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Calculation method for settlement of micropile installed in rock layers
through field tests
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Abstract. Micropiles consisting of steel bars and grouts are commonly used in underpinning methods to reinforce supports or
to suppress the subsidence of existing structures. Recently, applications in the field of geotechnical engineering have expanded.
Despite the increasing use of micropiles are used, the PHC or steel pile formula is still applied for the settlement amount of
micropiles. Compared with field test results, the amount of micropile subsidence obtained from the existing method may result
in a very large error in the displacement of the micropile. Therefore, it is difficult to utilize micropiles effectively. Hence, to solve
this problem, this study evaluated the behaviors and support characteristics of micropiles through field compression and tensile
tests, and proposed a method for predicting the amounts of their subsidence. To confirm the appropriateness of the proposed
method, field test results and the results obtained using the proposed method were compared. It was found that the settlement
amounts of the micropiles as predicted through the existing method were significantly overestimated (error =~ 50-80%) relative
to the field test results, whereas the settlement errors of the piles predicted through the proposed method decreased (error ~6—
32%). Thus, it is possible to reduce the previously overestimated amount of settlement, and the modified method of this study
allows more efficient design than the conventional method.
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1. Introduction

A micropile with a diameter of 300 mm or less does not
require a large working space for pile construction, and the
bearing capacity of pile is similar to that of the existing pile,
such as an RC(Reinforced concrete) or PHC(Pretensioned
spun high strength concrete)pile. Therefore, a micropile
method as one of the underpinning methods has been applied
for reinforcing the bearing capacity or suppressing the
settlement of existing buildings. In addition, this method has
recently been used to supplement the bearing capacity of
structures and seismic retrofit methods (FHWA 2005, Wang et
al. 2019, Capatti et al. 2020, EI Kamash et al. 2020).

With the increasing utilization of micropiles, many
researchers have conducted studies on the support and
behavior characteristics of micropiles. FHWA (2005) reported
that the load worked on the micropile head was transferred in
the order of steel bar, grout, and ground. Goémez et al. (2005)
and Veludo et al. (2012) reported that the bond strength of
micropile occurring at boundary of the steel bar/grout
dependent on the installation diameter of the micropile and the
bond strength to the existing foundation-concrete. Han and Ye
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(2006) reported that the bearing characteristics of micropile
were greatly dependent on the bond strength occurring at the
boundary of the ground/pile located in the upper pile through
field tests.

Furthermore, the bearing capacity and settlement of the
micropile are closely related to the area ratio of the steel bar
and the grout. According to the study results of EI Kamash and
Han (2017), it was found that the settlement of the footing was
affected by the transferred load in the micropile, and the skin
friction on the shaft of the micropile. Hwang et al. (2017a, b)
reported that the bearing capacity and settlement of the
micropiled raft were closely related to the fracture behavior,
installation diameter and length of the micropile. According to
a study of Moradi ef al. (2021), the relative density of the
adjacent soil of the pile is an important factor in increasing the
bearing capacity of the micropile. As a result, experiments with
sandy soils of varying relative densities revealed that
increasing installation diameter was 12% more effective than
increasing installation length.

As can be seen from the results of previous studies, when
in the initial step a load is applied on the pile head, the steel bar
resists the load. The load is transmitted in the order of the grout
and the ground. In other words, it can be said that the main
resistance to the load applied to the reinforcing bar. Also, due
to the unique load transfer characteristics of the micropile, the
bearing capacity and settlement amount of the micropile are
closely related to the cross-sectional size of steel bar and grout
as shown in Fig. 1.

When designing micropiles, the settlement amount of the
micropile is obtained from the equation for the same settlement
amount as that of a general pile, and the consideration factors
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Fig. 1 Structure of micropile in a soil layer

for the micropile applied to this equation are the axial rigidity
determined by the cross-sectional area and the rigidity of the
steel bar and grout. That is, when calculating the amount of
settlement, there is a problem in that the actual load transfer
characteristics of the micropile are not being consideration. In
addition, the settlement amount of the micropile calculated by
the existing method has a large error compared to the
settlement amount investigated through the field test. Thereby,
in order to effectively utilize the micropile, a pile design
considering the behavioral characteristics of the micropile will
be required.

To solve this problem, this study proposed a method for
calculating the settlement amount of micropile considering
both the structural characteristics and the cross-sectional
characteristics of the steel bar/grout. Also, evaluate the
applicability of the proposed formula, the results obtained
through the proposed method were compared with the test
results performed in 6 regions in South Korea.

2. Settlement of Micropile
2.1 Micropile settlement calculation method

When designing a pile, as shown in Eq. (1), the total
settlement amount of the pile is determined by the sum of
the settlement amount of the pile structure and the
settlement amount generated from the tip and peripheral
area of the pile (Vesic 1977, Prakash and Sharma 1991, Das
2010).

0t = Bers) T OsEs)T0pEs) @)

d; is the total pile top settlement for a sing pile, d¢s) is
the settlement due to axial deformation of a pile shaft, dys)
is the settlement of pile point caused by load transmitted
along the pile shaft. And dys) is the settlement of pile base
or point caused by load transmitted at the base.

A micropile is a small-diameter pile so Eq. (1) does not
consider the amount of settlement at the tip of the pile.
Therefore, it is possible to calculate the elastic settlement

and the shaft settlement for the entire pile as shown in Egs.
(2) and (3), respectively.

P-L
Se(es) = 7~ )
9 Emp - Aup
P 2(1— I 3)
p(ES) nDL) E, HUs)s

In Egs. (2) and (3), P means the working load on the
head of the micropile. Emp and Es are the moduli of the
micropile and soil, respectively, and Awmp is the area of the
micropile(= tD%4 ; D = diameter of the micropile). yg is
the Poisson’s ratio of the soil and Is is an influence factor
(=2+0.35,/L/D).

When calculating pile settlement using the method
shown in Eq. (2), the settlement of the micropile structure
considers only the axial rigidity of the micropile (EpAp),
even though the steel bar is a major factor in resisting the
working load. As can be seen from the results of previous
studies, the supporting characteristics of micropiles are
dependent on the cross-sectional area of the steel
bars/grouts, which are also components of the pile. In
addition, the load transfer characteristic of the pile is that
the steel bar with the greatest material rigidity preferentially
supports the working load, and the grout effectively resists
the working load by restraining the steel bar. Thereby, it is
reasonable to calculate the amount of settlement of the
micropile based on the steel bar constrained by the grout.
Since the restraining effect of the grout is different
depending on the cross-sectional area and material rigidity,
it would be reasonable to apply these characteristics.

2.2 Modified micropile settlement calculation method

The axial rigidity of the micropile was calculated by
considering the axial rigidity values of the steel bar and
grout, as shown in Eq. (4) (FHWA 2005).

EypAmp = EsrAsr + EgAq (4)

Egr and Eg are the elastic moduli of the steel bar and
grout, respectively. The elastic modulus of the grout (Eg) is
equal to 4732\/0_ck (MPa), where o is the unconfined
compressive strength of the grout (FHWA, 2005). Agr is the
area of the steel bar(=m - d3;/4; dgr= diameter of steel bar),
and Ag is the area of the grout (=Ayp — Agt). The total area
of the micropile, Ayp, in Eq. (4) can be calculated through
Eq. (5).

ESTAST EGAG
Ayp = +
M Ewp Eup

- ESTAST + EG(AMP B AST)

Eyp Eyp
(- Aup = Asr + Ag) (5)
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Eq. (5) can be modified as in Eq. (6), and It can be seen
that the axial stiffness, Eyp - Ayp, of the micropile is
related to the axial stiffness and cross-sectional area of the
steel bar as shown in Eq. (6). Here, the coefficient m is
defined as the ratio of the elastic modulus of the steel bar,
grout, and micropile. The elastic modulus of the micropile,
Eump, is determined using Eq. (4).

Eup - Ayp = E; *Egr - Ast
" Euwp (6)

=m- Esr - Agr

In this study, through the test results shown in Fig. 9, it
was confirmed that the steel bar is the main resistance
supporting the applied load. Based on the study results, the
modulus ratio, EG/Emp, in Eq. (6) was assumed as the
modified elastic modulus ratio, n(Ec/Est), of the steel bar
and grout as shown in Eq. (7). Where, n means a correction
factor for the material stiffness ratio. This correction factor
can be defined as a function of the axial stiffness ratio of the
steel bar and the grout as shown in Eq. (8) and can be
estimated through field test results.

Eg Eg

Ewe " Esr @
_ Eq-Ag
"= (i) ®

In addition, the coefficient m in Eq. (6) can be defined
as follows by substituting Eq. (8) into Eq. (6).
r_ 1_EG/EST _ 1_R
M Tl ME;/Eq 1-nR
The modified calculation method for the elastic
settlement amount of the micropile structure considering the
load transfer characteristics of the micropile can be derived
as Eq. (10) by substituting Eq. (9) into Eq. (2). Then, the
modified total settlement for the micropile can be calculated
using Eq. (11).

)

s _ P-L P-L 10

e(MES) = Eyp - Aup S m'- Esr - Agr (10)
8'c = & e(mEs) T Op(Es)

P-L (11)
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The FHWA (2005) defined the allowable yield strength

of a steel bar as the strength equivalent to a deformation
rate of 0.03%. Das (2010) proposed that the maximum
friction resistance on the shaft of the pile occurs when the
relative settlement at the boundary of the ground/pile is 5—
10 mm. Considering this, the relative displacement
occurring on the shaft of the pile is larger than the elastic
displacement of the micropile structure. Thus, considering
that the micropile is a small-diameter pile, the displacement
occurring on the shaft of the pile can be regarded as
occurring beyond the elastic limit of the micropile. Thereby,
it is appropriate to compare and analyze the settlement
amount of the micropile structure with the elastic settlement

in the field test results. it is appropriate to compare and
analyze the amount of settlement that occurred on the shaft
of the micropile with the plastic settlement in the field test
results.

In addition, the amount of shaft settlement is related to
the skin friction characteristics of the ground/pile. Hence, it
is unclear whether in Eq. (11), the pile length should be
applied to the total length, Lt (=L +L,; Fig. 1), of the pile
or the uncased length, Lyc. This is because the FHWA
(2005) considered the skin friction characteristics of the
ground and grout (which correspond to the adhesive length)
when calculating the skin friction force of the pile, whereas
the French design code "CCTG" (1992) considered the total
length of the pile containing the cased length (L.).
Therefore, when estimating the settlement amount for the
pile shaft, the pile length applied in Eq. (11) is the total pile
length and the bonded length.

3. Field tests of micropile
3.1 Ground conditions for each site

The field compression and tensile tests for the
micropiles were conducted in six regions of Seoul, Daegu,
and Incheon, as shown in Fig. 2(a). The site ground
conditions were evaluated using the Standard Penetration
Test (SPT) and the Unified Soil Classification System
(UCSC). The sediment layers of sites 1 and 4-6 sediment
layers comprised GP-GW, SW-SM, SP, and SM assemblies
(granular soil), as shown in Fig. 2(b).

In the case of sites 2 and 3, the upper sediment layer is
CL-ML and/or ML fine-grained soil, and the SPT results
show that the density of this ground is soft soil between
N=1/30 and 4/30. In addition, a GW-GM layer with a
thickness of approximately 3 m exists in the lower ground
and SP (Sand Poor) assembly ground (Grand soil layer).

The rock layers at all sites are located at the bottom of
the sediment layer, as shown in Fig. 2(b). The geological
conditions for the bedrock were weathered rock at all sites
except sites 4 and 5. And the SPT results show that they
comprise a weathered rock layer (WR) at N > 50/10. The
bedrock layer at sites 4 and 5 is a soft rock layer (soft rock
layer, SR) with a rock quality designation of 8—15%.

3.2 Micropile conditions for each site
The diameter and length of the micropile installed in the

ground are determined from Egs. (12) and (13) (FHWA,
2005).

F.S
P S {040C(G)AG + 0.4‘70_),(5)1457*} (13)

In the above, o is the ultimate bond strength at the
interface of the grout and ground, c.q) is the unconfined
compressive strength of the grout (typically the 28-day
strength), oys) is the yield stress of steel, and F.S is a safety
factor for the ultimate bond strength (F.S > 2.0; typically,
F.S=2.5).
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Fig. 2 Test site and conditions of soil layers

Table 1 Pile diameter and field test type of micropile for
each site

Diameter of Bearing Test load. Prc or

Site micropile (kPa) capacity, Pa P (IEN;( Field test type
(m) (kPa)

Pile Steel bar Compress Tension
Sl‘_‘le 020 005 215  270.18 560 560  Compression/Tension
Sll_tze 0.20 0.05 215 270.18 560 560  Compression/Tension
Site .
2 0.15 0.05 300 282.74 720 - Compression
Sg‘e 0.15 0.065 400 25447 440 - Compression
Sj:e 0.15  0.065 450 414.69 1,570 - Compression
Sg‘e 020 0075 450 67858 1415 - Compression
Sﬁ‘tf 020 0075 400 56549 1275 . Compression
il_t; 0.20 0.075 400 565.49 1,275 1,275 Compression/Tension

: (a) Test site and (b) Soil conditions

Fig. 3 shows the pile length for each site shown in Fig.
2. The pile length installed at each site was determined
using Eq. (12). Where, a is the bond strength per unit area,
and this design value is proposed by Xanthakos(1991) and
FHWA(2005). When determining the diameter of the
micropile through Eq. (13), the yield strength of the steel
bar (steel grad 500/550) and grout(= 4732\/0_Ck and
0.,=24MPa) and the allowable bearing capacity of the pile
(Table 1) were considered.

3.3 Field compression and tension tests
The micropiles were installed in the order of the casing

installation, boring, steel bar insertion, and grout. The
casing was installed to prevent collapse of the bored hole.
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(d) (e) ®
Fig. 4 Photography of field compression test: (a) Site 1, (b)
Site 2, (c) Site 3, (d) Site 4, (e) Site 5 and (f) Site 6

The grouting method was the gravity grout (Type-A).
After hardening the grout for 28 days, field tests were
performed. A full view of the compression tests conducted
at sites 1-6 is shown in Fig. 4. The field tests shown in Fig.
4 complied with the test procedure suggested by FHWA
(2005). In the case of sites 1-5, the process of loading and
unloading was performed while applying the load step by
step on the pile head to measure the elastic and plastic
displacement of the pile. On the other hand, in the case of
site 6, the compressive load was gradually increased until
the final step. The test load was applied using a hydraulic
jack and load cell installed between the reaction beam and
the head of the test pile, as shown in Figs. 4(a)-4(f). The
compressive load of each stage was maintained for the
duration until the generated displacement of the pile by the
test load became constant.

The maximum test load for the compression test, Prc(max)
is equal to or more than twice the allowable bearing
capacity P, of the pile. These results are shown in Table
I (Pr¢(maxy = 2 P,) . The magnitudes of the test load
applied at each step were equal to 25, 50, 75, and 100% of
the maximum test load. The magnitude of the test load and
the compression displacement of the pile were measured
using a load cell installed on the head of the pile and a
digital displacement measuring instrument as shown in Fig.
4(a).

(a) (b) (c)
Fig. 5 Photography of field tension test: (a) Site 1-1, (b) Site
1-2, (c) Site 6-2
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The field compression and tensile tests were conducted
at sites 1 and 6-2 as shown in Figs. 4(a), 4(f), and Fig. 5.
The field tensile test process also followed the test process
presented by the FHWA (2005). The method of loading the
tensile test in this study gradually increased the load until
the final test step, and the load was applied to the head of
the pile. As shown in Fig. 5(a), the test load material was
applied step-by-step using a hydraulic jack and load cell
installed on the reaction beam.
The tensile load at each stage was maintained for the
duration time until the displacement of the pile was
converged, and the test load was increased after the
displacement of the pile was converged. The magnitude of
the maximum test load applied to the pile during the test
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Fig. 7 Comparison of compression and tension test results:
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was more than twice the allowable bearing capacity of the
pile Prcmax) and Premax) = 2 * P,; Table 1). The compression
and tensile displacement of the pile were measured using a
load cell installed on the head of the pile and a digital
displacement measuring instrument as shown in Fig. 5(c).

4. Results of field test
4.1 Load-displacement of micropile in field test

Fig. 6 shows the load-displacement relationships of the
micropile investigated through field tests for each site. As
shown in Fig. 6(a) through 6(h), the total displacement of
the pile in the final load step was 3.3—-14.2 mm, and the
displacement of the micropile which installed at site 4 was
measured to the maximum. Furthermore, the compression
and tensile load-displacement relationships of the
micropiles investigated at site 6 were similar, as shown in
Figs. 6(g)-6(h).

Fig. 7 compares the relationship of displacement to
compressive and tensile loads investigated at site 1 and site
6-2. Where, 8tc and 6t means the compression and
tension displacement of pile obtained from field tests. The
difference in displacement between the compressive and
tensile displacements of the piles for each load step was
about 0.5 mm in the case of site 1, and about 2.0 mm in the
case of site 6-2, as shown in Fig. 7(a) and 7(b). These
results indicate that the micropiles have similar resistance to
compressive or tensile loads, and the micropiles are
supported by the pile structure and skin friction.

On the other hand, the gradient k(= (Prc or Prg) /8) of
the load-displacement graph at each site was about
1.27x10°-1.70x10° kN/m, and the gradients were similar.
This comparison means that the resistance of the micropile
to the applied load depends on the specific material
properties of the pile, as mentioned in FHWA (2005). it can
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Be(rs) (mm)

v Sited
v Site5
m Site 6-1
o Site6-2

o Site1-2
12- & Site2 12
& Site3

©

Bprs) (mm) Bprs) (mm)
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Fig. 8 Elastic and plastic displacement with compression
load: (a) Sites 1-3, (b) Sites 4-6

be said that the steel bar is the main resistance in the
constituent material of the micropile.

Fig. 8 shows the elastic and plastic displacement of the
micropile investigated through the load-displacement
relationship of Fig. 6. The maximum elastic displacement
(max. 8(rs)) of the micropile investigated at sites 1-3 was
2.69-5.25 mm, as shown in Fig. 8(a), and the displacement
of the pile as the load increased tended to increase linearly.
Also, the maximum plastic displacement (max. 8(ts)) was
0.92—-1.99 mm, the plastic displacement of pile according to
the increase of the test load also showed a tendency to
increase linearly. The elastic displacement of the micropile
investigated at sites 4-6 was 3.67-10.22 mm, and the plastic
displacement was 1.65-3.42 mm, as shown in Fig. 8(b).

The elastic displacement of the micropile investigated at
sites 4-6 was 3.67-10.22 mm, and the plastic displacement
was 1.65-3.42 mm, as shown in Fig. 8(b).

4.2 Bearing behavior of micropile

Fig. 9 compares the relationships of max.d¢rs)-Prc,
max.d¢rsy—L/D, max.d¢rs)-D and max.d¢(rs)-dst investigated
by site. The maximum elastic displacement was 2.69-10.22
mm, as shown in Fig. 9(a), and it occurred at site 4, where a
test load of 1570 kN was applied. Fig. 9(b) compares the
maximum elastic displacement according to the pile length
ratio L/D, and the comparison results show that the elastic
displacement of the pile is not significantly affected by the
pile length ratio. In the case of sites 1-1 and 1-2, there was a
large difference in pile length ratio, but the maximum
elastic settlement that occurred in the pile body was similar.
In addition, in the case of sites 5 and 6, the maximum
elastic displacement that occurred in the test piles at site 6
was small even when a large test load was applied.

Figs. 9(c) and 9(d) compare the maximum elastic
displacement of the micropile according to the diameter of
the pile and steel bar. As a result of comparison, as shown in
Fig. 9(c) and (d), the maximum elastic displacement of the
pile increased as the diameter of the pile or steel bar was
small, and the magnitude of the load increased. These
results show that, as suggested by Moradi ef al. (2021), the
bearing capacity of the micropile is more dependent on the
change in the pile diameter than the change in the pile
length ratio. In addition, through the test results of this
study, it shows that it is more dependent on the diameter of
the steel bar rather than the change in the overall diameter
of the pile (Fig. 9(d)).



Calculation method for settlement of micropile installed in rock layers through field tests

203

16

® Site 1-1(Pc-560kN) v Site 4(Pc-1570kN)
lo  Site 1-2(Pc-560kN) v Site 5(Pc-1415kN)
A Site 2(Pc-720kN) B Site 6-1(Pc-1275kN)
12\A  Site 3(Pc-440kN) O Site 6-2(Pc-1275kN)

16 16
@ Site 1-1(D200-ds750) ¥ Site 4(D150-dsr65) ® Site 1-1(D200-L25) v Site 4(D150-L15)
Lo Site1-2(D200-ds150) ¥ Site 5(D200-ds775) FO  Site1-2(D200-L15) Vv Site 5(D200-L15)
A Site2(D150-ds50) M Site 6-1(D200-ds775) 12 A Site 2(D150-L21) W Site 6-1(D200-L16)
212l 2 Site3(DI50-ds65) O Site 6-2(D200-ds775) £ 1[4 Sie3D1s0-L4) O Site6-2(D200-L15)
3 F v \E, v
Zat Zg
& . 5 .
0 o 3 5
E gl “ £, .
. v B v .
at o a
P S S S S e
0 400 800 1200 1600 2000 0 60 80 100 0 40
Prc (kN) L/D
(a) (b
16 : 1
® Site 1-1(Pc-560kN)  w  Site 4(Pc-1570kN) . '«-S60kN) ¥ Site 4(Pc-1570kN)
fo site 1-2(Pc-560kN) v Site 5(Pc-1415kN) 5 ) 15KN)
A Site2(Pc-720kN) W Site 6-1(Pc-1275kN) a Sinz n
312 [A  Site 3(Pc-440kN) O Site 6-2(Pc-1275kN) =12 -
Et v g .
2 z
£8 . F 8 .
4t 4
I . ¥ .
0 . . . . . 0 e L
0 50 100 150 200 250 0 50 100 150 200 250
Diameter of micropile, D(mm) Diameter of steel bar, dsy{mm)
(c) (d)

Fig. 9 Max. elastic displacement by Prc, L/D, D and dsr: (2)
max.Se(Ts)—PTc, (b) max.SS(TsrL/D, (C) max.SS(Ts)-D and (d)
max.Se(Ts)—dST

Fig. 10 compares the maximum plastic displacement of
micropile (max.8prs)) according to the compression test
load (Pr¢), pile length ratio (L/D), and uncased length
ratio(Lyc)/D). The maximum plastic displacement of the
micropile investigated through the field test was 1.46-3.42
mm (Fig. 10). As shown in Figs. 10(a) and 10(b), the
maximum plastic displacement of the piles investigated at
each site was similar regardless of the magnitude of the
applied load and the pile length ratio.

It should be noted that the diameter of the micropiles at
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each site was different, but the bonded length of the
micropiles was similar (Fig. 3). And as shown in Fig. 10(c),
the plastic displacement of micropiles according to L./D,
which is defined as the ratio of bonded length and diameter,
is similar. The results of this study show that the plastic
displacement of micropiles occurring at the pile/ground
boundary is closely related to the bonded length, L., in the
length of the micropile. Therefore, it is judged that it is
reasonable to consider the bonded length for settlement
caused by the load carried on the shaft of the micropile.

5. Settlement of micropile

5.1 Comparison test results with the settlement of Eq.

2

Fig. 11 shows the result of comparing the settlement
amount of the micropile obtained through Eq. (2) with the
amount of elastic displacement obtained from the field test
(Pc-Oces) or O¢rs)).- As a result of the comparison, the
settlement amounts of the pile obtained through Eq. (2) are
significantly overestimated than compared to that of the
micropile investigated through the field compression test.

Table 2 compares the error between the elastic
settlement amounts of micropiles investigated through the
test results and the elastic settlement amounts of micropiles
obtained through Eq. (2). It can be seen that the error of the
two results was 51.4-78.6%, which is very large. That is, it

0 Il Il
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Lu/D

(c)
Fig. 10 Max. plastic displacement by Prc, L/D and L/D:
(a) max.Sp(Ts) - PTC, (b) max.Bp(Ts)f L/D and (C) max.SP(Ts)f
L./D

can be said that it is inappropriate to predict the elastic
displacement between the micropile composed of the grout
and the steel bar through the existing estimated method, Eq.
(2), based on the comparison results.
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Fig. 11 Comparison of results of field test and Eq. (2)
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Table 2 Errors between field tests and results of Eq. (2)
Estimated value by

Field test |52(ES)

gite  Load Eq. @) 6] Elu’ror
(kN) Sr¢ Sersy  Begs) e (%)
(mm)  (mm) (mm) (™)

Site 1-1 560 4.665 3.209 12.784 9.57 74.4
Site 1-2 560 3.600 2.685 12.784 10.09 78.6
Site2 720 7.232 5.240 19.472 14.23 72.6
Site 3 440 4.044 2.640 5.983 3.34 55.8
Site4 1,570 13.644 10.224 22.873 12.65 55.3
Site 5 1,415 5.380 3.670 13.661 9.99 73.1
Site 6-1 1,275 9.945 7.221 13.133 591 51.4
Site 6-2 1,275 7.285 5.635 13.133 7.49 65.2

1) -5
% Error(%)=M x 100
Se(ES)

¥ For estimating 8,(zs) by Eq.(2), Est=2.10x10°(MPa) ;
B=4732,/0., (0.,=24MPa)

5.2 Correction factor n, in Eq. (9)

Based on the study results shown in Figs. 9 and 10, it
was proposed to calculate the modified elastic settlement
amount of the micropile structure as shown in Eq. (10). In
order to calculate the modified elastic settlement amount,
the correction factor n in Eq. (8) should be estimated.

Fig. 12 shows the value of factor n for each site obtained
by analyzing the calculation result of Eq. (10) and the
results of the field test, and the value of factor n for each
site is as shown in Fig. 12(a). As shown in 12(a), the value
of the coefficient n was approximately 0.12-0.16. Fig. 12(b)
compares the value of factor n according to the change in
the axial stiffness ratio of grout and steel bar,
(Ec'Ac)/(EstAst). As the axial stiffness ratio of the grout
and steel bar increased, n tended to decrease nonlinearly as
shown in Fig. 12(b). In addition, as shown in Fig. 12(c),
when the relationship of (Eg*Ac)/(EstAst)-n was expressed
in a semi-algebraic form, n tended to decrease linearly.
Thereby, through the relationship of
logio[(Ec:Ac)/(EstAst)]-n, the factor n can be defined as a
function of the axial stiffness ratio of the grout and steel bar
as follows.

" (;;LT;—;:GT) (12)

EG.AG

= —0.065" lOglO (m

)+ 0.135

5.3 Settlement of the micropile structure, 8 vgs)

Fig. 13 compares the elastic settlement amount of the
micropile structure, 8omgs), calculated in Egs. (10) and
(14) and the elastic displacement of micropile investigated
through the field test (Fig. 9). As a result of comparison, it
was found that the amount of settlement calculated through
Egs. (11) and (14) was slightly overestimated compared to
the test results. Also, as shown in Table 3, the error for the
two results was 4.2-43.9%, and the error was the largest at
site 5.

0.2
0.18 |
-
0.16 | L
f=
[}
0.14 |
A v
012+ ® o
0171 1% 2 3 4 5 61 62
Site
(@)
0.2 .
® Sitel-1 O Sitel-2 A Site2 A Site 3
v Site4 v Site5 W Site6-1 O Site6-2
0.18 |
\
\
AN [ 3
0.16 |- =
N
o= \‘1
0.14 | ~o
~
hvd a - -
0.12 F ~— .
0.1 I I | |

Il Il Il Il Il
0 02 04 06 08 1 12 14 16 18 2
[(EcAc) / (EstAsn]

0.2
® Sitel-l O Sitel-2 a Site2 4 Site 3
v Site4 v Site5 m Site6-1 O Site6-2
0.18
N
\\
L ~ =
0.16 x
0.14 AN
N
YV o a \\
0.12 - =N
AN
AN
~
0.1 | L | L
0.1 0.2 0.4 0.6081 2 4 6 810
109, [(EcAG) / (EstAsn]
(c)

Fig. 12 Correction factor n of Eq. (9): (a) Coefficient n
for each site, (b) Variation of n according to
(EG*Ag)/(Est-Ast) and (c) Variation of n according to
logio((Ec'Ag)/(EstAst)

Table 3 Elastic displacement differences and errors between
field tests and estimated results of Eqgs. (10) and (14)

Field test Estimated value by Eq.(10) and (14) |55(M53)

Sit Load 5 5 Error

¢ (kN) e(75) Eg-Ag N Semes) Em)l (%)

(mm) Eor - Asy (mm) (mm)

Site 1-1 560 3.209 1.66 0.121 3.347 0.14 42
Site 1-2 560 2.685 1.66 0.121 3.347 0.66 19.7
Site 2 720 5.240 0.88 0.138 8.090 227 352
Site 3 440 2.640 0.48 0.156 2.902 0.37 9.00
Site 4 1,570 10.224 0.48 0.156 11.104 1.39 7.9
Site 5 1,415 3.670 0.67 0.148 6.524 2.87 439
Site 6-1 1,275 7.221 0.67 0.148 6.283 1.45 15.0
Site 6-2 1,275 5.635 0.67 0.148 6.283 0.13 10.2

5, =6,
% Error(v)—Leerzn=easl 400
Se(MES)

# For estimating S, ygs) by Eq. ang , Est=2.10x10° a) ; Eg= Ok (Ock= a
3 F imating 8, yzs) by Eq.(12) and (16), Est=2.10x10%(MPa) ; EG=4732 ( 24MPa)
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Fig. 13 Comparison of the estimated results of Egs. (10)
and (14) and 6¢(1s) of the test results: (a)Sites 1-3 and

(b) Sites 4-6

Likewise, as shown in Tables 2 and 3, the results of Egs.
(10) and (14) are closer to the field test results than the
results of Eq. (2). This result is inconsistent with the
prediction of the subsidence of the micropiles consisting of
the grout and steel bars in Eq. (2), as in the existing piles of
a single material. Thus, it shows that to predict the
settlement amount of a micropile, a method for calculating
the settlement amount of the pile considering the bearing
and behavior characteristics of the micropile is required,
such as that represented by Egs. (10) and (14).

5.4 Settiment of the micropile shaft, 5p s,

Fig. 14 compares the settlement amount on the shaft of
the micropile, 8,(vgs) , calculated by substituting the
uncased length(L—L,.) in Eq. (3) and the plastic
displacement of the micropile investigated through field
tests. As shown in Fig. 14, when the amount of settlement
was evaluated by substituting the uncased length for each
site in Eq. (3), the calculation results were slightly
overestimated compared to the plastic displacements of the
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Fig. 14 Comparison of the estimated results of Eq. (3) with
6, of the test results: (a) Sites 1-3 and (b) Sites 4-6

Table 4 Plastic displacement differences and errors between
field tests and results of Eq. (3) in case of L=L

Estimated value by Eq.(3) in case of

Field test 6
Sit Load feld tes L=Luc El P(MES) Error
1ec —
(kN) Bprs) Lue Es Sp(mes) pirs | (%)
(mm) (m) (kPa) (mm) (mm)

Site 1-1 560 1.456 5.0 60,000 1.836 038 11.4
Site 12 560 0915 5.0 60,000 1.836 0.92 275

Site2 720 1.992 5.0 60,000 2531 0.54 213

Site3 440 1.404 3.0 60,000 2328 0.92 39.7

Site4 1,570 3.420 40 100,000 3.995 0.57 144

Site5 1,415 1.710 6.0 200,000 1.376 033 243
Site6-1 1,275 2.724 5.0 60,000 4262 1.54 36.1
Site 62 1,275 1.650 5.0 60,000 4262 261 61.3
% Error(%)=2etE0=%sl o 109

Sy

% Elastic modulus of soil, E==1,200N (FHWA, 2005)
micropiles investigated by the field test. Table 3

summarizes the displacement differences and errors
obtained from the calculation results and test results when
the uncased length is substituted. As a result of the
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Fig. 15 Comparison of the estimated results of Eq. (11) the
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comparison, the displacement difference between 8, mgs)
and 8,(rsy was about 0.33-2.61 mm, and the error was
about 11.4-61.3%.

5.5 Total settlement of micropile, &¢(uks)

The results of Figs. 7 and 9 and 10 show that the bearing
capacity of the micropile is equal to the sum of the
resistance of the pile body and the skin friction resistance
caused at the boundary of the ground/pile. In addition,
through the study result in Fig. 13, it was shown that the
elastic settlement amount of the micropile structure
calculated by Egs. (10) and (14) proposed in this study was
found to be more consistent with the test results. Through
the comparison results in Fig. 14, it was confirmed that it is
appropriate to apply the uncased length in Eq. (3) when
estimating the settlement amount of the micropile shaft.
Therefore, it is possible to predict the total settlement
amount of the micropile from the results of Figs. 13 and 14.

Table 5 Displacement differences and errors between
OrmEs) and Sy (rs)

G Load Field test Estimated value |_6tg,,5f) Error
(kN) Src Se(MEs) SpmEs) StmEs) TC (%)
(mm) (mm) (mm) (mm) (mm)
Site 1-1 560 4.665 3.347 1.836 5.183 0.52 10.0
Site 1-2 560 3.600 3.347 1.836 5.183 1.58 30.5
Site 2 720 7.232 8.090 2.531 10.621 3.39 319
Site 3 440 4.044 2.902 2.328 5.229 1.19 22.7
Site 4 1,570 13.644 11.104 3.995 15.099 1.46 9.6
Site 5 1,415 5.380 6.524 2.466 8.990 3.61 319
Site 6-1 1,275 9.945 6.283 4.262 10.545 0.60 5.7
Site 6-2 1,275 7.285 6.283 4.262 10.545 3.26 309

5, -8
# Error(Y)=2En=07el o 109
S¢(MES)

Fig. 15 compares the total settlement amount of the
micropile, 8¢mes)(= 8emes)+OpmEs)), €valuated through
the results of Figs. 13 and 14 and the test results, 8;(rs). As
shown in Fig. 15, the total settlement amount of micropile,
8¢(MEs), estimated through the prediction method proposed
in this study was similar to or slightly overestimated from
the total settlement amount investigated through field tests

Table 5 compares the displacement difference and error
between the actual measured result and the predicted result.
As a result of comparison, the displacement difference
between 8¢mgs) and 8y(rs) was 0.52-3.61 mm, and the error
was 5.7-31.9%. In the case of the micropile of sites 2 and 5,
the displacement difference and error were the largest, and
the maximum displacement difference was 3.61 mm, and
the maximum error was 31.9%. Thus, the results of Fig. 14
and Table 4 shows that the prediction method of micropile
settlement proposed in this study can predict more
reasonably than the existing prediction method. This can be
known by comparing the test results with the calculation
results according to the prediction method.

The comparison result in Table 2 compares the test
result with the elastic settlement amount of the micropile
structure predicted through Eq. (2), which is the existing
method, and is a result of the settlement amount of the
micropile shaft not being considered. Therefore, when
comparing the total settlement amount, the displacement
difference and error shown in Table 2 increase significantly.

On the other hand, the comparison results in Table 4 are
the predicted total settlement amount of the micropile
considering the settlement amount of the micropile structure
and the shaft, and it can be seen that the predicted results
and the test results were significantly reduced than the
results in Table 2. Therefore, it is judged that the settlement
amount can be predicted more rationally through the
method proposed in this study.

6. Design considerations

The method proposed in this study should determine the
settlement amount of the micropile structure using Eq. (10)
before calculating the total settlement assessment amount.
In Eq. (10), the elastic modulus and cross-sectional area of
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Fig. 16 Correction factor n of Eq. (9)

the steel bar, grout and micropile can be calculated using
Egs. (12) and (13). In addition, the correction factor, n must
be determined. As shown in Fig. 12(c), since n is related to
the axial stiffness ratio of the steel bar and the grout, the
relationship of (Eg'Ac)/(EsrAst) and n can be defined as
shown in Fig. 16. The correction factor n can be estimated
through Fig. 16, and the modified coefficient, m', of Eq. (9)
can be calculated.

As the behavior and support characteristics of the
micropile were evaluated through on-site compression and
tensile tests, it was reasonable to apply the uncased length
of the micropile to the length in Eq. (3) when predicting the
settlement amount of the micropile shaft. The total
settlement amount of the micropile predicted from the
method proposed in this study is slightly overestimated than
the test result, but considering the conservative approach, it
is judged more reasonable than the existing method.

7. Conclusions

Through field tests, it was confirmed that the load
transfer characteristics of micropiles were different from
those of existing piles, and that the main resistance to the
working load was a steel bar among the micropile
components. Considering the observed behavioral
characteristics of micropiles, this study proposed a method
for predicting the amount of elastic settlement of micropile
structures. In addition, it was shown that it is reasonable to
apply the uncased length of pile to the existing method
when estimating the amount of settlement caused by the
load acting on the shaft of the micropile predicted through
the test result calculation method. The detailed results of
this study are as follows.

1. The error between the settlement amount of the micropile
predicted by the conventional method and the result
investigated through the field test was approximately 50-
80% (displacement difference = 3.3-14.0 mm), and it was
not suitable for predicting the total settlement amount of the
micropile.

2. When comparing the amount of settlement of the
micropile predicted through the method proposed in this
study and the field test results, the error between the two

results was approximately 4-44% (displacement difference
= 0.13-2.9 mm), which was significantly reduced compared
to the estimated error through the existing method.

3. Through the field test results, it was confirmed that the
amount of settlement caused by the load applied at the shaft
of the micropile depends on the uncased length, L. As a
result of predicting the amount of settlement occurring on
the shaft of the micropile considering this, the error with the
test result was approximately 11-61%, and the amount of
settlement could be predicted more rationally than when the
total length of pile was applied.

4. The total settlement of piles obtained through the method
for predicting the settlement of micropile proposed in this
study had an error of 10-40% with the test result, and it was
possible to predict the settlement of micropile more than the
existing method.

The results of this study are proposed in consideration
of the load-displacement relationship of the micropile
investigated through field tests conducted at each site. Since
the load transfer characteristics of the micropile may vary
depending on the ground conditions around the pile and the
cross-sectional area of the material constituting the
micropile, detailed additional research is required.
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