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ABSTRACT 

Hollow bar micropiles (HBMP) have gained wide acceptance due to their efficient load 

transfer mechanism, which facilitates carrying considerable relative load in compression 

and tension, and small installation equipment, which allows installation in sites with 

limited access. The HBMP is commonly constructed using a drill bit/ hollow bar diameter 

ratio (Db/Dh) of around 2, and they are typically designed as type B micropiles as classified 

by the Federal Highway Administration (FHWA), even though they are constructed 

differently. Thus, this thesis presents the results of laboratory and field testing programs as 

well as three-dimensional nonlinear finite element analyses that were conducted to 

investigate the performance of single and groups of HBMP. The study investigated the 

effects of increasing the Db/Dh ratio from 2.25, which represents the current practice, to 3 

and the micropiles spacing. Twenty two full- scale HBMP’s were installed in cohesionless 

soil, six of which were single micropiles and the remainder were divided into four 

micropile groups. Each group comprised four micropiles arranged in a square 

configuration. Two single micropiles and two groups were constructed with a drill bit of 

Db = 115 mm, and four single micropiles and two groups were constructed with a drill bit 

of Db = 152 mm. One group of each set had a spacing to micropile diameter ratio (s/Db) = 

3, and the other group had s/Db = 5. The single micropiles were subjected to compression, 

tension, and then lateral load tests while the micropile groups were subjected to axial 

centric monotonic compressive loading.  

The results demonstrated that increasing Db/Dh to 3 improved the micropiles performance 

and increased their compression and uplift capacities. The axial stiffness of single 

micropiles increased by 38% and 32% in compression and uplift, while their capacity 

increased by 17% and 22.5%, respectively. The obtained results from the lateral load tests 

indicated that increasing Db/Dh to 3 improved the lateral capacity by about 32% and the 

piles were substantially stiffer. As expected, micropile groups constructed with the large 

diameter drill bits displayed higher stiffness and load carrying capacity than the groups 

constructed with small diameter bits, which confirms the effectiveness of using a larger 

drill bit. The axial group stiffness increased by 41% and 59% as the Db/Dh increases from 
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2.25 to 3 for groups constructed at s/D = 3 and 5, respectively.  In addition, the group 

efficiency ratio values at both the working load and ultimate capacity were found to be 

close to unity for all groups. Finite element simulations investigated the effect of micropile 

installation in cohesionless soils. In addition, the model was used to extend the load – 

settlement curves to the failure load when it was not possible to load the micropiles to 

failure during field testing because of equipment limitation. The numerical model results 

confirmed that the micropile group efficiency is equal to unity for micropiles in a 2x2 and 

3x3 arrangement.  

Keywords: Single micropiles, field tests, finite element, micropile groups, group 

efficiency factor, group settlement ratio 
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CHAPTER 1 

1 Introduction 

 

1.1 Overview 

A micropile is a small diameter (less than 300mm) drilled and grouted pile as described by 

the Federal Highway Association (FHWA, 2005). Micropiles can carry considerable axial 

compression and tension loads due to large grout/ground shear resistance, which facilitates 

load transfer by friction. Micropiles are used for retrofitting existing foundations and to 

support new construction, especially when the use of larger diameter piles is not feasible. 

Micropiles were first conceived in Italy by Dr. Fernando Lizzi as a solution for retrofitting 

historical buildings that were damaged during World War II. The application of micropiles 

in foundation engineering in North America grew in the 1970’s, especially in the east coast 

of the United State (Bruce and Nicholson 1989).  Joe and Gray (2007) reported that 

micropiles were first introduced in Canada in the mid 1970’s. In Japan, the first application 

of micropiles was for the protection of a lookout tower foundation in 1980, and since then 

was used widely in several applications (Tsukada and Ichimura, 1997). In China, 

simulating the underpinning of Hu-Qui Tower through a laboratory model in 1980 was the 

first trial of introducing micropiles (Han and Ye, 2006).  Bruce and Yeung (1983) reported 

an early case study in Hong Kong that after consideration, micropiles were selected as a 

solution for limited access and minimal disturbance during construction conditions. 

There are two main studies presented in the literature performed by FHWA in North 

America and the FOREVER project in Europe, which focused mainly on types and 



2 

 

 

 

behaviour of micropiles. FHWA (2005) has classified the micropiles into four categories 

as follows. Type A: the grout is placed under gravity and no pressure is required. Type B: 

the grout is typically applied under a pressure range from 0.5 to 1 MPa as the temporary 

casing is withdrawn. Type C: the grout is placed in two-step process; first, the grout is 

poured under gravity only, and before it hardens, similar grout is pressured at > 1MPa 

without the use of packer. Type D: it is also a two – step process, where the grout is placed 

first under gravity as in Type A or pressurized as in Type B; after the initial grout hardens, 

additional grout is pressurized between 2 to 9 MPa through sleeved pipe by using packers, 

as many times as needed. However, the construction method of hollow bar micropiles 

(HBMP) is different than these types, and consequently their behavior is expected to be 

different. Even though the construction technique of HBMP is different from Type B 

micropiles, FHWA considers HBMP as Type B micropiles based on the applied pressure.  

On the other hand, recent studies suggested that HBMP should be classified as Type E 

(Timothy et al., 2012; Abdelaziz and El Naggar, 2014). However, there are no specific 

design guidelines for hollow bar micropiles yet. In addition, there is a gap in literature 

related to the effects of several factors on the performance of HBMP, such as the effect of 

increasing the drill bit/ hollow bar (Db/Dh) ratio, the grouting pressure and group behaviour.  

The current study investigates the beneficial effects of increasing Db/Dh from 2.25 to 3 on 

micropile performance and capacity, while offering a competitive cost.  In current design 

practice, the diameter of the micropile is evaluated based on FHWA design guidelines then 

the value is divided by two to establish the diameter of the hollow bar required to achieve 

the design capacity. For example, if the target diameter of the micropile is 152 mm, a 

hollow bar diameter of 76 mm would be selected. Considering the shearing resistances of 
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interfaces reinforcing bar-grout and grout-ground, it may be possible to increase Db/Dh to 

3.  Correspondingly, the diameter of the hollow bar would be 51 mm instead of 76 mm, 

which means the quantity of steel can be reduced by 50%. Additionally, the performance 

of single and groups of hollow bar micropiles installed in cohesionless soil was investigated 

and reported. It is anticipated that the results of this study will help researchers and 

practitioners to design foundations comprising of hollow bar micropiles installed in 

cohesionless soil. 

1.2 Research objectives 

The main objectives of this work are to investigate the axial and lateral performance of 

HBMP installed in cohesionless soil. The study focuses on the effects of drill bit/ hollow 

bar (Db/Dh) ratio, grouting pressure spacing to diameter ratio on the behavior of HBMP 

foundations. The detailed objectives of this research are to: 

- Investigate the axial monotonic performance of single hollow bar micropiles 

installed in cohesionless soil with two different drill bit/ hollow bar ratios, (Db/Dh) 

= 2.25 and 3.  

- Study the load transfer mechanism of HBMP under axial monotonic loading.   

- Investigate the axial monotonic performance of hollow bar micropile groups 

installed in cohesionless soil with two different drill bit/ hollow bar ratios, (Db/Dh) 

= 2.25 and 3.  

- Evaluate the effect of the commonly used spacing to micropile diameter ratio (i.e., 

s/Db = 3 and 5) on the performance of micropile groups. 
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- Recommend a group efficiency factor considering different spacing to micropile 

diameter ratios. 

- Evaluate the actual micropile diameter considering different size drill bit based on 

exhumed test micropiles. 

- Examine the behaviour of micropiles under monotonic and cyclic lateral loading.  

- Study the possibility of improving the lateral performance of micropiles by using 

fibers-reinforced grout mix. 

- Develop a calibrated and verified 3D finite element model to simulate the 

performance of single and groups of micropiles for further investigation.    

1.3 Methodology 

In order to achieve the objectives of this study, a comprehensive investigation program was 

planned and performed in four consecutive stages: 

• Site investigation: An extensive site investigation including a site survey, 

boreholes, SPT tests, CPTu tests, and collecting samples, which were used for 

laboratory investigation.  

• Field testing: Six single micropiles were installed and tested in cohesionless soil. 

Two micropiles were instrumented with three vibrating wire strain gauges. Four 

single micropiles were installed with Db/Dh ratios of 3 and two single micropiles 

were installed with Db/Dh ratios of 2.25. Four groups of micropiles were also 

installed and tested with different Db/Dh ratios, 2.25 and 3, and two different 

common micropiles spacings, s = 3Db and 5Db. Each group has at least one 

instrumented micropile with three vibrating wire strain gauges. The load settlement 
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curves were used to evaluate the micropiles stiffness and capacity, while the load 

distribution obtained from stain gauge readings were used to evaluate the load 

transfer mechanism. 

• Laboratory testing: Performing laboratory tests to determine the mechanical 

properties of neat grout and reinforced grout. The optimum dosage will be selected 

and used for further investigation. Also, pure bending moment tests were carried 

out on model micropiles.  

• Numerical analysis: Three-dimensional finite element models were developed 

using the commercial software PLAXIS 3D. The models were calibrated and 

verified using the field test results. A parametric study was performed to investigate 

the effect of several factors on the performance of micropiles including geometry, 

different soil properties, and soil-micropile interface reduction factor 

1.4 Thesis outline 

The presented thesis has been organized in an Integrated Article format and comprises 

eight chapters as follows: 

Chapter 1 Includes an introduction and general overview that provide the historical 

background on micropiles and the need for execution of research is explained. Research 

objectives are highlighted and the methodology to achieve the research objectives is 

described.  

Chapter 2 Provides an extensive literature review of the current state of practice related to 

micropiles.  It also describes the design classifications of micropiles including philosophy 

of behaviour and method of grouting. It also presents the installation procedure of hollow 



6 

 

 

 

bar micropiles. Lastly, it explains the structural and geotechnical design methods for single 

and groups of micropiles. 

Chapter 3 reports the performance of single micropiles under monotonic and cyclic axial 

loading. The effect of increasing the drill bit/ hollow bar (Db/Dh) ratio from 2.25 (the 

commonly used range in practice is typically 2 -2.5) to 3 was evaluated. The increase in 

micropile diameter due to the installation procedure is presented along with the benefits of 

increasing the Db/Dh ratio from 2.25 to 3. The values of the ultimate bond resistance for 

HBMP installed in dense sand are compared to FHWA Type B micropiles and a new range 

is suggested. 

Chapter 4 presents the results of full-scale loading tests on four groups of micropiles and 

investigates the performance of micropile groups with different drill bit/ hollow bar 

diameter ratios of 2.25 and 3. Additionally, two different common spacing between the 

micropiles in groups are tested, s = 3Db and 5Db. A finite element analysis was conducted 

to complement the experimental results and further evaluate the micropile groups axial 

capacity when the ultimate load was not reached. 

Chapter 5 addresses the performance of HBMPs under monotonic and cyclic lateral 

loading conditions from full-scale tests results. The effects of increasing the drill bit/hollow 

bar diameter ratio from 2.25 to 3 are discussed in terms of lateral stiffness and deflection. 

Also, the results of cyclic loading are presented in terms of its degradation parameter. 

Lastly, the results of the developed numerical models are discussed.  
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Chapter 6 presents the results of laboratory tests, which include the mechanical properties 

of neat grout and reinforced grout. The results of pure bending tests for model micropiles 

are also presented and discussed.   

Chapter 7 reports the results of the numerical analysis of single and groups of micropiles 

installed in sand. Two different approaches for micropile modelling are compared and 

discussed. Parametric study is performed to analyze some parameters that were not feasible 

to examine as part of the testing program. 

Chapter 8 summarizes the main conclusions drawn from this project and 

recommendations for future research are suggested. 
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CHAPTER 2 

2 Literature Review 

 

2.1 Introduction 

This chapter a brief review of relevant literature on single and groups of micropiles since 

Dr. Lizzi introduced this new piling system to retrofit old monuments and historical 

buildings damaged during the World War II in Italy.  Classification and different design 

philosophy of micropiles will be discussed in details and the mean features of hollow bar 

micropile and its differences from other types of micropiles in terms of construction 

technique and performance characteristics will be highlighted.     

2.2 Micropiles 

Micropiles were first introduced as small piles elements to provide axial and lateral support 

to structures, inspired by roots of trees that can sustain the axial and lateral loads; hence, 

they were named as root piles. The term micropile was later standardized in North America 

by Federal Highway Administration (FHWA, 2005).  Micropiles are now widely used for 

retrofitting of existing structures and for supporting new construction, especially when the 

use of larger diameter piles is not feasible.  

Micropile is a small diameter (less than 300mm) drilled and grouted pile. Micropiles can 

carry a considerable amount of axial compression and tension loads due to the large 

grout/ground shear strength (bond) values and mainly transfer the loads by shaft friction. 

Juran et al. (1999) suggested that micropiles can sustain up to 5000 kN with typical load 
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values of 300 - 1000 kN. With the advent of more powerful drilling equipment, the 

micropiles diameter increased from around 100 mm to 300 mm in the current practice 

(Juran et al., 1999).   Micropiles are a favorable option where the subsurface conditions are 

difficult, site with limited access, or noise and vibration need to be kept minimal as well as 

for minimizing structural settlement (Bruce et al., 2005). 

2.2.1 Classification of micropiles 

Micropiles are classified based on two main criteria: philosophy of behavior and method 

of grouting (FHWA, 2005). The following section discusses both criteria.  

2.2.1.1 Philosophy of Behavior (Design)  

Micropiles can be classified into two main categories depending on design philosophy, 

namely: CASE 1 and CASE 2. In CASE 1, micropiles are loaded directly and the 

reinforcement is the major source of resisting the applied loads as shown in Figure 2.1. In 

this case, micropiles are used to transfer the structural loads to deeper strata, mainly by the 

side (shaft) resistance as the competent grout transfers the applied loads to the surrounding 

soil. CASE 2 micropiles are used to reinforce the soil as reticulated network to resist the 

applied loads as shown in Figure 2.2. In this case, the structural load is applied to the whole 

reinforced soil mass; thus, micropiles provide stability and support to the soil, and are 

lightly reinforced. The vast majority of the micropiles applications around the world 

involves CASE 1 micropiles (FHWA, 2005).    
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Figure 2-1 CASE 1 micropiles (after FHWA, 2005) 
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Figure 2-2 CASE 2 micropiles (after FHWA, 2005)  

 

2.2.1.2 Method of grouting 

The micropiles are classified based on their method of construction, i.e, the method of 

drilling and placing the grout. In particular, the method of grouting has a major influence 

on the grout – ground bond strength.  Accordingly, FHWA (2005) has classified the 

micropiles into four categories as follows. Type A: the grout is placed under gravity and 

no pressure is required. Type B: the grout is typically applied under a pressure range from 

0.5 to 1 MPa as the temporary casing is withdrawn. Type C: the grout is placed in two-step 

process; first, the grout is poured under gravity only, and before it hardens, similar grout is 
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pressured at > 1MPa without the use of packer. Type D: it is also a two – step process, 

where the grout is placed first under gravity as in Type A or pressurized as in Type B; after 

the initial grout hardens, additional grout is pressurized between 2 to 9 MPa through 

sleeved pipe by using packers, as many times as needed. According to this classification, 

hollow bar micropile is usually designated as Type B. However, the construction technique 

is completely different than that of Type B. Figure 2.3 shows the FHWA classification 

schematically.  

 

Figure 2-3 Micropile classification based on the method of grouting (after FHWA, 

2005) 
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2.2.2 Hollow bar micropiles  

According to FHWA classification of micropiles, hollow bar micropiles (HBMP) are 

designated as Type B micropiles. However, the construction technique is completely 

different from Type B. The construction method of hollow bar micropiles involves two 

main stages, which can be performed in a one–step process: advancing the drilling bit 

attached to a threaded hollow bar to the required depth and pressurizing the grout through 

nozzles in the drill bit. Therefore, it was suggested to designate hollow bar micropiles as 

Type E to supplement the current four types of micropiles (Timothy et al., 2012; Abd Elaziz 

and El Naggar, 2014).  The American Association of State Highway and Transportation 

Official (AASHTO 2012) classified the HBMP as Type E based on the method of 

installation where the initial grout has a high water/cement ratio to stabilize the ground and 

then replaced by structural grout. The method of installation of HBMP provides a high 

grout-to-soil bond strength, which results in greater capacity compared to conventionally 

cased or uncased micropiles. Figure 2.4 shows the installation procedure for hollow bar 

micropiles, from setting the location of micropiles to pressurizing the competent grout.  
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(a) Setting micropiles location (b) Attaching the hollow bar to the 

driller 

  

(c) Drilling (d) Attaching the 2nd segment 

  

(e) Finish drilling (f) Pressurizing the competent grout 

Figure 2-4 HBMP installation procedure 
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2.3 Design of micropiles 

The design philosophy of micropile differs slightly from the conventional drilled shaft. 

Drilled shafts typically have a large cross-sectional area resulting in a high stiffness and 

structural capacity, and therefore the geotechnical capacity controls the design. However, 

due to the small diameter of micropiles by definition, both structural and geotechnical 

capacities can control the design, and both need to be calculated and compared.  

2.3.1 Structural capacity of micropiles 

FHWA (2010) and AASHTO (2012) adopted the allowable stress design method (ASD) 

for the design of micropiles. The allowable compression load for a cased length is given 

by:  

𝑃𝑐−𝑎𝑙𝑙𝑜𝑤𝑎𝑏𝑙𝑒 = [0.4 𝑓𝑐−𝑔𝑟𝑜𝑢𝑡
′  𝐴𝑔𝑟𝑜𝑢𝑡 + 0.47 𝐹𝑦−𝑠𝑡𝑒𝑒𝑙( 𝐴𝑏𝑎𝑟 + 𝐴𝑐𝑎𝑠𝑖𝑛𝑔)]                  (1.1) 

where: 

𝑃𝑐−𝑎𝑙𝑙𝑜𝑤𝑎𝑏𝑙𝑒 = allowable compression load;  

𝑓𝑐−𝑔𝑟𝑜𝑢𝑡
′       = unconfined compressive strength of grout; 

𝐴𝑔𝑟𝑜𝑢𝑡         = area of grout in the micropile cross-section; 

𝐹𝑦−𝑠𝑡𝑒𝑒𝑙      = yield stress of steel; 

𝐴𝑏𝑎𝑟           = cross-sectional area of the steel reinforcing bar; 

𝐴𝑐𝑎𝑠𝑖𝑛𝑔       = cross-sectional area of the steel casing. 



18 

 

 

 

The allowable compressive strength is limited to the minimum for any individual micropile 

component. Therefore, the yield stress of steel used in Equation 1.1 is the minimum of: (1) 

yield stress of casing; (2) yield stress of the central steel bar; and (3) maximum stress of 

cased grout failure. For hollow bar micropiles where no casing is used, the allowable 

compression load is given as:  

 𝑃𝑐−𝑎𝑙𝑙𝑜𝑤𝑎𝑏𝑙𝑒 = [0.4 𝑓𝑐−𝑔𝑟𝑜𝑢𝑡
′  𝐴𝑔𝑟𝑜𝑢𝑡 + 0.47 𝐹𝑦−𝑠𝑡𝑒𝑒𝑙 𝐴𝑏𝑎𝑟]                                       (1.2) 

The allowable tension load of cased micropiles can be obtained as:  

𝑃𝑡−𝑎𝑙𝑙𝑜𝑤𝑎𝑏𝑙𝑒 = [ 0.55 𝐹𝑦−𝑠𝑡𝑒𝑒𝑙( 𝐴𝑏𝑎𝑟 + 𝐴𝑐𝑎𝑠𝑖𝑛𝑔)]                                                       (1.3)  

While the allowable tension load of hollow bar micropiles can be calculated as:  

𝑃𝑡−𝑎𝑙𝑙𝑜𝑤𝑎𝑏𝑙𝑒 = [0.55 𝐹𝑦−𝑠𝑡𝑒𝑒𝑙 𝐴𝑏𝑎𝑟]                                                                              (1.4) 

2.3.2 Geotechnical capacity of micropiles 

The applied compression and tension loads to the micropile head is resisted mainly through 

the bond length. The bond length (or sometime called bond zone) is formed around the 

central bar because of the grout being pressurized into the surrounding soil.   Due to the 

relatively small cross-sectional area of micropiles, FHWA (2005) ignores the contribution 

of end bearing to the total capacity of micropiles and considers only the shaft resistance as 

the main source for micropile capacity. For hollow bar micropiles, the embedded length of 

micropiles is equal to the bond length as no casing is required for hollow bar micropile 

installation. FHWA (2005) provides an equation that can be used to calculate the allowable 

geotechnical capacity of micropiles;  
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𝑃𝐺−𝑎𝑙𝑙𝑜𝑤𝑎𝑏𝑙𝑒 = 
𝛼𝑏𝑜𝑛𝑑

𝐹𝑆
∗ 𝜋 ∗ 𝐷𝑏 ∗ 𝐿𝑝                                                                     (1.5)  

where: 

𝛼𝑏𝑜𝑛𝑑      = grout to ground ultimate bond strength;  

𝐹𝑆           = factor of safety applied to the ultimate bond strength;  

𝐷𝑏            = diameter of drill bit hole;  

𝐿𝑝            = bond length. 

Table 2.1 presents the FHWA (2005) guidance for selecting the grout-to-ground ultimate 

bond strength based on the type of soil and the type of micropiles: Type A, B, C and D.  

FHWA (2005) recommends using an overall factor of safety of 2 after meeting two 

requirements. Firstly, performing at least one ultimate or verification test before micropile 

installation and one additional ultimate or verification test for each different ground 

conditions encountered during construction; and secondly conducting proof testing for 5% 

of the total number of installed micropiles. For difficult ground conditions such as creeping 

soils, high plasticity soils, weak rock, or when previous experience on similar ground is 

limited, a factor of safety of 2.5 should be used to estimate the bond length.  

2.3.3 Geotechnical Capacity of Micropile Group 

Micropiles are typically installed in groups rather than as single micropiles to resist 

compression, tension, and lateral loads. For cohesive soils, the efficiency of a micropile 

group is a function of the micropiles spacing and the contact between the micropile cap 

and the underlying soil. Accordingly, the group capacity can be given by: 
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𝑄𝑔 = (𝛼𝑏𝑜𝑛𝑑 ∗ 𝜋 ∗ 𝐷𝑏 ∗ 𝐿𝑏) ∗ 𝑛𝑜 𝑜𝑓 𝑚𝑖𝑐𝑟𝑜𝑝𝑖𝑙𝑒𝑠 𝑖𝑛 𝑔𝑟𝑜𝑢𝑝 ∗ 𝜂                                   (1.6) 

Where 𝑄𝑔= the ultimate group capacity; and η = efficiency factor. 

FHWA (2005) recommends some values for the efficiency factor if the micropile cap is 

not in firm contact with the underlying soft soil (undrained shear strength of the soil is less 

than 95 kPa): between 0.65 for a spacing 2.5Db and 1.0 when the spacing is equal to 6Db. 

The values in between can be interpolated.  

Table 2-1 Typical values of Grout-to-Ground Bond for micropile design 

Soil/Rock Description 

Grout-to-Ground Bond Ultimate Strengths, 

kPa 

Type A Type B Type C Type D 

Silt & Clay (some sand) (Soft, medium plastic) 35 – 70 35-96 50-120 50-145 

Silt & Clay (some sand) (stiff, dense to very 

dense)  
50 – 120 70-190 95-190 95-190 

Sand (some silt) (fine, loose-medium dense) 70 – 145 70-190 95-190 95-240 

Sand (some silt, gravel) (fine-coarse, med.-very 

dense) 
95 – 215 120-360 145-360 145-385 

Gravel (some sand) (medium-very dense) 95 – 265 120-360 145-360 145-385 

Glacial Till (silt, sand, gravel) (medium-very 

dense, cemented) 
95 – 190 95-310 120-310 120-335 

Soft Shales (fresh-moderate fracturing, little to 

no weathering) 
205 - 550  N/A N/A N/A 

Slates and Hard Shales (fresh-moderate 

fracturing, little to no weathering) 
515 - 1,380 N/A N/A N/A 
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Limestone (fresh-moderate fracturing, little to 

no weathering) 
1,035 - 2,070 N/A N/A N/A 

Sandstone (fresh-moderate fracturing, little to no 

weathering) 
520 - 1,725 N/A N/A N/A 

Granite and Basalt (fresh-moderate fracturing, 

little to no weathering)  
1,380 – 4,200 N/A N/A N/A 

 

For micropiles installed in cohesionless soil, FHWA (2005) recommends calculating the 

capacity of the micropile groups as the sum of the capacity of individual micropiles as long 

as the micropiles are installed with a center-to-center distance equal to 3Db or greater.  

2.4 Axial Monotonic Behaviour of Micropiles  

2.4.1 Single Micropiles 

Bruce et al. (1993) performed laboratory and field tests on micropiles considering three 

different micropiles configurations. The field test was performed on Type A micropiles 

embedded on rock and Type B micropiles in soil. The tests were conducted with and 

without internal steel cages. The elastic Ratio concept was introduced based on the data 

obtained from these tests. The Elastic ratio is defined as the ratio between the elastic 

settlement of the pile and the applied load. Based on the elastic ratio concept, the elastic 

settlement can be used to evaluate the length of the stressed micropile. The stressed length 

can be used to evaluate the load distribution to the surrounding ground. 
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Jeon and Kulhawy (2001) reviewed the results of twenty-one full-scale compression tests 

on micropiles with varying diameter from 150 mm to 190 mm and embedded lengths 

between 9 m and 30 m. Three different types of micropiles were included: Type B, C and 

D. They concluded that the load-carrying capacity of micropiles is different than drilled 

shafts because of the method of micropile installation which utilizes pressurized grout. 

They indicated that the capacity of micropiles installed in sand is larger than drilled shafts 

by 1.5 to 2.5 times, whereas for clay soil the capacity of micropiles can be greater than 1.5 

times the capacity of drilled shafts.  

Han and Ye (2006 a & b) carried out a field test on micropiles installed in native Shanghai 

clay. The applied loads simulated the case of adding stories to an existing building. Two 

monotonic compressions and two monotonic tension tests were carried out on single 

micropiles. Additionally, one group of four piles was tested. They concluded that the 

mobilized ultimate skin friction was 0.9 to 1.2 times the soil undrained shear strength. 

Thomson et al. (2007) presented the results of axial compression, uplift and lateral load 

tests on micropiles installed in mainly sandy soil that were used to upgrade pier 

foundations. Based on the load test results, they concluded that the ultimate bond 

resistances values of grouted micropiles provided by FHWA (2000) seem to be reasonable. 

Similarly, Wolosick (2009) reported the ultimate bond strength for micropiles Type A, B 

and D installed in clays and sands. He evaluated bond strength values from load tests and 

reported excellent agreement between measured grout-to-ground bond and nominal bond 

strength values proposed by FHWA (2005). 

Meanwhile, Stuedlein et al. (2008) reported the results of compression and tension tests for 

micropiles installed in medium dense to dense, gravelly sand.  The micropiles had a cased 
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length of 3.05 m and a 5.20 m bond zone length. The casing diameter was 140 mm with a 

13 mm wall thickness. The load–settlement curves indicated a stiffer response of 

micropiles when subjected to compression loading compared to response under uplift 

loading. They noted that ignoring the contribution of end bearing resistance seems to be 

conservative.  

The hollow bar micropile (HBMP) utilizes a threaded hollow steel bar as the main 

reinforcing element, which also serves as the drilling and grouting conduit. HBMPs have 

been known with different names such as Self Drilling Micropiles and Injection Bore 

Micropiles. The construction procedure of HBMP involves two main stages that are 

performed in one-step process: advancing the drilling bit attached to a threaded hollow bar 

to the required depth; and injecting the grout through the nozzles of the drill bit. The grout 

is injected under pressure which mostly transformed to velocity at the nozzles to scour and 

transport the soil, and that grout penetration in to open graded formations. Pressurizing the 

grout can also densify the surrounding soil and increase the effective micropile diameter.  

The method of installation of HBMP provides a high grout to soil bond strength, which 

results in greater capacity compared with conventional cased or uncased micropiles.  

Abd Elaziz and El Naggar (2012) conducted a field study on single hollow core micropiles 

in stiff silty clay. Ten axial load tests were conducted on four micropiles which included 

three monotonic compression, two monotonic tension, four cyclic compression, and one 

cyclic tension axial tests. It was reported that the bond strength values suggested by FHWA 

(2005) for silty clay deposit may be underestimated when considering the micropiles as 

type B. No degradation in stiffness was reported after 15 cycles of loading. Additionally, 

Drbe and El Naggar (2014) conducted full-scale load tests on eight micropiles installed in 
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cohesive soil to evaluate the suitability of FHWA design guidelines. It was concluded that 

the values of grout – ground bond strength reported by FHWA for type B micropile 

underestimated the bond strength for cohesive soils.  

2.4.2 Micropile Groups 

Based on the pile cap contact condition with the underlying soil, two different types of pile 

groups may be identified, free standing groups and piled foundations. In free standing 

groups, the pile cap is not in contact with the soil beneath it, whereas in the case of piled 

foundations the pile cap is resting on the underlying soil.  In both cases, the efficiency 

factor is considered as the ratio of the ultimate load capacity of the pile group to the sum 

of the load capacity of single piles. 

Cooke (1974) discussed the effect of pile spacing on group efficiency. He defined the 

efficiency as the ratio of the average load per pile in a group when failure occurs to the 

ultimate bearing capacity of a comparable single pile. The settlement ratio was defined as 

the settlement of the pile group divided by the settlement of a single pile when they carry 

the same proportion of their ultimate load. 

O’Neill (1983) conducted full-scale tests on 3×3 pile groups in stiff clay. He stated that the 

pile group capacity can be estimated with reasonable accuracy as the sum of individual 

piles (i.e., group efficiency is 1.0).  

Fleming et al. (1992) suggested efficiency factors based on the pile slenderness ratio, pile 

stiffness ratio, pile spacing ratio, soil homogeneity, and Poisson’s ratio. Fleming et al. 

(2009) claimed that the concept of efficiency for pile groups is more relevant with respect 
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to the stiffness of a foundation rather than its capacity. Correspondingly, Randolph (1994) 

showed that using less central piles can be more efficient in reducing the settlement beneath 

a piled raft when compared with a grid configuration. 

The French National Research Project on Micropiles “FOREVER” is one of the major 

research projects on micropiles. Based on the results of 54 loading tests (full-scale and 

scaled models) on micropile groups, only groups with a large number of micropiles 

provided an efficiency factor greater than one whereas the majority of groups had an 

efficiency factor less than or close to one (Frank and Schlosser, 2009). 

Rose et al. (2013) carried out a centrifuge model and numerical analysis on a perimeter pile 

group in clay. The main objective was to establish the relative effectiveness of pile groups 

with no inner pile when compared to a grid configuration. It was demonstrated that the 

common grid group is less efficient than a perimeter group; a group efficiency of more than 

one was reported. They suggested that block group failure of perimeter pile groups can 

occur when the spacing is less than 2 d. They also suggested that the capacity of linear 

groups is not affected by interaction when pile-to-pile spacing is between 1.25 and 3 d. 

However, they claimed that the test conditions and procedures are not analogous and are 

not necessarily applicable to all pile groups in clay.  

Abd Elaziz and El Naggar (2014) conducted full-scale load tests on pairs of hollow bar 

micropiles installed in soft soil. The test results were used to calibrate a three-dimensional 

finite element model. A parametric study was then performed based on the calibrated 

model. A group efficiency factor of one was suggested for hollow bar micropile groups 

installed in cohesive soil.  
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2.5 Lateral Performance of Micropiles 

The lateral performance of micropiles is generally dependent on the flexural rigidity (EI) 

of the micropile and the surrounding soil strength and stiffness. In other words, it is a soil-

structure interaction issue and both pile and soil have an influence on each other and the 

overall pile-soil system response. One of the main limitations of micropiles is the ability to 

support large lateral loads due to their high slenderness ratio and small flexural rigidity. To 

overcome this issue, a steel casing must be installed in the top part of the micropile to 

increase its flexural rigidity. 

Poulos and Davis (1980) introduced an elastic continuum model that allows variation of 

Young’s modulus with depth. It also takes into account the non-linearity of the soil around 

the piles. Teerawut (2002) performed lateral load tests on micropiles installed in sand with 

several relative densities and back figured the p-y curves. He concluded that the stiffness 

of p-y curves increases with increase in micropile dimeter. However, a marginal increase 

for stiffness in dense sand was reported.  

Richards and Rothbauer (2004) compared the results of lateral load tests performed on 

micropiles installed as part of eight different projects to the predictions of the methods 

recommended by NAVFAC and CLM as well as predictions from LPILE analyses. They 

concluded that the predictions of LPILE, which is based on the p-y curve approach, 

compared well with the measured responses. Meanwhile, the deflections obtained from 

CLM or NAVFAC methods were significantly less than the measured values.  
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Long et al. (2004) summarized the results of ten lateral load tests on micropiles. Micropiles 

were installed in clay overlying sand with a total length of 15.20 m. Casings with 13.8 mm 

thickness and 224 mm outer diameter were installed for the upper 9 m portion of the piles. 

The results obtained from the tests were compared with conventional p-y curves using the 

LPILE program. There was a good agreement between the two results. 

Abd Elaziz and El Naggar (2015) studied the performance of hollow bar micropiles under 

monotonic and cyclic lateral loads installed in stiff silty clay. The load test results were 

used to calibrate a numerical model, which was then used to perform a parametric study. 

They concluded that the properties of soil along a depth of 10 times the micropile diameter 

governed the load - settlement curve. They demonstrated the ability of hollow bar 

micropiles to carry moderate lateral loads with the appropriate reinforcement configuration 

and pile head fixity. 

2.6 Summary 

In this chapter, a brief review of relevant literature was conducted focusing on micropile 

performance under axial and lateral loads. The review demonstrated the scarcity of 

available data on the performance of hollow bar micropiles installed in cohesionless soil 

and subjected to axial and lateral loads. Furthermore, the effect of several factors on the 

behaviour of single HBMP and groups, such as the effect of increasing the drill bit/ hollow 

bar (Db/Dh) ratio and grouting pressure, as well as micropiles spacing need to be addressed.  

To fully exploit the constructional advantages of micropiles in different applications, this 

research effort attempts to evaluate the performance of single HBMP and groups installed 
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in sand and establish some guideline for their design considering the micropile spacing to 

diameter ratios that are most commonly used in practice: 3 and 5.     
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CHAPTER 3 

3 Evaluation of Axial Performance of Hollow Bar 

Micropiles Constructed with Different Drill Bit to 

Hollow Bar Diameter Ratio 

 

3.1 Introduction 

A micropile is a small diameter drilled and grouted pile as described by FHWA (2005). 

Micropiles can carry considerable axial compression and tension loads due to the large 

grout/ground shear resistance, which facilitates load transfer by friction. Micropiles have 

been used for retrofitting existing foundations, and to support new construction, especially 

when the use of larger diameter piles is not feasible. There has been a rapid growth in using 

micropiles over the last few decades (Bruce and Nicholson 1989; Pearlman and Wolosick 

1992, Li and Kast 2007; Kershaw 2014).  A comprehensive study on micropiles behaviour 

was commissioned by Federal Highway Association (FHWA) in 1993 and was performed 

in parallel to a similar study in France in 1992, including centrifuge and full–scale field 

testing (Bruce et al. 1997). These studies helped understand the behaviour of micropiles 

and expand their use in foundation design.  

As the method of grouting has major influence on the grout – ground bond strength, FHWA 

(2005) has classified the micropiles into four categories. Type A: the grout is placed under 

gravity and no pressure is required. Type B: The grout is typically pressurized under a 

pressure range from 0.5 to 1 MPa as the temporary casing is withdrawn. Type C: the grout 

is placed in two-step process. First, the grout is poured under gravity only as in Type A.  

Before the hardening of the grout, similar grout is pressured of at least 1MPa without the 
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use of packer. Type D: Like Type C, it is a two – step process, the grout is placed under 

gravity as in Type A and sometimes pressurized as in Type B.  After hardening of the initial 

grout, additional grout is applied at pressure between 2 to 9 MPa through sleeved pipe by 

using packers, as many times as needed.  

Stuedlein et al. (2008) reported compression and tension tests of Type B micropiles 

installed in medium dense to dense, gravelly sand. The load– settlement curves indicated 

that micropiles subjected to compression loading exhibited a stiffer response than those 

subjected to uplift loading. They noted that ignoring the contribution of end bearing 

resistance seems to be conservative for micropiles resting on gravelly sand. Wolosick 

(2009) reported the ultimate skin friction for micropiles Type A, B and D installed in clays 

and sands. He evaluated the ultimate skin friction values from load tests and reported 

excellent agreement between measured ultimate skin friction and nominal bond strength 

values proposed by FHWA (2005). Han and Ye (2006) conducted full-scale load tests on 

four Type B single micropiles installed in soft clay soil and subjected to compression and 

or tension loading. They reported the load-settlement responses, elastic moduli, load 

transfer distribution, toe resistance and skin friction. It was found that for a micropile under 

compression loads, the average ultimate skin friction was about 0.90 – 1.20 times the 

undrained shear strength of the native soil. While under tension loads, it was about 0.68 – 

0.73 times the undrained shear strength of the native soil. The measured values of ultimate 

skin friction were less than the lower value suggested by FHWA for Type B. 

The hollow bar micropile (HBMP) utilizes a threaded hollow steel bar as the main 

reinforcing element, which also serves as the drilling and grouting conduit. HBMPs have 

been known with different names such as Self Drilling Micropiles and Injection Bore 
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Micropiles. The construction procedure of HBMP involves two main stages that are 

performed in one-step process: advancing the drilling bit attached to a threaded hollow bar 

to the required depth; and injection the flashing grout through the nozzles of the drill bit 

till the required level is achieved, a structural grout id injected. The grout is injected under 

pressure, which increases grout velocity at the nozzles to scour and transport the soil. This 

allows grout penetration into formed openings, hence increasing the effective micropile 

dimeter.  Pressurizing the grout can also densify the surrounding soil. 

HBMP is typically designed as a Type B as per the classification of FHWA (2005). 

However, the construction technique is completely different than a type B micropile. It was 

suggested recently to denote hollow bar micropiles as Type E micropile (Timothy et al., 

2012; Abd Elaziz and El Naggar, 2014).  The American Association of State Highway and 

Transportation Official (AASHTO 2012) classified the HBMP as Type E based on the 

method of installations where the initial grout has high water/cement ratio to stabilize the 

ground and then replaced by structural grout. The method of installation of HBMP provides 

a high grout to soil bond strength, which results in greater capacity compared with 

conventional cased or uncased micropiles.  

Gomez et al. (2008) reported a case study in which HBMPs were employed for retrofitting 

of foundations for two bridges. In total, 260 micropiles were installed; 180 in sand and 80 

in stiff silty clay. Proof test up to 150% of the design load was performed on all micropiles. 

In addition, four micropiles were tested to at least two and a half times the design load or 

to failure. It was concluded that HBMP provides a significant bond capacity for granular 

soil, generally greater than Type B micropile as suggested by FHWA (2005). Meanwhile, 

for HBMP constructed in stiff silty clay the ultimate skin friction values were in good 
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agreement with Type B micropile. Furthermore, Timothy et al. (2012) suggested that the 

grout injected at a moderate pressure for Type E micropiles results in a marginal increase 

in diameter in excess of the drill bit diameter. However, they concluded that the 

combination of jet grouting with threaded hollow bar can create a larger diameter 

micropile.   

Abd Elaziz and El Naggar (2012 & 2014) conducted full-scale field tests to investigate the 

axial behaviour of HBMP under monotonic and cyclic loading in cohesive soils. Ten 

monotonic and cyclic axial loading tests were performed on four HBMP. The results 

showed that the ultimate skin friction values suggested by FHWA Type B installed in silty 

clay soil underestimated the capacity of HBMP. In addition, they reported there is no sign 

of full debonding at the pile-soil interface after 15 cycles with load amplitude of 33%. The 

vertical settlement of the micropiles increased with increasing the number of cyclic 

loading. Although, the micropile head stiffness remained constant. Abd Elaziz and El 

Naggar (2014) developed a finite element model for the HBMP and calibrated it using the 

field test results and employed it to conduct a parametric study. Based on the results 

obtained from the numerical model, they proposed an equation to evaluate the axial 

capacity of HBMP installed in cohesive soil. Drbe and El Naggar (2014) conducted full-

scale load tests on eight micropiles installed in cohesive soil to evaluate the suitability of 

FHWA design guidelines. It was concluded that the values of grout – ground bond strength 

reported by FHWA for type B micropile underestimated the ultimate skin friction in case 

of cohesive soil by about 19% in case of micropiles with drill bit of 178 mm. They reported 

that the micropiles performed well during the cyclic loading.  
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Micropiles subjected to tension loads, transfer the applied loads to the adjacent soil by 

friction at the micropile-soil interface. The load transferred to the surrounding soil results 

in increased shear stresses and strains in the soil. As the shear stresses approach soil 

strength, failure occurs and the micropile experiences large settlement with a small increase 

in the applied load. This failure load, also defined as ultimate pile capacity, is determined 

most reliably from pile load tests. 

Chan and Hanna (1980) performed cyclic pullout load tests on model piles installed in sand 

in lab environment. They reported that for small cyclic tensile load between 15 to 20% of 

the ultimate load, small settlement occurred, and the settlement rate decreased with the 

number of cycles.  While for large cyclic loads between 30 to 70%, the pile experienced 

large settlements and failed with the increase of number of load cycles. Turner and 

Kulhawy (1990) performed laboratory experimental study on the effects of repeatable loads 

on uplift capacity of drilled shafts in granular soils. They reported that the cyclic loading 

significantly affected the capacity of drilled shafts in sand.  Cavey et al. (2000) installed 

grouted micropiles in loose to medium dense sand and silt and tested them under cyclic 

loading conditions.  Their results demonstrated that a considerable reduction occurred in 

the micropile capacity after a small number of cycles. The ultimate capacity reduced by 

60% after just two cycles.  

Yacyshyn (2009) reported results of two-way cyclic tests on drilled and grouted GEWI-

Piles installed in dense, medium to fine sands. The tested micropiles were classified as 

Type “D” in accordance with the U.S. Federal Highway Administration (FHWA). The 

permanent settlement under tension cyclic loading ranged from 4.5 to 8.2 mm.  
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The total settlement of micropile is a combination of its elastic deformation and that of the 

surrounding soil. Sulaiman and Coyle (1976) proposed a load transfer method (T-Z) to 

evaluate response of piles installed in cohesionless soil and subjected to tension loading. 

Randolph and Worth (1978) proposed a method based on elastic continuum approach for 

estimating the load- settlement behaviour of pile under compression loads. In this method, 

the total settlement is given by the sum of the settlement due to the deformation below the 

pile toe and the surrounding soils.   

The cyclic nature of loading affects its settlement behaviour and should be accounted for 

in the analysis. Poulos (1988) suggested the concept of cyclic stability diagram in which 

the stability can be identified by three states: (i) stable region, where cyclic loading has no 

effect on pile capacity; (ii) metastable region in which the cyclic loading affects the pile 

capacity but does not cause failure; and (ii) unstable region, in which the cyclic loading 

causes failure at a specific number of load cycles. Jardine (1991) proposed a similar 

concept to cyclic stability diagram by Poulos known as cyclic interaction diagram. Instead 

of the applied load in axis coordinate in the cyclic stability diagram, the cyclic interaction 

diagram uses the shear stresses on the pile surface. Juran and Weinstein (2009) presented 

a new short-term testing procedure and interpretation model to predict the strain-rate 

dependent under static and cyclic loading.  The model was validated experimentally in 

controlled laboratory environment.  

Most of the available methods for evaluation of cyclic loading effects on piles are based 

on observations for conventional piles (i.e. driven piles or drilled shafts). However, the 

method of construction of hollow bar micropiles is expected to have a significant impact 
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on their cyclic performance. Hence, there is a need to evaluate the cyclic performance of 

HBMP subjected to cyclic loading and to develop analytical tools suitable for HBMP.  

Therefore, the geotechnical performance of hollow bar micropiles under tensile and 

compression cyclic loading is reported in this study.  

In all above-mentioned studies on the performance of hollow bar micropiles, the drill bit/ 

hollow bar (Db/Dh) ratio was less than 2.5. In addition, no design guidelines for HBMP are 

established yet due to gap in knowledge of the effect of several factors on their behaviour. 

In particular, the effects of drill bit/ hollow bar (Db/Dh) ratio and grouting pressure on the 

performance and capacity of HBMP have not been studied.  

The objective of this work is to investigate the performance of HBMP installed in sand 

under monotonic and cyclic loading and to evaluate the effect of increasing the drill bit/ 

hollow bar (Db/Dh) ratio from 2.25 (commonly used range in practice 2 -2.5) to 3. It should 

be noted that (Db/Dh) is influenced by two factors: the limitation of available pressure that 

needs to be maintained in order to take advantage of the efficient load transfer mechanism 

of HBMP; and the structural integrity of the grout-steel interface. The results of the full-

scale load tests are presented and discussed in terms of load – settlement curves, axial force 

distribution, axial head stiffness, tip resistance and skin friction for both compression and 

tension loading conditions. The results should be of value for both practitioners and 

researchers. 
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3.2 Geotechnical Site Characterization 

The site is located near Ayr, Ontario.  Extensive site exploration was performed for this 

project, which included both in-situ and laboratory tests. Three boreholes were drilled to 

various depths using hollow stem augers of 130mm, followed by standard penetration test 

(SPT).  Soil samples were extracted from the borings using split spoon sampling method 

and transported to the laboratory for further testing. Figure 3.1 shows the SPT results for 

the closest boreholes to the test micropiles location (BH1 and BH2). The first 200 mm 

consisted of granular base fill with some gravel and recycled asphalt overlaying a layer of 

brown very dense sand up to 11m depth. Seams of silt and silty clay were encountered at 

different levels. The ground water table was observed between 9.5 to 10.5m from the 

ground surface. In addition, four piezocone penetration tests (CPTu) were performed across 

the site, two of them were in the vicinity of the test locations (CPTu1 and CPTu2). The 

soundings for CPTu1 and CPTu2 are shown in Figure 3.2 with the soil behaviour type 

(SBT) along the depth according to the classification chart proposed by Robertson (1990). 

The average cone resistance corrected for the pore water pressure (qt) ranged from 10 to 

30 MPa in the upper 6.5m and 30 to 45 MPa from 6.5m to 8m followed by a decrease in 

(qt) with average of 20 MPa. The SBT chart proposed by Robertson (1990) indicated that 

the soil is mainly sand with some seams of silt and sandy silt. The sand relative density 

was evaluated using the correlations proposed by Kulhawy and Mayne (1990), and the 

obtained relative density profile is plotted in Figure 3.3a.  
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Figure 3-2(a) CPT1 (b) CPT2 sounding with SBT 
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There is a good agreement between the two test results, which indicates that the sand is 

mainly dense up to the depth of interest, about 6m. The angle of internal friction was 

evaluated from direct shear tests and from two different correlations proposed by the 

American Petroleum Institute (1987) and Kulhawy and Mayne (1990). The calculated peak 

angle of internal friction profiles was compared with the direct shear test results in Figure 

3.3b.  As can be noted from Figure 3.3b, there is a good agreement between the computed 

values of the angle of internal friction using the two correlations with the measured values 

obtained from direct shear tests and that the average value of peak angle of internal friction 

is approximately 42o. The sieve analysis has shown that the soil along the piles is primarily 

fine sand as shown in Figure 3.3c. 
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(a) (b) 

 

(c) 

Figure 3-3 Properties of soil at test site: a) relative density; b) angle of internal 

friction; c) grain size distribution 
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3.3 Micropile installation 

Six hollow bar micropiles were constructed using an Ingersoll Rand ECM350 drill rig by 

HC Matcon. The hollow bars utilized were R51N with 51 mm outer diameter and 33 mm 

inner diameter. Tungsten carbide cross cut drill bits were employed for granular soils. A 

plan view of the test site showing the locations and distances between single micropiles 

and micropile groups along with the locations of SPTs and CPTs is presented in Figure 3.4.  

Four HBMPs (MP1, MP2, MP5 and MP6) were installed with a 152 mm drill bit diameter 

(Db/Dh = 3), and two (MP3 and MP4) were installed with 115 mm drill bit diameter (Db/Dh 

= 2.25). The total length of the micropiles was 6.0 m with 5.75 m embedded length.  

 

Figure 3-4 Plan view of single micropiles location 
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After attaching the drill bit to the hollow bar, rotary percussive drilling started 

simultaneously with a grout-flushing technique.  The grout swivel allows the drilling and 

grouting operations to be performed as a single operation, which reduces the time of 

construction and ensures good bonding between the grout and ground. Grout with a specific 

gravity of 1.4 - 1.5 was employed as drilling fluid to install the hollow bars in place. As 

the hollow bars are typically manufactured in 3m length, once the first length (3.0 m) was 

installed, the drilling was stopped to allow for addition of the second segment; the two bars 

were attached using a 200 mm long coupler. The drilling was continued until the required 

depth was reached then the final competent structural grout was pumped under a pressure 

of between 0.8 to 1 MPa to displace the drilling grout. The final grout had specific gravity 

between 1.80 and 1.95, which is in compliance with (FHWA 2005) recommendation for 

micropile application. 

 The neat grout density was measured using the Baroid Mud Balance Test as per API 

Recommended Practice (RP) 13 B-1 (2009). The drilling and grouting rates were measured 

for each micropile. The drilling rate ranged between 0.45 to 0.60 m/min and the grouting 

rate was about 35 L/min. The drilling rates include the time period for adding the second 

segment of hollow bar with coupler which ranged between 1 to 2 minutes. The drilling and 

grout rates measured within this specific site can be used as useful tools to estimate the 

time required for the installation of hollow bar micropiles in a similar site and confirm the 

installation consistency. 

The neat structural grout mix was designed with water to cement ratio, w/c = 0.45, in order 

to provide high strength, while being pumpable with minimum bleeding. Littlejohn and 

Bruce (1977) recommended w/c ratio in the range of 0.40 to 0.50 for micropile grout. They 
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indicated that the compressive strength for this range of w/c ratios is between 28 MPa to 

37 MPa. FHWA (2013) required the grout compressive strength to be 21 MPa for 7 days 

and 35 MPa at 28 days for post-tensioning tendons for bridges. Grout cylinders were 

collected during the installation process using cylindrical molds of 100 mm by 200mm and 

75 mm by 150mm. All specimens were de-moulded after 24 hours then placed in a control 

room with a relative humidity of 100% and constant temperature of 23oC.  The cylinders 

were tested after 28 days to determine compressive strength and indirect tensile strength. 

The compressive strength was determined according to ASTM C39 and the tensile strength 

was obtained in according to ASTM C496. The average compressive strength after 28 days 

was 40 MPa and the average spilt tensile strength was 3.97 MPa. The results obtained for 

the compressive strength meet the minimum requirement set by FHWA (2013) for 

compressive strength of grout after 28 days.  

The frictional capacity of the hollow bar – grout interface was evaluated in this study in 

order to establish the maximum possible size of grout column considering the grout-ground 

strength. A series of pull-out tests were conducted to investigate the frictional capacity of 

the hollow bar – grout interface.  

Three hollow bars – grout specimens were prepared using the same hollow bar material 

employed in the construction of the HBMP and the grout was mixed with the same water 

to cement ratio. The hollow bar was placed in the mold and spacers were used to ensure 

the hollow bar was centralized during and after pouring the grout mix. The mixed grout of 

0.45 water to cement ratio was then poured around and inside the hollow bar and were 

allowed to cure for 28 days. After the curing period, pull-out tests were conducted on the 

hollow bar-grout specimens with a loading rate of 40 kPa/min in accordance with ASTM 
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C900-15. The applied load and corresponding settlement were recorded simultaneously 

and the load – slip curves are obtained. Figure 3.5 presents the obtained results. The 

maximum load that caused slippage of the hollow bar from the grout was then used to 

determine the frictional resistance of the hollow bar – grout interface (fb-g). 

The load transfer from the hollow bar to the grout column then to the adjacent soil is 

described in Figure 3.6.  To ensure n structural failure happens, the optimum diameter of 

the grout column required in the design of HBMP for a given soil is given by:  

Db = Dh (fb-g/fs)                                                                                           (3.1) 

in which Dh and Db are the diameters of hollow bar and grout column; fb-g and fs are the 

peak frictional resistance of hollow bar – grout and grout – ground interfaces, respectively. 

The diameter of the drill bit was optimized using Equation No. 3.1. The average peak 

frictional resistance of hollow bar – grout obtained from the pull-out tests was 745 kPa and 

the ultimate bond resistance was taken as the average value of the range provided by 

FHWA. The optimized diameter obtained from Equation No. 3.1 was 158 mm. Considering 

the availability drill bit sizes, the closest diameter of 152 mm was selected, which 

represented Db/Dh = 3. 
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Figure 3-5 Load-slip curves obtained from pull-out tests 

         

 

 

 

                         Figure 3-6 Load transfer mechanism for HBMP 
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3.4 Test Setup, Instrumentation and Procedures  

3.4.1 Loading setup 

A reaction frame system was used for both compression and tension tests. It comprised a 

steel reaction beam connected to two reaction piles (helical piles) in case of compression 

test and supported by cribbing for pull out testing. The reaction frame setups for 

compression and pull out tests are shown in Figure 3.7. The reaction (helical) piles 

consisted of a cylindrical shaft (114.3 mm in diameter and 17 mm thick wall) with one 300 

mm helical plate. All reaction helical piles were placed at a distance of 2.25 m from the 

tested micropiles (15 times the diameter of the larger micropile). A hydraulic jack of 1100 

kN advance capacity and a maximum stroke capacity of 150 mm was utilized for loading 

and a load cell of 1100 kN capacity was used to monitor the applied load.  

 

(a) 
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(b) 

Figure 3-7 Load test setup: a) compression; and b) tension 

3.4.2 Pile instrumentation 

Four HLP190 (hybrid Linear Potentiometers) were used to record the vertical pile head 

movement and their average reading was calculated. The HLP 190 has a 100 mm stroke 

and an accuracy of 0.01 mm. The potentiometers were attached to the loading steel plate 

in a square arrangement and clamped into two independent reference steel beams. Figure 

3.8 shows the pile head instrumentation for micropile under compression loading.  Two 

micropiles (MP2 and MP3) were instrumented with three vibrating wire strain gauges 

(VWSG) type EM-2 to investigate the load transfer mechanism along the micropiles.  The 

VWSGs were placed at 0.80, 3.1 and 5.60 m from the ground surface, only one of the 

VWSG in MP3 was placed at 0.40 m instead of 0.80m from the ground surface in order to 

aid in determining the modulus of elasticity of the composite section. Based on experience 
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and recommendations proposed by Abd Elaziz and El Naggar (2012), VWSG were 

installed inside the hollow bar. The gauges were attached to a steel cage and installed 

immediately after grouting inside the hollow bar. Prior to and after the installation of the 

micropiles, the gauges were hooked to the vibrating wire readout Model Gk-404 to ensure 

that the VWSGs were working properly.   

3.4.3 Load test procedure  

The quick maintained load test method was employed in accordance with ASTM standards 

D1143-07 and D3689-07 (ASTM 2007a, b) for compression and tension tests, respectively. 

The load was applied in increments of 5% of the anticipated failure load and was 

maintained for 4-5 minutes before applying the next increment. The anticipated failure load 

was obtained by: 

𝑃𝑢 = 𝛼𝑏𝑜𝑛𝑑  𝜋 𝐷𝑏 𝐿𝑏                                                                                                                        (3.2)            

 Where: 𝛼𝑏𝑜𝑛𝑑 = grout to ground ultimate bond strength; 𝐷𝑏 = diameter of the drill hole; 

and 𝐿𝑏= bond length. 

The grout-to-ground ultimate strength value was selected as the average value for Type B 

micropiles in medium to very dense sand. The predicated failure loads were 640 kN and 

490 kN for 152 mm and 115 mm drill bit diameters, respectively. The load was increased 

incrementally until the pre-specified load or failure was reached; once the failure was 

reached, the unloading process took place in five approximately equal intervals. 
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Figure 3-8 Micropile head instruments for compression test 

For cyclic loading, the load was applied up to the pre-specified design load before starting 

cycling. Quasi-static tension cyclic tests were conducted on MP1 and MP6. MP1 was first 

subjected to cyclic tension load test and then to cyclic compression load whereas MP6 was 

subjected to monotonic compression and tension load tests before starting the cycling 

loading test. In both cases, compression and tension cycling, MP1 and MP6 were subjected 

to 15 cycles of loadings and unloading of maximum 133% of the design load and minimum 

of 67% of the design load (the amplitude of the cyclic load is 100 kN, which is about 33% 

of design load). The pre-specified design load was 320 kN.  The load was maintained for 

2 minutes for each load cycle. Based on the efficiency of the hydraulic jack, the average 

time between loading and unloading was 9.5 sec.  
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3.4.4 Loading sequence 

The compression and tension tests were conducted in three main stages.  In the first stage, 

MP1 was subjected to cyclic tension test while MP2 and MP5 (with Db/Dh=3), and MP3 

and MP4 (with Db/Dh=2.25) were subjected to monotonic tension loading; MP2 was loaded 

to failure while MP3, MP4 and MP5 were loaded up to the design load.  In the second 

stage, six micropiles were subjected to monotonic compression loading; MP2, MP3, MP4, 

MP5, and MP6 were loaded to failure while MP1 was loaded to the design load and then 

subjected to 15 cycles of 100 kN load amplitude to investigate the behaviour of HBMP 

under compression cyclic loading conditions. In the third stage, four micropiles (MP3, 

MP4, MP5 and MP6) were subjected to tension loading; MP4, MP5 and MP6 were loaded 

to failure while MP3 was loaded to design load. The loading sequence is presented in Table 

3.1.  

Table 3-1 Testing stages and loading sequences 

TC, tension cyclic, CC, compression cyclic, MT-F, monotonic tension to failure, MC-F, 

monotonic compression to failure and MT-DL, monotonic tension to design load. 

 

Stages  Type of test 

MP1 MP2 MP3 MP4 MP5 MP6 

1st stage TC MT-F MT-DL MT-DL MT-DL -- 

2nd stage CC MC-F MC-F MC-F MC-F MC-F 

3rd stage -- -- MT-DL MT-F MT-F MT-F 
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3.5 Test Results and Analysis 

3.5.1 Monotonic compression tests 

Compression load tests were conducted on MP2, MP3, MP4, MP5 and MP6. The 

micropiles were loaded to failure and the obtained load - settlement curves are presented 

in Figure 3.9.  All micropiles displayed similar load -settlement response curves. It initiated 

with linear response followed by nonlinear behaviour, which is attributed to the start of 

yielding along the micropile-soil interface. The nonlinear response continued until failure 

(plunging) occurred, which was manifested by excessive increase in micropile settlement 

corresponding to small increase in applied load. This failure is attributed to exceeding the 

shear resistance of the micropile-soil interface.   

 The micropile stiffness is important for evaluating the performance of the foundation and 

supported structure. The slope of the initial segment of the load- settlement curve 

represents the micropile stiffness up to its design capacity. The evaluated average stiffness 

values of the micropiles were 97 MN/m and 70 MN/m for micropiles with Db/Dh= 3 and 

2.25, respectively. These results demonstrate that the micropiles with Db/Dh=3 exhibited 

38% higher stiffness than those with Db/Dh= 2.25.  

3.5.2 Ultimate compressive capacity 

The load – settlement curves of MP2 and MP6 presented in Figure 3.9 show plunging 

failure at approximately 620 kN and 640 kN, respectively. The response curve of MP5 

shows some softening at around 415 kN followed by nonlinear behaviour until plunging 

occurred at 630 kN. The load – settlement curves for MP3 and MP4 indicated failure load 

of 540 kN and 542 kN, respectively. These results indicate that the micropiles with Db/Dh 
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= 3 have higher failure load (approximately 17%) than the micropiles with Db/Dh = 2.25. 

These results show that the increase in capacity is not linearly proportional to increase in 

drill bit (and micropile) diameter. This may be attributed to the fact that for the same 

grouting pressure, the permeation of the flushing grout into the surrounding soil (see Fig. 

6a) is anticipated to be higher for the smaller diameter micropile than for the larger 

diameter micropile. This would result in relatively smaller improvement in strength of soil 

farther from the large diameter micropile, and consequently the increase in its capacity 

would not be proportional to the increase in its diameter.  

There are several methods proposed in the literature to interpret the failure load from the 

load – settlement curve in case of plunging failure does not occur.  Generally, interpreted 

failure load criteria presented in the literature are based on: mathematical modelling, 

settlement limitation or graphical construction. In this study, three interpreted failure load 

criteria are used, and their predictions are compared with the plunging failure load. 
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a. MP1 b. MP2 

  

c. MP3 d. MP4 

  

e. MP5 f. MP6 

  

Figure 3-9 Load- settlement curves for compression tests 
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Davisson (1972) proposed a criterion for driven piles in which the failure load corresponds 

to a pile head settlement that has three main components: elastic pile compression, intercept 

equal to 3.8 mm and an empirical component related to tip resistance and is given by D/120 

mm (for SI units), i.e.  

∆ =  
𝑄𝐿

𝐴𝑝𝐸𝑝
+ 3.8 + 

𝐷

120
                                                                                                    (3.3)  

Where ∆ = Settlement, Q = Applied load, L and D are the pile length and diameter, 

respectively, Ap = cross-sectional area of pile and Ep = elastic modulus of pile. 

Reese and O’Neill (1988) defined the failure load as the load corresponding to pile head 

settlement equal to 5% of the pile diameter. Fuller and Hoy (1970) defined the interpreted 

failure load as the minimum load occurs for a rate of total settlement of 0.14 mm/kN. This 

method is recommended by FHWA (2005) for micropiles. Butler and Hoy (1977) proposed 

a criterion for interpreted failure load, which is given by the intersection of line with slope 

equal to 0.14 mm/kN with the line tangent to the initial straight-line portion of the load 

settlement curve. These methods are illustrated in Figure 3.9 and the determined interpreted 

failure loads are presented in Table 3.2.  
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Table 3-2 Interpreted failure load methods and plunging failure  

Method 
Interpreted Failure Load (kN) 

MP2 MP5 MP6 MP3 MP4 

Plunging 620 630 640 540 542 

Davisson 580 628 635 540 540 

Reese and O’Neill 607 500 604 450 405 

Fuller and Hoy’s 615 630 642 533 545 

Butler and Hoy’s 600 615 621 520 520 

 

As it can be noted from Table 3.2, Fuller and Hoy’s method provided the closest values to 

the observed failure (plunging) load for all micropiles while Davisson’s method yielded 

conservative interpreted failure load for MP2. Kulhway and Hirany (2009) noted that the 

Davisson method gives a conservative interpreted ultimate load compared to other 

interpreted failure criteria.  

Considering the capacity values presented in Table 3.2, the average ultimate capacity of 

micropiles with drill bit diameter, Db = 152 mm was 630 kN while the average ultimate 

capacity of the two micropiles with Db = 115 mm was 541 kN.  Thus, increasing Db from 

115 mm to 152 mm using the same hollow bar diameter for both cases resulted in an 

increase in the ultimate capacity of the micropile by about 17%.  The ultimate skin friction 

was back calculated from the average ultimate capacity of micropiles. The ultimate skin 

friction was estimated by subtracting the toe resistance from the load that caused plunging 
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failure.  The calculated ultimate skin friction is 186 and 200 kPa for micropiles with drill 

bits of 152 and 115 mm, respectively. The higher skin friction for the smaller diameter 

micropile is due to the larger permeation of grout into the surrounding soil as discussed 

earlier.  

3.5.3  Distribution of axial forces in micropiles 

The axial compression stiffness of micropile can be simplified using the following formula, 

𝐸𝑝𝐴𝑝 = 𝐸𝑔𝐴𝑔 + 𝐸𝑠𝐴𝑠                                                                                                   (3.4) 

Where Ep = modulus of elasticity of the micropile, Ap = cross-sectional area of micropile, 

Eg = modulus of elasticity of the grout, Es = modulus of elasticity of the steel bar, Ag = 

cross-sectional area of the grout and As = cross-sectional area of steel bar. 

In order to obtain the actual diameter of micropiles, the top 2.0 m along all micropiles was 

excavated and the diameter of each micropile was measured. The measurement interval of 

the actual diameters was 200 mm and was reduced to 100 mm when the change in diameter 

was noticeable. Furthermore, MP3 and MP5 were carefully pulled out from the soil after 

load testing was completed in order to take measurement of the diameter along the 

micropile. It was found that the average diameter of micropiles with drill bit 115 and 152 

mm was 132 and 172 mm, respectively, i.e. the diameter increased by 14.8% and 13.1% 

over the diameter of the drill bit.   The ratio of the grout body diameter to the drill bit 

diameter was larger for smaller diameter drill bit.  Figure 3.10 shows the exhumed 

micropile (MP3) and diameter measurement along its length.  
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 In order to confirm the increase in diameter, the quantities of competent grout used in 

micropile construction were tracked and the average volume of the grout was used to 

evaluate the actual average increase in the diameter. 

 

Figure 3-10 Exhumed micropiles MP3 and diameter measurement along the depth 

For micropiles installed with, Db = 152 mm, the average back calculated diameter of the 

micropile was 177 mm while for micropiles installed with Db = 115 mm, the average 

micropile diameter was 145 mm.  The average diameters back-calculated from the total 

volume of pressurized grout was higher than measured diameter. The difference in the 

diameters could be attributed to the fact that grout could permeate laterally through any 

seams of silt encountered occasionally during the grouting, which was noticed during the 

excavation around the micropiles. This further confirms the comments made earlier that 
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more grout permeated into the surrounding soil for the smaller diameter micropile, hence 

improved the ground strength relative to the case of the larger dimeter micropile.  

Using the strain gauge readings near the pile head for MP2 and MP3, which were placed 

400 and 800 mm from the ground level, the modulus of elasticity of the micropiles was 

calculated by plotting the stress from the applied load over the area of micropile versus the 

strain gage measurement as illustrated in Figure 3.11.  

 

Figure 3-11 Stress-strain relationship for MP2 and MP3 from SG1 

Using the measurements obtained from the strain gauges installed in MP2 and MP3, the 

axial force distribution at different levels was calculated from:    

𝑃 =  𝜀 𝐴𝑝𝐸𝑝                                                                                                               (3.5)  

Where P = axial force, 𝜀 = axial strain, 𝐴𝑝 = cross sectional area of micropile and 𝐸𝑝 = 

composite modulus of elasticity of micropile materials.  
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Figure 3.12 shows the distribution of axial forces with depth.  As expected, the axial forces 

increased as the applied loads increased with most of the load transferred to the soil through 

the shaft, especially at lower applied loads. The load transferred through the shaft (skin) 

resistance accounted for 91% of the maximum applied load for MP2 and MP3, while the 

toe resistance accounted for 9% of the total resistance. The skin friction can be given by:  

𝑓𝑠 = 𝐾𝑠 𝜎𝑣
′ tan 𝛿 =  𝛽 𝜎𝑣

′                                                                                                 (3.6)  

Where,  𝑓𝑠 = ultimate unit side friction,  𝐾𝑠  = coefficient of lateral earth pressure, 𝜎𝑣
′  = The 

effective overburden pressure and 𝛿 = the angle of friction between the pile and 

surrounding soil; and β is shaft friction coefficient.  

  

Figure 3-12 Distribution of axial forces with depth for MP2 and MP3 

The 𝐾𝑠  values were back calculated from the skin resistance values using equation 3.6.  

The 𝐾𝑠 values ranges from 3.40 to 3.70. Based on the density of soil and type of pile, it was 

reported in the literature that the K-value ranges from 0.5 to 5 (Lancellotta, 1995 and Said, 

2006).   
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3.5.4  Toe resistance of micropiles 

Figure 3.13 presents the variation of the toe resistance with the total applied load at the 

micropile head for MP2 and MP3. It can be noted from Figure 3.13, the toe resistance 

increased sharply as the applied load approached the micropile ultimate capacity. As 

mentioned above, the readings of strain gauges placed close to the micropile toe 

demonstrated that the toe resistance accounted for about 9% of the total applied load. The 

toe resistance is usually ignored in the design of micropiles due to the small diameter of 

micropile, which may result in underestimating the micropile capacity by 9%. Han and Ye 

(2006) reported similar results for small diameter micropiles.  

 

Figure 3-13 Total applied load versus toe resistance for MP2 and MP3 

The toe settlement of micropile is equal to the total measured settlement minus the 

compression in the micropile shaft. The compression in the micropile shaft can be 

approximated using the following formula (Han and Ye, 2006):   
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∆𝑠𝑝= 
(𝑃𝑝+ 𝑃𝑏) 𝐿 

2 𝐸𝑝𝐴𝑝
                                                                                                              (3.7) 

Where,  ∆𝑠𝑝 is the compression of micropile shaft, 𝑃𝑝 is the applied load on the micropile 

head measured from the load cell, 𝑃𝑏 is the toe resistance obtained from the strain gauge 

close to the micropile toe, L is the micropile length, 𝐸𝑝 is the elastic modulus of the 

micropile section and 𝐴𝑝 is the cross-sectional area of micropile.  

Figure 3.14 shows the variation of the toe settlement calculated from Equation 3.7 and the 

toe resistance obtained from strain gauge readings. As it can be noticed from Figure 3.14, 

the toe resistance- settlement relationship is nonlinear. Figure 14 also shows that MP2, with 

actual diameter of 171 mm, displayed slightly higher toe stiffness than micropile MP3 with 

132 mm diameter due to increased micropile diameter.  

 

Figure 3-14 Toe resistance versus toe settlement for MP2 and MP3 

0

10

20

30

40

50

60

70

0 2 4 6 8 10

T
o
e
 R

e
si

st
a
n
c
e
 (

k
N

)

Toe settlement (mm)

MP2

MP3



65 

 

 

 

3.5.5 Unit skin friction of micropiles 

The unit skin friction within a layer is evaluated by dividing the load transferred by unit 

area to soil within this layer over a length of micropile (i.e. difference in axial forces 

obtained from two consecutive strain gauges within this layer) divided by the surface area 

between the gauges. The distribution of unit skin friction along MP2 and MP3 is shown in 

Figure 3.15.  The unit skin friction along the upper 3 m of MP2 was 281 kPa while for the 

lower part the unit skin friction was only 122 kPa (similar trend was observed for MP3). 

This may be attributed to two factors: 1) the top layer is gravelly sand, which allows more 

grout permeation than the lower layer, which is silty sand, and consequently ground 

improvement and grout-ground strength are higher; 2) skin friction was mobilized fully for 

the top layer, but not developed fully for the bottom layer. This explains why plunging 

failure was not observed for micropiles MP2 and MP3 as shown in Figures 3-9b and c. The 

ultimate skin friction was back calculated by deducting the toe resistance estimated from 

the lower strain gauges from the failure load. The average value of skin friction for each 

micropile was slightly higher than the values suggested by FHWA (2005) for Type B 

micropiles as can be noted from Table 3.3.   
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Figure 3-15 Distribution of unit skin friction for MP2 and MP3 

Table 3-3 Ultimate skin friction for MP2 and MP3 

Elevation MP2 MP3 

Upper part 281 295 

Lower part 122 116 

Average 202 206 

FHWA 186 200 

3.5.6 Cyclic compression tests 

To shed some light on the effect on the effect of cyclic compression loading on HBMP 

performance, MP1 was subjected to 15 compression cycles of loading and unloading of 

maximum 133% of the design load and minimum of 67% of the design load (the amplitude 

of the cyclic load is 100 kN, which is about 33% of design load).  Figure 3.16 shows the 

cyclic applied load versus vertical settlement for MP1.   
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Figure 3-16 Cyclic compression loading for MP1 

The micropile head settlement increased with increasing the number of cycles as it can be 

seen in Figure 3.17. The difference between the initial micropile head settlement before 

and after applying 15 load cycles is 1.2 mm.  

 

Figure 3-17 Micropile (MP1) head movement versus number of cycles.  
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The micropile head stiffness is calculated as: 

 

                                         K = [
𝑃𝑚𝑎𝑥−𝑃𝑚𝑖𝑛

∆𝑚𝑎𝑥− ∆𝑚𝑖𝑛
]                                                              (3.8) 

Where;                                                                                                              

𝑃𝑚𝑎𝑥 & 𝑃𝑚𝑖𝑛 are the maximum and minimum applied loads for each cycle, respectively, 

while ∆𝑚𝑎𝑥 & ∆𝑚𝑖𝑛 are the maximum and minimum vertical settlements for each cycle, 

respectively.  

Figure 3.18 shows the effect of increasing the number of load cycles on the axial micropile 

head stiffness. There was a variation in the axial head stiffness in the first five cycles as the 

axial stiffness varies between 330 kN/mm and 250 kN/mm, this variation may be attributed 

to the effect of cyclic tension test which was performed before the compression cyclic tests. 

However, the axial micropile stiffness stabilized at 330 kN/mm after the seven cycles.  
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Figure 3-18 Axial stiffness of MP1 with number of cycles 

3.5.7 Monotonic tension tests 

The tension load tests were conducted in stages 1 and 3. In stage 1, MP2 was loaded to 

failure while micropiles MP3, MP4 and MP5 were loaded up to the design load. In stage 

3, after compression loading was completed, MP4, MP5 and MP6 were loaded to failure 

while MP3 was loaded up to the design load.  

The load – settlement curves are plotted in Figure 3.19. The response of MP2 was stiffer 

than that of MP5 and MP6 because MP2 was loaded first in tension while MP5 and MP6 

were tested under compression prior to tension loading. The load – settlement curves for 

MP5 and MP6 indicated a plunging failure at 638 and 612 kN, respectively. MP3 was 

loaded twice to the design load and the response during both tests were very similar. MP4 

was tested twice under tension loading: first, loaded up to the design load prior to 
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compression loading; and second loaded up to failure after compression loading. The 

plunging failure occurred at 510 kN. 

As MP4 and MP5 were initially loaded in tension up to the design load prior to compression 

loading to failure followed by tension loading to failure, the effect of loading sequence can 

be evaluated by comparing the tension responses before and after compression loading as 

presented in Figure 3.19.  The comparison shows that the micropile stiffness in the initial 

part of second tension loading is lower than the stiffness in the virgin tension loading.  

Figure 3.19 also shows that the load – settlement curves for initial tension loading and 

compression loading cases are similar, indicating the micropiles derive their load resistance 

mainly from skin friction. The micropile stiffness up to the design load was calculated form 

the virgin tension load-settlement curves. The evaluated average stiffness of the micropiles 

are 86 MN/m and 65 MN/m for micropiles with Db/Dh= 3 and 2.25, respectively.    

These results demonstrate that the micropiles with Db/Dh=3 exhibited 32% higher stiffness 

than those with Db/Dh= 2.25.  
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a. MP2 b. MP3 

  

c. MP4 d. MP5 

 

 

e. MP6 

 

Figure 3-19 Load- settlement curves for tension tests 
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3.5.8 Uplift capacity 

Four failure criteria were used to interpret the uplift failure load: Davisson (1972), Reese 

and O’Neill (1988), Fuller and Hoy (1970) and Butler and Hoy (1977) and the results are 

summarized in Table 3.4. As suggested by (FHWA 2005), Fuller and Hoy’s method gives 

closest estimate of the failure load compared to other failure criteria while Davisson 

method provides conservative estimate and Reese and O’Neill overestimated the failure 

load.  The results indicated that the micropiles tension capacity increased by about 22.5% 

as the ratio of Db/Dh increased from 2.25 to 3. Comparing the uplift capacity of the 

micropiles presented in Table 3.4 with their ultimate compressive capacity presented in 

Table 3.2 shows that their values are close.  

The ultimate skin friction values under tension loading were back calculated considering 

the loads that caused plunging failure. The estimated ultimate skin frictions were found to 

be 204 and 214 kPa for micropiles with drill bits of 152 and 115 mm, respectively. FWHA 

(2005) gives a wide range for ultimate skin friction values for Type B micropile installed 

in medium to very dense sand between 120 - 360 kPa. The ultimate skin friction of grouted 

micropiles obtained from this study lie within the range values suggested by FHWA 

(2005).  
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Table 3-4 Interpreted failure load methods and plunging failure for tension tests 

Method 
Interpreted Failure Load (kN) 

MP2 MP5 MP6 MP4 

Plunging NA 638 612 510 

Davisson NA 420 485 380 

Reese & O’Neill NA 425 480 360 

Fuller & Hoy’s 620 635 610 508 

Butler & Hoy’s 610 300 600 470 

 

3.5.9 Cyclic Tension Tests 

The cyclic load test results are presented in terms of the cyclic load- settlement curves and 

the effect of cycling loading on the micropile stiffness. The load- settlement curves for 

MP1 and MP6 are plotted in Figure 3.20 and Figure 3.21, respectively. 

Figure 3.20 shows that MP1 displayed almost linear behavior up to the maximum applied 

load of 420 kN (1.33 of design load). It also shows that the pile head movement increased 

as the number of load cycles increased. However, the stiffness of the pile through the 

different cycles remained almost the same as manifested by the slope of load- settlement 

curve for the different cycles. MP6 exhibited similar behavior as can be noted from Figure 

3.21. However, MP6 experienced larger pile head settlement and reduced stiffness due to 

the monotonic loading to failure prior to applying the cyclic loading.   
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Figure 3-20 Load – settlement curve for MP1 

 

 

Figure 3-21 Load settlement curve for MP6 
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The differences between the initial head settlements before starting the cyclic loading on 

both micropiles and the final head settlements after applying 15 load cycles were 1.88 and 

2.38 mm for MP1 and MP6, respectively.  The rebound settlements after applying 15 load 

cycles were 2 and 4.2 mm for MP1 and MP6, respectively.  

Figure 3.22 and Figure 3.23 show the cumulative head settlement after each cycle of 

loading. They clearly demonstrate that the cumulative micropile head increased after each 

load cycle, but at decreasing rate.  Figure 3.22 shows that the vertical head settlement of 

MP1 increased with the number of load cycles. Moreover, the head settlement for the first 

four cycles accounted for 53% of the total head settlement after 15 cycles.   

 

 

Figure 3-22 Head micropile settlement vs number of cycles for MP1 
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Figure 3-23 Head micropile settlement vs number of cycles for MP6 

 

MP6 displayed the same pattern as can be noticed in Figure 3.23. The first four load cycles 

accounted for 47% of the total head settlement after applying load 15 cycles. The difference 

between the initial and final settlement indicates that the soil surrounding the micropiles 

undergone irrecoverable strains, which is usually accompanied with a change in sand 

density.  Failure of foundations are usually associated with irrecoverable strains in soils.  

To evaluate the effect of cyclic loading on the micropile head stiffness, Figure 3.24 and 

Figure 3.25 show the calculated head stiffness with the number of load cycles.  
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Figure 3-24 MP1 axial micropile head stiffness vs number of cycles 

 

Figure 3-25 MP6 axial micropile head stiffness vs number of cycles 
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three cycles and then started to decrease slightly as the number of load cycle continued to 

increase. However, no cumulative degradation of the MP1 stiffness was observed over the 

15 load cycles. On the other hand, MP6 showed stiffness degradation in the first few cycles. 

Afterwards, it exhibited almost constant stiffness over the last eight cycles.  The axial 

stiffness of MP6 initially varied between 118 and 86 kN/mm for the first six cycles and 

then stabilized at around 93 kN/mm for the rest of load.  

3.6 Discussions and Conclusions 

Compression and tension loading tests were performed on six full-scale hollow bar 

micropiles to investigate the performance and capacity of hollow bar micropiles 

constructed with different diameter ratios of drill bit/hollow bar (Db/Dh).  Two micropiles 

(MP2 and MP3) were instrumented with three vibrating wire strain gauges each to evaluate 

the distribution of load transfer along the micropile. The micropiles were constructed using 

hollow bars R51N along with tungsten carbide cross cut drill bits. The OD (Outer diameter) 

of the hollow bar was 51 mm and the ID (Inner diameter) was 33 mm. Three micropiles 

(MP2, MP5 and MP6) were installed with 152 mm drill bit (i.e. Db/Dh=3) and two (MP3 

and MP4) with 115 mm drill bit (i.e. Db/Dh=2.25). The total length of each micropile was 

6m with 5.75m embedded length.  

The performance of hollow bar micropiles with two different drill bit diameters, 

representing Db/Dh= 2.25 and 3.0, installed in sand was investigated.  Based on 

measurements of diameter of exhumed micropiles, the micropiles diameter increased by 

approximately 14% over the drill bit diameter.  The micropile surface area was increased 

by 33% as Db/Dh increased from 2.25 to 3. Meanwhile, the load test results showed that as 
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Db/Dh increased from 2.25 to 3, the micropile stiffness increased by 38% and 32% in 

compression and uplift, respectively. The load test results also showed that the compression 

and tension capacity of the micropiles increased by about 17% and 22.5%, as Db/Dh 

increased from 2.25 to 3 respectively. In current practice, if the target micropile diameter 

is 152 mm, a hollow bar diameter of 76 mm would be used. Employing the proposed Db/Dh 

=3.0, this diameter can be achieved by using hollow bar diameter of 51 mm, which means 

the quantity of steel can be reduced by 50% by increasing the drill bit diameter to achieve 

Db/Dh = 3.0.  For micropiles installed in cohesive soil, Drbe and El Naggar (2014) 

suggested that increasing the Db/Dh from 2.25 to 3 has small influence on the axial 

compression capacity of micropiles.  

The values of ultimate bond resistance of grouted micropiles obtained from this study form 

both compression and tension tests lie within the wide range values provided by FHWA 

(2005) for dense sand soil between 120 and 360 kPa. For the dense sand examined herein, 

the ultimate bond resistance for the range of grout pressure applied in this study varied 

from 150 to 250 kPa rather than the wide range of 120 to 360 kPa suggested by FHWA. 

Finally, the load- settlement response of micropiles under compression loading was slightly 

stiffer than the tension loading case and the ultimate compressive capacity of the micropiles 

was slightly higher than their uplift capacity.  The conclusions obtained from this study are 

based on the load tests data and the soil profile encountered in this site. 
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CHAPTER 4 

4 Axial Performance of Micropile Groups in 

Cohesionless Soil from Full Scale Tests. 

 

4.1 Introduction 

A micropile is comprised of a steel reinforcement element centralized in a surrounding 

competent grout column. The grout can be injected under pressure or under gravity 

depending on the application and required load carrying capacity. The micropile industry 

is expanding rapidly, which is evident by the accomplishment of micropile foundations in 

a variety of applications (Cadden et al., 2004). This expansion motivated an advancement 

in drilling technology and growth in micropile types and applications, including using 

micropiles with a diameter up to 300 mm (Bruce et al. 1997 and Wolosick and Scott 2017).   

Hollow bar micropile (HBMP) construction has become a popular option for pile 

foundations because it allows a faster installation process and ground improvement at the 

same time.  Its construction utilizes hollow steel bars for drilling and acting as a grouting 

conduit, which eliminates the need for a casing during drilling. Because of its unique 

construction technique, Abdelaziz and El Naggar (2012) and Timothy et al. (2012) 

suggested designating hollow bar micropiles as Type E micropile, supplementing the four 

original micropile types designated by the US Federal Highway Administration (FHWA, 

2005). The American Association of State Highway and Transportation Official 

(AASHTO 2012) classified the HBMP as Type E based on its method of installation where 
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grout with high water/cement ratio is initially utilized to stabilize the ground and then 

replaced by structural grout to form the grout column.  

The pile group behaviour is usually represented in terms of the group efficiency factor 

defined as the ratio of load capacity of the pile group to the sum of the load capacity of 

single piles. For estimating the axial pile group capacity, Terzaghi and Peck (1948) 

proposed considering the lesser of (i) the sum of the ultimate capacities of the individual 

piles or (ii) the capacity of the equivalent composite pier of the pile group. Vesic (1969) 

reported a full-scale testing program of pile groups, which involved two groups of 4 and 9 

driven piles in dry medium dense sand. The piles centre to centre spacing (S) ranged from 

2 to 6d (where d is the pile diameter). The author reported a group efficiency factor of 1.7 

for a pile cap resting on the sand and pile spacing, s = 3d, and 1.3 for free standing piles.  

Prakash and Sharma (1990) stated that the optimum pile spacing is s = 3 to 3.5d, and that 

the piles behave individually for s > 7d. They also suggested that the load capacity of a pile 

group in cohesionless soils is the sum of single pile capacities unless the piles are installed 

in dense sand, it could be higher. Ismael (2001) conducted field tests to examine the 

behaviour of single and pile groups subjected to axial loading in cemented medium dense 

sands. Pile groups consisting of five piles were installed with s = 2 and 3 d. He reported 

that the group efficiency factor ranged from 1.22 to 1.93. Dai et al. (2012) reported results 

for full-scale axial static load tests on single piles and pile groups installed in layered soil 

comprising clay and silt. They reported that for relatively large loads, the pile group 

settlement was generally larger than the corresponding single pile settlement at the same 

average load per pile. The Canadian Foundation Engineering Manual (2006) proposed 

using Meyerhof’s (1976) reduction factor of 0.67 for bored pile groups installed in clean 
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sand and group efficiency of 1.0 for pile groups with s < 4.5d installed in sand with some 

fines and the pile cap in good contact with the soil. For drilled shafts installed in 

cohesionless soil, AASHTO (2012) suggested group efficiency factors of 0.67 and 1.0 for 

pile spacing to diameter ratios (s/D) of 2.5 and 4 or more, respectively. 

Juran et al. (1999) reviewed the state of practice and design methods of micropile groups. 

They evaluated several experimental studies on the behaviour of micropile groups and 

concluded that the group efficiency depends on the installation technique and the micropile 

inclination. They also reported that the empirical correlations relating the pile group 

settlement to the single pile settlement proposed by Fleming et al. (1992) and Skempton 

(1953) were consistent with their experimental results. However, they emphasized the need 

for further field studies and analytical simulations to develop guidelines for micropiles 

groups and reticulated network systems.  

The FHWA (2005) commissioned a comprehensive study on micropile behaviour. The 

results of the study indicated that for micropiles installed in sand, the group efficiency ratio 

can be taken as 1.0 for s > 3d. However, the FHWA (2010) follows the AASHTO 

provisions for group efficiency.  Similarly, the French National Research Project on 

Micropiles “FOREVER” was a major research project that investigated the behaviour of 

micropiles and involved both model and full-scale tests for micropile groups and micropile 

networks mostly in sand (Frank and Schlosser, 2009). The results of 54 load tests on 

micropile groups demonstrated that groups with a large number of micropiles provided a 

group efficiency factor > 1.0, whereas small groups had an efficiency factor less than or 

close to 1.0. 
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Bruce et al. (2005) suggested using an efficiency factor of 1.0 for micropile groups 

constructed by gravity grouting (i.e. Type A) with s > 3d. For micropiles constructed with 

pressurized grout (Types B, C and D), the efficiency factor is > 1 because of the pressurized 

grout. However, there has been no evidence to support this potential advantage in North 

American practice (Bruce et al., 2005).  

Rose and Taylor (2010) and Rose et al. (2013) investigated the behaviour of micropile 

perimeter groups in firm stiff clay using a geotechnical centrifuge and numerical modeling 

studies. The results showed that the group efficiency is greater than 1.0 for perimeter 

groups.  They also indicated that the perimeter group provided larger efficiency than 

conventional grid groups.  Abd Elaziz and El Naggar (2014) conducted a full-scale load 

tests on single and pairs of hollow bar micropiles installed in soft soil. The test results were 

used to calibrate a three-dimensional finite element model and a parametric study was 

performed based on the calibrated model. A group efficiency factor of 1.0 was suggested 

for hollow bar micropile groups installed in cohesive soil. They also proposed a method of 

calculating the settlement of micropile groups and provided interaction factors to be used 

for evaluating group performance.   

Despite the growing use of HBMP for many applications, there is a noticeable gap in 

literature on their performance in a group. Furthermore, the effect of several factors on the 

behaviour of HBMP groups such as the effects of increasing the drill bit/ hollow bar 

(Db/Dh) ratio and grouting pressure should be addressed. To fully investigate the 

constructional advantages of HBMP in different applications, this research effort attempts 

to evaluate the performance of HBMP groups and to establish some guideline for their 

design considering the most common spacings used in practice (i.e., 3 to 5Db) and the effect 
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of increasing the ratio of commonly used Db/Dh ratios of 2.25 to 3.   Full-scale compression 

load tests are conducted on 4 HBMP groups and 6 individual HBMPs and the results are 

evaluated to gain better understanding of performance of HBMP groups installed in sand.   

4.2 Geotechnical Site Characterization 

A site investigation was carried out at the test site in Ayr, Ontario, Canada, which included 

both in-situ and laboratory testing. Figure 4.1 presents a plan view of the test site including 

the location of the in-situ testing along with micropile locations.   

 

Figure 4-1 Plan view of micropiles groups locations, BHs and CPTs (Dimensions in 

meters and Not to scale). 
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Three exploratory boreholes were drilled to various depths using hollow stem augers of 

130 mm, followed by standard penetration tests (SPT). Samples were extracted from the 

borings using a split spoon and transported to the laboratory for further testing. The 

boreholes showed that the top 200 - 300 mm consisted of granular base fill overlaying 

layers of brown medium dense to dense sand and silty sand up to a depth of 11m. Seams 

of silt and silty clay were observed at different levels. The ground water table elevation 

varied between 9.5 to 10.5m from the ground surface. Table 4.1 summarizes the SPT 

results, including N values and water content, for BH1 and BH2 that were conducted close 

to the test area.  

Four cone penetration test (CPT) soundings were performed across the site. Figure 4.2 

shows CPT1 and CPT2 soundings conducted within the test area along with the soil 

behaviour type (SBT) profile defined according to the classification chart proposed by 

Robertson (1990). The SBT profile confirmed that the soil is mainly sand with some seams 

of silt and sandy silt. The average cone tip resistance corrected to pore water pressure (qt) 

ranged from 10 to 30 MPa in the upper 6.5m and 30 to 45 MPa from 6.5m to 8m followed 

by a decrease in (qt) with an average of 20 MPa.  The sand relative density, Dr, was obtained 

using the correlations proposed by Kulhawy and Mayne (1990) based on SPT and CPT 

data.  

These results indicated that the sand is mainly medium dense to dense. In addition, sieve 

analyses conducted on samples retrieved from the test area has shown that the soil along 

the micropiles was primarily fine sand. 

.  
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Table 4-1 Summary of SPT N values for BH1 and BH2 

Depth (m)  

 

Borehole No. 01 Borehole No. 02 

N 

(blows/30cm) 

Water 

content (%)  

N 

(blows/30cm) 

Water 

content (%) 

1.00 27 6.0 16 7.0 

1.80 23 5.0 15 6.0 

2.60 23 4.0 25 3.0 

3.20 21 13.0 15 10.0 

4.00 23 5.0 36 3.0 

4.80 29 2.0 21 12.0 

6.40 51 4.0 35 3.0 

8.00 21 4.0 48 4.0 

9.40 36 20.0 46 18.0 

10.90 31 25.0 54 22.0 

12.50 59 20.0 93 12.0 

14.00 75 22.0 

End of borehole 15.40 200 17.0 

 End of borehole 

Note 
N is blow count to advance standard split spoon sampler 30cm 

with a 63.5 kg hammer 
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The angle of internal friction, 𝜙, was measured using direct shear tests on soil samples 

retrieved at different elevations and reconstituted to the same in-situ relative density, Dr, 

evaluated from SPT and CPT soundings.   

𝐷𝑟 = [
(𝑁1)60

40
]
0.5

                                                                           (4.1) 

                                   𝐷𝑟 = [
(
𝑞𝑡𝑖
𝑝𝑎
)

305
]

0.5

                                                                              (4.2) 

Where, 

(N1)60 = the measured N-value corrected for field procedures and effective overburden 

pressure of 100 kPa, Pa = the reference stress = 100 kPa and qti = normalized cone resistance. 

Figure 4.3a shows the shear box test results in terms of horizontal displacement versus 

vertical displacement at four different confinement pressures, which indicates dilative 

dense sand behaviour. The results showed peak angle of internal friction 𝜙𝑝 = 43.5o and 

the residual angle of internal friction 𝜙𝑟 = 33o as shown in Figure 4.3b. In addition, 𝜙𝑝  is 

correlated to Dr using the relationship proposed by American Petroleum Institute (1987), 

i.e.  

                                    𝜙 = 16𝐷𝑟
2 + 0.17𝐷𝑟 + 28.4                                                      (4.3) 

The internal peak friction angle 𝜙𝑝 was also correlated to normalized cone resistance, 

𝑞𝑡1 = (
𝑞𝑡
𝜎𝑎𝑡𝑚⁄ )/ (

𝜎𝑣𝑜
′

𝜎𝑎𝑡𝑚⁄ ) using relationship proposed by Kulhawy and Mayne 

(1990), i. e. 

𝜙𝑝 = 17.6 + 11 log (𝑞𝑡1)                                                          (4.4)           
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The average 𝜙𝑝 over the top 6.0 m obtained from correlations with SPT and CPT was 42o, 

which is in reasonable agreement with measured 𝜙𝑝= 43.5o.  

 

(a) 

 

(b) 

Figure 4-2 CPT soundings with SBT: a) CPT1; b) CPT2 

Micropiles Project 13/07/2015 Max Depth: 13.75 m
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(a) 

 

(b) 

Figure 4-3 Direct shear test results: a) horizontal settlement vs. vertical settlement; 

b) measured angle of internal friction 
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4.3 Installation of Micropiles  

Four micropile groups (MPG1 to MPG4) and 6 individual micropiles (MP1 to MP6) were 

constructed and tested in this study. Each group was comprised of four hollow bar 

micropiles installed in a square arrangement, with two commonly used micropile spacings, 

3 Db and 5 Db. All micropiles were 6.0 m long (with a 5.75 m embedded length). They 

were constructed utilizing R51N hollow bars with a 51 mm outer diameter and 33 mm 

inner diameter, and Tungsten carbide cross cut drill bits. Two groups, MPG1 and MPG2, 

were installed using a drill bit with Db = 152 mm (i.e. Db/Dh=3) and two groups, MPG3 

and MPG4, were installed using Db = 115 mm (i.e. Db/Dh=2.25).  Groups MPG1 and MPG3 

had micropile spacings of 3 Db, while MPG2 and MPG4 had a spacing of 5 Db.  

4.4 Micropiles Installation Procedure 

The drill bit was attached to the R51N hollow bar and set into the required position. Rotary 

percussive drilling was then started simultaneously with a grout-flushing technique. 

Drilling and grouting operations were performed in one step owing to a grout swivel, which 

accelerated the construction schedule and ensured a good grout/ground bond strength. 

During drilling, grout with a specific gravity of about 1.4-1.5 was employed to facilitate 

installing the hollow bars. Once the first hollow bar segment (3m in length) was installed, 

the drilling stopped to add the second segment and the two bars were attached using a 

200mm long coupler. The drilling was continued until the required depth was reached, at 

which point the final competent structural grout was pumped under a pressure of between 

0.8 to 1 MPa to displace the drilling grout.  
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The final neat grout had a specific gravity between 1.80 and 1.95 in accordance with the 

FHWA (2005) recommendation for micropile applications, and had water to cement ratio, 

w/c = 0.45 to provide high strength and suitable pumpability with minimum bleeding. The 

grout density was measured employing the Baroid Mud Balance Test as per API 

Recommended Practice (RP) 13 B-1.  FHWA (2013) specifies a minimum compressive 

strength of 21 MPa for 7 days and 35 MPa at 28 days. The drilling rates ranged between 

0.45 to 0.60 m/min and the grouting rate was about 35 L/min. The drilling rates, including 

the time period for adding the second segment of hollow bar with coupler, ranged between 

1 to 2 minutes. The drilling and grout rates measured within this specific site can be used 

as useful tools to estimate the time required for the installation of hollow bar micropiles in 

a similar site and confirm the installation consistency.  

Grout cylinders were collected during the installation process using a cylindrical mold of 

100 mm by 200mm and 75 mm by 150mm. All specimens were de-moulded after 24 hours 

then placed in a control room with a relative humidity of 100% and constant temperature 

of 23oC.  After four weeks, the cylinders were tested under compression and indirect 

tension. The compressive strength was determined according to ASTM C39 and the tensile 

strength was obtained in accordance with ASTM C496. The average compressive strength 

after 28 days was 40 MPa and the average spilt tensile strength was 3.97 MPa, which meet 

FHWA (2013) requirements.  

4.5 Test Setup, Instrumentation and Procedures 

The testing program consisted of compression quick load tests for six single micropiles and 

four micropile groups. A reaction frame system was employed to perform the loading tests, 
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which comprised a main steel reaction beam and two secondary steel reaction beams. The 

main beam reacted against the two secondary beams, which were connected to four 

reaction helical piles.  The helical piles consisted of a steel pipe (114.3 mm outer diameter 

and 97 mm inner diameter) welded to three 300 mm helical plates.  The reaction piles were 

placed away from the test micropiles at a distance of more than 15 times the larger 

micropile diameter. A pile cap was used to transfer the load to the micropiles consisted of 

three I – beams configured in ‘H’ pattern as shown in Figure 4.4. The top I-beam was 

centered and seated on the two bottom I-beams.  

 

 

(a) 

Reaction Piles

Main Beam

Secondary Beam

Hydraulic Jack

Data Logger

Hydraulic Pump

Load Cell



98 

 

 

 

 

(b) 

Figure 4-4 a) Compression test setup; b) head instruments of micropile groups. 

4.5.1 Loading Equipment and Micropile Instrumentation 

A hydraulic jack with 2900 kN advance capacity and a maximum stroke of 150 mm 

powered by a hydraulic pump was employed to apply the loading to the micropile groups. 

The applied load was monitored using a load cell with a 4500 kN capacity. Six HLP 190 

linear potentiometers (100 mm stroke and 0.01 mm accuracy) were used to record the 

vertical micropile head movement and the average value was taken. The potentiometers 

were attached to the loading steel plates and clamped to two independent reference steel 

beams. Figure 4.4b shows the pile head instruments for micropile groups under 

compression loading.    
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To investigate the load transfer mechanism along the micropiles, two of the single 

micropiles (MP2 and MP3) were instrumented with strain gauges and each of MPG1, 

MPG3 and MPG4 had one instrumented micropile and MPG2 had two instrumented 

micropiles.  Each instrumented micropile had three vibrating wire strain gauges (VWSGs) 

type EM-2 placed at 0.80, 3.1 and 5.60 m from the ground surface. The VWSGs were 

attached to a steel cage, which was installed inside the hollow bar immediately after 

grouting as recommended by Abd Elaziz and El Naggar (2012). Prior to and after the 

installation of the micropiles, the gauges were connected to the vibrating wire readout 

Model Gk-404 to ensure that they were working properly.  To account for the environment 

effects on the vibrated wire strain gauges reading, no-stress gauges (dummy gauge) were 

hooked to the data acquisition system in order to measure the change in the strain in the 

same environment conditions without any load effect.  The vertical settlements of the four 

reaction helical piles were observed during the tests using HLP 190 linear potentiometers. 

4.5.2 Load Test Procedure 

The quick load test procedure was employed in accordance with ASTM (2013) D1143-

D1143M-07 (reapproved 2013), the standard for compression tests. The load was applied 

in increments; each increment was 5% of the anticipated failure load (estimated using the 

shaft shear resistance recommended by FHWA (2005) for Type B micropiles installed in 

sand) and was maintained for 5 minutes before applying the next increment. The load was 

increased until the pre-specified load or failure was reached, or when one of the reaction 

piles displayed a large and continuous settlement with a small increase in the applied load. 

Once one of these conditions were reached, unloading took place in five approximately 

equal increments. Only one micropile, MP1, was loaded to design load, not to failure. In 
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addition, loading for MPG2 could not reach the anticipated failure load due to the limitation 

of the reaction piles. 

4.6 Test Results and Analysis 

4.6.1 Load – settlement curves 

For comparison, the load test results for the single micropiles are provided along with those 

for the micropile groups. Figure 4.5 displays the load - settlement curves for all single 

micropiles. As can be noted from Fig. 5, the response curves of all tested micropiles 

exhibited the same pattern:  an initial linear segment followed by a nonlinear segment, and 

a final linear segment leading to failure (except for MP1, which was only loaded to its 

design capacity). The slope of the initial part represented the micropile stiffness under 

compressive loading. The average stiffness of micropiles with Db/Dh= 2.25 was 70 MN/m, 

while the average stiffness of micropiles with Db/Dh= 3.0 was 97 MN/m. This demonstrates 

that increasing the drill bit diameter improved the stiffness of the micropile by 39%.  

In the absence of plunging failure during load tests, the ultimate capacity can be evaluated 

by using a suitably chosen interpreted failure load criterion. Abdelaziz and El Naggar 

(2014) and Drbe and El Naggar (2014) demonstrated that the ultimate capacity of 

individual HBMP established from load test results using the Butler and Hoy (1977) 

criterion was in excellent agreement with the observed failure load. In this criterion, the 

interpreted failure load is defined by the intersection of the initial linear part of the load - 

settlement curve and the tangent to the nonlinear part of the response curve with slope 

equal to 0.14 mm/kN. Table 4.2 provides the ultimate capacity for the tested single 

micropiles. As can be noted from Table 4.2, the average ultimate capacity of micropiles  
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with Db/Dh= 2.25 was 541 kN, while the average ultimate capacity for micropiles with 

Db/Dh= 3.0 was 630 kN (i.e. 17% increase). 

In order to delineate the effect of drill bit diameter on the behaviour of micropile groups, 

the results of micropile groups installed at the same micropile spacing but constructed with 

different drill bit size are compared in Figure 4.6. Figure 4.6a compares the load- settlement 

curves for micropile groups with S = 3 Db but constructed with a different drill bit size (i.e. 

MPG1, Db = 152 mm; and MPG3, Db= 115 mm); while Figure 4.6b compares the results 

for micropile groups with S = 5Db but constructed with a different drill bit size (i.e. MPG2, 

Db = 152 mm; and MPG3, Db = 115).  

Table 4-2 Interpreted failure load for single micropiles 

Method  Interpreted Failure Load (kN) 

MP2 MP5 MP6 MP3 MP4 

Plunging  620 630 640 540 542 

Fuller and Hoy’s 615 630 642 533 545 

Butler and Hoy’s 600 615 621 520 520 
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a. MP1 b. MP2 

  

c. MP3 d. MP4 

 

 

e. MP5 f. MP6 

 

 

Figure 4-5 Compression load – settlement curves for single micropiles 
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As can be noted from Figure 4.6, all load- settlement curves displayed an initial linear part, 

which almost extended to the end of loading. The slope of the linear part represents the 

group stiffness. Table 4.3 compares the group stiffness for the four tested micropile groups. 

As can be noted from Table 4.3, the groups comprising micropiles constructed with Db = 

152 displayed higher stiffness. For example, MPG1 had a stiffness of 275 MN/m while 

MPG3 had a stiffness of 195 MN/m, i.e. an increase of 41%.  Similarly, MPG2 had a 

stiffness of 335 MN/m while MPG4 had a stiffness of 210 MN/m, i.e., an increase of 59%.  

These results show that the average group stiffness increased by about 50% due to the 

increase in drill bit diameter (i.e. micropile diameter).  

As the applied load increased, the load- settlement curves for all groups displayed a slightly 

nonlinear part. However, for MPG1, the loading connection (i.e. extended hollow bar 

connecting the micropile head to the top of the secondary loading beam) shown in Figure 

4.7 failed at an applied load of 1880 kN. 

To avoid this premature structural failure of the loading bar when testing other groups, a 

hex nut and a coupler were added to stiffen the extended hollow bar. Furthermore, during 

the testing of MPG2, one of the reaction piles experienced sudden movement at an applied 

load of 1975 kN, at which point unloading started for safety reasons.  
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(a) (b) 

Figure 4-6 Effect of increasing Db/Dh on group behaviour for groups with: a) s/Db = 

3; b) s/Db = 5 

 

Table 4-3 Micropile groups stiffness  

Pile Group Number Stiffness (MN/m) 

MPG1 275 

MPG2 335 

MPG3 195 

MPG4 210 

To discern the effect of micropile spacing on group behaviour, Figure 4.8a compares load- 

settlement curves of micropile groups constructed with Db = 152 mm but with a different 

micropile spacing (i.e. MPG1 (s = 3Db) and MPG2 (s = 5Db)) and Figure 4.8b compares 
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response curves of groups constructed with Db = 115 mm (i.e. MPG3 (s = 3Db) and MPG4 

(s = 5Db)). The initial responses of MPG1 and MPG2 were approximately identical up to 

an applied load of 800 kN. As the loading continued, MPG1 exhibited a slightly softer 

response, which indicates slightly higher group effect for MPG1. Similarly, the initial 

response of MPG3 and MPG4 with s = 3Db and 5Db, respectively, were almost identical 

up to 1050 kN. As the load continued to increase above this level, MPG3 exhibited a softer 

load - settlement response as shown in Figure 4.8b. It is interesting to note from Figure 4.8 

that the initial response of groups with same diameter micropiles but spacing of 3D and 5D 

were identical up to 800 and 1050 kN with vertical settlements of 2.5 and 5.1 mm, 

respectively. For micropile groups installed with a micropile spacing of 3D, the micropile-

soil-micropile interaction started to influence the group behaviour at a smaller load and 

settlement than in groups with a micropile spacing of 5D.  

 

Figure 4-7 Structural failure of loading bar for MPG1 
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a) b)  

Figure 4-8 Effect of spacing to diameter ratio on group behaviour for groups with: 

a) Db/Dh = 2.25; and b) Db/Dh=3.0 

There are no published criteria or recommendations for the interpretation of load tests of 

micropile groups to evaluate their axial capacity. Even though Fuller and Hoy (1970) and 

Butler and Hoy (1977) graphical methods were proposed to obtain the interpreted failure 

load of single piles, they are potentially suitable for the interpretation of micropile group 

tests because they are not a function of the pile diameter or a specified settlement. Rather, 

they are based on the shape of the load-settlement curve. Fuller and Hoy (1970) defined 

the ultimate load as the minimum load, which results in a rate of total settlement of 0.14 

mm/kN, while Butler and Hoy (1977) gave the capacity by the intersection of the initial 

linear part of the load- settlement curve and a line tangent to the nonlinear part of the 

response curve with a slope equal to 0.14 mm/kN. The ultimate capacity values determined 

using the two criteria are compared in Table 4.4 with the failure (plunging) load.  
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Table 4-4 Interpreted failure load methods for micropile groups 

Method Interpreted Failure Load (kN)/ Associated settlement 

MPG1 MPG2 MPG3 MPG4 

Plunging  NA* NA* 2125/18.13 2150/11.4 

Fuller and Hoy’s NA* NA* 2100/18 2140/11 

Butler and Hoy’s NA* NA* 2070/10 2130/10 

 

Table 4.5 summarizes the test results for the four groups, including the group efficiency 

when applicable. The group efficiency of MPG3 and MPG4 at the ultimate load was close 

to unity. The capacity of micropile groups will be further evaluated from the interpretation 

of numerical modeling of the group load tests as will be discussed later.   

Table 4-5 Summary of group efficiency 

Micropile 

groups 

Drill bit/Hollow 

bar diameters 

Center-to-

center distance  

Failure load 

(kN) 

Group 

efficiency 

MPG1 3 3 2640* 1.04 

MPG2 3 5 2682* 1.06 

MPG3 2.25 3 2100 0.97 

MPG4 2.25 5 2150 0.99 

*Values obtained from FE analysis. 
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4.6.2 Unit skin friction and toe resistance of individual micropiles 

The axial force distribution can be obtained using the strain gauge measurements at 

different levels by utilizing the measured area and equivalent modulus of elasticity. The 

axial force distribution at different levels along the micropile was calculated using 

measured strains, i.e.:  

𝑃 =  𝜀 𝐴𝑝𝐸𝑝                                                                                                                                             (4.5) 

Where P = axial force, 𝜀 = axial strain, 𝐴𝑝 = cross sectional area of micropile and 𝐸𝑝 = 

composite modulus of elasticity of micropile materials.  

The equivalent axial compression stiffness of the micropiles can be obtained using the 

following formula,  

𝐸𝑝𝐴𝑝 = 𝐸𝑔𝐴𝑔 + 𝐸𝑠𝐴𝑠                                                                                                                           (4.6) 

Where Ep = modulus of elasticity of the micropile, Ap = cross-sectional area of the 

micropile, Eg = modulus of elasticity of the grout, Es = modulus of elasticity of the steel 

bar, Ag = cross-sectional area of the grout and As = cross-sectional area of the steel bar.  

All micropile groups were excavated to at least a 2 m depth and the actual diameters were 

measured.  It was observed that the micropile profiles for the excavated depth are similar 

to the profile of single micropiles.  It was found that the average diameter of micropiles 

with drill bit 115 and 152 mm were 132 and 172 mm, respectively, i.e. the diameter 

increased by 14.8% and 13.1 % over the diameter of the drill bit. The actual diameters were 

used throughout the analysis to interpret the field test results. 
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The ultimate skin resistance along the shaft between the levels of strain gauges can be 

calculated as the axial forces obtained from strain gauges readings divided by the surface 

area between the gauges. Figure 4.9 shows the distribution of skin friction along the 

instrumented micropiles MPG2-1, MPG2-2, MPG3-1 and MPG4-1 along with the single 

micropiles MP2 and MP3.  The lower strain gauge for instrumented micropile MPG1 did 

not give reasonable results and was ignored.   

The average values of skin friction for the upper and lower layers was computed and are 

compared to the suggested value by FHWA (2005) for ultimate skin friction. The computed 

results are summarized in Table 4.6. Table 4 demonstrates the skin friction values for the 

upper part is higher than the skin friction values for the lower part. This may be attributed 

to two factors: 1) the top layer is gravelly sand, which allows more grout permeation than 

the lower layer, which is silty sand, and consequently ground improvement and grout-

ground strength are higher; 2) skin friction was mobilized fully for the top layer, but not 

developed fully for the bottom layer. The average ultimate skin friction for MPG3 and 

MPG4 are 202 kPa and 197 kPa, respectively, which were close to the ultimate skin friction 

of single micropile with the same diameter, MP3, 209 kPa, indicating that the group 

efficiency for MPG3 and MPG4 is close to unity. Moreover, these ultimate skin friction 

values are within the range of values suggested by FHWA (2005) for Type B micropiles 

installed in medium dense sand. 
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Table 4-6 Ultimate skin friction of instrumented micropiles in the groups 

Elevation  MP2 MPG1  MPG2 MP3 MPG3 MPG4 

Upper part  281 -- -- 295 278.4 245.0 

Lower part 122 -- -- 123 124.9 148.9 

Average  202 -- -- 209 201.6 196.9 

FHWA 186 179.9* 182.1* 200 197.7 199.9 
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Figure 4-9 Distribution of unit shaft resistance for micropile groups 
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The toe resistance of instrumented micropiles was evaluated using the reading of the lower 

stain gauge placed near the micropile toe. The toe resistance is plotted against the total 

applied load in Figure 4.10.  The average toe resistance accounted for about 12% of the 

total resistance of the tested micropiles. Accordingly, ignoring the toe resistance 

contribution to the total micropile resistance as suggested by FHWA seems to be 

conservative. Han and Ye (2006) and Drbi and El Naggar (2014) reported similar results.  

To evaluate the group effect, the readings of strain gauges attached to single micropiles 

and micropile groups were used to calculate the distribution of the load along the 

micropiles and the results are compared in Figure 4.11. Additionally, the transferred loads 

at different depths for micropile groups are compared to the transferred loads of single 

micropiles with the same diameters in Table 4.7. For micropiles with Db/Dh = 2.25, the 

results indicated that the group efficiency ratio is almost 1.  

 

Figure 4-10 Total applied load versus toe resistance of instrumented micropiles 
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In addition, for micropile groups with Db/Dh = 3 (MPG1 and MPG2) in which the load was 

terminated prior to any noticeable sign of failure, the transferred loads for an applied load 

up to 425 kN were close to the transferred load of single micropiles, indicating that the 

group efficiency ratio is close to unity as well.     

Even though every precaution was taken to ensure the loading system used in the current 

study would facilitate loading the micropile groups to failure, it was realized during the 

testing program that it was not possible. For example, the loading hollow bar failed during 

loading MPG1 and one of the reaction piles failed during testing MPG2. However, there is 

a need to establish the ultimate load from incomplete load tests. Several techniques were 

proposed for the interpretation of incomplete pile load tests (e.g. Chin, 1970) and are 

widely used in practice for that purpose. Although it has been widely used, the Chin’s 

method gave inconsistent results for the interpreted failure load of MPG1 and MPG2, 

which was about 2500 kN and 5000 kN, respectively. Furthermore, Chin’s method 

interpreted the failure load as 5000 kN for both MPG3 and MPG4. However, signs of 

failure were noticed during the loading tests at around 2100 kN at different levels of 

settlement.  Therefore, numerical modeling was used to evaluate the pile group response 

of the incomplete load tests. 
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(a) (b) 

Figure 4-11 Load distribution along the micropile depth; single and groups: a) 

Db/Dh = 2.25; and b) Db/Dh=3.0 

 Table 4-7 Comparison between transferred load at different depths 

Elevation 

(m) 

MP2 (Applied 

Load, kN) 

MPG2-1/ MP2-2 

(Applied Load, kN) 

MP3 (Applied 

Load, kN) 

MPG3 (Applied 

Load, kN) 

MPG4 (Applied 

Load, kN 

285 425 605 285 425 605 245 417 530 245 417 530 245 417 530 

-0.8 185 380 550 235/260 380/340 -- 210 365 480 186 355 450 190 360 440 

-3.1 121 150 215 120/115 180/183 -- 85 147 192 95 166 200 90 176 220 

-5.55 28 40 60 32/30 51/50 -- 38 56 62 25 49 70 22 45 65 
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4.7 Numerical Modelling 

Numerical modeling can be used as a tool to extend the load test data to the anticipated 

failure load. This could be accomplished by developing a numerical model for the load test 

experiment, calibrated and verified with the available soil and pile load test data. This 

calibrated numerical model can then be used to conduct the test numerically until failure is 

attained. 

4.7.1 3D Mesh Geometry 

The soil and pile, including all its components, were simulated in three-dimensional (3D) 

space. The geometry of the soil-pile model simulated the full-scale micropile test setups as 

close as possible. The 3D finite-element model was developed using PLAXIS 3D software 

and the model was calibrated using the field test results. The 3D mesh dimensions are 

selected to ensure that the boundaries are placed far enough from the test specimens so as 

not to affect the results. This was ascertained through a mesh sensitivity study. The 

locations of the boundaries were optimized by moving the boundaries until there is no 

noticeable change in the stresses at the boundaries.  Based on the sensitivity analysis, the 

vertical boundaries were placed at distance 8S measured from the center of the micropiles 

while the bottom boundaries were extended to a distance of two times the micropile length. 

The finite element model geometry and the devolved mesh are shown in Figure 12. The 

top boundary of the model was considered as a stress-free boundary while the translation 

of the bottom boundary was restrained in three directions X, Y and Z. The vertical 

boundaries of the soil block were set to move freely in the Z direction and constrained in 

the horizontal directions, X and Y.  
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The mesh was refined around the micropile circumference and the micropile base where 

non-linear behaviour was anticipated to reach the optimum solution and capture the system 

performance. As a result of the mesh refinements, the total number of model elements 

ranged from 141237 to 168385 and the average element size ranged from 0.153 to 0.173 

m. 

 

 

Figure 4-12 Finite element model geometry 

 

4.7.2 Material Models 

4.7.2.1 Pile Material Model 

The micropiles were modeled using non-porous linear elastic volume elements. The linear 

elastic model, suitable for modeling stiff volumes in soil such as concrete elements 

(Brinkgreve et al., 2015), was used to simulate the structural micropile behaviour. It is 
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based on Hook’s law of isotropic elasticity, which is defined in terms of the piles Young’s 

modulus and Poisson’s ratio. The Young’s modulus was obtained from the applied load 

and strain readings of the strain gauges close to the ground surface (about -0.80 m). The 

micropiles cap was modeled using a linear elastic model and placed 20 cm above the 

ground so that there is no contact between the cap and beneath soil.  

4.7.2.2 Soil Material Model 

The soil was modeled using 10-node tetrahedral elements utilizing the Hardening Soil 

model (HS). The tetrahedral elements have three degrees of freedom per node, ux, uy and 

uz, and provide a second-order interpolation of settlements. The soil behaviour is simulated 

using an elasto-plastic hardening soil model, which is incorporated in PLAXIS (Schanz 

and Vermeer, 1998). This model requires the following soil parameters: unit weight, (), 

cohesion (c), friction angle, (), dilation angle, (ψ), Poisson’s ratio (ν), triaxial loading 

stiffness, 𝐸50
𝑟𝑒𝑓

, the triaxial unloading stiffness, 𝐸𝑢𝑟
𝑟𝑒𝑓

and the oedometer loading stiffness, 

𝐸𝑜𝑒𝑑
𝑟𝑒𝑓

.   

The triaxial loading stiffness, 𝐸50
𝑟𝑒𝑓

was obtained by performing a drained triaxial test on 

sand samples under 100 kPa confining pressure, which is referred to as the reference stress 

for stiffness, P𝑟𝑒𝑓.  The triaxial unloading stiffness, 𝐸𝑢𝑟
𝑟𝑒𝑓

and the oedometer loading 

stiffness, 𝐸𝑜𝑒𝑑
𝑟𝑒𝑓

 were calculated from (Brinkgreve et al., 2015):   

 

                                              𝐸𝑜𝑒𝑑
𝑟𝑒𝑓

=
2 

3
 𝐸50
𝑟𝑒𝑓

                                                                    (4.7) 
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                                             𝐸𝑢𝑟
𝑟𝑒𝑓

= 3𝐸50
𝑟𝑒𝑓

                                                                         (4.8) 

 

4.7.2.3 Soil - Micropile Interface Model 

The soil-micropile interface was modeled using 12-noded interface elements (6 pairs of 

nodes); 6 nodes are connected to the 6 nodes of the soil element and 6 nodes are connected 

to the micropile element. They are numerically integrated using 6-point Gauss integration; 

the distance between a node pair is zero. Each node has three translational degree of 

freedom (ux, uy and uz).   The interface parameters are simulated using the shear strength 

properties of the surrounding soil and a strength reduction interface parameter, Rint, which 

is defined as a percentage of the shear strength of the soil. Table 4.8 summarizes the 

geotechnical parameters assigned to the hardening soil model for both soil and the soil-pile 

interface along with the linear elastic model parameters for micropiles.  

4.7.3 Model Calibration and Verification 

The soil properties utilized in the initial calibration were obtained from the site 

investigation, which included field boreholes, SPT, CPTu, and laboratory tests. The 

micropile material properties were back calculated from the strain gauges results. The 

initial properties of the soil obtained from the site investigation were employed initially as 

representative values in the numerical modelling. These initial values were adjusted 

slightly to calibrate the model by comparing the load-settlement curves obtained from the 

field load tests with the model predication. The effective friction angle was selected as 

equal to 42o and the dilation angle obtained from the direct shear test was used 10o.   
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Table 4-8 Geotechnical parameters used in FEM 

Parameter Unit Soil 
Soil -Pile 

Interface 
Micropile 

Constitutive model -- Hardening Soil Hardening Soil Linear Elastic 

Effective friction angle,   o 42 42 -- 

Effective cohesion, c kN/m2 1 1 -- 

Dilatancy angle, ψ o 10 10 -- 

Modulus of elasticity kN/m2 -- -- 42e7 

Triaxial loading stiffness, 

𝑬𝟓𝟎
𝒓𝒆𝒇

 
kN/m2 65e3 65e3  

Triaxial unloading 

stiffness, 𝑬𝒖𝒓
𝒓𝒆𝒇

 

kN/m2 43e3 43e3 -- 

Oedometer loading 

stiffness, 𝑬𝒐𝒆𝒅
𝒓𝒆𝒇

. 
kN/m2 195e3 195e3 -- 

Poisson’s ratio (𝝂) -- 0.3 0.3 0.2 

Unit Weight (𝜸𝒅) kN/m3 19.5 19.5 24 

Interface reduction 

factor, Rint 
-- -- 0.90 -- 
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An equivalent elastic modulus, EP = 42x107 kN/m2 was used in the calibration process as 

a representative value for the non-porous linear elastic volume element. This value was 

obtained from the readings of the top strain gauges (close to the ground surface). The values 

of lateral earth pressure coefficient, Ks, were back figured from the frictional resistance of 

the micropile shafts. The back calculated values from the field load test results varied from 

3.5 to 3.7.  

The numerical modeling involved three main stages. Initially, geostatic stresses were 

applied to replicate the in-situ stresses. In the second stage, the volume of the pile was 

installed, and its properties were defined. In the third stage, the load was applied until 

failure occurred. In the numerical modeling calibration process, the coefficient of lateral 

earth pressure was varied to match the load – settlement curves. The coefficient of lateral 

earth pressure was found to be between 3.4 to 3.71, which gives a best match of the load- 

settlement curve to the field load test results. The developed model was initially calibrated 

using the load-settlement curves for single micropiles: MP2, MP5 and MP6 with diameter, 

D = 172 m. To verify the developed model, the calibrated model with the same parameters 

and boundary conditions was employed to analyze the load- settlement response for 

micropiles MP3 and MP4 with D = 132 mm. The results obtained from the analysis are 

compared with the experimental observations in Figure 4.13.   
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a) b) 

Figure 4-13 (a) FE model calibration for micropiles with Db/Dh=3; and (b) model 

verification for micropiles with Db/Dh=2.25 

As can be noted from Figure 4.13, the calculated response agrees well with the field test 

results, which verifies the ability of the numerical model to predict the response of 

micropiles during axial load testing. 

The same geotechnical parameters used in the analyses of the single micropile load tests 

were assigned to the micropile groups to calculate the load- settlement curves of the two 

groups, MPG3 and MPG4. The results are compared with those obtained from the field 

load tests in Figure 4.14. The calculated and measured responses agree well, which further 

verifies the ability of the numerical model to predict the response of micropile groups to 

axial loading. However, the numerical model predicts a slightly stiffer response during the 

initial part of loading.   As can be noted from Figure 4.14, the calculated response extended 

the applied load until plunging failure was predicted to facilitate the evaluation of the group 

ultimate capacity.  
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(a) (b) 

Figure 4-14 Comparison between Load-settlement curves for MPG1 and MPG2 

field and FE model 

The same numerical model was then employed to analyze the response of micropile groups 

MPG1 and MPG2. Similar to the numerical modeling of groups MPG3 and MPG4, the 

loading was extended until plunging failure was predicted. The load- settlement curves 

obtained from the field loading tests for the MPG1 and MPG2 are plotted in Figure 4.15 

along with the load - settlement curves obtained from the developed finite element model. 

In general, the predicted response is in good agreement with the measured response.  

The calculated load - settlement curves of micropile groups can be utilized to establish their 

ultimate axial load capacity. The results of the FE model confirm that the group efficiency 

for the groups installed with s = 3Db or 5Db is between 0.97 and 1.06.  
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(a) (b) 

Figure 4-15 Comparison between Load-settlement curves for MPG1 and MPG2 

field and FE model 

4.8 Settlement Ratio 

The design of pile groups installed in sand is generally controlled by the serviceability limit 

state (i.e. settlement) rather than the ultimate capacity.  The group settlement ratio, Rs, 

(Poulos and Davis, 1980) is used to quantify the settlement of pile groups compared to 

single piles at the same average applied load. The settlement ratio at different levels of 

micropile group settlements are plotted in Figure 4.16.  The group settlement ratio varied 

at a small group settlement and then increased with the increase in micropile group 

settlement. MPG1 and MPG3 with s = 3Db displayed a higher group settlement ratio with 

increasing the applied load which indicates more interaction between the micropiles in 

groups with s = 3Db. For micropile groups with s = 5Db (MPG2 and MPG4), the group 
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settlement ratio varied at small settlements and then decreased slightly with an increase in 

the total group settlement.  

 

For further investigation of the settlement ratio of micropile groups in dense soils, the group 

settlement ratio along with the mean and COV (Coefficient of variation) values of Rs versus 

the applied load per single micropile are plotted in Figure 4.17.  

According to Mandolini and Viggiani (1997), the group interaction factor should be applied 

to the elastic settlement as the plastic portion of total settlement is not transmitted to the 

adjacent piles.  At large applied loads, the response of a pile is dominated by nonlinear 

behaviour, which led to a lesser effect on the group interaction. 
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Figure 4-17 Mean and COV of Rs of micropile groups with applied loads 

The group settlement ratio was considered up to the working load of about 300 kN per 

micropile, i.e., the linear portion of the load-settlement curves. The settlement ratio of 

MPG3 and MPG4 with drill bit/hollow bar diameters of 2.25 is 1.07 with a COV of 0.06 

at small loads. Increasing the load to the working load resulted in a COV of 0.04 and 

settlement ratios of 1.25 and 1.33 for MPG3 and MPG4, respectively. At small loads for 

MPG1 and MPG2 with drill bit/hollow bar diameters equal to 3, Rs is almost 1 with a COV 

of 0.008. However, by increasing the applied load to the working load, the mean value of 

the settlement ratio became 1.39 with only a COV of 0.1.  As it can be seen from Figure 

4.17, the COV values of settlement ratio tend to decrease with increasing the applied load 

up to 200 kN, with only a small amount of variation within the considered range of loading. 

Table 4.9 compares the values of group settlement ratio obtained from this study with the 

empirical equations proposed by Vesic (1969) and Fleming et al. (1992).   
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The calculated values of settlement ratio showed in Table 4.9 are obtained for small loads 

(50 kN) and up to the working load (250 kN).  By comparing the measured values of 

settlement ratio to the empirical correlations in Table 4.9, the proposed formulas did not 

give a good estimation for the settlement ratio. The value of settlement ratio depends on 

the number of piles in the group as well as the micropile diameter and the width of the 

group. This is indicated by the varying results of micropiles with varying diameters from 

115 mm to 152 mm. The density of the sandy soil is another factor that can affect the group 

interaction.   O’Neill (1983) recognized the influence of group geometry and soil type on 

the group settlement ratio based on full-scale tests results.  

Table 4-9 Comparison between empirical formulas for Rs with the measured values 

Method  
Vesic 

(1969) 
Fleming et al. (1992) Measured Values 

Formula *𝑅𝑠 = √
𝐵

𝑑
 𝑅𝑠 = 𝑁

𝑒  Test date 

 3D 5D Upper limit Lower limit  Db/Dh = 2.25 Db/Dh = 3 

Calculated 

values 
2 2.45 1.74 2.30 1.25 - 1.33 1.29 – 1.48 

*B is the outer distance of the micropile groups 

 

4.9 Conclusions 

Full-scale loading tests were conducted on four groups of micropiles and six single 

micropiles to investigate the performance of micropile groups with the different drill bit/ 
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hollow bar diameter ratios of 2.25 and 3, and two different common spacings between the 

micropiles in groups, s = 3Db and 5Db. At least one micropile in each group was 

instrumented with three vibrating wire strain gauges to evaluate the force distribution along 

the micropile length. R51N Hollow bars with an OD of 51 mm and ID of 33 mm were 

installed with two different drill bit diameters, Db = 115mm and 152 mm. The total length 

of each micropile was 6.0 m with a 5.75 m embedded length. In addition to field load 

testing, a finite element analysis was conducted to complement the experimental results 

and further evaluate the micropile group axial capacity when the ultimate load was not 

reached. The following conclusions can be drawn from the obtained results:  

- The micropile groups constructed with a drill bit/hollow bar diameter ratio, Db /Dh 

= 3 displayed a 50% stiffer response than the groups constructed with Db /Dh = 

2.25. In addition, groups constructed with Db /Dh = 3 displayed a 25% increase in 

capacity compared to groups constructed with Db /Dh = 2.25. This demonstrates the 

benefit of using Db /Dh = 3 when larger a capacity or stiffer response is required.  

- The group efficiency at both working load and interpreted failure load are close to 

unity; between 0.97 and 1.06 for dense sand soils for both a 3Db and 5Db center-to-

center distance. This was confirmed by the results obtained from the finite element 

model.  

- The mean value of group settlement ratio at working load for groups with Db /Dh = 

2.25 was 1.29 while for groups with Db /Dh = 3, the mean value of group settlement 

ratio was 1.39. The C.O.V of group settlement ratio for both cases was less than 

0.10 at the working load.  
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- The ultimate skin friction values of grouted micropiles obtained from this study 

were slightly higher than the values suggested by FHWA (2005) for medium to 

very dense sand. 

- The average toe resistance accounted for about 12% of the total resistance of 

micropiles. Ignoring the toe resistance contribution to the total micropile resistance 

may be conservative.  

- For hollow bar micropile groups constructed with spacing, s ≥ 3Db, the group 

efficiency ratio can be taken as 1.0.   
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CHAPTER 5 

5 Lateral Performance of Single and Groups of 

Hollow Bar Micropiles in Cohesionless Soil. 

 

5.1 Introduction 

Micropiles can carry a considerable amount of axial load but only moderate lateral load 

due to their small diameter. The installation procedure of conventional micropiles involves 

two main steps: drilling and grouting. The construction technique of hollow bar micropile 

(HBMP) combines both steps, drilling and grouting, in one-step process, which facilitates 

fast installation, increased productivity and less soil disturbance. In addition, the high 

grouting pressure used in HBMP construction results in efficient load transfer mechanism. 

This has been well documented for HBMP installed in sand, however, its effect on the load 

transfer and micropiles response to lateral load need to be investigated.  

Reese at al. (1975) performed lateral load tests on three pipe piles; two with 610 mm 

diameter and one with 152 mm diameter driven into stiff clay. Piles were subjected to 

monotonic and cyclic loads. The results were used to obtain p-y curves and compared with 

computed p-y curves. The results showed a good agreement between the measured and 

calculated p-y curves.  Brown et al. (1987) conducted full scale cyclic lateral load tests on 

single and pile group. The pile groups were arranged in 3 by 3 with a spacing between the 

piles equal to three times the pile diameter. The results showed that under the load equal to 

the average load per pile, the pile groups experienced a greater deflection than single pile. 

Brown et al. (1988) conducted a full scale two-way cyclic lateral load on single and pile 
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groups of steel pipe piles installed in dense sand compacted around the piles. It was 

concluded that the deflection in the pile group were greater than single pile under equal 

average load that was attributed mainly to the shadowing effect. Rollins et al. (2005a and 

b) conducted full-scale lateral load tests on single pile and pile group. The piles were driven 

into a loose to medium dense sand underlain by clay. The results showed a clear group 

interaction effects as the single piles showed a stiffer lateral resistance compared to the pile 

in the group. Also, it was shown that the lateral resistance in the pile group is a function of 

the pile location in the group. 

Long et al. (2005) reported the results of lateral load tests on micropiles installed in 

medium-strength clay overlying sand. The micropiles were installed to 15.2 m depth and 

were reinforced with a high-strength threaded bar. The upper 9 m was stiffened by steel 

casing with 224 mm outer diameter and 13.8 mm wall thickness. The measured horizontal 

displacements were compared to the predicated values employing LPILE software. They 

concluded that the measured and predicated load-displacement curves agreed well. 

Anderson and Babalola (2014) conducted five lateral load tests to evaluate the impact of 

joints and casing embedment on micropiles behaviour in shallow rock. They concluded 

that micropiles embedded 0.6 m, 1.5 m and 3.0 m into rock were able to carry more than 

180 kN lateral load. Kershaw and Luna (2014) performed load tests on six micropiles to 

investigate the effect of combined (i.e. axial and lateral) loading. The test micropiles were 

subjected to axial, lateral and combined loads. They concluded that the axial load has an 

insignificant effect on lateral performance of micropiles installed in stiff clay. Bruce and 

Janes (2014) reported the use of Case 2 micropile networks to support a steep temporary 

cut required for a tunnel construction. They claimed that using Case 2 micropile networks 
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saved a significant volume of excavation. On the other hand, Wolosick and Scott (2017) 

emphasized the need for reconsidering battered micropiles in USA after the Technical 

Council of Lifeline Earthquake Engineering recommendation in 1998 that discouraging the 

use of Batter piles at ports due to their poor performance during the past earthquakes.   

Richards and Rothbauer (2004) compared the results of lateral load tests performed on 

micropiles installed as part of eight different projects to the methods recommended by 

NAVFAC and Characteristic Load Method (CLM). The test results were also compared to 

the response predicted by LPILE program. They concluded that the LPILE results were in 

reasonable agreement with the measured responses while CLM and NAVFAC methods 

significantly underestimated the response. They also reported that the soil properties along 

the top 2 to 5 m (10 to 15 micropile diameter) controlled the micropiles response.   

Despite the rapid growth of HBMP construction fueled by advancement in hollow bar 

technology and bar size leading increased design axial capacity, a few studies were 

dedicated to evaluating their lateral performance. Abd Elaziz and El Naggar (2015) studied 

the performance of HBMP under monotonic and cyclic lateral loads installed in stiff silty 

clay. The load test results were employed to calibrate a numerical model that was used to 

perform a parametric study. They concluded that the properties of soil along a depth of 10 

times the HBMP diameter govern the load-displacement curve. They demonstrated the 

ability of HBMP to carry moderate lateral loads with appropriate reinforcement 

configuration and pile head fixity.  

There is a high level of uncertainty in obtaining the lateral capacity of hollow bar 

micropiles compared to conventional piles due to several factors associated with the 
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construction method of hollow bar micropile such as the grouting pressure, type of soils 

and the drill bit/ hollow bar diameter ratio as they should be considered in the design of 

hollow bar micropiles under lateral loads.  Given the scarcity of test data on lateral 

performance of hollow bar micropiles, there is a demonstrated need to evaluate the 

performance of laterally loaded single and groups of HBMPs installed in different ground 

conditions. In the current study, six full-scale HBMPs were installed in cohesionless soil 

and subjected to monotonic lateral load tests followed by applying cyclic lateral loads on 

four of the six micropiles. Additionally, five HBMPs were subjected to monotonic lateral 

loads to investigate the performance of micropiles after applying the cycling loads.  Finally, 

a group of four HBMP was subjected to monotonic lateral loading to evaluate the group 

effect on the lateral response.  

5.2 Geotechnical Site Characterization 

An extensive site investigation was carried out at the test site in Ayr, Ontario, Canada. 

Three boreholes were drilled to various depths using hollow stem auger (130 mm in 

diameter), followed by standard penetration tests (SPT).  Samples were extracted from the 

borings using the split spoon sampling method and transported to the laboratory for further 

testing. BH1 and BH2 that were conducted close to the test area indicated that the first 200 

mm consisted of granular base fill with some gravel and recycled asphalt overlaying layers 

of brown medium dense to dense sand and silty sand up to 11 m depth. Seams of silt and 

silty clay were observed at different levels. The SPT blow count (N value) along the top 6 

m varied between 15 and 35 with an average of 21, and increased substantially beyond 6 

m below the ground surface as shown in Table 5.1. The ground water table elevation varied 

between 9.5 to 10.5 m below the ground surface.  
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Table 5-1 Boreholes logs and N values 

Borehole Depth 

(m) 

Overburden 

stress (kPa)  

Overburden stress 

correct factor (Cn) 

N 

(blows/30cm) 

N1,60 

1 1 19.6 1.5 27 41.4 

 1.8 34.3 1.3 23 30.9 

 2.6 51.0 1.2 23 27.9 

 3.2 62.8 1.1 21 24.0 

 4 78.5 1.1 23 24.6 

 4.8 94.2 1 29 29.2 

 6.4 125.6 0.9 51 46.5 

 8 157.0 0.8 21 17.6 

 9.4 184.4 0.8 36 28.2 

 10.9 213.9 0.7 31 22.8 

 12.5 245.3 0.7 59 40.6 

 14 276.8 0.6 75 50 

 15.4 306.2 0.6 200 50 

2 1 19.6 1.5 16 24.5 

 1.8 34.3 1.3 15 20.2 

 2.6 51.0 1.2 25 30.3 

 3.2 62.8 1.1 15 17.2 

 4.0 78.5 1.0 36 38.5 

 4.8 94.2 0.9 21 21.2 

 6.4 125.6 0.8 35 31.9 

 8.0 157.0 0.8 48 40.2 

 9.4 184.4 0.7 46 36.0 

*   N is blow count to advance standard spit spoon sampler 30 cm with a 63.5 hammer. 

** Increasing values of N over 50, of overburden soils, do not substantially differentiate reliable 

soil strength and are normalized to a value of 50 for N1,60.  
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Four CPT soundings were performed across the site. The results of the CPT1 and CPT2 

soundings conducted within the test area are shown in Figure 5.1 along with the soil 

behaviour type according to the classification chart proposed by Robertson (1990).  The 

average cone resistance corrected to pore water pressure (qt) ranged from 10 to 30 MPa in 

the upper 6.5m and 30 to 45 MPa from 6.5m to 8m followed by a decrease in (qt) with an 

average of 20 MPa. The soil behaviour type indicated that the soil is mainly sand with some 

seams of silt and sandy silt.  The relative density, Dr, of sand was obtained using the 

correlations proposed by Kulhawy and Mayne (1990) based on SPT and CPT data, which 

indicated that the sand is mainly medium dense to dense.   

The peak angle of internal friction,  𝜙, was obtained from direct shear tests conducted on 

samples retrieved at different elevations and reconstituted to the same in-situ Dr. In 

addition, 𝜙 was correlated to measured cone tip resistance, qt1, using relationship proposed 

by Kulhawy and Mayne (1990); the average value of the peak angle of internal friction was 

found to be 42o. BH3 and CPT3 and CPT4 provided similar soil profile and same range of 

soil properties. The sieve analysis has shown that the soil along the piles is primarily fine 

sand as shown in Figure 5.2. 
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(a)  

 

(b) 

Figure 5-1 CPT soundings with SBT: a) CPT1; b) CPT2 

Micropiles Project 13/07/2015 Max Depth: 13.75 m

Sounding: 1 Weather: Sunny Depth Inc: 0.050 m

Location: Ayr, Ontario G.W. Depth: 9.0 m AVG Int : 0.10 m
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5.3 Installation of Micropiles  

Six hollow bar micropiles (MP1 to MP6) were constructed and tested in this study. The 

hollow bars utilized were R51N with 51 mm outer diameter and 33 mm inner diameter. 

Given the site granular soil, Tungsten carbide cross cut drill bits were employed for the 

HBMPs construction. Figure 5.3 presents a plan view of the test site showing the locations 

and distances between micropiles, as well as the locations of the boreholes and CPT 

soundings.  Four HBMPs (MP1, MP2, MP5 and MP6) were installed with a 152 mm drill 

bit diameter resulting in diameter ratio of drill bit/ hollow bar (Db/Dh=3), and two (MP3 

and MP4) were installed with 115 mm drill bit diameter (i.e. Db/Dh=2.25). The size of the 

larger drill bit was selected considering the hollow bar-grout and grout ground interface 

strengths. 
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Figure 5-3 Plan view of micropiles locations along with boreholes and CPT 

soundings locations. 

After attaching the drill bit to the hollow bar into the required position, rotary percussive 

drilling started simultaneously with a grout-flushing technique.  The drilling and grouting 

operations were performed as a single operation, which reduced the time of construction 

and ensured good bonding between the grout and ground. Grout with a specific gravity of 

1.4 - 1.5 was employed as drilling fluid to install the hollow bars in place. As the hollow 

bars used were 3m long, once the first length (3.0 m) was installed, the drilling was stopped 
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to allow for adding the second segment; the two bars were attached using a coupler 200 

mm long. The drilling was continued until the required depth was reached then the final 

competent structure grout was pumped under a pressure of between 0.8 to 1 MPa to 

displace the drilling grout. The final grout had specific gravity between 1.80 and 1.95, 

which is in compliance with (FHWA 2005) recommendation for micropile application. The 

total length of each micropile was 6m with 5.75m embedded length.   

The structural (neat) grout mix was designed with water to cement ratio, w/c = 0.45, in 

order to provide high strength, while being pumpable with minimum bleeding. FHWA 

(2013) required the grout compressive strength to be 21 MPa for 7 days and 35 MPa at 28 

days for post-tensioning tendons for bridges. Grout cylinders were collected during the 

installation process using a cylindrical mold of 100 mm by 200mm and 75 mm by 150mm. 

All specimens were de-moulded after 24 hours then placed in a control room with a relative 

humidity of 100% and constant temperature of 23oC.  The cylinders were tested after 28 

days to determine compressive strength, indirect tensile strength and static modulus of 

elasticity. The compressive strength was determined according to ASTM C39 and the 

tensile strength was obtained in according to ASTM C496. The average compressive 

strength after 28 days was 40 MPa and the average spilt tensile strength was 3.97 MPa.  

 In order to explore the potential improvement in lateral response of HBMP utilizing fibre-

reinforced grouts, MP6 was constructed using structural grout reinforced with micro-steel 

fibers of 1% dosage.  The reinforced grout was added manually to the top 2 m of the 

micropile and the drilling machine was rotated in order to help redistribute the fibers evenly 

within the grout. Details of steel fibres and reinforced grout are given in Abdlrahem and El 

Naggar (2015). 
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5.4 Test Setup, Instrumentation and Loading Procedures 

A special test setup was designed and manufactured to facilitate applying both monotonic 

and cyclic loads to single micropiles as shown in Figure 5.4a.  A reaction frame was used 

to support the loading system, which consisted of steel rod threaded to the load cell from 

one end and attached to the micropile head using hinged connection to apply the lateral 

load with zero moment. The load frame was designed to be rigid in comparison with the 

micropile stiffness. A square steel plate of 250x250x30 mm was welded to a hex nut (ID 

51 mm) and threaded to the hollow bar head to facilitate applying the lateral loads to the 

micropile head. The load was applied through a hollow cylinder hydraulic jack with a 

capacity of 900 kN and recorded via a load cell capacity 900 kN. Four HLP190 (hybrid 

Linear Potentiometers) were attached to the steel plate in square arrangement to measure 

the lateral deflection for single micropiles and six HLP190 were used to measure the group 

deflection, one on each micropile and two were attached to the connection beam.  The load 

cell and the LVDT’s were connected to a data logger to acquire the reading every one 

second.  

  

(a) 

Hydraulic Jack

Load cell

Angel finder Reaction beam

Hinged connection
LVDT’s
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(b) 

Figure 5-4 Load test setup: a) Single micropiles; and b) Micropiles group 

Four foil strain gauges were attached to each micropile to measure the strain at different 

level and then use the measured data to obtain the p-y curves. Unfortunately, due to the 

harsh installation procedure of HBMP on the strain gauges and to the pretesting program 

(Compression and pullout tests) on the micropiles, no foil strain gauge survived.  The four 

micropiles comprising group MPG4 were installed with center-to-center spacing of 5 D 

(where D micropile diameter = 132 mm). The heads of the test micropiles were attached to 

three steel beams that were connected together using steel plates on top and bottom of the 

beams and secured with hex nuts as shown in Fig. 5.4 b. The three steel beams formed a 

pile cap connecting the four micropiles.    

The testing program encompassed three phases of loading for the single micropiles: Phase 

1, six HBMPs (MP1 to MP6) were subjected to monotonic lateral loads; Phase 2, four 

HBMPs (MP2, MP4, MP5 and MP6) were subjected to cyclic lateral load tests; Phase 3, 

Hex Nuts

Hydraulic Jack

Plates

Load cell

Hydraulic Jack

Reaction system

Steel beams
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five HBMPs (MP1, MP2, MP3, MP5 and MP6) were subjected to monotonic lateral 

loading.  All single micropiles were loaded monotonically in equal increments of 3 kN, 

each increment was maintained for 5 minutes. The cyclic loading involved five one-way 

load cycles at each load increment of 3 kN increment. The time for each load cycle was 

about 30 seconds. The effect of applying five cycles on the monotonic lateral performance 

of HBMPs was evaluated by subjecting five micropiles (MP1, MP2, MP3, MP5 and MP6) 

to another round of monotonic lateral loads. In order to investigate the group effect of 

HBMPs, the micropiles group was subjected to monotonic lateral loading only. The same 

monotonic loading scheme utilized for single micropiles was used for the micropiles group 

but with equal increments of 10 kN, and the load was applied through the main beam at 

150 mm above the ground surface. Table 5.2 presents the main stages of lateral load tests 

performed in this study. 

Table 5-2 Testing stages and loading sequences 

Stages 

 Type of test 

MP1 MP2 MP3 MP4 MP5 MP6 

1st stage ML ML ML   ML   ML ML 

2nd stage -- CL -- CL CL CL 

3rd stage ML ML ML -- ML ML 

ML, monotonic lateral test and CL, cyclic lateral test  
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5.5 Test Results and Analysis 

5.5.1 Monotonic Load – Deflection Curves for Single Micropiles 

Figures 5.5a and 5.5b present the load– deflection curves for micropiles with Db/Dh=3 and 

Db/Dh=2.25, respectively. It is noted from Fig. 5 that the load-deflection curves exhibited 

three main regions: linear elastic response up to a deflection of about 5 to 7% of the 

micropiles diameter; followed by a non-linear region that extended to a deflection of 20 -

25 mm; and a final linear region that extended to the test termination. 

Two different mechanisms can define the pile failure: short pile behavior, which involves 

yielding of surrounding soil along the pile length; and long pile behavior, which involves 

yielding of the pile materials when the maximum applied moment reaches the moment 

capacity of the pile section. Bierschwale et al. (1981) defined the pile rigidity in terms of 

its slenderness ratio, and hence the potential failure mechanism; pile with slenderness ratio 

less than 6 is considered short pile, while a pile with slenderness ratio greater than 20 is 

considered to be long. 

The micropiles tested in this study had slenderness ratio of 44, and accordingly are 

considered long piles. Tomlinson and Woodward (2008) and Viggiani et al. (2012) adopted 

the stiffness factor T and characteristic length λ to categorize the rigidly of the pile, i.e.  
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(a) (b) 

Figure 5-5 Load – deflection curves; a) Db/Dh=3 and b) Db/Dh=2.25 

𝑇 =  √
𝐸𝐼

𝑛ℎ

5
    where 𝑘 =  𝑛ℎ 

𝑥

𝐵
                                                                                          (5.1) 

𝜆 = √
4 𝐸𝑝𝐽

𝑘ℎ𝑑

4
    for 𝑘ℎ constant with depth                                                                        (5.2) 

𝜆 = √
𝐸𝑝𝐽

𝑛ℎ

5
       for   𝑘ℎ = 𝑛ℎ

𝑧

𝑑
                                                                                         (5.3) 

Considering all the above criteria, the micropile is considered as a flexible pile due to the 

large slenderness ratio.  

Several interpretation criteria of ultimate lateral capacity of piles are presented in the 

literature. Five criteria are considered in this paper: three are based on absolute 

displacement limits, including McNulty (1956), Walker and Cox (1966), New York City 

(1981); and two are based on specified displacement as a function of pile diameter, i.e., 
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Pyke (1984) and Briaud (1984). Table 5.3 summarizes the ultimate lateral capacities 

obtained by using the above-mentioned methods. It should be noted that the micropiles 

were exhumed after testing and the measured average diameter was found to be 171 and 

132 mm for the large and small drill bits (i.e. 115% and 112.5% of the drill bit diameter).  

 

Table 5-3 Interpreted ultimate lateral capacity of micropiles 

Method Definition of failure load 

Failure load (kN) 

 Db/Dh = 3  Db/Dh = 2.25 

MP1 MP2 MP5 MP6 MP3 MP4 

McNulty (1956) 
Load at 6.25 mm head 

displacement 
9 12 9.2 15.2 8.2 7.5 

Walker and Cox 

(1966) 

Load at 13.0 mm head 

displacement 
17.5 21 18.5 22.5 13.5 12 

New York City 

(1981) 

Load at 25.0 mm head 

displacement 
25.5 27 26 29 18 18.5 

Pyke (1984) 
Load at 5% the shaft 

diameter  
13 16 13 19 9.5 8.5 

Briaud (1984) 
Load at 10% the shaft 

diameter  
20.5 24 22 25.2 14.5 13.8 

 

The results will be evaluated herein considering the load that causes 25 mm deflection at 

the micropile head as the ultimate load and the load that causes 6.25 mm as the design load. 

The two criteria were selected to present the pure elastic deflection and the end of the 

nonlinear region in case of 6.25 mm and 25 mm, respectively. The average ultimate load 

for micropiles with Db/Dh = 3 is 26.8 kN. The average ultimate load for micropiles with 

Db/Dh = 2.25 is 18.25 kN. These results indicate that increasing Db/Dh from 2.25 to 3 
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improved the ultimate lateral load of the micropiles by about 47%. Correspondingly, the 

average stiffness of HBMPs with Db/Dh = 3 was 1912 kN/m, while the average stiffness of 

HBMPs with Db/Dh = 2.25 was 1183 kN/m. This indicates an increase in the HBMP 

stiffness by 61% due to increasing Db/Dh from 2.25 to 3.   It is also noted from Figure 5.5 

that MP6 provided the stiffest response and the largest ultimate lateral resistance because 

of the fibre reinforced grout used in its construction. Adding steel fibers to the grout mix 

increased the grout elastic modulus, the pile flexural rigidity and its bending moment 

capacity (Abdlrahem and El Naggar, 2015). This improved the lateral resistance of the 

micropile. 

Table 5-3 shows that the failure lateral load interpretation can vary dramatically based on 

the utilized failure criteria. For example, using McNulty’s (1956) criteria the average 

lateral load failure for micropiles with Db/Dh=3 is about 10 kN while utilizing Briaud’s 

(1984) criteria, the lateral failure load is 21.1 kN. In this comparable case, the difference 

in the interpreted failure load is more than 100%. Generally, it is not recommended to 

utilize a failure criterion that related a hollow bar micropile diameter to the failure load due 

to the uncertainty of the increase in the micropile diameter during installation. However, 

in this case, the interpreted failure load at 10% of the measured shaft diameter is close to 

the criteria that interpreted the failure load as the load at 25 mm head displacement.   

5.5.2 Monotonic Load – Deflection Curve for Micropile Group. 

The load - deflection curve for micropile group MPG4 is shown in Figure 5.6. For 

comparison purpose, the load versus deflection for single micropile MP4 was plotted in 
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Figure 5.6 b. As it can be noted from Figure 5.6, the response of single micropile is stiffer 

than the response of the micropile group.  

At the same lateral load per pile, the group experienced higher displacement than the single 

micropile due to the group effect. Considering the 25 mm deflection as an ultimate lateral 

load criterion, the group efficiency for micropile groups with spacing equal to five 

diameters is 89%. McVay et al. (1995) reported results, as he calculated group efficiency 

of 93% for piles installed in cohesionless soil at spacing equal to five pile diameters.  

 

 

(a)                                   (b) 

Figure 5-6 Load – deflection curves: a) Micropile groups MPG4 and b) Comparison 

with single micropile 

5.5.3 Cyclic Load-Deflection Curves for Single Micropiles. 

As described previously, four HBMPs (MP2, MP4, MP5 and MP6) were subjected to 

cyclic loading that comprised five cycles of one-way loading at each load increment of 3 

kN.  In addition, the effect of applying five cycles on the monotonic lateral performance of 
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HBMPs was evaluated by subjecting five micropiles (MP1, MP2, MP3, MP5 and MP6) to 

another round of monotonic lateral loads.  Four HBMPs (MP2, MP4, MP5 and MP6) were 

subjected to cyclic loading (i.e. Phase 2) that comprised five cycles of one-way loading at 

each load increment of 3 kN, then three of micropiles (MP2, MP5 and MP6) were subjected 

to a repeated monotonic lateral loading in Phase 3. Figure 5.7 shows the load - deflection 

curves for the three loading stages that includes the load - deflection curves for the first 

stage of monotonic lateral loading and the back-bone curves for the first and last cycles of 

lateral cyclic tests to illustrate the effect of applying five cyclic at each load steps on the 

performance of micropiles.  
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c. MP3 d.  MP4 

 

 

e. MP5 f. MP6 

 

 

Figure 5-7 Load – deflection curves for lateral monotonic and cycle tests. 

Moreover, the load - deflection curves for micropiles retested under monotonic lateral loads 

in the third stage are also shown in Figure 5.7. It can be noted from Figure 5.7 that the 

lateral stiffness decreased dramatically for micropiles MP2, MP5 and MP6 that were 
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subjected to cyclic loading prior to the second monotonic loading, whereas the stiffness for 

micropiles MP1 and MP3 decreased slightly because they were not subjected to cyclic 

loading in the second phase which shows the effect of applying five cycles on the micropile 

performance. The degradation of the lateral stiffness is more obvious at larger deflection, 

similar to observations made by Matlock (1970). 

Field observations demonstrated that HBMBs exhibited local failure during cyclic loading, 

which was manifested in radial cracks and separation between the hollow steel bar and the 

surrounding grout as shown in Figure 5.8. This failure mechanism due to cyclic loading 

has affected the micropiles response in the third loading stage as it was clearly 

demonstrated in cases of micropiles MP2, MP5 and MP6.  

To examine the stiffness degradation of micropiles due to cyclic loading, the lateral 

stiffness for each cycle was calculated from:  

 

Figure 5-8 Local failure mechanism due to cyclic loading 
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K = [
𝑃𝑚𝑎𝑥−𝑃𝑚𝑖𝑛

∆𝑚𝑎𝑥− ∆𝑚𝑖𝑛
]                                                                                                                           (5.4) 

where     𝑃𝑚𝑎𝑥  & 𝑃𝑚𝑖𝑛 are the maximum and minimum applied loads for each cycle, 

respectively, while ∆𝑚𝑎𝑥 & ∆𝑚𝑖𝑛 are the maximum and minimum lateral deflections for 

each cycle, respectively. 

The change in the stiffness for each cycle may be presented by the stiffness ratio K/Ki, 

where Ki is the initial stiffness. Little and Briaud (1988) related the degradation of pile 

head stiffness to the number of applied cycles by a degradation parameter, t , i.e.  

(
𝐾ℎ𝑁

𝐾ℎ1
) =  𝑁−𝑡                                                                                                             (5.5) 

Where KhN and Kh1 are the stiffness values for 1 and N cycles, respectively and a is the 

degradation parameter and usually donated in the literature as t. 

The normalized micropile head stiffness versus the number of loading cycles along with 

the best fitting curves are plotted in Figure 5.9.  Based on the best fitting curves of measured 

results, the degradation parameter t varies from 0.084 to 0.033 and from 0.062 to 0.031 for 

micropiles with Db/Dh = 3 and Db/Dh = 2.25, respectively. The degradation parameter t 

reaches the peak value at the first few cycles and then decreases with increasing the number 

of cycles and the load amplitude. 
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Figure 5-9 . Normalized micropile head stiffness versus number of cycles for 

micropiles with Db/Dh= 3.  

Long and Vanneste (1994) reported the results of 34 cyclic load tests, the value of the 

degradation parameter for one-way cyclic loading ranged between 0.52 and 0.00 with an 

average near 0.22. They noticed that the effect of cyclic loading was more noticeable at the 

first cycle of loading and as the cycling continued the effect of cycles weakened.  

The degradation parameter, t, versus the stress level P/Pu, where P is the applied load and 

the Pu is the ultimate lateral resistance which was selected as the load corresponding to 25 

mm lateral deflection are plotted in Figure 5.9. As it can be seen from Figure 5.9, the 

degradation parameter decreases with increasing the stress levels then it plateaued.  
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Figure 5-10 Degradation parameter at different stress levels for micropiles with 

Db/Dh=3 and 2.25 

5.5.4 Pure Bending Tests 

Two single micropiles MP3 and MP5 were carefully pulled out from the soil after the load 

testing was completed in order to measure the actual diameter along the micropiles. The 

average diameter of micropiles with drill bit 115 and 152 mm were found to be 132 and 

171 mm, respectively, i.e. the diameter increased by 14.8% and 12.5% over the diameter 

of the drill bit. Figure 5.11 shows the exhumed micropile (MP3) and the diameter 

measurement along its length.  MP3 was taken to the structural lab and pure bending test 

was performed.  
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Figure 5-11 Exhumed micropile MP3 and diameter measurement along the depth 

The exhumed micropile was subjected to four- point pure bending test to stablish the actual 

moment curvature curve, which will be used later to establish a numerical model for the 

analysis of the micropiles to lateral loading. The four- point setup is shown in Figure 5.12. 

The total length was divided to three equal spans and the load was applied at the one third 

and two thirds of the total length. Six LVDT’s were utilized to measure the deflection along 

the micropile length. Two of the LVDT’s were installed around the half distance of the 

specimen where the large deflection was anticipated. The load was applied in very slow 

manner using a hydraulic jack with 250 kN capacity and a maximum stroke of 152.4 mm. 

The applied load was measured using a load cell with a capacity of 220 kN. All the LVDT’s 

and the load cell were connected to a data acquisition system to record the readings every 

second.   
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Figure 5-12 Pure bending test on the exhumed micropile MP3 

The deflection along the micropile was obtained via the LVDT’s readings, and curve fitting 

was used to extract the deflection along the micropile prior to start the double-

differentiation process.   The curve was fitted using quadratic function and the double-

differentiation process was utilized to convert the deflection to curvature. The moment - 

curvature curve obtained using the above-mentioned procedure is plotted in Figure 5.13. 

The ultimate bending moment and the corresponding curvature are 9.1 kN.m and 0.058 

rad/m, respectively.  
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Figure 5-13 Moment-Curvature curve for the exhumed micropile MP3 

5.6 Numerical Modeling 

LPile is a special purpose computer program that can be utilized to analyze the response of 

a pile under lateral loading.  The program incorporates the p-y method and can be used to 

compute deflection, shear, bending moment and nonlinear soil response (Wang and 

Isenhower, 2012).   The p-y method is based on the modification of the beam-on-Winkler 

foundation approach in which the soil is simulated by nonlinear Winkler-type springs. 

Using this method, the pile deflection can be calculated as function of the lateral load 

applied at the pile head. The p-y approach is widely used to examine the serviceability of 

the piles under lateral loading.  

The nonlinear bending properties and associated curves extracted from pure bending tests 

can be employed in the LPile software to simulate the nonlinear flexural behavior of the 

micropiles. The bending moment versus bending curvature curve shown in Figure 5.13 was 

incorporated in LPile along with the actual micropile diameter. To simulate the nonlinear 
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lateral soil resistance, LPile offers 14 different internal p-y curves for different soil 

conditions. The soil resistance was simulated using the Sand model (Reese) with effective 

unit weight, γ'=19.5 kN/m3 and angle of internal friction ∅'= 43o.  

Figure 5.14 compares the load - deflection curves of field test results of micropiles with 

Db/Dh=2.25 and the load-deflection curves obtained from LPile.  As it can be noticed from 

Figure 5.14, the calculated response is stiffer than the measured response at small 

deflection. However, the response becomes softer than the measured values at higher 

deflection. Increasing the angle of internal friction 𝜙′from 43o to 45o, it improved the 

response of calculated load - deflection curve at higher deflection, resulting in good 

agreement with the measured response as can be seen in Figure 5.14.  

 

Figure 5-14 Comparison between load -deflection curves for micropiles MP3 and 

MP4 with LPile results 
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To simulate the results of micropiles with Db/Dh=3, LPile model was created for micropiles 

with Db/Dh=2.25 and validated by comparing the outcome results with the actual response 

of micropiles. 

LPile program does not incorporate a built-in cross-section that represents a hollow bar 

surrounded by grout with no permanent casing. In order to overcome this issue, a round 

shaft with a permanent casing and hollow core was selected. The permanent casing wall 

thickness was set equal to zero as the hollow bar micropile installs with no casing. Abd 

Elaziz and El Naggar (2015) used the same technique to model the hollow bar micropile 

embedded in cohesive soil, which provided good results.   

Table 5.4 summarizes the material properties of the grout and the steel employed in the 

analysis. The nonlinearity of soil-pile system response to lateral loading is attributed to two 

main factors; the nonlinearity of the pile materials under loading, which was accounted for 

in this study by extracting the actual bending moment-curvature of the micropile section; 

and the second factor is the nonlinearity of the surrounding soil. As the strain gauges did 

not work properly, it was not possible to extract the p-y curves from the test results.  

Table 5-4 Material properties used in LPile 

Type of 

material 

Young’s modulus, E 

(kPa) 

Yield stress, 

𝒇𝒚 (kPa)  

Compressive strength,  

𝒇𝒄
′ (kPa) 

Steel  200*106 600*103 -- 

Grout  27*106 -- 40*103 
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Consequently, the Sand model available in the LPile library was employed in the analysis 

to simulate the soil behaviour. The soil effective unit weight, γ'=19.5 kN/m3 and angle of 

internal friction 𝜙′= 45o were used in the soil.  The moment-curvature curves obtained 

from LPile model and the exhumed MP3 are compared in Figure 5.15, which shows that 

the measured moment-curvature curve and that predicted by LPile model are in good 

agreement. 

 

Figure 5-15 Moment-Curvature curves for the exhumed micropile MP3 and Lpile 

model 

To validate the LPile model, the same properties of soil and micropile materials used for 

micropile with Db/Dh = 2.25 were employed to generate LPile model for micropiles with 

Db/Dh = 3. Figure 5.16 compares the results of the field test with those obtained from LPile 

models for both Db/Dh=2.25 and 3. As it can be seen in Figure 5.16, the computed response 

employing the LPile model is in agreement with the measured response from the field scale 
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lad test. However, the angle of internal friction 𝜙′= 45o was used, which is higher than the 

average correlated value using Kulhawy and Mayne proposed equation (1990) by 3o.  

Sensitivity analysis was performed to investigate the extent of soil layers whose properties 

influence the performance of hollow bar micropiles. It was found that the properties of soil 

layers up to 1.2 m and 1.5 m below the ground surface influenced the lateral response for 

micropiles with 132 and 172 mm diameters, respectively. Below these depths, varying the 

soil properties had no effect on the calculated micropile latera response. Accordingly, it 

can be concluded that the properties of the soil at depth within eight to nine times micropile 

diameters has the largest influence on the hollow bar micropiles performance under lateral 

loading. 

 

 

 

(a)                                (b) 

Figure 5-16  (a) Calibration and (b) validation of LPile model. 
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Figures 5.17 (a and b) show the micropiles deflection and bending moment with depth 

obtained from LPile for both micropiles with Db/Dh = 2.25 and 3, respectively. As it was 

expected, both micropiles behaved as flexible piles with the deflection limited to the top 

2.0m of the micropile.  It is also noted that the maximum bending moment occurred at a 

depth between 4.5 and 4.35 of micropiles diameters. The results also show that the moment 

capacity is 9.18 kN.m and 15.6 kN.m for micropiles with Db/Dh = 2.25 and 3, respectively. 

This represented an increase of the moment capacity by 70% due to the increase in the 

diameter of the drill bit, and associated increase in the micropile diameter. 
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(b)  

Figure 5-17 Deflection and bending moment versus depth (LPile model); a) 

Db/Dh=2.25 and b) Db/Dh=3 

5.7 Conclusions 

Fifteen full-scale loading tests were conducted on hollow bar micropiles to investigate the 

performance of micropiles under monotonic and cyclic lateral loads with different drill bit/ 

hollow bar diameter ratio of 2.25 and 3.  One group of four micropiles with common 

spacing between the micropiles in groups, 5D was tested under lateral monotonic loading. 

Hollow bars R51N with OD of 51 mm and the ID is 33 mm were installed with two 

different drill bit diameters 115 and 152 mm. The total length of micropiles is 6 m with 

5.75 m embedded length. Based on the obtained results and the analysis performed, the 

following can be concluded,  
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- The load - deflection response of single micropiles indicated a stiffer response for 

micropiles with drill bit/hollow bar diameter ratio equal to 3 than the response of 

ratio of 2.25 which presents the current practice.  

- Increasing the drill bit/hollow bar diameter ratio from 2.25 to 3, improved the lateral 

capacity by about 32%.  

- Adding micro-steel fiber (1%) to the grout mix seems to improve the lateral 

performance of micropiles under lateral loads.  

- Considering the 25mm lateral deflection as a failure criterion for micropiles under 

lateral loads, the group efficiency of micropiles group with five diameters center-

to-center distance is about 89%. 

- The degradation parameter t varies from 0.084 to 0.033 and from 0.062 to 0.031 for 

micropiles with Db/Dh = 3 and Db/Dh = 2.25, respectively. The degradation 

parameter t reaches the peak value at the first few cycles and then decreases with 

increasing the number of cycles and the load amplitude. 

- It was demonstrated that the LPile software can be used to analysis the hollow bar 

micropiles under lateral loading following the procedure mention above.  

- The first eight to nine micropile diameters depth have the major impact on the 

hollow bar micropiles performance under lateral loading. 

- The maximum bending moments occurred at depth about 4.5 and 4.35 of micropiles 

diameters. 
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CHAPTER 6 

6 Improving the Mechanical Properties of Grout for 

Micropile Application 

 

6.1 Introduction 

In recent years, micropiles technology has been growing rapidly for both retrofitting 

existing foundations and supporting new structures. Micropiles can carry a considerable 

amount of axial loads; however, its lateral capacity is relatively small when compared with 

other pile types due to its small cross-sectional area. This represents the main limitation to 

its application in structures subjected to relatively large lateral loads. In order to further 

exploit their several advantages related to constructability, ground improvement effects, 

and efficient load transfer mechanism, there is an interest in introducing micropiles to 

support laterally loaded structures.   

In current practice, steel casings are used along the upper part of micropiles to increase the 

lateral resistance. Wolosick and Scott (2017) illustrated the need for reconsidering battered 

micropiles when large lateral loads are anticipated. They advised that when lateral loads 

on micropiles anticipated, a steel pipe section in with a length equal to 20 - 25 times the 

drill - hole diameter should be used in the upper portion of the micropile.  However, this 

increases the cost and construction time. Alternatively, adding reinforcing fibers to the 

grout can enhance the lateral performance of micropiles by increasing the flexural strength 

and improving the post-cracking behaviour. However, this potentially effective method for 

enhancing the flexural strength of the grout was not attempted.   
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Steel-fiber reinforced concrete is used in many structural applications, specifically when 

the structure subjected to loads over the serviceability limit in bending and shear 

(Bencardino, et al., 2008). Fibers can control crack initiation and subsequent crack 

development. Extensive research efforts were focused on the behavior of the fiber 

reinforced concrete (Mansur et al., 1999). Thomas and Rasmaswamy (2007) reported 

experimental results and an analytical model to evaluate the influence of fibers on the 

mechanical properties of concrete. They concluded that fibers can improve the mechanical 

properties significantly.  

Neat grout, which is a mix of cement and water, is commonly used in North America for 

the construction of micropiles. However, sand can be added to the grout mix in some parts 

of the world (FHWA, 2005).  However, adding fibers to the grout to enhance its flexural 

capacity has not been investigated to strengthen grouts used in micropiles construction. 

Because of the high slenderness ratio, micropiles are relatively flexible and when subjected 

to lateral loads they may experience structural failure (i.e. failure occurs in the micropile 

materials rather than in the surrounding soil). Thus, enhancing the flexural strength of 

micropile grout can improve its lateral resistance.   

6.2 Objective and Scope of Work  

The aim of this study is to investigate the mechanical properties of fiber-reinforced grout 

for potential use in micropile applications. The study was divided into four main stages; in 

the first stage, the mechanical properties of the reinforced grout comprising four different 

fibers were evaluated: plastic fibers (PF), basalt fibers (BF) and micro-steel fibers (MSF) 

of steel fibers (SF). This stage involved testing cylindrical specimens of plain grout and 
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grouts reinforced with different types and dosages of fibers for tensile strength, 

compressive strength, and modulus of elasticity. Beams were also cast and tested under 

flexural loading conditions. Based on the obtained results from the first stage and the 

constructability of the fiber-reinforced grout, steel fibers were selected for further 

investigation. In the second stage, the flexural strength of micropile models was 

investigated. Models of micropiles were cast with two different steel fibers and tested under 

pure bending. The deflection along the micropile was measured and the moment-curvature 

was consequently established. In the third stage, the established moment-curvature curves 

were implemented in LPile software to evaluate the lateral capacity of micropiles 

comprising the fiber-reinforced grouts. The fourth stage involved constructing a full-scale 

micropile in cohesionless soil utilizing 1% micro-steel fiber to investigate its lateral 

performance in comparison with a micropile constructed with same diameter and in the 

same environment using conventional grout.    

6.3 Mechanical Properties of Fiber-Reinforced Grout 

The mechanical properties of reinforced grouts were investigated by casting specimens 

with four different types of fibers and three different volume contents dosages for each 

type. Two hundred and thirty-four cylinders 100 x 200 mm were cast and tested to evaluate 

the compressive strength, tensile strength and modulus of elasticity. Twelve cylindrical 

samples for each mix containing different volume contents of different types of fibers were 

tested after seven and twenty-eight days. Six cylinders were tested to evaluate compressive 

strength and six for indirect tensile strength. Cylindrical reinforced grout specimens were 

selected to enable casting the reinforced grout along the vertical direction to account for 

the orientation of the fibers in relation to the applied load. The compressive strength was 
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determined according to ASTM C39 and the tensile strength was obtained according to 

ASTM C496. In addition, six control cylinders (grout without fibers) were cast. Six 

cylinders for each volume content of different fiber dosage were evaluate for static modulus 

of elasticity and tested according to ASTM C469.  To evaluate the effect of fiber dosage 

on the flexural strength, seventy-eight beams with dimensions 100 mm by 100 mm by 380 

mm were cast.  Six beams for each type of fibers with different dosages were cast and 

tested under Third-Point loading in a flexural testing machine to evaluate the effect of 

fibers on the flexural strength of different mixtures.  The Third-Point Loading was 

performed in accordance to ASTM C1609.  

The mixing procedure was performed as follows:  the required quantity of water was added 

to the cement and mixed for four minutes, then fibers were sprinkled gradually by hand 

while continuous mixing for additional four minutes. Mixtures were prepared using a 

colloidal mixer to ensure proper consistency was achieved. The mixtures were poured in 

100 mm diameter by 200 mm length cylindrical molds and 100 mm by 100 mm by 380 

mm beams. All specimens were de-moulded after 24 hours then placed in a control room 

with a relative humidity of 100% and a constant temperature of 23oC.  

 According to FHWA (2005), the water to cement (w/c) ratio for micropile application 

should be between 0.4 to 0.5 by weight unless admixtures are used. In the current study, 

Portland cement Type 10 and w/c ratio of 0.45 were used. The properties of the four 

different types of fibers employed in this study are illustrated in Table 6.1. Figure 6.1 shows 

the four types of fibers used in this study. 
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Table 6-1 Properties of fibers used in this study 

Type of Fiber L(mm) D(mm) 
Aspect 

Ratio 

Unit Weight 

kN/m3 

Steel Fiber (Micro-Steel Fiber) 12 0.2 60 78.5 

Steel Fiber 33 0.55 60 78.5 

Basalt Fibers (MiniBar)  20 0.65 30.8 18 

Plastic Fiber (Fibermesh 650)  Graded Graded 96.5 9.1 

 

 

a) Micro-steel fiber 
b) Steel fiber c) Plastic fiber d) Basalt fiber 

Figure 6-1 Four different type of fibers 

 

6.3.1 Mechanical Properties of Tested Fiber-Reinforced Grouts 

This section presents the results obtained from the experimental program including the 

compressive strength, tensile strength, elastic modulus of elasticity, and flexural strength.  

6.3.1.1 Compressive Strength and Tensile Strength 

The average compressive strength measured for neat grout was 42 MPa, which is higher 

than the specified limit of 30 to 35 MPA by FHWA (2005) for micropile applications 

(Littlejohn and Bruce, 1977).  The results of the compressive strength are presented in 
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Figure 6.2(a). The compressive strength of micro-steel fiber and steel fiber mixtures 

increased as the volume content of the fibers increased from 1% to 2%. For basalt fiber 

mixtures, the compressive strength changed slightly with the increase of the volume 

content while the compressive strength of the plastic fiber mixtures decreased by about 

20% as the volume content of the fibers increased from 1% to 2%.  

It was noted that the compressive strength for grout reinforced with plastic fibers decreased 

with the increase in the fiber dosage (34% reduction for 2% dosage of plastic fibers 

compared to just neat grout mix). However, the compressive strength for micro-steel fiber 

mixtures increased up to 16% with the increase in volume content of the fibers.  For the 

plastic fiber mixtures, the decrease in compressive strength as the fiber dosage increases is 

attributed to a decrease in the cement content of the mixture. The fibers replaced a 

percentage of the cement in the mixture which was not fully compensated by the additional 

strength due to the fibers themselves.  

The tensile strength of the micro-steel fiber and steel fiber mixtures showed significant 

increase with increasing dosages up to 2% as presented in Figure 6.2(b). It increased by 

more than 100% when compared to neat grout mixtures. The tensile strength of the plastic 

fiber mixtures increased by about 20% when the dosage increased to 2% of volume content. 

The mixture with 2% of basalt fibers demonstrated an increase in the tensile strength by 

about 30% compared to neat grout. Even though the grout compressive strength decreased 

by adding a certain percentage of plastic fiber; the tensile strength for plastic fiber mixtures 

increased by adding the same percentage of fibers. It was noted that adding a certain 

percentage of micro-steel fibers or steel fibers to the cement-based grout enhanced both 
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compressive and tensile strength. Generally, the tensile strength increased dramatically 

with a slight increase in compressive strength.   

 

 

(a) (b) 

Figure 6-2 (a) compressive strength; (b) tensile strength for four types of fibers with 

different dosages 

 

6.3.1.2 Static Modulus of Elasticity 

The average measured static modulus of elasticity of neat grout for six cylinders was 13.5 

GPa.  For design calculations, FHWA 2005 recommended Equation No. 6.1 to estimate 

the modulus of elasticity of grout, i.e.  

𝐸𝑔𝑟𝑜𝑢𝑡 = 4732√(𝑓𝑐
′
)                                                                                                      (6.1)  

𝐸𝑔𝑟𝑜𝑢𝑡  : is the modulus of elasticity of grout (MPa).   
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𝑓𝑐
′
         : is the compressive strength of the grout (MPa).  

Equation 6.1 is adopted in ACI code 318- 08 to correlate the compressive strength of 

concrete to the static modulus of elasticity is specified for use in concrete. However, it 

overestimates the modulus of elasticity for neat grout. 𝐸𝑔𝑟𝑜𝑢𝑡. The calculated value of static 

modulus of elasticity based on Equation 6.1 is 31 GPa, which is higher than the value 

obtained from the test results. Based on experimental data, Drbe (2013) and Aboutabikh 

(2016) evaluated static modulus of elasticity of neat grout from extensive testing programs 

and they reported the modulus of elasticity for neat grout to be about 15 GPa which is in 

good agreement with the test results. Therefore, it is recommended to modify Equation 6.1 

to estimate the static modulus of elasticity for neat grout, i.e.,  

𝐸𝑔𝑟𝑜𝑢𝑡 = 2200√(𝑓𝑐
′
)                                                                                                      (6.2) 

Equation No.6.2 agrees with US Army Corps of Engineers, which recommends that the 

modulus of elasticity of neat grout is about half of the concrete modulus of elasticity. 

The mixtures with basalt fibers exhibited an increase in the modulus of elasticity of 15% 

for 2% of volume content of fibers as shown in Figure 6.3(a). The 1% dosage of plastic 

fibers recorded the highest percentage increase equal to 24.7% among the four types of 

fibers for this dosage. However, further increase in dosage did not result in further 

enhancement of the elastic modulus. The micro-steel fiber and basalt fiber mixtures showed 

a steady increase in modulus of elasticity with the increase in fibers dosage. The micro-

steel fiber and steel fiber mixtures showed a linear increase in the modulus of elasticity 

with the increase of the volume fibers dosage. The mixtures of 2% of micro-steel fibers 
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recorded the highest value of modulus of elasticity among the four types of fibers tested 

equal to 18.3 GPa. 

6.3.1.3 Flexural Strength  

To assess the flexural strength of different types of mixtures, six beams were cast and tested 

after 7 and 28 days. Four different percentages of fiber dosage were used for each type of 

fiber except for basalt fiber only 1 and 2% were used. All tests were carried out according 

to ASTM C78. Figure 6.8(b) summarizes the test results of the different mixtures with 

different fibers dosages. The flexural strength varied between 10 and 20% of the 

corresponding compressive strength, which is in agreement with US Army Corps of 

Engineers recommendations that the flexural strength should be between 10-20% of the 

compressive strength. The flexural strength of the micro-steel fiber mixture with 2% of 

volume content, however, was about 23% of its compressive strength.  The micro-steel 

fibers mixtures showed a dramatic increase in the flexural strength by about 153% for 2% 

dosage. Plastic fiber mixtures exhibited slight decreases in flexural strength for a 1% 

dosage. However, a 2% dosage of the same fibers showed an increase in the flexural 

strength by about 28% for plastic fiber. The flexural strength of basalt fiber mixtures 

increased by 56% for a 2% dosage. It was noted that for basalt fiber mixtures the flexural 

strength changed slightly when the percentage of fiber increased from 1 to 2%.  
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(a) (b) 

Figure 6-3 (a) Modulus of elasticity; (b) Flexural strength for four types of fibers 

with different dosages 

 

6.4 Pure Bending Tests 

Based on the results obtained from the first stage and practical consideration for the full-

scale test in site, such as the pumpability of the grouted fiber and the nozzle diameter, two 

types of fibers with 1% dosage were selected for this stage to evaluate the effect of adding 

fibers on the bending moment capacity of micropiles.  Nine model micropiles were cast: 

three with neat grout, three with 1% of steel fiber and three with 1% of micro-steel fiber. 

The model micropile length was 1000mm and its diameter was 76mm. The Threaded 

hollow steel bar (R38N/21) used to construct the models had an outer diameter of 38 mm 

and inner diameter of 22 mm. The ultimate (structural) axial load of the hollow bar is 500 

kN and the thread type is ISO 10208. The neat grout was mixed with 0.45 w/c ratio as per 

the recommendation of FHWA for micropile application. All micropiles models were de-
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moulded after 24 hours and kept in a controlled room with a relative humidity of 100% and 

constant temperature of 23oC. The models were left for 28 days in the controlled room 

before testing. The model was divided to three equal spans and the load was applied at the 

one third and two thirds of the total length to produce a pure bending moment at the middle 

third of the model. Four LVDT’s were utilized to measure the deflection along the 

micropile length. The load was applied in very slow fashion using a 100 kN hydraulic jack 

capacity with a maximum stroke of 152.4 mm. The applied load was measured using a load 

cell with a capacity of 100 kN. All the LVDT’s and the load cell were hooked to a data 

acquisition system to obtain a reading for each second.  To facilitate applying the load on 

a curved surface, a special piece of solid steel was designed with the same micropile 

diameter.  The load test setup is shown in Figure 6-4.  

Micropiles were subjected to pure bending tests and their deflections were measured along 

the micropile model. The deflection along the micropile was obtained via the LVDT’s 

readings. Curve fitting was used to establish the deflection along the micropile. The 

deflection curves were then fitted using a quadratic function to establish a continuous 

function of deflection. The deflection fitted curve was then subjected to double-

differentiation to calculate the curvature profile along the micropile.  The moment – 

curvature curves were established from the measured bending moments and the 

corresponding curvature profile. The cracking behaviour was monitored during the tests 

and the results are also reported.  
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Figure 6-4 Load test setup 

 

6.4.1 Results of Pure Bending Tests 

The moment-curvature curves for the nine micropile models are plotted in Figure 6-5. As 

shown in Figure 6-5, model micropiles with no steel fiber failed at low bending moment 

(less than 2.5 kN.m) and the failure was brittle and occurred at low curvature compared to 

the model micropiles with steel fibers. The moment – curvature curves indicated that the 

moment capacity of micropiles increased and the post-cracking behaviour improved by 

adding steel fibers to the grout mix. The bending moment capacity of the micropiles 

increased significantly by about 100% as a result of adding 1% by volume of micro-steel 

fibers. In addition, micropiles with steel fibers exhibited ductile behaviour as the applied 

moment exceeded its yield bending moment.    
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(a) 0% fiber (b) 1% steel fiber 

 

(c) 1% micro-steel fiber 

Figure 6-5 Moment-curvature curves obtained from pure moment tests 

Figure 6-6 shows the tested model micropiles after completing the pure bending tests.  As 

can be observed from Figure 6-6, the micropiles cast with neat grout exhibited grout 

crushing and separation from the central hollow bar experienced total loss of grout due to 

the brittle behaviour of neat grout. On the other hand, micropiles constructed with 

reinforced grout maintained the grout form, with some cracks, owing to its enhanced 
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ductility.  This is more evident in the larger deformation of the micropiles constructed with 

fiber-reinforced grout compared to the micropile constructed with neat grout, which failed 

at minimal reinforcing bar deflection.  

 

 

6.5 Numerical Modeling 

LPile is a special purpose program used to analyze a single pile under lateral loading. The 

program utilizes the p-y method for analyzing the nonlinear lateral load transfer of piles. 

Lateral deflection, bending moment, shear force and soil response over the pile length can 

be computed using LPile program.  The program uses various types of published and well 

documented lateral load-transfer curves (p-y curves) to model different type of soils 

(Isenhower, et al., 2017). LPile offers the option to incorporate the bending moment versus 

Figure 6-6 Post cracking behaviour of fiber reinforced and non-reinforced 

grouted micropiles 
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bending curvature in the analysis when they are available. The nonlinearity of lateral 

response of soil-pile system can be attributed to two main factors: first, the response of soil 

to lateral loading is nonlinear; and second, structural nonlinearity associated with the pile 

material. The soil nonlinearity is accounted for by incorporating and appropriate p-y curve; 

LPile offers 14 different internal p-y curves for soil modeling. The pile material 

nonlinearity can be accounted for by incorporating the bending moment versus bending 

curvature behaviour obtained from pure bending tests.  For the lateral load transfer 

mechanism,   

To investigate the effect of reinforcing fibers in the grout mix and how it improves the 

performance of micropiles under lateral loading, the moment-curvature curves obtained 

from pure bending moment tests were incorporated in LPile.  The p-y Sand model (Reese 

et al., 1974) was used to perform the analysis. The soil was modeled with the following 

parameter values: effective unit weight, γ'=19.5 kN/m3 and angle of internal friction 𝜙′= 

42o. The soil properties were obtained from the site investigation performed as part of this 

thesis.   

6.5.1 Results of Numerical Modeling  

The load-deflection curves were obtained from LPile analyses for the three types of 

micropiles: neat grout, no fibers (NF); 1% micro-steel fibers (MSF); and 1% steel fibers 

(SF) and the results are shown in Figure 6-7.  It is noted from Figure 6-7 that micropiles 

constructed with reinforced grout could sustain larger applied loads compared to micropiles 

cast with neat grout without steel fibers. For example, MSF 1% sustained an applied lateral 

load greater than 11 kN before failure occurred, while the NF micropile failed at a 
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maximum load of 6.5 kN. It is also noted that the MSF micropile displayed very ductile 

behaviour with large lateral displacement of up to 140 mm (i.e. almost twice the micropile 

diameter.  

 

Figure 6-7 Load-deflection curves using Reese model for the three micropiles; NF, 

MSF1% and SF1% 

Considering the lateral capacity of micropiles to be the load corresponding to 25 mm of 

pile head deflection, the capacities of the three micropiles were evaluated. The lateral 

capacity of micropiles cast with MSF and SF increased by 12.9% and 3.6 %, respectively, 

when compared to micropiles constructed with NF.  The bending moments along the depth 

of micropiles are shown in Figure 6-8. The maximum bending moment where the plastic 

hinge is expected to occur was observed at depth equal to 7.1 times the micropile diameter 

for micropiles constructed with no fibers while for micropiles cast with steel fibers the 

plastic hinge encountered at depth equal to 8.7 times micropile diameters.  
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(a) NF (b) MSF 1% (c) SF 1% 

Figure 6-8 Bending moment along the depth of the three micropiles using Reese 

model 

 

Figure 6-9 displays the variation of the maximum bending moment with the maximum 

micropile head deflection. It is evident from Figure 6-9 that the bending moment capacities 

of micropiles cast with steel fibers was higher than the micropile constructed with NF, and 

the response of the fiber—reinforced micropiles was stiffer.  
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Figure 6-9 Maximum bending moment versus maximum head deflection curves for 

three micropiles 

 

6.6 Full-Scale Test 

A full-scale micropile (designated MP6) was installed as part of large study to investigate 

the performance of micropiles installed in cohesionless soil. Micro-steel fiber with a 1% of 

volume dosage was added to the neat grout mix which had a w/c ratio of 0.45 to investigate 

the effect of adding micro-steel fibers on the lateral performance of micropiles. Adding the 

micro-steel fiber was made manually for the top 2.25 m (about 15 times the micropile 

diameter) where the influence of adding fibers to the grout was anticipated.  The total 

micropile length was 6m with a 5.75m embedded length. The micropile was installed with 

a drill bit diameter 152mm, and the hollow bar utilized was R51N with 51mm outer 

diameter and 33mm inner diameter. The final grout had a specific gravity between 1.80 

and 1.95, which is in compliance with (FHWA 2005) recommendation for micropile 

application. The final competent structure grout was pumped using a pressure of between 
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0.8 to 1 MPa to displace the drilling grout. Grout cylinders were collected during the 

installation process using cylindrical molds of 100 mm diameter by 200mm length and 75 

mm diameter by 150mm length. All specimens were de-moulded after 24 hours and then 

placed in a control room with a relative humidity of 100% and constant temperature of 

23oC.  The cylinders were tested after 28 days to determine compressive strength and 

indirect tensile strength. The compressive strength was determined according to ASTM 

C39 and the tensile strength was obtained in according to ASTM C496. The average 

compressive strength after 28 days was 40 MPa and the average spilt tensile strength was 

3.97 MPa. The results obtained for the compressive strength met the minimum requirement 

set by FHWA (2013) for compressive strength of grout after 28 days. 

6.6.1 Site Exploration  

The site is located near Ayr, Ontario.  The site exploration program included in-situ and 

laboratory tests to characterize the soil and obtain the soil strength parameters. Three 

boreholes were drilled which included standard penetration tests (SPT). Soil samples were 

extracted using the spilt spoon method and tested in a laboratory environment. 

Additionally, four piezocone penetration tests (CPT) were performed across the site, two 

of them were in the vicinity of the test locations (CPT1 and CPT2).  

The relative density Dr was obtained using the correlations proposed by Kulhawy and 

Mayne (1990) based on SPT and CPT data and are summarized along the depth in Table 

6.2.  The site investigation was covered extensively in the previous chapters three and four.  
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Table 6-2 Correlated relative density from SPT and CPT 

Depth 

(m) 

Relative density (%) 

from SPT 

Relative density (%) 

from CPT 

1 89.9 82.3 

1.8 79.4 83.2 

2.6 85.2 92.1 

3.2 71.5 93.3 

4 88.2 94.2 

4.8 79.1 88.5 

6.4 98.5 94.2 

8 83.3 90.1 

9.4 89.4 71.2 

10.9 87.5 60.1 

 

6.6.2 Loading setup and Pile Instrumentation 

A test setup was designed and manufactured to facilitate applying monotonic lateral loads 

on micropile head as shown in Figure 6.13.  A reaction frame was used to support the 

loading system which consisted of steel rod threaded to the load cell from one end and 

attached to the micropile head using a hinged connection to apply the lateral load with zero 

moment. A square steel plate with a 250 mm side length and 30 mm thickness with a hex 

nut (ID 51 mm) welded to one side was threaded to the hollow bar head to facilitate 
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applying the lateral loads to the micropile. The load was applied through a hollow cylinder 

hydraulic jack with a capacity of 900 kN and recorded via a load cell capacity 900 kN.  

 

Figure 6-10 Lateral load test setup 

Four HLP190 (hybrid Linear Potentiometers) were attached to the steel plate in square 

arrangement to measure the lateral deflection for single micropiles and six HLP190 were 

used to measure the group deflection; one on each micropile and two were attached to the 

connection beam.  The load cell and the LVDT’s were connected to a data logger to acquire 

the readings every one second. MP6 was equipped with eight foil strain gauges 

concentrated on the top two and half meters of the pile where a large deflection and bending 

moment were expected. All necessary precautions were taken in consideration to ensure 

the survivability of the strain gauges; that includes proper attaching and coating procedure. 

However, due to the harsh installation procedures of hollow bar micropiles, that involves 

drilling through the soil and grouting simultaneously, no strain gauges survived.  Micropile 

MP6 was loaded monotonically in equal increments of 3 kN, each increment was 

maintained for 5 minutes.   

Hydraulic Jack

Load cell

Angel finder Reaction beam

Hinged connection
LVDT’s
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6.6.3 Results of Full-Scale Lateral Test 

The load - deflection curves for micropile (MP6) installed with reinforced grout (1% of 

MSF) and micropiles installed with neat grout containing no fibers (MP1, MP2 and MP5) 

are shown in Figure 6-14. 

The results of micropiles MP1, MP2 and MP5 are reported and discussed previously in 

more details in Chapter 5, addressing the effect of increasing the drill bit/ diameter ratio on 

the micropile lateral performance. Herein, the focus is on the effect of fiber reinforcement 

on the lateral behaviour of the micropiles. As can be observed from Figure 6-14, MP6 

displayed a stiffer lateral response when compared to the other three micropiles. In 

addition, considering the lateral capacity of micropiles as the lateral applied load which 

causes 25 mm of lateral deflection at the micropile head, the lateral capacity of the fiber 

reinforced pile increased by 10% compared to the average capacities of the three micropiles 

installed with no fiber. 
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6.7 Summary and Conclusions 

The mechanical properties of neat grout and various reinforced grouts were investigated in 

this study by performing several laboratory tests for compressive strength, tensile strength, 

modulus of elasticity, and flexural strength. Furthermore, model micropiles 1000 mm long 

and 76 mm in diameter were cast and subjected to pure bending moment tests to investigate 

the effect of adding fibers on the bending moment capacity of micropiles. An LPile model 

was developed utilizing the moment-curvature curves obtained from the pure bending 

moment tests results and was used to further evaluate the beneficial effects of using fiber-

reinforced grouts on the micropile lateral behaviour. The optimum dosage of fibers was 

suggested based on the results of the experimental investigation and parametric study. The 

optimum steel fibers dosage was then used to construct a full-scale micropile 6 m long and 

172 mm in diameter in cohesionless soil. The micropile was tested under monotonic lateral 

loads. Based on the obtained results from this study, the following can be concluded:  

- The compressive strength of plastic fiber mixtures decreased slightly when 

increasing the fiber dosage. However, the tensile strength increased by increasing 

the dosage.  

- The compressive and tensile strengths of micro-steel fiber and steel fiber mixtures 

increased when increasing the volume content of fibers. The compressive strength 

increased by 21% for both fibers mixtures while the tensile strength increased by 

110% and 100% for grout mixed with micro-steel fibers and steel fibers, 

respectively.   
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- The 2% dosage of micro-steel fiber mixtures displayed the highest value of static 

modulus of elasticity amongst the four types of fibers and dosages considered in 

this study. 

- The flexural strength of micro-steel fiber and basalt fiber mixtures increased as 

fiber dosage increased. On the other hand, the flexural strength of plastic fibers 

mixtures decreased as the fiber dosage increased.     

- The bending moment capacity of micropiles increased and the post-cracking 

behaviour improved by adding micro-steel fibers and steel fibers to the grout mix. 

- Micropiles cast with steel fibers showed larger lateral capacity and greatly 

increased ductility compared to micropiles constructed with neat grout, which 

failed in a brittle manner.  

- The plastic hinge developed at a depth equal to 7.1 and 8.7 times the micropile 

diameter for micropiles constructed with no fibers and micropiles casted with steel 

fibers, respectively.  

- The lateral capacity of micropile constructed with 1% of MSF grout increased by 

10% compared to micropiles constructed with neat grout. 
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CHAPTER 7 

7 Numerical Modelling of Hollow Bar Micropiles in 

Cohesionless Soils 

 

7.1 Introduction 

Numerical modelling provides a powerful tool for analyzing a wide range of geotechnical 

problems and has increasingly gained acceptance in foundation design. Hollow bar 

micropiles (HBMP) are a relatively new type of micropile and are increasingly used as an 

effective foundation system. Based on their method of construction, the FHWA (2005) has 

classified micropiles into four categories. For Type A micropiles, the grout is placed under 

gravity and no pressure is required. For Type B micropiles, the grout is typically 

pressurized under a pressure range from 0.5 to 1 MPa as the temporary casing is withdrawn. 

For type C micropiles, the grout is placed in a two-step process. First, the grout is poured 

under gravity such as in Type A.  Before the grout hardens, it is pressurized to at least 1 

MPa without the use of a packer. Type D micropiles is also constructed following a two – 

step installation process. First, the grout is placed under gravity as in Type A or sometimes 

pressurized as in Type B.  After hardening of the initial grout, additional grout is 

pressurized between 2 to 9 MPa through a sleeved pipe by using packers.  

HBMP is classified as Type B according to the FHWA classification system even though 

its installation method is different from Type B micropile. The construction technique of 

HBMP combines drilling and grouting in a one-step process, which facilitates fast 
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installation, increased productivity, and less soil disturbance. In addition, the high grouting 

pressure used in HBMP construction results in an efficient load transfer mechanism.  

Due to the cost of installation and testing, examining the effect of various parameters such 

as soil density, soil strength parameters, and slenderness ratios of piles could be quite 

expensive. On the other hand, numerical models can be utilized to conduct parametric 

studies covering these different parameters. Although sophisticated advanced numerical 

models are growing, and computer software is advancing rapidly, full-scale load tests 

remain the most valuable and reliable source of investigating a piles performance. A 

numerical model must be calibrated and validated against experimental data in order to 

obtain reliable results (Satibi et al., 2009).  

Wehnert and Vermeer (2004) compared the results of a finite element model to the results 

of bored pile load tests in stiff clay. They emphasized the importance of using proper 

interface elements to simulate the realistic behavior of the pile-soil system. Furthermore, 

they concluded that the hardening soil model simulated the pile behavior better than the 

elastic-plastic Mohr-Coulomb model and the soft-soil model.  Shahrour and Juran (2004) 

developed a three-dimensional finite element model for the analysis of micropiles and 

calibrated it using the experimental results from a centrifuge study on micropiles. They 

demonstrated the suitability of the developed numerical model to simulate the lateral 

behavior of the micropiles under seismic loading.  Similarly, Sadek and Shahrour (2004) 

employed a calibrated three-dimensional finite element model to analyze the response of 

inclined micropiles to seismic loading. Rose et al. (2013) developed a three-dimensional 

finite element model and calibrated it employing the results of a centrifuge study on groups 

of small diameter piles. The calibrated model was then employed to investigate the relative 
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effectiveness of perimeter small diameter pile groups in comparison with the more 

common grid configuration. They reported that block type failure was noticed when piles 

were placed at a spacing of less than 2 times the pile diameter.  

Elsherbiny and El Naggar investigated the axial performance of helical piles installed in 

sand. The created model was calibrated and verified against the full-scale load tests. A 

bearing capacity reduction factor and helix efficiency factor were proposed for helical piles 

installed in sand. Abd Elaziz and El Naggar (2014) investigated the behaviour of single 

hollow bar micropiles embedded in silty clay soil using a 2D axisymmetric finite element 

model.  The numerical model was calibrated using field test results and then was utilized 

to perform a parametric study. From the results of the parametric study, an equation was 

proposed to estimate the axial capacity of HBMP installed in cohesive soil. Alnuaim et al. 

(2016) investigated numerically the performance of micropiled rafts in sand. FE model was 

developed and calibrated and with the centrifuge tests, the performance of micropiled raft 

was investigated. They reported that the micropile raft system increases the tolerable 

bearing pressure by 190% compared to the isolated raft. Fahmy and El Naggar (2017) 

conducted a 3D FE model to analyze the axial static behaviour helical tapered piles 

installed in sand. The developed model was calibrated and verified using the load-

displacement curves from the field load tests. The analysis confirmed the ability of the 

numerical model to predict the behaviour of the tapered helical piles, and its larger 

mobilized shaft resistance compared to the straight piles. It was also demonstrated that the 

tapered piles capacity and stiffness are higher than that of the straight piles due to the 

increased confining pressure attributed to the pile configuration.  The cavity expansion 

theory was first developed by Bishop et al. (1945) for metal applications.  Yu and Houlsby 
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(1991) developed a semi-analytical solution for the expansion of a cylindrical cavity in 

elasto-plastic soils, which was widely used in geotechnical applications. The cavity 

expansion technique was utilized to simulate the changes in stresses around embedded 

structures (Randolph et al. (1979), Dijkstra et al. (2006), Newson et al. (2009), Satibi et al. 

(2009), Castro and Karstunen (2010), El Naggar and El Naggar (2012)).  

The performance of single micropiles and micropile groups installed in cohesionless soil 

was investigated through a full-scale field study as reported in previous chapters of this 

thesis. In this chapter, a three-dimensional finite element model was developed and 

calibrated using the soil properties and the field load tests results. To ensure that the 

calibrated model gave reliable results, the model was then validated using the field test 

results of micropiles installed with different diameters. The validated model was then used 

to perform a comprehensive parametric study.  

The cavity expansion theory was used to simulate the installation effect and radial stress 

changes due to the micropiles installation.  Displacement- controlled cavity expansion was 

used.  A surface prescribed displacement was applied to a cylindrical cavity to replicate the 

increase in radial stresses during the micropile installation. The results obtained from the 

cavity expansion analysis were compared to the more common method of simulating the 

pile installation by increasing the K0 value to the back calculated value from the load test. 

7.2 Installation of Micropiles 

As part of the experimental phase of this study, six hollow bar micropiles (MP1 to MP6) 

and four micropile groups (MPG1 to MPG4) were installed and subjected to axial centric 

loading. The micropiles were constructed utilizing R51N hollow bars with 51 mm outer 
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diameter and 33 mm inner diameter. Four single HBMP (MP1, MP2, MP5 and MP6) and 

two groups of HBMPs (MPG1 and MPG2) were installed with a 152 mm drill bit diameter 

resulting in diameter ratio of drill bit/ hollow bar (Db/Dh) of 3, and two HBMP (MP3 and 

MP4) along with two micropile groups (MPG3 and MPG4) were installed with a 115 mm 

drill bit diameter (i.e. Db/Dh = 2.25). Figure 7.1 shows the plan view for the location of 

single and groups of micropiles along with the SPT and CPT test locations. 

 

Figure 7-1 Plan view of micropiles locations, SPTs and CPTs (Dimensions in meters 

and Not to scale) 
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7.3 Load Test Results 

The single micropiles and micropile groups were subjected to axial loading to either failure 

or the limit of the reaction system and the load - settlement curves for the tested micropiles 

were obtained. The results of the field load tests are used to calibrate and validate the 

numerical models. Even though every precaution was taken to ensure the loading system 

used in the current study would facilitate loading the micropile groups to failure, it was 

realized during the testing program that it was not possible. Two groups, MPG3 and MPG4, 

were loaded to the ultimate load while the ultimate load for MPG1and MPG2 was not 

reached. For MPG1, the loading hollow bar failed during loading and one of the reaction 

piles failed during the testing of MPG2.  The soil parameters obtained from the site 

investigation are summarized in Table 7.1.  

Table 7-1 Soil parameters from the site investigation 

Parameter Unit Soil Micropile 

Effective friction angle,  ′ o 42 -- 

Effective cohesion, c kN/m2 1 -- 

Dilatancy angle, ψ o 10 -- 

Modulus of elasticity kN/m2 -- 42e7 

Triaxial loading stiffness, 𝑬𝟓𝟎
𝒓𝒆𝒇

 kN/m2 65e3  

Unit Weight (𝜸𝒅) kN/m3 19.5 24 
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7.4 Numerical Modeling 

The finite element program PLAXIS 3D was used to develop the numerical model to study 

the performance of single micropiles and micropile groups. Full three-dimensional finite 

element models were developed in order to investigate the group interaction effects for 

micropile groups. The performed site investigation, including in-situ and laboratory tests, 

provided the soil parameters required for simulating the soil behavior in the numerical 

model. Additionally, the micropiles properties along with the strain gauges measurements 

obtained from the micropiles load tests provided the required information for developing 

and calibrating the finite element model. This information included the micropiles 

geometry and their mechanical strength parameters.  

The pile installation method can have a significant impact on the stress field within the soil 

surrounding the pile. Based on several factors such as the soil density and type of pile, the 

lateral earth pressure coefficient after pile installation, Ks, can range from 0.5 to 5 

(Lancellotta, 1995; Said, 2006; Satibi et al., 2009).  This is particularly true for HBMP as 

its installation procedure can have a major effect on its performance as pressurizing the 

grout changes the initial geostatic field stress, which results in increasing the radial stresses 

around the micropile. The simplest method to account for the radial stress increase around 

the pile is to back figure an average value of Ks from the field load tests which can then be 

used to describe the appropriate stresses around the pile.  However, this may result in 

unrealistic stress field around the micropile as the radial stresses are assumed to increase 

linearly with depth.  On the other hand, the cavity expansion technique can provide a 

realistic stress field around the piles. The two methods are used to model the installation 

effect and the results will be discussed in detail.  
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7.4.1 Material Models 

7.4.1.1 Soil Model 

The soil was modeled using 10-node tetrahedral elements. The tetrahedral elements have 

three degrees of freedom per node, ux, uy and uz, and provide a second-order interpolation 

of settlements. The soil behavior is simulated using an elasto-plastic hardening soil model, 

which is incorporated in PLAXIS 3D (Schanz and Vermeer, 1998). This model requires 

the following soil parameters: unit weight, (), cohesion (c), friction angle, (), dilation 

angle, (ψ), Poisson’s ratio (ν), triaxial loading stiffness, 𝐸50
𝑟𝑒𝑓

, the triaxial unloading 

stiffness, 𝐸𝑢𝑟
𝑟𝑒𝑓

and the oedometer loading stiffness, 𝐸𝑜𝑒𝑑
𝑟𝑒𝑓

.  The triaxial loading stiffness, 

𝐸50
𝑟𝑒𝑓

was obtained by performing a drained triaxial test on sand samples retrieved from the 

test site under 100 kPa of confining pressure, which is referred to as the reference stress 

for stiffness, P𝑟𝑒𝑓.  The triaxial unloading stiffness, 𝐸𝑢𝑟
𝑟𝑒𝑓

and the oedometer loading 

stiffness, 𝐸𝑜𝑒𝑑
𝑟𝑒𝑓

 were calculated from (Brinkgreve et al., 2015):   

 

                                           𝐸𝑜𝑒𝑑
𝑟𝑒𝑓

=
2 

3
 𝐸50
𝑟𝑒𝑓

                                                                     (7.1) 

                                           𝐸𝑢𝑟
𝑟𝑒𝑓

= 3𝐸50
𝑟𝑒𝑓

                                                                      (7.2) 

 

7.4.1.2 Pile Model 

The micropiles were modeled using non-porous volume elements. The linear elastic model, 

suitable for modeling stiff volumes in soil such as concrete elements (Brinkgreve et al., 
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2015), was used to simulate the micropiles structural behaviour. It is based on Hook’s law 

of isotropic elasticity, which is defined in terms of the micropiles Young’s modulus and 

Poisson’s ratio. The Young’s modulus was obtained from the applied load and strain 

readings of strain gauges close to the ground surface (about -0.80 m). The micropile cap 

was modeled using a linear elastic model and placed 20 cm above the ground resulting in 

no contact between the cap and underlying soil.  

7.4.1.3 Soil- Micropile Interface Model 

The soil-micropile interface was modeled using 12-noded interface elements (6 pairs of 

nodes); 6 nodes are connected to the 6 nodes of the soil element and 6 nodes are connected 

to the micropile elements. They are numerically integrated using 6-point Gauss integration. 

The distance between a node pair is zero. Each node has three translational degrees of 

freedom (ux, uy and uz).   The interface parameters are simulated using the shear strength 

properties of the surrounding soil and a strength reduction interface parameter, Rint, which 

is defined as a percentage of the shear strength of the soil. Table 7.2 summarizes the 

geotechnical parameters assigned to the hardening soil model for both soil and the soil-pile 

interface along with the linear elastic model parameters for micropiles.  
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Table 7-2  Geotechnical parameters used in FEM 

Parameter Unit Soil 
Soil -Pile 

Interface 
Micropile 

Constitutive model -- Hardening Soil Hardening Soil Linear Elastic 

Effective friction angle,   o 42 42 -- 

Effective cohesion, c kN/m2 1 1 -- 

Dilatancy angle, ψ o 10 10 -- 

Modulus of elasticity kN/m2 -- -- 42e7 

Triaxial loading stiffness, 

𝑬𝟓𝟎
𝒓𝒆𝒇

 
kN/m2 65e3 65e3  

Triaxial unloading 

stiffness, 𝑬𝒖𝒓
𝒓𝒆𝒇

 

kN/m2 43e3 43e3 -- 

Oedometer loading 

stiffness, 𝑬𝒐𝒆𝒅
𝒓𝒆𝒇

. 
kN/m2 195e3 195e3 -- 

Poisson’s ratio (𝝂) -- 0.3 0.3 0.2 

Unit Weight (𝜸𝒅) kN/m3 19.5 19.5 24 

Interface reduction 

factor, Rint 
-- -- 0.90 -- 

 

7.4.2 3D Mesh Geometry 

The soil and pile were simulated in three-dimensional (3D) space. The geometry of the 

soil-pile model simulated the full-scale micropile test setups as close as possible. The 3D 
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mesh dimensions are selected to ensure that the boundaries are placed far enough from the 

test specimens to not affect the results. This was ascertained through a mesh sensitivity 

study. The locations of the boundaries were optimized by extending the distance to the 

boundaries until there was no noticeable change in the stresses at the boundaries.  Based 

on the sensitivity analysis, the vertical boundaries for single micropiles were placed at a 

distance of 15D measured from the center of micropiles. The bottom boundaries were 

extended to a distance of two times the micropile length for the K-pressure method, while 

for the cavity expansion method the vertical boundaries were placed at a distance of 25Dp 

(where Dp is micropile diameter). For the micropile groups, the vertical boundaries were 

placed at 12S (where s is spacing between micropiles center-to-center) measured from the 

center of the micropile for cavity expansion method and 9S for the K pressure method. The 

top boundary of the model was considered as a stress-free boundary while the translation 

of the bottom boundary was restrained in three directions: X, Y and Z. The vertical 

boundaries of the soil block were set to move freely in the Z direction and constrained in 

the horizontal directions, X and Y.  

The mesh was refined around the micropile circumference and the micropile base where 

non-linear behaviour was anticipated in order to reach the optimum solution and capture 

the system performance. As a result of the mesh refinements, the total number of the model 

elements ranged from 141237 to 168385 and the average element size ranged from 0.153 

to 0.173 m for micropile groups while for single micropiles the number of elements was 

around 43048 elements and the average size of the elements was 0.067. 
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7.4.3 Increasing Ko Method 

In this approach, the geostatic stresses were defined in the first step of analysis as the in-

situ soil condition. The vertical effective stresses are increased linearly with depth below 

the ground surface while the radial stresses are increased as a function of vertical effective 

stresses and the coefficient of lateral earth pressure at rest, Ko, which is given by: 

                                               𝐾𝑜 = 1 − sin𝜙
′                                                              (7.3) 

In the second step of analysis, the radial stresses are assumed to increase linearly with depth 

according to the lateral earth pressure coefficient after micropile installation, K, times the 

vertical stresses. The K value can be back calculated from the field load test results and. 

After applying the radial stresses using the K value, the load was applied in step number 3 

of the analysis as a prescribed displacement until failure occurred. In this approach the 

radial stresses are increased for the whole soil volume and not just around the pile. 

7.4.4 Cavity Expansion Method 

In this method the pile installation is simulated by applying a uniform prescribed 

displacement on a cavity wall. The cylindrical cavity expansion is modeled as prescribed 

displacement because this approach ensures numerical stability of the analysis (Kirsch, 

2006; Castro and Karstunen, 2010). In the first step of this analysis method, the in-situ 

condition is simulated by applying radial stresses which increase linearly with depth equal 

to the effective vertical stresses times Ko.  In the second step of this analysis, the cavity is 

created by removing volume elements equal to the volume of the micropile using the 

original drill bit diameter and a prescribed surface radial displacement is applied to the 

cavity wall. By imposing the prescribed displacement on the cavity wall, the radial stresses 
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increased around the micropile volume. At the same time, vertical stresses are applied to 

the bottom part of the cavity equal to geostatic stresses at this level. The prescribed 

displacement in this step was selected based on the actual increase in micropile diameter 

over the drill bit diameter. Micropiles were exhumed and their actual size was measured 

and used in the analysis. The drill bit radius is denoted as ao and was considered as the 

initial cavity radius while the actual measured radius was considered as the final target 

radius and denoted as af.  In the final stage, after the cavity expanded to the required 

prescribed displacement, the micropile was placed in the cavity with the measured diameter 

and the prescribed displacement was removed. In the final step of analysis, the load was 

applied to the micropile head by means of a described displacement until failure occurred.   

7.5 Numerical Analysis Procedure 

7.5.1 Model Calibration and Verification 

The micropile material properties were back calculated from the strain gauge results. The 

soil properties utilized in the initial calibration were obtained from the site investigation 

and were considered representative of the soil behaviour. These initial values were adjusted 

slightly in order to calibrate the model by comparing the load-settlement curves predicted 

by the numerical model with those obtained from the field load tests. The initial value of 

effective angle of internal friction was 42o and the dilation angle was 10o as obtained from 

direct shear test. The micropile equivalent elastic modulus, EP = 42x106 kN/m2 was used 

in the calibration process as a representative value for the non-porous linear elastic volume 

elements. The values of the lateral earth pressure coefficient, K, were back figured from 

the frictional resistance of the micropile shafts during the field load tests and varied from 

3.5 to 3.7.  
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In the analysis that simulated by installation effect by increasing K, the coefficient of lateral 

earth pressure was varied in order to match the load – settlement curves. The coefficient of 

lateral earth pressure was found to be 3.4 and 3.71 for micropiles with Db/Dh = 3 and 2.25, 

respectively, which gave the best match of the load- settlement curves to the field load test 

results. For the cavity expansion method, prescribed horizontal displacements of 10 mm 

and 12 mm were applied to the cavity surface walls for micropiles with Db/Dh = 3 and 

Db/Dh = 2.25, respectively. The reason for applying a larger prescribed displacement for 

micropiles installed with Db/Dh= 2.25 in the numerical analysis is due to the increase in the 

lateral earth pressure coefficient. The higher value for micropiles with Db/Dh=2.25 

replicated the observed increase in the micropile diameter from field tests. This is attributed 

to applying the same grouting pressure in the installation for all micropiles, but the smaller 

drill bit had smaller nozzles than the large drill bits, which resulted in increased grout 

velocity (and hence diameter increase) for micropiles installed with 115 mm drill bit.  

7.5.2 Single Micropiles 

The developed model was initially calibrated using the load-settlement curves for single 

micropiles MP2, MP5, and MP6, which have a diameter Dp = 172 mm. To verify the 

developed model, the calibrated model was used to predict the response of micropiles with 

Dp = 132 mm using the same parameters and boundary conditions. The results were 

compared to micropiles MP3 and MP4.  

The results obtained from the analysis that simulated pile installation by increasing Ko 

value are compared to the experimental observations in Figure 7.2 (a and b).  As it can be 

noted from Figure 7.2, the calculated responses agree well with the field test results. This 
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verifies the ability of the numerical model to predict the response of micropiles subjected 

to axial loading.  

  

a) b) 

Figure 7-2 FE model calibration and verification using increasing Ko method: a) 

Db/Dh = 3; and b) Db/Dh=2.25 

The load – settlement curves obtained using the cavity expansion technique are compared 

to the measured response in Figure 7-3. As shown in Figure 7-3, the load – settlement 

curves predicted from the numerical models agree well with the measured curves.  

Both methods seem to give a reasonable match to the load – settlement curves. However, 

the variation of the radial stresses with depth varied between the two methods as shown in 

Figure 7-4. 
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a) b) 

Figure 7-3 FE model calibration and verification using Cavity Expansion method: a) 

Db/Dh = 3; and b) Db/Dh=2.25 

In the analysis simulating micropile installation by increasing K, the radial stresses 

increased linearly with depth. For the analysis that employed cavity expansion to simulate 

micropile installation, the radial stresses increased significantly close to the ground surface, 

then increased linearly with depth to an elevation slightly above the micropile toe, then 

decreased afterwards. The reduction of radial stresses close to the micropile toe could be 

attributed to the fact that the micropile toe settles during loading which can drag the 

surrounding soil. The soil beneath the toe tends to displace the adjacent soil which creates 

anarching effect. The same behaviour was observed by Vesic (1963); Touma and Reese 

(1974), and Satibi and Vermmer (2009).  
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(a) Db/Dh = 2.25 (b) Db/Dh = 3 

Figure 7-4 Radial stress vs depth at the interface using cavity expansion (CE) and 

Ko pressure method 

For micropiles with Dp = 172 mm, the vertical and radial stresses at 3 m and 5 m depths 

are plotted in Figure 7-5. The plot shows that the elastic zone extended to about 12 times 

the diameter of the micropile from the center of the micropile. This highlights the 

importance of placing the side boundaries of the finite element model for a single HBMP 

at a distance not less than 15 times its diameter when using a prescribed displacement to 

simulate the installation effects.  
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Figure 7-5 Stresses at 3m and 5 m depth using cavity expansion 

 

The interface shear stresses along the micropile depth obtained from the cavity expansion 

analysis are shown in Figure 7-6. As expected, the interface shear stresses follow the 

pattern of radial stresses presented in Figure 7-4. The increase in the interface shear stresses 

underscores the advantageous load transfer mechanism of hollow bar micropiles. It should 

be noted the curves shown in Figure 7-5 are obtained by curve fitting the results from the 

finite element analyses using forth polynomial functions because the actual numerical 

predictions are zigzagging as a result of the numerical integration. 
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(a) Db/Dh=2.25 (b) Db/Dh = 3 

Figure 7-6 Shear stress vs depth using Cavity Expansion (CE)  

7.5.3 Micropile Groups 

A numerical model was developed utilizing the same geotechnical parameters employed 

in the analysis of single micropiles and simulated the micropile installation by increasing 

the K value. As both methods gave similar load – displacement curves when analyzing the 

single micropiles, K pressure method was used to analyze the micropile group for the sake 

of time. The numerical model was utilized to calculate the load - settlement curves of two 

micropile groups, MPG3 and MPG4. The results were compared with those obtained from 

the field load tests in Figure 7-7. The calculated and measured responses agree well, which 

further verifies the ability of the numerical model to predict the response of micropile 

groups to axial loading. However, the numerical model predicts a slightly stiffer response 

during the initial part of loading.   As can be noted from Figure 7-7, the calculated response 

extended the applied load until plunging failure was predicted to facilitate the evaluation 

of the pile group ultimate capacity.  
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(a) (b) 

Figure 7-7 Comparison between Load-settlement curves for MPG3 and MPG4 from 

field tests and Increasing Ko Method  

The same numerical model was then employed to analyze the response of micropile groups 

MPG1 and MPG2. The loading was also extended until plunging failure was predicted. 

The load- settlement curves obtained from the field loading tests for MPG1 and MPG2 are 

plotted in Figure 7-7 along with the load - settlement curves predicted from the developed 

finite element model. In general, the predicted response was in good agreement with the 

measured response.  

The calculated load - settlement curves of micropile groups were utilized to establish their 

ultimate axial load capacity. The predicted ultimate capacity of the micropile groups 

obtained from the numerical results confirm that the group efficiency for groups installed 

with s = 3Db or 5Db is between 0.97 and 1.06.  
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(a) (b) 

Figure 7-8 Comparison between Load-settlement curves for MPG1 and MPG2 from 

field tests and Increasing Ko method 

 

A cross-section through the soil volume in the center of MPG1was taken to demonstrate 

the interaction among the micropiles within the group and the mobilized shear strength. 

The location of the cross-section is shown in Figure 7.9.     The micropile group settlement 

at section A-A is shown in Figure 7.10. As it can be seen form Figure 7.10, the interaction 

is clear between the micropiles and the deformation contours show the displacement 

distribution around the micropile group. The Iso surface for the vertical displacement of 

MPG1 is shown in Figure 7.11, which indicates a clear contour of soil movement around 

the micropile group, which extends to almost 1.5 times the width of the micropile group 

on either side. 
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Figure 7-9 Location of cross section A-A 
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Figure 7-10 Settlement contours for section A-A 

 

 

Figure 7-11 Iso surface for vertical settlement of MPG1 
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The mobilized shear strength of the soil around MPG1 is shown in Figure 7.12.  As it can 

be seen from Figure 7.12, the failure occurred around the shaft surfaces along the micropile 

length and immediately beneath the micropile group.  

 

Figure 7-12 Mobilized shear strength of MPG1 

 

As mentioned previously, the load test was stopped pre-maturely for MPG1 was stopped 

for safety reasons and failure was not achieved. Therefore, the loading was continued in 

the numerical model to mobilize the full resistance of the micropiles and achieve failure.  

The load distribution with depth obtained from the numerical model is presented in Figure 

7.13. The load distribution obtained from the numerical model was used to establish the 

load distribution of MPG1 along the pile shaft and is shown in Figure 7.14.  
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Figure 7-13 Load distribution with depth obtain from FEM for MPG1 

 

Figure 7-14 Completing the load distribution of MPG1 (FEM)   
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The variation of load distribution along he pile shaft obtained from finite element model is 

gradual, unlike that obtained from the load distribution evaluated from stain gauges during 

the load tests. This is because the stain gauges readings were recorded at only three 

different levels while for the numerical model there was continuous distribution with depth.  

The load distribution with depth for MPG3 is shown in Figure 7.15, which also 

demonstrates gradual variation with depth. Besides, it demonstrated a smaller toe resistance 

compared to the load distribution obtained from the strain gauges. It should be noted that 

the soil profile changed slightly from location to another as it can be seen from the SPT 

and CPT results. Thus, it is expected that the soil properties would be different and 

consequently the micropiles resistance would also differ.  

 

Figure 7-15 Comparing load distribution from FEM and strain gauges 
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The mobilized shear strength profiles at the pile-soil interface for MPG1 and MPG3 are 

presented in Figure 7.16 and 7.17, respectively.   

 

Figure 7-16 Mobilized shear strength of MPG1 at micropile-soil interface 

 

Figure 7-17 Mobilized shear strength of MPG3 at micropile-soil interface 
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The mobilized shear strength profiles for both micropiles groups are similar. The mobilized 

strength increased with depth, but declined towards the toe, which is in agreement with the 

skin friction distribution reported by O’Neil and Reese (1970). This decrease in shaft 

resistance close to the micropile toe is caused by the so-called trap-door effects as it was 

first explained by Terzaghi in 1936.  

7.6 Parametric Study 

The calibrated and verified finite element models are utilized to perform a parametric study 

to investigate the effect of several factors that were not examined in the field testing 

program due to cost and time limitations. Specifically, this parametric study investigates 

the effect of soil strength parameters and micropiles slenderness ratio on their ultimate 

capacity. Furthermore, the effect of micropile-soil interface condition was investigated.  

The lateral earth pressure coefficient, Poisson’s ratio, and micropile strength parameters 

were kept constant throughout the parametric study. The parametric study was performed 

on micropile MP1. 

7.6.1 Soil Strength Parameters 

The analysis covered a practical range of the soil effective angle of internal friction angles 

and secant triaxial loading stiffness values, representing sand with different relative density 

(i.e. very loose, loose, medium dense, and dense). The soil properties of the six considered 

cases are based on Obrzud and Truty (2012) and are summarized in Table 7-3.  
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Table 7-3 Soil Parameters used in the parametric study 

CASE Relative density 

Dr (%) 

Unit weight 

(kN/m3) 

Effective 

friction angle 

Triaxial loading 

stiffness (kN/m2) 

CASE 1 Very loose sand 16 25 10 

CASE 2 Loose sand 17.5 30 20 

CASE 3 Medium sand 18.5 35 40 

CASE 4 Dense sand 19 37 55 

CASE 5 Dense sand 19.2 40 60 

CASE 6 Very dense sand 19.5 42 65 

 

Figure 7- 18 shows the load – settlement curves for the six considered cases.  As expected, 

the stiffness and ultimate capacity increase with the increase in soil strength parameters. 

The values of ultimate bond strength were back calculated and compared with the values 

suggested by FHWA for micropiles Type B in Table 7-4.   

Inspecting Table 7-4, the predicted ultimate bond strength values for Cases 1 and 2 (very 

loose to loose sand) are less than the minimum value of ultimate bond strength suggested 

by FHWA for Type B micropiles. However, the values suggested by FHWA are for loose-

medium dense sand not very loose sand. For cases 4 and 5, (i.e. medium to dense sand), 

the ultimate bond strength values are close to the lower boundaries suggested by FHWA 

for Type B micropiles. Comparing the average ultimate bond strength values provided by 

FHWA to the ultimate bond strength values obtained from the finite element models, the 
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average values provided by FHWA are higher than the values obtained from the finite 

element analysis. 

 

 

Figure 7-18 Load vs settlement curves for different soil parameters 

 

On the other hand, the ultimate bond strength values obtained from the finite element 
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Table 7-4 Comparison between ultimate bond strength values from FE and FHWA 

CASE 

Ultimate bond 

strength (FE), 

kPa 

Ultimate bond 

strength, Type B 

(FHWA, 2005), kPa 

Average ultimate bond 

strength (FHWA,2005), 

kPa 

CASE 1 48 70 - 190 130 

CASE 2 64 70 – 190  130 

CASE 3 99 70 – 190 130 

CASE 4 112 120 – 360 240 

CASE 5 131 120 – 360 240 

CASE 6 190 120 – 360  240 

 

The lateral earth pressure coefficient is an important pile design parameter and can be back 

figured from the numerical results. Figure 7-19 shows the effect of the lateral earth pressure 

coefficient on micropile performance and capacity. The value was increased from the 

lateral earth pressure coefficient at rest to the value back figured from the load test to show 

the effect of this parameter on the pile’s capacity. All other soil and pile parameters were 

kept constant during this analysis to investigate the effect of the lateral earth pressure 

coefficient. As expected, the micropile stiffness and ultimate capacity increased as K 

increased, underscoring the advantageous effect of the pressurized grout used in the 

construction of HBMP. 
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Figure 7-19 Effect of Lateral earth pressure coefficient on micropile performance 
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Table 7-5 Summary of the effect of slenderness ratio on the failure load 

CASE Failure load (kN)  Max settlement (mm)  

L/D = 20 240 5.0 

L/D = 33.5 644 10.2 

L/D = 50 1100 15.4 

 

7.6.3 Interface Reduction Factor (Rinter) 

The strength at the pile-soil interface is simulated using the shear strength properties of the 

surrounding soil and a strength reduction interface parameter, Rint, which is defined as a 

percentage of the shear strength of the soil. The interface reduction factor varied from 0.1 

to 0.95. The load – settlement curves for various interface reduction factor values are 

shown in Figure 7-20. The figure shows the influence of the interface reduction factor on 

a micropiles performance and capacity. The failure load increased from about 60 kN for 

Rinter = 0.1 to more than 915 kN for an interface reduction factor equal to 0.95, Rinter = 0.95.  

As expected, the failure load increased almost linearly as the interface reduction factor 

increased from 0.1 to 0.85. However, the failure load increased significantly as the interface 

reduction factor exceeded 0.85. The sudden increase in the failure load as the interface 

reduction factor exceeded 0.85 is believed to be as a result of changing the failure 

mechanism from the shear band failure at the pile-soil interface to form a block failure 

extended to the surrounding soil. The effect of increasing the interface reduction factor on 

the failure load is shown in Figure 7-21.  



234 

 

 

 

 

Figure 7-20 Effect of the interface reduction factor on micropile performance 

 

 

Figure 7-21 Effect of the interface reduction factor on the failure load of micropiles 
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7.6.4 Number of Micropiles in the Group 

To study the effect of different micropile group configurations, a full 3D FE model was 

created for a micropile group consisting of nine micropiles (3 X 3), each with a diameter 

of 172 mm, and spacing, s = 5Db. The same soil parameters used in this model are the same 

used for modelling MPG1 and MPG2.  Figure 7-22 shows the finite element model utilized 

with the dimension and the boundaries from the micropile group. The mesh was made finer 

around the micropiles where large stress changes was anticipated to occur.   

   

 

Figure 7-22 Full 3D model with deformed mesh.  
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Figure 7-23 shows the load - settlement curves for the nine-micropile group. The load – 

settlement curve shows three main regions. The first region is a linear elastic portion which 

extends up to a load of 2670 kN with a vertical settlement equal to 2.38 mm.  The maximum 

linear elastic load is approximately 46% of the failure load, which is 5750 kN, and the 

elastic settlement is equal to 1.38% of the micropile diameter. The second region is the 

nonlinear portion, which extends to a vertical settlement of 15.2 mm at an applied load of 

5620 kN of applied load. The final region extends to the failure load of 5750 kN, which 

occurred at 19.8 mm (i.e.  11.5% of the micropile diameter). The nine micropiles group 

efficiency (3*3) is equal to unity which confirms the findings of the field test results of 

micropile groups with four micropiles (2*2).  

 

Figure 7-23 Load vs settlement of 3* 3 micropiles group  
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7.6.5 Spacing to Diameter Ratio of Micropile in the Group 

To investigate the effect of spacing between the micropiles in the group, two more spacing 

to diameter ratio were considered; 2Db and 4Db as micropile groups of 3Db and 5Db were 

modeled and used in the calibration and verification of the finite element model. The results 

are presented in terms of load – settlement curves in Figure 7-24.  The effect of the 

interaction between the micropiles in the group is more evident at higher settlement due to 

the interaction effect as it can be seen in Figure 7-24. The group efficiency ranges from 

0.99 for 2D spacing between the micropiles to up 1.06 for 5D spacing.  Briaud et al. (1989) 

reported a similar finding of group efficiency equal to 0.99 for five pile group installed in 

medium dense sand with a spacing to diameter ratio of 3.4. 

 

Figure 7-24 Load vs settlement for different spacing between micropile groups 
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7.6.6 Effect of Relative Density on Performance of Micropile Group 

To investigate the effect of relative density on the group efficiency, two cases were 

considered; loose sand and medium dense sand as they are defined in Table 7.3 by Case 2 

and Case3, respectively. Case 6 which represents the dense sand was analyzed in the 

previous section. Furthermore, each case was investigated considering four different 

spacing to diameter ratio ranged from 2D to 5D.  The results are shown in Figure 7.25.  

  

a. Loose sand b. Medium dense sand 

Figure 7-25 Effect of relative density on the load - settlement curves of micropile 

group with different s/D ratios. 
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group efficiency was less than unity, 0.87 which can be contributed to stress overlapping 

between the micropiles. Using a factor of safety equal to 2, the design load was obtained 

as the failure load from Figure 7.24 and 7.25 divided by two. The micropile stiffness which 

defined as the ratio of the design load to the corresponding settlement was calculated and 

compared in Table 7.6.      

Table 7-6 Micropile group stiffness with different s/D 

 
Design micropile stiffness (MN/m) 

 Loose sand Medium dense sand  Dense sand  

2D 99 201 212 

3D 102 207 265 

4D 125 235 305 

5D 166 282 371 

 

The group efficiency for most of the cases is close to unity; however, the micropile group 

stiffness increases as the spacing to diameter ratio increases. For example, the micropile 

group stiffness for s/D equal to 5 is larger than the micropile group stiffness for s/D equal 

to 2 by about 75%.  

7.6.7 Settlement Ratio of Micropile Group 

The settlement ratio of micropile groups was calculated for a range of spacing to diameter 

ratio from 2 to 5. The results are shown in Figure 7.26.  
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a. Loose sand 

 

b. Medium dense sand 
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c. Dense sand 

Figure 7-26 Settlement ratio Rs for different relative densities and s/D ratios 
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settlement ratio increases as the micropiles spacing decreases and the sand relative density 

increases 

Table 7-7 Comparison between Rs with different s/D ratio 

 
Group settlement ratio at design load 

 Loose sand Medium dense sand  Dense sand  

2D 2 1.76 1.72 

3D 1.92 1.73 1.61 

4D 1.80 1.67 1.40 

5D 1.35 1.30 1.08 

 

Neely (2008) revisited Berezantsev et al. (1961) work and reported that the group 

settlement ratio increases as the normalized load for groups of piles increases for piles 

installed with s/D equal to 3 and the rate of increase in group settlement ratio is clearer as 

the number of piles in the group increases. It was concluded that the group settlement ratio 

does not only depend on the average load per pile but also on the geometry of pile group.  

Briaud et al. (1989) reported a group settlement ratio of 1.29 for a group of five steel piles 

installed in medium dense sand at 3.4 spacing to diameter ratio.   

7.6.8 Interaction Factor between Two-Micropiles Group 

The interaction factor approach was first introduced by Poulos (1968) and Poulos and 

Mattes (1971). A group of two identical piles are loaded equally and the effect of adjacent 

pile is considered by means of interaction factor. The interaction factor was defined as the 
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ratio between the additional displacement due to adjacent pile to the displacement of pile 

under its own load. Poulos and Davis (1980) indicated that the interaction factor approach 

can be accurate for small pile groups.  Mandolini et al. (2005) showed that the interaction 

factor approach can be used for large group with reasonable accuracy.  

As the construction method of hollow bar micropiles is quite different from the 

conventional piles, the verified finite element model was used to provide a set of interaction 

factor curves considering the two main factors; pile stiffness factor and the slenderness 

ratio of the pile geometry. The pile stiffness factor is defined as the ratio between the 

micropile modulus of elasticity and the modulus of elasticity of the surrounding soil. Three 

different pile stiffness factors were considered; 500, 1000, 1500 which represents loose 

sand, medium dense sand and dense sand, respectively. Furthermore, to investigate the 

effect of the slenderness ratio of micropiles on the interaction between two micropiles, 

three slenderness ratios were considered; 25, 50 and 75. The interaction factor was 

considered at the design load which defined as the failure load divided by factor of 2. The 

outcome of the analysis is shown in Figures 7.27.  

As it can be seen from Figure 7.27, the interaction between the micropiles decreases with 

the spacing between micropiles increases. The interaction between the two micropiles 

decreases as the micropile stiffness factor decreases which agrees with Abd Elaziz and El 

Naggar (2014) finding for micropiles installed in clay soil. Figure 7.27 can be used to 

obtain the interaction factor between micropiles group.  
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c) L/D = 75 

Figure 7-27 Interaction factor for different slenderness ratio 
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surrounding soil instead of Ko which increases the radial stresses around the pile resulting 

in increasing the micropiles capacity. In the cavity expansion method, the increase in radial 

stresses due to micropile installation is simulated by applying a prescribed displacement to 

the volume of soil that represents the micropile. The developed model was used to perform 

a parametric study to investigate the effect of several soil and micropile parameters on 

micropile performance. The main findings of this study are:  

- Both methods seem to give good matching results to load – settlement curves 

obtained from full-scale load tests for single micropiles.  

- The influence radius of the applied prescribed displacement is about 12 times the 

micropile diameter from the center of the micropile. Accordingly, placing the side 

boundaries of the finite element model at a distance of 15 times the micropile 

diameter should not affect the calculated response.   

- The interface reduction factor plays an important role in defining the micropile 

behaviour under axial loading and should be selected carefully. The experimental 

results for HBMPs for the range of grouting pressure considered in this study 

showed that its value should be close to 0.90.  

- The model confirms the micropiles group efficiency is equal to unity for micropile 

groups consisting of 2*2 or 3*3 micropiles in a square arrangement.  

- The group settlement ratio increases as the total micropile group settlement 

increases at different rate based on the spacing between the micropiles in the group. 

- The group settlement ratio decreases as the spacing to diameter ratio of the group 

increases from s/D = 2 to s/D = 5.  
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- Set of interaction factor curves were proposed for two micropiles installed in 

different soils and with slenderness ratios.  
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CHAPTER 8 

8 Summary, Conclusions and Recommendations  

8.1 Summary 

The main objectives of this research are to investigate the performance of single and 

micropiles group installed in cohesionless soil and study the effect of increasing the drill 

bit/ hollow bar (Db/Dh) ratio from 2.25 which presents the common practice to 3. The 

results should be of value for both practitioners and researchers. Furthermore, the 

mechanical properties of neat grout and various reinforced grouts were investigated to 

study the visibility of increasing the performance of micropile under lateral loading.  

 Twenty-two micropiles were installed in cohesionless soil, consists of six single 

micropiles and four micropiles groups.  In the first stage, compression and tension loading 

tests were performed on six full-scale hollow bar micropiles to investigate the performance 

and capacity of hollow bar micropiles constructed with different diameter ratios of drill 

bit/hollow bar (Db/Dh).  Two micropiles (MP2 and MP3) were instrumented with three 

vibrating wire strain gauges each to evaluate the distribution of load transfer along the 

micropile. The micropiles were constructed using hollow bars R51N along with tungsten 

carbide cross cut drill bits. The OD (Outer diameter) of the hollow bar is 51 mm and the 

ID (Inner diameter) is 33 mm. Three micropiles (MP2, MP5 and MP6) were installed with 

152 mm drill bit (i.e. Db/Dh=3) and two (MP3 and MP4) with 115 mm drill bit (i.e. 

Db/Dh=2.25). The total length of each micropile was 6m with 5.75m embedded length.  
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In the second stage, six micropiles were tested under lateral loading. Fifteen full-scale 

loading tests were conducted on hollow bar micropiles to investigate the performance of 

micropiles under monotonic and cyclic lateral loads with different drill bit/ hollow bar 

diameter ratio of 2.25 and 3.  One group of four micropiles with common spacing between 

the micropiles in groups, 5D was tested under lateral monotonic loading. Furthermore, the 

mechanical properties of neat grout and various reinforced grouts were investigated in this 

study by performing several laboratory tests; compressive strength, tensile strength, 

modulus of elasticity, and flexural strength. Micropiles with 1000 mm length and 76 mm 

diameter were cast and subjected to pure bending moment tests in controlled environment 

to investigate in detail the effect of adding fibers on the bending moment capacity of 

micropiles.  LPile model was developed utilizing the moment-curvature curves obtained 

from the pure bending moment tests and the results were reported. The optimum dosage of 

fibers based on the parametric study was selected and a full-scale micropile with 6 m length 

and 172 mm diameter was installed in cohesionless soil using reinforced grout. 

In this stage, Full-scale loading tests were conducted on four groups of micropiles to 

investigate the performance of micropile groups with different drill bit/ hollow bar 

diameter ratio of 2.25 and 3 and two different common spacing between the micropiles in 

groups, s = 3Db and 5Db. At least one micropile in each group was instrumented with three 

vibrating wire strain gauges to evaluate the force distribution along the micropile length.  

In addition to the field load testing, a finite element analysis using PLAXIS 3D commercial 

software was conducted to complement the experimental results and further evaluate the 

micropile axial capacity when the ultimate load was not reached. Parametric study was 
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performed to investigate the effect of several parameters on the micropile performance and 

capacity.  

8.2 Conclusions 

Based on the results of full-scale load tests, laboratory tests and numerical modeling, the 

main findings of this study are: 

8.2.1 Single Micropiles 

Based on the actual measurements of exhumed micropiles diameters, the micropiles 

diameter increased by approximately 14% over the drill bit diameter. 

8.2.1.1 Monotonic compression performance 

▪ The load test results showed that as Db/Dh increased from 2.25 to 3, the micropile 

stiffness increased by 38%. 

▪ The compression capacity of the micropiles increased by about 17% as Db/Dh 

increased from 2.25 to 3. 

▪ Increasing the Db/Dh ratio from 2.25 to 3 has a cost implication as the quantity of 

steel can be reduced by 50% by increasing the drill bit diameter to achieve Db/Dh = 

3.0 comparing to the current practice.  

▪ A new range of values for the ultimate bond resistance of grouted micropiles was 

suggested. The suggested values are between 150-250 kPa instead of the wide range 
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proposed by FHWA 120-360 kPa for micropiles installed in the same soil 

conditions. 

8.2.1.2 Monotonic uplift performance 

▪ The load test results showed that as Db/Dh increased from 2.25 to 3, the micropile 

stiffness increased by 32%. 

▪ The tension capacity of the micropiles increased by about 22.5%, as Db/Dh 

increased from 2.25 to 3. 

▪ Increasing the Db/Dh ratio from 2.25 to 3 has a cost implication as the quantity of 

steel can be reduced by 50% by increasing the drill bit diameter to achieve Db/Dh = 

3.0 comparing to the current practice.  

▪ The effect of preloading; compression and then tension has non-significant effect 

on the tension capacity of micropiles.   

8.2.1.3 Monotonic lateral performance 

▪ The load - deflection response of single micropiles indicated a stiffer response for 

micropiles with drill bit/hollow bar diameter ratio equal to 3 than the response of 

ratio of 2.25 which presents the current practice.  

▪ Increasing the drill bit/hollow bar diameter ratio from 2.25 to 3, improved the lateral 

capacity by about 32%.  
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▪ The first eight to nine micropile diameters depth have the major impact on the 

hollow bar micropiles performance under lateral loading. 

▪ The maximum bending moments occurred at depth about 4.5 and 4.35 of micropiles 

diameters. 

▪ It was demonstrated that the LPile software can be used to analysis the hollow bar 

micropiles under lateral loading following the procedure mention above.  

8.2.1.4 Cyclic axial performance 

▪ There was a variation in the axial head stiffness in the first five cycles as the axial 

stiffness varies between 330 kN/mm and 250 kN/mm, this variation may be 

attributed to the effect of cyclic tension test which was performed before the 

compression cyclic tests. However, the axial micropile stiffness stabilized at 330 

kN/mm after the seven cycles. 

8.2.1.5 Cyclic lateral performance 

▪ The degradation parameter t varies from 0.084 to 0.033 and from 0.062 to 0.031 for 

micropiles with Db/Dh = 3 and Db/Dh = 2.25, respectively. The degradation 

parameter t reaches the peak value at the first few cycles and then decreases with 

increasing the number of cycles and the load amplitude. 

8.2.1.6 Improving the lateral performance 

▪ Adding micro-steel fibers and steel fibers to the neat grout mix can enhance the 

tensile and flexural strengths with a slight increase in compressive strength.  
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▪ The bending moment capacity of micropiles increased and the post-cracking 

behaviour improved by adding micro-steel fibers and steel fibers to the grout mix. 

▪ Micropiles cast with steel fibers showed larger lateral capacity and greatly 

increased ductility compared to micropiles constructed with neat grout, which 

failed in a brittle manner.  

▪ The plastic hinge developed at a depth equal to 7.1 and 8.7 times the micropile 

diameter for micropiles constructed with no fibers and micropiles casted with steel 

fibers, respectively.  

▪ The lateral capacity of micropile constructed with 1% of MSF grout increased by 

10% compared to micropiles constructed with neat grout. 

8.2.2 Micropiles Group 

8.2.2.1 Monotonic compression performance 

▪ The micropile groups constructed with drill bit/hollow bar diameter ratio, Db/Dh = 

3 displayed 50% stiffer response than the groups constructed with Db/Dh = 2.25. In 

addition, groups constructed with Db/Dh = 3 displayed 25% increase in capacity 

compared to groups constructed with Db/Dh = 2.25. This demonstrates the benefit 

of using Db/Dh = 3 when larger capacity or stiffer response is required.  

▪ The group efficiency at both working load and interpreted failure load are close to 

unity; between 0.97 and 1.06 for dense sand soils for both 3Db and 5Db center-to-

center distance. This was confirmed by the results obtained from the finite element 

model.  
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▪ The average toe resistance accounted for about 12% of the total resistance of 

micropiles. Ignoring the toe resistance contribution to the total micropile resistance 

may be conservative.  

▪ For hollow bar micropile groups constructed with spacing, s ≥ 3Db, the group 

efficiency ratio can be taken as 1.0.   

8.2.2.2 Monotonic lateral performance 

▪ Considering the 25mm lateral deflection as a failure criterion for micropiles under 

lateral loads, the group efficiency of micropiles group with five diameters center-

to-center distance is about 89%. 

8.3 Recommendations for Future Research 

▪ Investigating the effect of grouting pressure for different soils on the micropile 

performance and capacity. 

▪ Performing full-scale field tests for micropiles groups with different configuration 

installed in cohesive soil under axial and lateral loadings. 

▪ Dynamic full-scale field testing of single and group of micropiles is suggested. 

▪ Performing full-scale field testing on micropiles with steel fibers added to the grout 

mix to assess the effect of their addition on lateral performance. 

▪ Investigating the effect of applying axial and lateral cyclic loading on micropile 

groups.  
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