1973) increased

according to the increment of embedded depth. However, Das

(1983) found an embedded depth where the unit skin friction

remained constant. The unit skin friction increases linearly with

depth up to the critical embedded depth, and remains unchanged

beyond the critical embedded depth. Das (1983) presented that

the critical embedded depth can be determined from the critical

embedment ratio λcr, which is shown in Eqs. (14) and (15).

(for Dr ≤ 70%) (14)

(for Dr > 70%) (15)

Therefore, the skin resistance PSK on the micropile below the

critical embedment depth may be determined as follows:

(16)

6.4 Total Uplift Capacity

For the short micropile, the total uplift capacity Pu can be

estimated using Eq. (13) and the weight of micropile Wp as

follows:

(17)

Meanwhile, for the long micropile shown in Fig. 7(b), the total

uplift capacity should be estimated both above and below the

critical embedded depth, and the weight of micropile Wp should

be considered. Therefore, the total uplift capacity of the long

micropile can be obtained by combining Eq. (13) with Eq. (16)

as follows:

(18)

Equations (17) and (18) show that the uplift capacity of the

micropile is dependent on the various parameters related to the

properties of the soil and micropile. That is, the theoretical

equations used to predict the uplift capacity of a micropile

contain independent parameters such as the embedded depth (L),

the critical embedded depth (Lcr), the diameter (d), the surface

roughness of micropile (∆), the internal friction angle (φ) and the

cohesion (c) of the soil. Therefore, the presented analytical

approach could be used to evaluate the effect of such parameters

on the uplift capacity of a micropile embedded in soil.

7. Application of Theoretical Approach

The validity of the analytical approach should be verified by

P P∆+( ) P– qπx
2

q q∆+( )π x x∆+( )2– w∆–+

2π x
x∆

2
------+⎝ ⎠

⎛ ⎞ T∆ sinθ– 0=

∂P 2πq∂x– πx
2∂q– ∂w– 2π x

x∆
2

------+⎝ ⎠
⎛ ⎞ T∆ sinθ– 0=

∂P

∂z
------ 2xπq

∂x

∂z
----- πx

2∂q

∂z
------

∂w

∂z
------- 2πγxKm L z–( ) 2πxc+ + + +=

q γ L z–( )=
∂q

∂z
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w x
d

z
---–⎝ ⎠

⎛ ⎞
2

πγz=

∂x
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d

2
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⎛ ⎞
2

πγ=

x zcotθ
d

2
---+=

∂x

∂z
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d

2
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⎛ ⎞cotθ πγ πcotθ
d

2
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2
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 πγ x
d

2
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⎛ ⎞
2
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d

2
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3

6
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comparing with not only the present model test results but also

the test results given by the previous studies such as Das (1983),

Shanker et al. (2007) and Dash and Pise (2003). 

7.1 Comparison of Theoretical Predictions with Model

Tests

A comparison between the predicted uplift capacity and the

actual uplift capacity measured in the present model test is

shown in Fig. 10. The test results performed on the micropile

with an embedment ratio that varied from 4 to 25 in soil with

three different relative densities (40%, 60% and 80%) are also

shown. 

The horizontal axis in Fig. 10 represents the experimental

uplift capacity, while the vertical axis represents the predicted

uplift capacity estimated by Eq. (17) or Eq. (18). The short and

long micropiles represented in Figure 10 is determined on the

basis of the critical embedment ratio evaluated by Eq. (14) or Eq.

(15) presented by Das (1983). The input parameter values to

predict the uplift capacity are summarized in Table 1. The

diagonal line in Fig. 10 represents the best agreement in which

the predicted uplift capacity is identical to the experimental uplift

capacity. 

At low uplift capacities (below 100 N), all data are near the

diagonal. This result represents that the predicted uplift capacity

agrees well with the average of the measured uplift capacity for

not only short micropiles but also long micropiles. Therefore the

proposed analytical approach can be applied to predict the uplift

capacity of a micropile embedded in soil for low uplift capacities.

For high uplift capacities (over 100 N), however, the comparison

shows that the analytical approach a little underestimates the

experimental uplift capacity, as shown in Fig. 10. The uplift

capacities of a micropile embedded in loose soil are smaller than

100 N, while high uplift capacities obtained for long piles in

medium or dense sands. Therefore, in medium or dense sands

the analytical approach a little underestimated the measured

uplift capacity. In medium sand, the predicted uplift capacity is

less than the measured uplift capacity within an error of 10%.

For dense sand, the error is 20%. 

7.2 Application of the Theoretical Approach to Previous

Experiments

A comparison between the predictions and the results of model

tests performed by Dash and Pise (2003), Shanker et al. (2007)

and Das (1983) is shown in Fig. 11. The model tests were

performed on soils with various relative densities. 

Below an uplift capacity of 100 N, the data from the test results

of Dash and Pise (2003), Shanker et al. (2007) and Das (1983)

are along the diagonal within a small error. Therefore, at low

uplift capacity, theoretical predictions and test results show good

agreement. 

However, between uplift capacities of 100 N and 400 N, the

data given by Das (1983) and Dash and Pise (2003) are located

above the diagonal. This indicates that the predictions overestimate

the uplift capacity. In contrast, the data given by Shanker et al.

(2007) are below the diagonal, indicating that the analytical

approach underestimates the experimental uplift capacity in this

case. 

On the other hand, for uplift capacities higher than 400 N, only

the test results from Das (1983) were available. All the data are

above the diagonal within an average error of 15%. Therefore,

the analytical approach slightly overestimates the measured

uplift capacity for the high uplift capacities.

Briefly, based on the experimental results and the previous

Fig. 10. Application of the Analytical Approach to Experimental

Results of the Uplift Capacity Test

Table 1. The Input Parameter Values to predict the Uplift Capacity

of Micropiles

Relative Density Dr (%) 40 60 80

Unit Weight γ (g/cm3) 14.79 15.04 15.29

Internal Friction Angle φ (o) 37.80 41.70 43.60

Cohesion c (kN/m2) 0.00 0.00 0.00

Micropile Diameter d (mm) 15

Embedment Ratio (L/d) 4 to 25

Fig. 11. Application of the Analytical Approach to Previous Experi-

mental Results presented by Das (1983), Dash and Pise

(2003), and Shanker et al. (2007)
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studies performed by Dash and Pise (2003), Shanker et al.

(2007) and Das (1983), good agreement between predictions and

experimental results were obtained at low uplift capacities.

However, the analytical approach overestimated the experimental

results reported by Das (1983), while the experimental results

reported by Shanker et al. (2007) were underestimated by the

analytical approach. Based on the comparisons shown in Figs. 10

and 11, it can be concluded that the proposed analytical approach

may be applied practically to predict the uplift capacity of

micropiles embedded in soil.

The error could be generated from two reasons. The first

reason relates to the analytical method which was done in two

dimensions (axisymmetric condition). Since, the soil deformation

test may provide the failure surface in two dimensions. The real

failure of soil around micropile generates in three dimensions.

The second reason is that the relative densities of the soils were

not correctly determined. The relative densities of the soil was

predetermine before the test. However, the thickness of soil layer

may change the density of the model soil. The relative density of

the model soil may increase then the soil layer is thick.

Consequently, the comparisons show that the small experimental

uplift capacities, which were come from short piles, show good

agreement with the prediction. 

8. Conclusions

The soil deformation test revealed the configuration of the

failure surface generated in the soil mass around the uplifting

panel. This failure surface was defined as the boundary of the

plastic soil deformation. The failure surface formed a straight

line which rose from the critical embedded depth of the panel

with an angle equal to half of the internal friction angle of the soil

to the vertical, and continued to the ground surface through the

soil mass. The configuration of the failure surface generated in

an uplifting micropile could be assumed to have the same

configuration as the failure surface in the soil around the panel.

The failure surface produces a truncated cone-shaped failure

configuration around the micropile, on which the soil shearing

resistance can be mobilized

An analytical approach was performed to predict the uplift

capacity of micropiles embedded in soil on the basis of the

configuration of the failure surface obtained in the soil deformation

test. The analytical approach for uplift capacity allows for the

evaluation of the effect of various parameters related to the

properties of both the micropile and soil, including the embedded

length, the diameter and the surface roughness of the micropile,

and the shear strength parameters of the soil.

The piles are divided into two groups according to the

embedded depth in soil. When the length of the micropile is

shorter than the critical embedded depth determined by the

critical embedment ratio, the micropile is designated as a short

micropile, whereas a long micropile is embedded deeper than the

critical embedded depth.

The uplift resistance of the short micropile is mobilized only

by the soil shearing resistance along the truncated cone shaped

failure surface in the soil mass. In contrast, the uplift capacity of

the long micropile is produced through a combination of the soil

shearing resistance above the critical embedded depth and the

skin frictional resistance below the critical embedded depth.

The presented theoretical equation was able to predict the

experimental uplift capacities of micropiles obtained through a

series of model tests. Furthermore, the experimental uplift

capacities presented in previous studies were predicted reasonably

well by the presented theoretical equation. The predicted uplift

capacity shows good agreement with various experimental

results within an error of ±20% which comes from the analysis

was perform in two dimensions and difficulty of determination

of relative densities of the model soils. Therefore, it can be

concluded that the proposed analytical approach can be applied

practically to predict the uplift capacity of micropiles embedded

in soil.
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