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Abstract
A new type of micropile, the waveform micropile, has been developed to provide improved load-bearing capacity com-

pared with that of a conventional micropile. The waveform micropile has a wave-shaped grout with a partially enlarged

shear key formed by the jet grouting method on the cylindrical shaft of the micropile. Previous research has determined that

the waveform micropile can be installed faster than the conventional micropile and that the bearing capacity increases as

the wave-shaped grout provides additional shaft resistance between the ground and the grout. In this study, a series of

centrifuge model tests were conducted on the waveform micropile model with various wave-shaped grouts to analyze the

relationship between the arrangement of the shear key and the load-bearing mechanism of the waveform micropile. The

load–settlement relationship and the load-transfer mechanism were analyzed based on the test results of six test micropiles,

including three waveform micropiles with a single shear key at various depths, one waveform micropile with a multiple

shear key along the pile depth, and two micropiles with only a cylindrical shape. The test results showed that the ultimate

bearing capacity of the waveform micropile was over two times greater than that of the conventional micropile. The rate of

increase in the bearing capacities of each waveform micropile differed with the shape of the shear key. Furthermore, the

characteristics of the load-sharing ratio due to the shaft resistance and end bearing varied depending on the shape of the

waveform micropiles.
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1 Introduction

A micropile is a drilled and grouted foundation system that

provides relatively high bearing capacity with a small

diameter ranging from 100 to 300 mm. The micropile can

be installed using fewer pieces of construction equipment

than other existing foundation types. For this reason, since

its introduction in Italy in the 1950s, the micropile has been

recognized as an effective foundation solution for areas of

limited access and low headroom. The construction process

of the micropile involves drilling the pile shaft to the

required depth, installing a temporary casing, and then

placing the steel rebar and grout. The high-strength steel

rebar transfers the load to the surrounding ground through

the grout body to develop frictional resistance. Therefore,

the micropile supports the load via the shaft resistance

created between the pile shaft and the ground while the

load carrying capacity resulting from tip resistance is

generally neglected due to small diameter of the micropile

[15]. Federal Highway Administration (FHWA) micropile

design guidelines specify the bond strength (abond) con-

sidering the frictional resistance between the grout and the

ground for micropile design [10]. The abond ranges are

classified into four types (A–D) according to the ground

conditions and grouting types.

As the pile socketing length and surrounding soil con-

ditions affect the performance of the micropile, researchers

have studied methods to improve the bearing capacity by

modifying the existing micropile method. In this regard, a
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new type of micropile method named the injection bore

(IBO) micropile (or hollow-bar micropile) has been pro-

posed. The hollow-bar micropile is known as the second-

generation micropile due to its higher construction effi-

ciency and bearing capacity relative to conventional

micropiles, and its use has been increasing. Early studies

indicated that the abond values for type B, which correspond

to the pressurized grouting characteristics of the hollow-bar

micropile, can lead to underestimation of the bearing

capacity of hollow-bar micropiles. Therefore, various fol-

low-up studies have been performed to propose reasonable

design parameters considering the in situ conditions of the

hollow-bar micropile [1, 4, 6, 11, 24].

Some researchers have focused on a helical micropile

combined with a helix pile (a steel rebar with plate-type

helixes) and a grouting method [7, 22, 27]. Field tests and

3D numerical analysis were performed to evaluate the

constructability and performance of the helical micropile.

In particular, the analysis results showed that the incor-

poration of a helix on the steel rebar provides additional

bearing capacity and that the bearing capacity varies

depending on the number of helixes.

In South Korea, cast-in-place piles and PHC (Preten-

sioned spun High strength Concrete) piles are typically

used as a foundation structure. However, the micropile

industry is gaining momentum as the number of con-

struction sites with limited working spaces in urban areas

continues to increase. Furthermore, the demand for

improving the economic efficiency of the micropile is

increasing. This is because the current design method

considers only the socketed pile length into a hard layer

(e.g., weathered soil and weak rock) as a bearing stratum

while ignoring the shaft resistance at the upper soil layer,

which has a relatively weak strength. Accordingly, efforts

have been made to increase the relative capabilities of the

micropile by improving the installation method and struc-

tural design to enhance the bearing capacity of state-of-the-

art methods [5, 18, 20].

To surpass the bearing capacity and the construction

efficiency of the conventional micropile, Jang and Han [13]

developed the waveform micropile, a modified version of

the conventional micropile that combines the concept of

the conventional micropile with the jet grouting method.

Figure 1a, b shows a conceptual drawing of the conven-

tional micropile and waveform micropile, respectively. The

casing part in the soil layer of the conventional micropile is

replaced with the wave-shaped grout. This method has

been suggested to provide a higher bearing capacity than

the conventional micropile via the mobilized frictional

resistance arising between the waveform grout and com-

pressible soil layer. The main idea of the waveform

micropile construction involves shaping a waveform grout

consisting of the enlarged shear key part using a

pressurized jet grouting method and installing high-

strength steel rebar. In previous research studies, the con-

structability and the increased bearing capacity of the

waveform micropile were verified through both field tests

and field applications. In addition, the test results showed

that the waveform micropile is an effective method for

reducing construction time with simplified construction

steps relative to the conventional micropile [15].

The diameter of the waveform micropile is divided into

the diameter D1 of the pile shaft and the diameter D2 of the

shear key, as shown in Fig. 1b. The diameters for the pile

shaft and the shear key are 300 and 500 mm, respectively,

and each part of the grout can be formed by adjusting the

jet grouting pressure and working time. As shown in

Fig. 1b, the length L of the shear key and the spacing S

between the shear keys determine the shape of the wave-

form grout. The waveform micropile can be constructed

with a single or multiple shear keys depending on the

arrangement method of the shear key, such as the shear key

number, length and spacing. According to studies on the

helix micropile, the load-bearing mechanism of the pile

depends on the numbers of helices [9]. The centrifuge

model test and numerical analysis results of the waveform

micropile also showed results similar to those of the helix

micropile, showing that the bearing capacity of the pile is

closely related to the shape of the waveform micropile

[14]. However, in the case of helical piles with a partially

extended form, such as the waveform micropile, the ratio

of the diameter of the plate and the shaft is as large as 2.0 –

6.8 [7, 23]. Moreover, the waveform micropile has a shear

key-to-pile shaft ratio of only 1.6 and an internal angle of

pile shaft and shear key of only 11 degrees. Therefore, we

used the shaft resistance to explain the resistance by the

shear key without separating the end bearing from the

factors affecting the bearing capacity of the waveform

micropile, as shown in Fig. 1b (ii).

In this study, a series of centrifuge model tests were

conducted with the objective of investigating the relation-

ship between the shear key shape and the axial perfor-

mance of the waveform micropile. The experiment was

conducted on six models, including four waveform

micropiles with a single shear key, multiple shear keys

added at various locations along the pile depth, and two

straight micropiles without the shear key. Based on the test

results, the load–settlement relationship and the load-

transfer mechanism were analyzed to investigate the axial

behavior of the waveform micropiles under various con-

figurations. In addition, the applicability of the calculation

method for the bearing capacity of the conventional

micropile to the waveform micropile is discussed.

506 Acta Geotechnica (2019) 14:505–518

123



2 Centrifuge test

2.1 Facility

The geotechnical centrifuge test is a useful experimental

technique in terms of cost and time because the test enables

simulation of the behavior of a small-scale model at a

prototype scale to reproduce the in situ stress conditions

under the required acceleration of gravity. In this study, the

experiment was undertaken in a geotechnical centrifuge at

the Korea Advanced Institute of Science and Technology

(KAIST), South Korea, as shown in Fig. 2. The KAIST

geotechnical centrifuge has a nominal radius of 5 m that

can achieve a maximum acceleration of 130 g with a

capacity of 1300 kg (2400 kg for 100 g). The detailed

specifications are presented in Table 1 [16]. The experi-

ments in this study were performed under a centrifugal

acceleration of 40 g on small-scale models manufactured

according to the scale factors shown in Table 2.

2.2 Test models

The test models consisted of six types of micropiles,

namely the conventional micropile (labeled MP in the

experiment), jet grouting micropile (JP) and four types of

waveform micropiles. The JP model is the same type as the

waveform micropile but with only a cylindrical shaft

without a shear key. Since the shaft diameters of the JP

model and waveform micropiles are the same, the JP model

was used to quantitatively investigate the shear key effect

by comparing the behavior with the waveform micropiles.

For the waveform micropile models, a single shear key was

placed at the top, center and bottom of the pile for WM-A,

Fig. 1 Conceptual drawing: a conventional micropile and b waveform micropile

Fig. 2 KOCED geotechnical centrifuge [16]
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WM-B and WM-C, respectively, and multiple shear keys

were applied for the WM-D. The ratio of the length (L) to

the spacing (S) for WM-D was determined as 1:1, where L

and S are the same as D1 (500 mm) for the shear key

diameter.

The test models were manufactured using polyvinyl

chloride (PVC; Young’s modulus E = 2900 MPa; Poisson

ratio m = 0.4) with a scale ratio of 1:40 as the centrifuge

test was performed at a centrifugal acceleration of 40 g [2].

Equations 1 and 2 were used to determine the geometrical

properties and dimensions of the test models.

EpAp

EmAm

¼ n2; ð1Þ

Lm ¼ Lp

n
; ð2Þ

where EpAp is the axial rigidity for the prototype pile,

EmAm is the axial rigidity for the small-scale pile, Lp is the

length for the prototype pile, Lm is the length for the small-

scale pile, and n is the scaling factor.

The dimensions of the prototype and the small-scale

models are presented in Table 3 and Fig. 3. All of the test

models were instrumented with a pair of strain gauges

(GFLA-6-50-3L) to measure the axial load distribution

along the pile embedded length of 250 mm (Lp = 10 m).

2.3 Test configuration

The soil model was prepared with dry silica sand that was

artificially produced by crushing quartzite. The sand was

classified as poorly graded sand (SP) according to the

unified soil classification system (USCS), with a maximum

and minimum unit weight of 16.1 and 12.2 kN/m3,

respectively. The other geotechnical properties of the silica

sand are shown in the particle distribution curve in Fig. 4

and Table 4.

In the centrifuge test, the soil particle size increases with

increasing centrifugal acceleration. In this case, the size of

the soil particle increases significantly relative to the model

pile dimension, possibly leading to problematic interaction

between the pile surface and the soil particle [25]. Bolton

et al. [3] established that the soil particle size does not

affect the result for a ratio of the diameter of the model pile

(Dm) to the average soil particle size (D50) of 30 or more.

In the present study, it was confirmed that Dm/D50 was 47

for MP and 78 for the other models.

The ground was prepared in a cylindrical soil container

with a diameter of 0.9 m and a height of 0.7 m. The air-

pluviation method was used to achieve the desired 70%

relative density (Dr) with a soil layer of 0.4 m. The six test

models were divided into three piles, as shown in Fig. 5,

and two sets of tests were conducted. The test piles were

sufficiently spaced by at least nine times the minimum pile

diameter to prevent interaction between the piles during the

test.

Five pairs of strain gauges were attached to both sides of

each model pile. As shown in Fig. 6a, the cables of the

strain gauges were connected to the instrumentation system

through the inside of the pile in order to prevent the cables

from disturbing soil. The surface of each model pile was

roughened with a silica sand coating to simulate the cor-

responding bonding condition for the pressurized grouting

method, as shown in Fig. 6b [8, 12, 26].

The piles were installed in two steps, as shown in Fig. 7.

First, the sand layer was prepared until its thickness

reached 250 mm, and the pile tip was penetrated into the

soil to a depth of only 100 mm. Next, an additional soil

layer was added to the first layer to a total height of

Table 1 Specification of KOCED geotechnical centrifuge [16]

Description Specification

Manufacturer ACTIDYN SYSTEMES SA

Platform radius 5.0 m

Max. capacity 240 g-tons

Max. acceleration 130 g with 1300 kg payload

Max. model payload 2400 kg up to 100 g

Platform dimensions 1.2 m (L) 9 1.2 m (W) 9 1.2 m (H)

Power consumption 220 kW for full capacity operation

Fluid rotary joint 4 lines—water and pneumatic (700 kPa)

6 lines—hydraulic oil (20 MPa)

Electrical slip rings 8 lines for electrical power supply

30 lines for signal transmission

4 channels for video transmission

Fiber optic rotary joint 1 GHz, 2 passages

Table 2 Scale factors for centrifuge modeling [19]

Quantity Prototype/model Quantity Prototype/model

Length N Mass density 1

Area N2 Energy density 1

Volume N3 Time (dynamic) N

Velocity 1 Time (creep) 1

Acceleration 1/N Time

(diffusion)

N2

Mass N3 Frequency 1/N

Force N2 Pressure 1

Energy N3 Flow velocity 1/N

Stress 1 Flow quantity N

Strain 1 Head N

Capillary rise N
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Fig. 3 Test micropiles geometries

Table 3 Configurations for centrifuge test models

Classification Diameter (mm)

No. Pile Prototype Model

1 MP 180 15

2 JP 300 25

3 Waveform

micropile

WM-A 500(D1)

300(D2)

Distance from pile

top to shear key

1000 42(D1)

25(D2)

Distance from pile

top to shear key

25

4 WM-B 4000 100

5 WM-C 8000 200

6 WM-D L & S: 1000(2D1) L & S: 25

Embedded length 10,000 250

Table 4 Summary of geotechnical properties of silica sand

Description Properties

Specific gravity, Gs 2.65

Maximum dry density (kN/m3) 16.1

Minimum dry density (kN/m3) 12.2

Grain size (mm)

d10 0.19

d50 0.32

d60 0.34

Soil classification, USCS SP

Coefficient of uniformity, Cu 1.77

Plastic index, PI NP

Fig. 4 Particle size distribution for silica sand used in centrifuge test
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400 mm to prevent any changes in the ground condition

that might occur when the piles penetrated into the ground

and to ensure that the piles were installed exactly at the

desired point.

Figure 8 illustrates a schematic for the loading system in

the testing program. The load cell (TCLK-5KNA) and two

LVDTs were installed to measure the load–displacement

relationship of the test micropiles. Strain gauges were also

connected to each measurement channel. The testing was

conducted using the displacement-control method with a

loading rate of 0.05 mm/s and a maximum displacement of

1.5 mm (60 mm in the prototypes).

3 Test results and discussion

3.1 Ultimate bearing capacity estimation

Figure 9 shows the axial load–settlement curves for six

different micropiles in prototype units. Relative to the MP

model, the JP and WM models presented stiffer behavior

during all of the loading steps. In particular, the WM

models generally showed higher resistance than the JP

model. This result indicates that the waveform micropile

concept led to an increase in bearing capacity relative to

the micropiles with a cylindrical shape.

The ultimate bearing capacity of each pile was estimated

from the load–settlement curves. The FHWA manual

defines the load corresponding to the slope of the load

versus the micropile head settlement curve that exceeds

0.15 mm/kN as the ultimate bearing capacity of the

micropile. However, Jang and Han [14] found that the

criterion of FHWA is not suitable to evaluate the ultimate

bearing capacity for the waveform micropile because this

configuration has a much larger diameter and requires a

different construction method than the conventional

micropile. Therefore, in this study, the load corresponding

to a pile head settlement equal to 10% of the pile diameter

(i.e., the 0.1D criterion) was considered the ultimate

bearing capacity in reference to an earlier study conducted

on the micropile [2]. The shaft diameter (D2) of 300 mm of

the WM models was used for the criterion with the

assumption that the influence of the increase in diameter

Fig. 5 Layout of centrifuge models

Fig. 6 Model pile preparation: a installing strain gauges and b surface roughening with sand particles
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due to the shear key is not significant. Table 5 shows the

ultimate bearing capacity obtained using the 0.1D criterion

of 1040.0 kN (MP), 1981.7 kN (JP), 2079.8 kN (WM-A),

2059.2 kN (WM-B), 2208.8 kN (WM-C), and 2167.1 kN

(WM-D). Relative to the MP model, the bearing capacity

of the JP model and WM models increased by 47.5% and

by an average of 51.1%, respectively. The WM models

showed a decrease in the settlement amount and an

increase in the bearing capacity of up to 10.3% (WM-C)

relative to that of the JP model. Among the WM models,

the bearing capacities of the WM-C model with a single

shear key at the bottom of the pile and those of the WM-D

model with multiple shear keys along the pile depth were

similar regardless of the pile shape. This finding is dis-

cussed in more detail using the analysis results of the axial

load distribution.

3.2 Axial load-transfer mechanism

Based on the measured strains, the load-transfer curves in

terms of the load corresponding to the initial displacement

of the pile head of 5 mm to the ultimate state were obtained

and are shown in Fig. 10. The distribution of the axial force

along the pile shaft shows various shapes depending on the

type of test model. Note that most of the resistance of the

MP model shown in Fig. 10a was induced by the skin

Fig. 7 Model pile installation steps: a 1st air-pluviation and tip installation and b 2nd air-pluviation

Fig. 8 Test setup: a schematic diagram and b instrumentation system
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friction without considerable end bearing participation. In

the JP model, in which the diameter increased to 300 mm,

the ratio of the load carried through the end bearing

increased, as shown in Fig. 10b. The WM models, shown

in Fig. 10c–f, were also supported by the resistance

occurring from both the shaft and tip.

The shaft resistance of the waveform micropiles differed

slightly according to the location of the shear keys shown

in the graphs. For the WM-A model shown in Fig. 10c with

an upper shear key, a similar behavior was observed as that

of the JP model shown in Fig. 10b. This result indicates

that the upper shear key had no effect on the increase in the

shaft resistance. The shaft resistance of the WM-B model

shown in Fig. 10d increased slightly over that of the JP

model, but no significant difference was observed. In

contrast, the WM-C model with a single shear key at the

bottom section shown in Fig. 10e and the WM-D model

with multiple shear keys shown in Fig. 10f presented a

much higher bearing capacity than the other models. The

bearing capacity of the two piles was similar regardless of

the shape of the pile (i.e., the number of shear keys). In the

load-transfer curves of the WM-C and WM-D models, the

shaft resistance at the shear key from (1) to (3) of the WM-

D model was slightly higher than that of the WM-C model,

but the difference was small. The high rate of increase in

the shaft resistance mainly appeared in the shear key

located at the bottom section in both models.

3.3 Load-sharing characteristics
for the waveform micropile

In this section, a more detailed discussion of the load-

sharing characteristics of the waveform micropiles is pro-

vided. Figure 11 shows the axial load-transfer curve cor-

responding to the ultimate bearing capacity for each pile. In

the graph, the MP model presents the smallest bearing

capacity, which was primarily developed by the shaft

resistance. The JP model transferred more load to the tip

than did the MP model and supported the loads together by

the shaft and tip resistance. The load-sharing ratio for the

WM models with the added shear key to the JP model

varied depending on the pile shape, as mentioned previ-

ously. In particular, the shaft resistance of the WM-C and

WM-D models increased over that the JP, WM-A, and

WM-B models, and a relatively small load was transmitted

to the tip.

Figure 12 shows the load-sharing ratio for the shaft and

tip portions of each pile obtained from the load-transfer

curve. In the figure, the micropile shows the typical char-

acteristics of a friction pile with a high shaft resistance of

77% and relatively low tip resistance of 23%. In the JP

model, which has a 40% larger diameter than that of the

MP model, the shaft resistance decreased to 54%, while the

tip resistance increased to 46%. Moreover, a relatively high

tip resistance of 39 and 49% was found in the WM-A

model and WM-B model, respectively, both of which have

a single shear key at the top and middle of the pile.

Therefore, it was confirmed that the bearing capacity was

not significantly altered in the WM-A and WM-B models

due to the addition of the shear key.

Unlike other waveform micropiles with a single shear

key, the load-sharing ratio of the shaft for the WM-C

model increased to approximately 72%, and only approx-

imately 28% of the load was transferred to the pile tip.

Relative to the JP model, which has the same shaft diam-

eter as that of the WM-C model, the shear key at the

bottom of the pile was found to provide additional shaft

resistance. The load-bearing characteristics were closely

Fig. 9 Load–settlement curves for all test models (in protoscale)

Table 5 Ultimate bearing capacity estimated from the load–settle-

ment curves

Description MP JP WM-

A

WM-

B

WM-

C

WM-

D

Ultimate

bearing

capacity

(kN/m2)

1040.0 1981.7 2079.8 2059.2 2208.8 2167.1

512 Acta Geotechnica (2019) 14:505–518

123



related to the pile shape determined by the arrangement of

the shear key. However, the WM-D model with multiple

shear keys along the pile length showed behavior similar to

that of the WM-C model. This result indicates that the shaft

resistance of the waveform micropile may not be increased

proportionally with an increasing shear key number.

3.4 Shear key effect on the axial behavior
of waveform micropiles

In the previous section, the analysis results of the load-

sharing ratio for waveform micropiles indicated that the

behavior of the pile is related to the location of the shear

key. Therefore, the characteristics of the shaft resistance of

Fig. 10 Axial load-transfer curves: a MP and b JP, c WM-A, d WM-B, e WM-C, f WM-D
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each pile were investigated in detail through a comparison

of the unit shaft resistance among the WM models. Fig-

ure 13 shows the unit shaft resistance of the WM models

normalized to the JP model at the ultimate state. The shear

key location is presented on the graph for each WM model

to show the rate of increase in the shaft resistance near the

shear key.

Figure 13a, b shows the WM-A and WM-B models,

respectively, with the shear key at the top and middle of the

model, showing that the shaft resistance increased near the

shear key location and the increased area appeared to be

relatively wide around the shear key. This behavior was

observed because the upper part of the ground with the

relatively low confining pressure led to an increase in the

stress zone due to the shear key movement. However,

Fig. 10 continued

Fig. 11 Axial load distribution curves at ultimate bearing capacity of

each model
Fig. 12 Load-sharing ratio for the shaft resistance and tip resistance

of each model
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although the increased range of the shaft resistance widely

expanded over the shear key location, the behavior of these

two piles did not significantly improve from that of the JP

model without the shear key, as shown in the load-sharing

ratio graph (Fig. 12). This result indicates that the effect of

the location of the shear key in the upper layer was

insufficient to provide additional shaft resistance for the

WM models.

The shaft resistance of the WM-C model in Fig. 13c,

which showed noticeable improvement in the load–settle-

ment relationship, also increased at the shear key location.

However, the increase rate in the shaft resistance for the

WM-C model was found to be similar to or smaller than

that of the WM-A and WM-B models shown in Fig. 13a, b,

respectively. Nonetheless, the shear key located at the

bottom of the micropile, a region influenced by the high

confining pressure, contributed to enhancing the shaft

resistance. In Fig. 13d, the unit skin friction in the WM-D

model, which showed substantially similar behavior to that

of the WM-C model, increased near the top and bottom

shear keys. Moreover, the resistance in the two shear keys

located at the middle part of the micropile barely increased.

This result implies that the number of shear keys is not the

key factor affecting the increase in the bearing capacity of

waveform micropile. The result also implies that better

performance can be attained by the shear key when it is

placed in the dense layer, which has larger confining

pressure, when the waveform micropile is constructed in

the actual field.

3.5 Analysis of the axial bearing capacity
of the waveform micropile

In this section, the bearing capacity calculated from the

formula of the FHWA manual is compared with the esti-

mated value from the centrifuge test to examine the

applicability of the existing design method for the wave-

form micropile. For the calculation of the bearing capacity

in the prototype scale, the soil profile of the sand layer is

determined based on the cone penetration test (CPT) test

conducted on the dense silica sand [17]. Figure 14 shows

the cone tip resistance (qc) profile for a depth of 10 m

(250 mm at small scale). The characteristics of each layer

are classified by referring to the relationship between qc

and other soil properties, as shown in Table 6. It is

assumed that the ground is composed of layers of loose

sand (0–2.7 m), medium-dense sand (2.7–7.3 m), and

dense sand (7.3–10 m).

The bearing capacity of all micropiles is predicted using

Eq. 3, as suggested in the FHWA manual.

Qa ¼
abond

F:S:
� p � Dbond � Lb; ð3Þ

Fig. 13 Normalized shaft resistance: a WM-A and b WM-B, c WM-C, d WM-D
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where abond is the grout-to-ground ultimate bond strength,

Db is the diameter of the drill hole, Lb is the bond length,

and F.S. is the factor of safety. The abond values used in this

study are shown in Table 7. From the abond ranges for sand,

the values for the type B micropile are applied to simulate

the pressurized grouting effect applied to the model by

attaching sand particles to the models.

When calculating the design bearing capacity of the

waveform micropiles, the shaft diameter D2 is used, as it is

assumed that the average pile diameter does not signifi-

cantly increase with the addition of a shear key. As a result,

the bearing capacity is 998.1 kN for the MP model and

1663.5 kN for the JP and WM models.

Table 8 shows the bearing capacities estimated from the

proposed formula of the FHWA manual and the centrifuge

test results. The calculation results of the test models are

generally underestimated. In particular, the behavior of the

JP model, which showed a relatively large tip resistance in

terms of the load-sharing ratio, is not properly reflected in

the calculation results. Moreover, the calculation results of

the WM models differ significantly from the experimental

results. These findings imply that the design equation of the

FHWA manual is not suitable for waveform micropiles;

thus, the development of an appropriate method to calcu-

late the bearing capacity of the waveform micropile is

required.

4 Summary and conclusions

In this study, a centrifugal model experiment was con-

ducted to evaluate the axial behavior of the waveform

micropile developed to improve the bearing capacity of the

conventional micropile. The tests were conducted on six

types of micropile models, namely the conventional

micropile (MP), jet grouting micropile (JP), and waveform

micropiles with various shapes (WM-A, WM-B, WM-C,

and WM-D). From the test results, the load–settlement

relationship and load-transfer mechanism were analyzed

according to the shape of the waveform micropile.

As shown in the load-settlement curve, the overall

bearing capacity of the jet grouting micropile and

Fig. 14 Cone tip resistance (qc) profile of silica sand (Dr = 65%)

Table 6 Relationship between qc and other soil properties [21]

Consistency Relative

density (Dr)

N value Internal

friction (/)

Cone

resistance (qc,

MPa)

Very loose \ 0.2 \ 4 \ 30 \ 2

Loose 0.2–0.4 4–10 30–35 2–4

Compact 0.4–0.6 10–30 35–40 4–12

Dense 0.6–0.8 30–50 40–45 12–20

Very dense [ 0.8 [ 50 [ 45 [ 20

Table 7 abond values for sand suggested by FHWA manual [10]

Description Grout-to-Ground Bond Ultimate

Strength, kPa

Type

A

Type B Type C Type D

Sand (some silt) (fine,

loose-medium dense)

70–145 70–190 95–190 95–240

Sand (some silt, gravel) 95–215 120–360 145–360 145–385

Type A: Gravity grout only

Type B: Pressure grouted through the casing during casing

withdrawal

Type C: Primary grout placed under gravity head, then one phase of

secondary ‘‘global’’ pressure grouting

Type D: Primary grout placed under gravity head, then one or more

phases of secondary ‘‘global’’ pressure grouting

Table 8 Comparison of the bearing capacity from the FHWA formula

and the centrifuge test

Evaluation

method (kN)

MP JP WM-

A

WM-

B

WM-

C

WM-

D

Calculation

result

998.1 1663.5

Centrifuge

test result

1040.0 1981.7 2079.8 2059.2 2208.8 2167.1

Increase rate

in bearing

capacity of

test piles

(%)

4.0 16.1 20.0 19.2 24.7 23.2
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waveform micropile was superior to that of the conven-

tional micropile. Moreover, the bearing capacity was

increased in the WM models in which the shear key was

added to the JP model. Among the WM models, the WM-C

model with a single shear key at the pile bottom and the

WM-D model with the multiple shear keys along the pile

showed an increase in the bearing capacity by 10.3 and

8.6%, respectively, relative to the JP model.

The axial load-transfer curve showed that the tip resis-

tance values for the JP model and WM models were sig-

nificantly increased when the shaft diameter increased by

40% more than in the MP model. In the load-sharing ratio

by the shaft and tip portion of the piles, the result also

showed that additional shaft resistance arose with the

additional frictional force provided by the shear key of the

waveform grout. However, in the WM-A and WM-B

models, in which the shear key is located at the upper and

middle part, respectively, the load-sharing ratio was similar

to that of the JP model. In contrast, the shaft resistance of

the WM-C and WM-D models was increased by 30% more

than the JP model, and it was found that the applying the

shear key to the bottom part of the pile, where dense soil

exists with high confining pressure, can be effective for

enhancing the bearing capacity. Regarding the bearing

mechanism of the waveform micropile, further study is

required to investigate the effects of the various soil types,

soil strength, and loading conditions.

Considering that the purpose of the development of the

waveform micropile was to improve the bearing capacity by

increasing the shaft resistance of the conventional micro-

pile, it was confirmed that the WM-C and WM-D models

satisfied the purpose of this study. However, the current

method for the calculation of the conventional micropile

does not take into account the large load-sharing ratio

caused by the tip resistance for the waveform micropile,

resulting in underestimation of the bearing capacity.

Therefore, it is necessary to consider the increased bearing

capacity due to the shear key effect to predict the reasonable

bearing capacity of the waveform micropile.
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Renzi R (1999) Centrifuge cone penetration tests in sand.

Geotechnique 49(4):543–552

4. Bennett JK, Hothem NL (2010) Hollow bar micropiles for set-

tlement control in soft clay. In: Proceedings of the 10th interna-

tional workshop on micropiles, 22–25 September, Washington

DC, USA

5. Choi C, Cho SD (2010) Field verification study for micropile load

capacity. In: Proceedings of the 10th international workshop on

micropiles, Washington DC, USA, 22–25 September

6. Drbe OFEH, El Naggar MH (2014) Axial monotonic and cyclic

compression behaviour of hollow-bar micropiles. Can Geotech J

52(4):426–441

7. El Sharnouby MM, El Naggar MH (2012) Field investigation of

axial monotonic and cyclic performance of reinforced helical

pulldown micropiles. Can Geotech J 49(5):560–573

8. El Naggar MH, Sakr M (2000) Evaluation of axial performance

of tapered piles from centrifuge tests. Can Geotech J

37(6):1295–1308

9. Elsherbiny ZH, El Naggar MH (2013) Axial compressive

capacity of helical piles from field tests and numerical study. Can

Geotech J 50(12):1191–1203

10. Federal Highway Administration (FHWA) (2005) Micropile

design and construction guidelines. US Department of Trans-

portation, Washington, DC
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