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ABSTRACT 

The Louisiana Department of Transportation and Development (DOTD) use deep 

foundations, consisting of precast concrete piles, open- or closed-end steel pipe piles, steel H-

piles, or auger-cast piles to support buildings, highway bridges, and other infrastructure 

systems.  The piles at a project site derive their load carrying capacity from “side friction” 

along their embedded lengths as well as from “end resistance.” 

 

Pre-boring is a method used to facilitate driving of large displacement piles in hard/dense 

soils.  A pilot hole, generally smaller in size than the pile to be installed, is first bored to a 

specified depth. By pre-boring a pilot hole, the “end bearing” and “side friction” within the 

pre-bored zone are reduced, thus aiding the driving of the pile.  However, pre-boring 

complicates the prediction of long-term pile capacity (specifically side friction) within the 

pre-bored zone and the Wave Equation Analysis of Pile (WEAP) analysis, which aims to 

predict pile drivability.  It is assumed that there are three major unknowns that accompany 

the pre-bored zone: (1) reduction of end bearing as it pertains to pile driving within the zone, 

(2) reduction of side friction as it pertains to pile driving within the zone, and (3) reduction of 

side friction as it pertains to long-term pile capacity within the zone. It is expected that the 

relative strength of the soil as well as the diameter of the pilot hole relative to the pile will 

have an impact on pile drivability and its long term load carrying capacity.   

  

The objective of this project was to compile the state-of-the-art and best practice results 

available on the subject of pre-bored piles and develop a research and instrumentation testing 

plan for future field data collection and select multiple pile driving sites representing 

different soil strengths. The referenced research objectives were accomplished by performing 

a literature review, survey with State Highway and other agencies, survey with Louisiana 

construction companies; investigating instrumentation protocol and site selection guidelines; 

developing specific guidelines for future data collection; and preparing a final report with 

recommendations. 

 

Subsurface geologic characteristics of Louisiana were used to recommend multiple pile 

driving sites for future testing of piles. A plan was recommended for driving multiple test 

piles at each site using differently sized pre-bored holes with no pre-boring as control for 

comparison. Instrumentation and a monitoring plan utilizing vibrating wire strain gauges or 

embedded data collector technology during static load test as well as pile dynamic analyzer 

(PDA) during initial pile driving and restrikes was suggested to be included in the pile testing 

protocol. The field load testing and instrumentation data obtained during the proposed 



 

protocol can be used by DOTD and consulting engineers in evaluating the change in “side 

friction” capacity of piles while utilizing different size pre-bored hole. The database of 

information generated from the different sites will help reduce uncertainty in long-term pile 

capacity prediction and constructability issues when using a pre-bored hole for pile 

installation. Quantifying such an impact will greatly help geotechnical design engineers to 

understand the interactions among the factors of pre-boring, pile size, soil conditions, pile 

driving, etc., and improve the design and construction qualities of pile foundations in 

hard/dense soils.   

 

This final report contains an implementation plan, which includes the outcome of this 

research, a realistic assessment of impediments to successful implementation, the activities 

necessary for successful implementation, and the criteria for judging the progress and 

consequences of implementation. This research will benefit geotechnical, structural, and 

construction engineers involved in the design, construction, and installation of pile 

foundations for DOTD and other private projects.  Furthermore, this study will benefit the 

pile driving contractors industry by advancing the knowledge related to predicting driven pile 

behavior within pre-bored soil. 
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IMPLEMENTATION STATEMENT 

A protocol for evaluating the effects of pre-boring on the pile capacity during pile installation 

and long-term pile capacity is presented.  The implementation of this protocol includes (1) 

recommendations for selecting and identifying multiple sites to test piles, (2) recommended 

subsurface investigation to be conducted at the test site, (3) pile instrumentation options with 

different levels of instrumentation effort, (4) pile installation records to be compiled, (5) a 

pile testing plan based on the type of test site being evaluated, (6) pile installation and load 

testing plan based on the type of test site being evaluated, and (7) an evaluation of the test 

pile performance by performing a GRL Wave Equation Analyses (GRLWEAP). The 

implementation of the protocols for evaluating the effects of pre-drilling on the capacity of 

piles will be evaluated after ever test site has been tested and report prepared for the test site.  

 

A Geotechnical Design Engineer (GDE) needs to be identified within the DOTD Pavement 

and Geotechnical Design section who will be the contact person for in-house geotechnical 

engineers and geotechnical consultants when predrilling may be necessary.  When the GDE 

identifies a possible project, the GDE should contact the Research Geotechnical Engineer 

(RGE) and submit the necessary information for evaluation.  Once DOTD and LTRC have 

determined that the project is a good candidate for the study, the protocols presented in this 

report can proceed. Identification of all members of the implementation team is essential to 

effective communication and success of this research. The RGE will transmit the test pile 

program analysis report and provide a summary report of the research to LTRC/DOTD. The 

research summary report will include guidance in selecting additional test pile site locations, 

recommended changes in protocols for test pile sites, and an estimate of when adequate data 

has been collected to provide a final research report.  In addition to these reports, routine 

biannual reports will be submitted to LTRC as part of the contract administration.   

 

Implementation of the protocols presented will require early planning and identification of all 

personnel that will be involved.  The following roles and levels of responsibility have been 

identified: 

 Geotechnical Design Engineer (GDE):  DOTD Geotechnical Design Personnel and/or 

Geotechnical Consultants working on DOTD projects will need to identify projects where 

pre-drilling is needed to facilitate pile installation. 

 Research Geotechnical Engineer (RGE):  The RGE who will be evaluating the effects of 

pre-boring on pile capacity will need to be contacted to evaluate the project suitability 

and identify any gaps in geotechnical data.  The geotechnical information (i.e., 

geotechnical report) that will need to be provided to the researcher should include 



 

subsurface investigation results, static pile capacity analyses, GRLWEAP drivability 

analyses performed without and with predrilling effects, pile load test and design 

requirements, and design plans and notes. 

 Geotechnical Instrumentation Engineer (GIE):  The GIE who will be installing the pile 

instrumentation and recording the data during the static load test will need to be 

identified.  The GIE can either be a part of the research team working under the RGE or 

can work directly for DOTD by either in-house personnel or subcontractor specialist.  It 

is recommended that the GIE be the same for all projects in order to maintain consistent 

and reliable results. 

 DOTD / LTRC Geotechnical Contract Manager: He or she will need to approve the 

project to be included as part of this research based on the recommendations of the RGE, 

GDE, and DOTD team evaluating the project. 

 Geotechnical Design Engineer (GDE): The GDE will prepare plans, drawings, and 

special provisions for the project and submit to the RGE for review and contribution of 

research elements necessary to be included with the DOTD construction documents. 

 Research Geotechnical Engineer (RGE):  The RGE will review the construction 

documents (plans specifications/special provisions) and will supplement these documents 

with pile instrumentation plans, special provision requirements for the conduct of the pile 

instrumentation, static load testing, dynamic load testing, and contractor submittal 

requirements.  The RGE will work with the GIE to make sure that the instrumentation 

plan can be implemented properly and be cost-effective.  

 Geotechnical Design Engineer (GDE):  The GDE will notify the RGE when the project is 

awarded. 

 Construction Project Engineer (CPE):  The CPE will contact the GDE, RGE, and GIE to 

attend the preconstruction conference to discuss the project geotechnical requirements.  

In lieu of discussing the research geotechnical requirements during the preconstruction 

conference, the CPE may require a separate geotechnical meeting to discuss the 

geotechnical project requirements. 

 Geotechnical Research Engineer (GRE) and Geotechnical Instrumentation Engineer 

(GIE):  The RGE and GIE will be notified by the CPE a minimum of 45 days prior to 

casting the square precast prestressed concrete piles so that instrumentation.   

 Geotechnical Instrumentation Engineer (GIE):  The GIE will be responsible for 

instrumenting the piles for the test pile program and ensuring that all gauges are in proper 

working order. 

 Construction Project Engineer (CPE):  The contractor will be responsible for safe 

transport of the instrumented pile and for any damages and delays that may occur if the 

instrumented pile is damaged during transport to the project site.  The CPE will notify the 
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GIE and RGE when the instrumented pile has arrived to the project site for inspection by 

the GIE/RGE. The CPE will need to coordinate with the contractor, RGE, GIE, and GDE 

on when the test pile program will be conducted. 

 Geotechnical Research Engineer (GRE) and Geotechnical Instrumentation Engineer 

(GIE):  The RGE and GIE will need to be on-site during the conduct of the test pile load 

testing program.  The RGE will need to work with the personnel conducting the dynamic 

testing with the Pile Driving Analyzer (PDA). 

 Research Geotechnical Engineer (RGE):  The RGE will need to submit preliminary 

findings to the GDE for use in establishing plan lengths and pile driving criteria. The 

RGE will then evaluate the data obtained and put together a research report for the test 

pile program conducted.   
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INTRODUCTION 

The Louisiana Department of Transportation and Development (DOTD) uses deep 

foundations, consisting of precast concrete piles, open- or closed-end steel pipe piles, steel H-

piles or auger-cast piles to support buildings, highway bridges, and other infrastructure 

systems. The piles at a project site derive their load carrying capacity from (a) “side friction” 

along their embedded lengths as well as from (b) “end resistance.” 

 

Pre-boring is a method used to facilitate driving of large displacement piles through 

hard/dense soils. A pilot hole, generally smaller in size than the pile to be installed, is first 

bored to a specified depth. By pre-boring a pilot hole, the “end bearing” and “side friction” 

within the pre-bore zone are reduced, thus aiding the driving of the pile. However, pre-boring 

complicates (a) the prediction of long-term pile capacity (specifically side friction) within the 

pre-bored zone and (b) the Wave Equation Analysis of Pile (WEAP) analysis, which aims to 

predict pile drivability. It is assumed that long-term end bearing within the pre-bored zone 

will not be an issue, as current DOTD specifications prohibit pre-boring to the pile tip 

elevation. However, there are three major unknowns that accompany the pre-bored zone:  (1) 

reduction of end bearing as it pertains to pile driving within the zone, (2) reduction of side 

friction as it pertains to pile driving within the zone, and (3) reduction of side friction as it 

pertains to long-term pile capacity within the zone.   

 

It is expected that the relative strength of the soil as well as the diameter of the pilot hole 

relative to the pile will have an impact on pile drivability and its long-term capacity.  

Quantifying such an impact will greatly help geotechnical design engineers to understand the 

interactions among the factors of pre-boring, pile size, soil conditions, pile driving, etc. and 

improve the design and construction of driven pile foundations installed in hard/dense soils.   
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OBJECTIVE 

The objective of this project was to compile the state-of-the-art and best practice results 

available on the subject of pre-bored piles and develop a research and instrumentation testing 

plan for field data collection and select multiple pile driving sites representing different soil 

strengths. The outcome of the research includes a plan for driving multiple test piles at each 

site using differently sized predrill holes with no pre-boring as control for comparison and 

performing monitoring during driving, restrikes, and static load tests using pile dynamic 

analysis (PDA) as well as strain gauge instrumentation. 
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SCOPE 

The scope of this project was to compile the state-of-the-art and best practice results 

available on the subject of pre-bored piles and develop a research and instrumentation testing 

plan for field data collection and select multiple pile driving sites representing different soil 

strengths. A review of standard specifications for construction of bridges and highways of all 

state highway agencies was performed to investigate current practices related to pre-bored 

pile installation. Geologic characteristics of Louisiana were reviewed to select multiple pile 

driving sites representing different soil strengths and subsurface stratigraphy. A plan was 

developed to test instrumented piles and evaluate the effects of pre-bored hole diameter and 

length on long term pile capacity and ease of drivability. The following deliverables are 

included in this report: 

 

1. Prediction of axial pile capacity: A summary of static and dynamic formulas 

available for predicting axial pile capacity is included in the final report. 

 

2. Review of best practices on pre-bored piles: A summary of in-state and out-of-state 

data collected and the databases from where the data was obtained is presented in this 

final report. The report also summarizes practices related to pile behavior within pre-

bored soil in different geographic regions within the United States.  

 

3. Guidelines for future data collection: Specific guidelines for future field testing and 

data collection has been developed for pre-bored sites. A plan for driving multiple test 

piles at each site using differently sized predrill holes with no pre-boring as control 

for comparison and performing monitoring during driving, restrikes, and static load 

tests using pile dynamic analysis (PDA) as well as strain gauge instrumentation is 

discussed. 

 

4. Implementation plan: This final report contains an implementation plan, which 

includes (1) the recommended plan for driving multiple test piles at sites using 

different size predrill holes, (2) a realistic assessment of impediments to successful 

implementation, (3) the activities necessary for successful implementation, and (4) 

the criteria for judging the progress and consequences of implementation.  
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METHODOLOGY 

The research objectives were accomplished by performing the following tasks: 

 

Task 1 – Summary on Prediction of Axial Pile Capacity 

 

Several methods are available for predicting axial pile capacity based upon static and 

dynamic methodology. The following paragraphs summarize the commonly used methods 

for predicting axial pile capacity.  

 

Static Analysis 

DOTD uses the DRIVEN software for static pile load capacity analysis [1]. The DRIVEN 

program follows the methods and equations presented by Nordlund, Thurman, Meyerhof, 

Tomlinson, and Hannigan, et.al. [2 - 7].  

 

A single pile derives its load-carrying ability from the frictional resistance of the soil around 

the shaft and the bearing capacity at the pile tip:  

 

                                               Q = Qp + Qs                                                           (1)                                       

where, 

                                                 Qp = Ap * qp                                                      (2)                              

and 

ݏܳ																																				 ൌ 	න ௦݂




 ሺ3ሻ																																																																																														ݖ݀	ௗܥ	

 

in which,  

Q = total pile capacity 

Qp = tip resistance 

Qs = frictional resistance 

Ap = area of pile tip  

qp = bearing capacity at pile tip  

fs = ultimate skin resistance per unit area of shaft  

Cd = effective perimeter of pile  

L = length of pile in contact with soil  

z = depth coordinate  
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The main requirement for design is to estimate the magnitude of fs with depth for friction 

piles and qp for end bearing piles. 

 

Point Resistance: The point bearing capacity can be obtained from the equation:  

 

ݍ																																			 ൌ ܿ	 ܰ  	ݍ ܰ 	
ܤ	ߛ
2
	 ఊܰ																																																																												ሺ4ሻ 

 

where, Nc , Nq , and Nγ are dimensionless parameters that depend on the soil friction angle ϕ. 

The term c is the cohesion of the soil, q is the vertical stress at pile tip level, B is the pile 

diameter (width), and γ is the unit weight of the soil.  

 

In most cases, ½ γBNγ and cNc are small when compared to qNq . The net point bearing 

capacity can be approximated as:  

 

ܳ௧ ൌ ഥ	ݍ	ܣ 	 ܰ
ᇱ 																																						                                                                                   (5) 

 

where ݍ	ഥ ൌ  ௩തതതത , the effective vertical stress at tip level, and Nq is a dimensional bearingߪ	

capacity factor that varies with ߶ത. 

 

Shaft Resistance: The ultimate skin resistance per unit area of shaft is calculated as follows:  

 

௦݂ ൌ 	 ܿ 	ߪ ∗ tanሺߜሻ																					                                                                                         (6)  

 

in which, 

ca = pile soil adhesion  

σh = normal component of stress at pile-soil interface  

δ = pile-soil friction angle  

 

Nordlund developed a method of calculating skin friction based on field observations and 

results of several pile load tests in cohesionless soils [2] [3]. Several pile types are used, 

including timber, H, pipe, monotube, etc. The method accounts for pile taper and for 

differences in pile materials. Nordlund suggests the following equation for calculating the 

ultimate skin resistance per unit area [2] [3]:  
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௦݂ ൌ 	ܥ	ఋܭ	 ௗܲതതത	
௦ሺఠା	ఋሻ

௦ሺఠሻ
																							                                                                                      (7) 

 

The frictional resistance of the soil around the pile shaft is then given by: 

 

ܳ௦ ൌ 	 	ఋܭ

 ܥ ௗܲതതത	݊݅ݏሺߜሻ	ܥௗ	݀ݖ															(8)                                                                                  

 

in which,  

Qs = total skin friction capacity  

Kδ = coefficient of lateral stress at depth z 

Pd = effective overburden pressure  

ω = angle of pile taper  

δ = pile-soil friction angle  

Cd = effective pile perimeter  

Cf = correction factor for Kδ when δ ≠ 0  

 

Dynamic Analysis 

Several formulas have been developed that use dynamic information during pile driving to 

determine capacity of the piles. The dynamic formulas are energy balance equations. The 

equation relates energy delivered by the pile hammer to energy absorbed during pile 

penetration. Dynamic formulas are expressed generally in the form of the following equation: 

    

  eWH = Rs                                                                                         (9) 

 

where, e = efficiency of the hammer system, W = ram weight, H = ram stroke, R = pile 

resistance, and s = pile set (permanent pile displacement per blow of hammer). The pile 

resistance, R, is assumed to be related directly to the ultimate static pile capacity. The 

following paragraphs provides information about commonly used dynamic formulas: 

 

The Engineering News (EN) Formula 

The EN formula, developed by Wellington, is expressed as [8]: 

ܳ௨ ൌ 	
ௐ	ு

ሺ௦ାሻ
																							                                                                                                        (10) 

 

where, Qu = the ultimate static pile capacity, W = weight of hammer, H = drop of hammer, s 

= pile penetration for the last blow, and c = a constant (with units of length). Specific values 
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of c depend on the hammer type and may also depend upon the ratio of the weight of pile to 

the weight of hammer ram. 

 

Original Gates Equation 

Gates originally developed his pile driving formula in 1957 [9]. The empirical equation is as 

follows: 

 

ݑܳ ൌ 	 

ඥ݁	ܧ logሺ10	 ܰሻ																                                                                                      (11) 

 

where, Qu = ultimate capacity (kips), Er = energy of pile driving hammer (ft-lb), e = 

efficiency of hammer (0.75 for drop hammers, and 0.85 for all other hammers), Nb = number 

of hammer blows to penetrate the pile one inch. 

 

Modified Gates Equation (Olson and Flaate) 

Olson and Flaate offered a modified version of the original Gates equation [10]. The 

modifications were based on a statistical fit through the predicted versus measured data. 

Their modifications are as follows: 

 

ݑܴ ൌ 1.11	ඥ݁	ܧ logሺ10	 ܰሻ െ  (12)                                   														ݏ݈݁݅	ݎܾ݁݉݅ݐ	ݎ݂											34

 

ݑܴ ൌ 1.39	ඥ݁	ܧ logሺ10	 ܰሻ െ  (13)                                   										ݏ݈݁݅	݁ݐ݁ݎܿ݊ܿ	ݎ݂											54

 

ݑܴ ൌ 2.01	ඥ݁	ܧ logሺ10	 ܰሻ െ  (14)                                          								ݏ݈݁݅	݈݁݁ݐݏ	ݎ݂											166

 

ݑܴ ൌ 1.55	ඥ݁	ܧ logሺ10	 ܰሻ െ  (15)                                               									ݏ݈݁݅	݈݈ܽ	ݎ݂											96

 

In the above equations, Ru are in kips, Er is in units of ft-lbs, and Nb is in blows per inch. 

 

Federal Highway Administration (FHWA) – Modified Gates Equation 

The FHWA pile manual recommends a modified Gates formula that is herein referred to as 

FHWA-Gates [11]. Their equation is as follows: 
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ݑܴ ൌ 1.75	ඥ݁	ܧ logሺ10	 ܰሻ െ 100										                                                                           (16) 

 

Pile Capacity Estimate using Pile Driving Analyzer (PDA) 

The PDA method refers to a procedure for determining pile capacity based on the temporal 

variation of pile head force and velocity. The PDA monitors instrumentation attached to the 

pile head, and measurements of strain and acceleration are recorded versus time. Strain 

measurements are converted to pile force, and acceleration measurements are converted to 

velocities. A simple dynamic model (CASE model) is applied to estimate the pile capacity. 

The calculations for the CASE model are simple enough for static pile capacity to be 

estimated during pile driving operations. 

 

Task 2 – Literature Review of Existing Pre-bored Pile Studies 

Driven piles are generally installed in the ground using pile driving impact hammers that 

drive the pile by first inducing downward velocity in a metal ram. Upon impact with the pile 

accessory, the ram creates a force far larger than its weight, which, if sufficiently large, 

moves the pile an increment into the ground.  

 

During pile driving the soil surrounding the piles is disturbed and remolded.  In saturated 

clays, silts, and fine sands, the soil pore water pressure is increased and typically results in a 

reduced pile capacity at the end-of-initial driving (EOID).  After pile driving has ceased, the 

excess pore water pressure dissipates over time.  Soil setup is the increase in pile capacity 

over time as excess pore water pressure dissipates. A pile soil setup factor is the ratio of 

increased skin friction over the skin friction at the end-of-initial driving.  Rausche et al. 

reported soil setup ranges and recommended soil setup factors based on the predominant soil 

type along the pile shaft as shown in Table 1 [12].  
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Table 1   

Soil setup factors [12] 

Soil Type Range in Soil Setup Factors Recommended Soil Setup Factor 

Clay 1.2 – 5.5 2.0 

Silt – Clay 1.0 – 2.0 1.0 

Silt 1.5 – 5.0 1.5 

Sand – Clay 1.0 – 6.0 1.5 

Sand - Silt 1.2 – 2.0 1.2 

Fine Sand 1.2 – 2.0 1.2 

Sand 0.8 – 2.0 1.0 

Sand – Gravel 1.2 – 2.0  1.0 

 

Pile capacity soil setup in Louisiana has been investigated by Wang et al. in research from 

pile load test conducted on DOTD projects [13]. Soil setup factors computed by Wang et al. 

are plotted in Figure 1 [13].  The setup factors ranged from 1.0 to 3.2 over time, with a 

predominant maximum setup factor of approximately 2.0.  

 

 
Figure 1  

Louisiana pile setup factors [13] 
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Alternatively, a reduction in pile capacity with time after pile installation has been observed 

in saturated dense non-cohesive silts, fine sand, and some shales.  Pile relaxation is the 

decrease in pile capacity that results after pile driving has ceased.  During pile driving, these 

soils tend to dilate and negative pore water pressure result in higher pile capacities at the 

EOID.  As pore water pressure equalizes, the pile capacity decreases.  

 

Pre-boring and jetting are pile installation techniques that are sometimes used to drive piles 

to a prescribed minimum pile penetration, as well as to reduce other foundation installation 

concerns, such as ground vibrations.  Jetting is usually performed in cohesionless soils that 

can be freely eroded by water jets. Jetting, which can be very effective in sands, is usually 

ineffective in cohesive soils. For clays and other drillable materials, such as thin layers of 

rock, pre-boring the pile locations is more effective. The predrilled hole can be slightly 

smaller, equal to, or slightly larger than the pile diameter. 

 

The use of pre-boring or jetting will result in greater soil disturbance than is typically 

encountered during pile driving and is considered in static pile capacity calculations. 

Therefore, when pre-boring or jetting is contemplated, the effect of either of these 

construction procedures on calculated compression, uplift, and lateral pile capacity should be 

considered. Poulos and Davis reported that the ultimate shaft resistance should be reduced by 

50% of the originally calculated capacity in the jetted zone if the pile is jetted and then driven 

to the final penetration [14].  McClelland et al. reported that a decrease in shaft resistance 

over a predrilled depth can range from 50 to 85% of that calculated without pre-boring, 

depending upon the size of the predrilled hole [15]. Hence, the probable reduction in 

compression, uplift, and lateral capacity from jetting or pre-boring should be evaluated 

whenever pre-boring or jetting is being considered. 

 

According to Unified Facilities Criteria (UFC) report on Pile Driving Equipment (UFC 3-

220-02, 2004), pre-boring consists of drilling, auguring, or coring a hole in the ground and 

filling the hole with concrete or driving a pile into the hole [16]. This is generally done with 

a continuous flight auger. Filling the hole with concrete properly is a drilled shaft, and is 

beyond the scope of this manual. For driven piles, pre-boring is advantageous when the 

ground resistance is extremely high. For square concrete piles, the diameter of the bored shaft 

should be approximately 125% of the nominal pile size. Although pre-boring will generally 

reduce the driving resistance, it does so at the expense of shaft resistance, which decreases 

during the pre-boring. This diminution of the pile capacity must be taken into account when 

determining whether a pile can be pre-bored. 
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According to USACE Engineer Manual EM 1110-2-2906 (Design of Pile Foundations), pile 

driving can sometimes be supplemented by special driving assistance such as the addition of 

driving shoes, jetting, pre-boring, spudding, or followers [17]. The use of special assistance 

should be considered when one of two conditions exist. If a pile reaches refusal with a 

suitable hammer but does not achieve the necessary capacity, a modification to the 

installation procedures may be necessary. Simply increasing the size of the hammer may not 

be appropriate because the pile would be damaged due to excessive driving stresses. The 

second condition is an economic one, where the installation time and effort can be 

substantially reduced by the modifying installation procedures. In either case, the potential 

effect on the axial and lateral pile capacity must be closely evaluated. Contract specifications 

should define as clearly as possible what type of special driving assistance, if any, would be 

allowed and under what conditions they would be allowed. 

 

Since special pile installation techniques usually result in reduced pile capacity, 

specifications normally preclude their use without written approval from the designer. 

Methods and rationale for the selection of equipment, field inspection, establishment of 

penetration limitations, record keeping requirements and methods for controlling the driving 

operation are contained elsewhere in this chapter. 

 

A pilot or pre-bore hole may be required to: penetrate hard nonbearing strata, maintain 

accurate location and alignment when passing through materials that tend to deflect the pile, 

avoid possible damage to adjacent structures by reducing vibrations, prevent heave of 

adjacent buildings, or remove a specified amount of soil when installing displacement-type 

piles, thereby reducing foundation heave. Pre-boring normally takes place in cohesive soils 

and is usually required when concrete piles must penetrate man-made fills and embankments 

containing rock particles or other obstructions. It should be noted that on past Corps projects, 

concrete piles have been successfully driven through man-made fills such as levee 

embankments without pre-boring. Pre-boring through cohesionless soils is not recommended, 

since the pre-bored hole may not stay open and could require a casing. The most widely used 

method of pre-boring is by utilizing an auger attached to the side of the crane leads. When 

pre-boring is permitted, the hole diameter should not be greater than two-thirds the diameter 

or width of the pile and not extend more than three-fourths the length of the pile. 

 

Oversizing the hole will result in a loss of skin friction and a reduction in the axial capacity 

and lateral support, thereby necessitating reevaluation of the pile foundation. When extensive 

pre-boring is needed, consideration should be given to using a drilled-shaft system rather 

than a driven-pile system. 
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According to Short and Williams, experience has shown that pre-boring only 75% of the pile 

diameter has little effect on reducing the driving resistance [18]. If the pre-driven hole is too 

small, the pile ends up forcing the upper stratified layers of sand into the bottom of the pre-

drilled hole, thus making it difficult to reach design tip elevation. A more effective pre-

drilled diameter is that equal to the diameter of the pile. Re-drive tests performed on piles 

that were pre-driven to various diameters indicated very little difference between a 0.75D- 

and 1.0D-pre-drilled hole in the skin frictional resistance. The obvious benefit of pre-boring 

is to reduce the number of blows required to install the pile, which has a great deal of benefit 

for noise pollution regulation and likewise. 

 

Task 3 – Review of Existing Pre-bored Pile Specifications Followed by Louisiana DOTD 

Based on review of the DOTD Standard Specifications for Roads and Bridges, the 

recommended current practice of using the pre-boring procedure is as follows [19]: 

 

 Maximum diameter of pre-boring hole is 80% of the pile size 

 

 The depth of the pre-boring hole should stop within 3 feet from the recommended pile tip 

elevation. 

 

Additionally, the following paragraphs are taken from the draft version of the upcoming 

DOTD Standard Specifications for Roads and Bridges document regarding the pre-boring 

requirements. 

 

804.08.1 Pre-boring 

 The size and depth of the pre-bored hole shall be included in the Pile Installation Plan. 

The depth of pre-bored holes shall not be below the scour elevation, unless accepted by 

the Engineer of Record. 

 

 Develop the pre-boring depth limits based on the soil information obtained from soil 

boring logs or CPTs.  Upon installation of the pile, fill voids around the pile with 

granular material meeting the requirements of 1003.09 and saturate with water. 

 

A survey questionnaire was also sent to Louisiana engineers, contractors, and designers to 

investigate current industry practices in related to pre-bored pile installation. Two individuals 
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responded to the survey questionnaire. Their responses are included in the Appendix of this 

report. 

 

Task 4 – Review of Existing Pre-bored Pile Specifications Followed by Other State 

Highways 

The Standard Specifications for Roads and Bridges of USDOTs were reviewed to determine 

current practices related to pre-bored piles. Additionally, responses from the survey 

questionnaire on the state-of-the art and best practices of other state highway departments 

and agencies on the subject were reviewed.  

 

Based on the authors’ reviews, it is understood that different states have different 

requirements related to pre-bored hole diameter and maximum depth of the pre-bored hole. 

Depending upon the subsurface soil conditions, some states require the pre-bored hole 

diameter to be larger than the pile size, while other states recommend the use of a smaller-

sized pre-bored hole diameter. The following sections summarize current practices by 

different state highway departments in regards to pre-bored piles. 

 

 No specifications related to pre-bored pile were found for the states of Georgia, Idaho, 

Illinois, Nevada, New York, North Carolina, Pennsylvania, and Vermont. 

 

States Generally Requiring Pre-bored Hole Diameter Smaller than Pile Size 

 Alabama (2002) – According to the specifications, augering, wet-rotary, or other methods 

of boring pilot holes shall be used only when approved by the engineer or shown on the 

plans. Pilot holes shall be of a size smaller than the diameter or diagonal of the pile cross 

section that is sufficient to allow penetration of the pile to the specified depth. The 

contractor shall decide when the pilot hole will be terminated above the prescribed tip 

elevation so that the pile will attain the required bearing capacity at the required tip 

elevation established in the plans when driven with the approved hammer. After a pile is 

placed in a pilot hole, the voids around the pile shall be filled with clean sand before the 

pile is driven. 

 

 Arkansas (2003) – According to the specifications, the contractor shall pre-bore holes at 

pile locations and to depths shown on the plans or as directed by the engineer. Pre-bored 

holes shall be smaller than the diameter or diagonal of the pile cross section and 

sufficient to allow penetration of the pile to the specified depth. If subsurface 

obstructions, such as boulders or rock layers, are encountered, the hole diameter may be 
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increased to the least dimension that is adequate for pile installation. Any void space 

remaining around the pile after completion of driving shall be filled with sand, sand grout 

mixture, or other approved material. 

 

 Indiana (2012) – According to the specifications, when shown in the plans, the contractor 

shall pre-bore holes at the locations shown and to the depth specified. Pre-bored holes 

shall be 2 in. smaller than the diameter or diagonal of the pile cross section that is 

sufficient to allow penetration of the pile to the specified penetration depth. If subsurface 

obstructions, such as boulders or rock layers, are encountered, the hole diameter may be 

increased to the least dimension which is adequate for pile installation. Augering, wet-

rotary drilling, spudding, or other methods of pre-boring shall be used only when 

specified or approved in writing by the Engineer. The procedures shall be carried out so 

as not to impair the nominal driving resistance of the piles already in place or the safety 

of existing adjacent structures. Except for end bearing piles, pre-boring shall be stopped 

at least 5 ft. above the pile tip elevation shown on the plans. The pile shall be driven with 

an impact hammer to the specified penetration resistance. Where piles are to be end 

bearing on rock or hardpan, pre-boring may be carried to the surface of the rock or 

hardpan. The piles shall then be driven with an impact hammer to ensure proper seating. 

 

 Kentucky (2008) – According to the specifications, with the engineer’s written 

permission, water jet or core holes for prestressed, precast, or cast-in-place concrete piles 

can be used to create the pre-bored hole. The piles will then be placed in the hole and 

driven to secure the last few feet of their penetration. Jetting or coring holes for steel piles 

is not permitted unless the engineer directs. Unless otherwise specified in the plans or 

directed, jetted or cored holes should be prepared in compacted fills as necessary to 

secure the required penetration. Holes should be cored to a maximum diameter equal to 

the least cross sectional dimension of the piles driven. All voids that occur around a 

driven pile should be filled with free flowing sand. 

 

 Maine (2002) – According to the specifications, when necessary to obtain the specified 

pile penetration and when authorized by the resident, the contractor shall furnish the 

necessary drilling apparatus and drill holes, not greater that the least dimension of the pile 

top, to the proper depth and drive the piles therein. Pre-augered holes shall be of a size 

smaller than the diameter of diagonal of the pile cross section. If subsurface obstructions, 

such as boulders or rock layers are encountered, the hole diameter may be increase to the 

least dimension needed for pile installation. Any void space remaining around any type 

pile after driving shall be completely filled with sand or other approved material. The 
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used of spuds, which are driven and removed to make a hole for inserting a pile, shall not 

be permitted in lieu of pre-boring. Concrete shall not be placed in pipe piles until pile 

driving has progressed beyond a radius of 15 ft. from the pile to be concreted. 

 

 Maryland (2001) – According to the specifications, where piling must perforate strata 

that resist driving, the contractor shall auger or drill holes through the strata. The size of 

the auger or hole to be used shall not be larger than the nominal diameter of a round pile 

or the minimum diameter of a circle in which an H pile will fit and shall be approved by 

the engineer before use. After the hole is completed, the pile shall be inserted and dry 

sand shall be used to completely fill any voids between the pile and the walls of the hole. 

Driving shall then be completed, after which any remaining voids shall be completely 

filled with dry sand. 

 

 Montana (2006) – According to the specifications, when pile pre-bore is specified, the 

contractor shall use an auger, wet-rotary drill or other approved method. At each pile 

location, pilot holes should be drilled to a maximum of 1 in. in diameter less than the 

outside diameter of the round pile and a maximum of 4 in. less than the outside diagonal 

cross sectional measurement of square or H-pile, to the elevation specified. 

 

 Nebraska (2007) – According to the specifications, the contractor has the option of 

starting piling in augured holes. Augured hole length shall not exceed 30 % of the below-

ground length of the pile. Augured hole diameters shall not be more than 2 in. larger than 

the pile. 

 

 New Hampshire (2010) – When specified in the contract documents, the contractor shall 

pre-bore holes at pile locations and to the depths shown on the plans. Pre-bored holes 

shall be of a size smaller than the diameter or diagonal of the pile cross section that is 

sufficient to allow penetration of pile to the specified depth. If subsurface obstructions, 

such as boulders or rock layers are encountered, the hole diameter may be increased to 

the least dimension that is adequate for pile installation. Any void space remaining 

around any type pile after driving shall be completely filled with sand or other approved 

material. The use of spuds, a short strong driven member that is removed to make a hole 

for inserting a pile, shall not be permitted in lieu of pre-boring. 

 

 New Jersey (2007) – According to the specifications, when pre-boring holes for round 

piles, the contractor shall use an auger with a diameter that is between 2 in. smaller than 

the average nominal diameter of piles. When pre-boring holes for steel H-piles, an auger 
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with a diameter that is 4 to 6 in. less than the nominal diagonal dimension of the piles 

shall be used. The void between the piles and the pre-bored holes should be backfilled 

with granular material. 

 

 Oklahoma (1999) – According to the specifications, when required by the contract 

documents, holes can be pre-bored at pile locations to the depths specified in the contract 

documents or by the engineer. If the depth of pre-boring is not specified in the contract 

documents, pre-boring should be stopped for skin friction at least 5 ft. above the pile tip 

elevation. The pile will then be driven with an impact hammer to a specified blow count. 

Pre-boring for end bearing piles may extend to the surface of the rock or hardpan where 

piles are to be end-bearing on rock or hardpan. Pre-bored holes should be made smaller 

than the diameter or diagonal of the pile cross-section and sufficient to allow penetration 

of the pile to the specified depth. If subsurface obstructions, such as boulders or rock 

layers are encountered, the hole diameter can be increased to the least dimension that is 

adequate for pile installation. 

 

 Oregon (2015) – According to the specification, the contractor can use augering, wet-

rotary drilling or other methods of pre-boring only when specified or with written 

approval. The diameter of the pre-bored holes shall be smaller than the diameter or 

diagonal of the pile cross section, but should be sufficient to allow penetration of the pile 

to the specified depth. If subsurface obstructions, such as cobbles, boulders, or rock 

layers are encountered, the hole diameter may be increased to the least dimension that is 

adequate for pile installation. The use of a reinforced section (spud) to loosen the 

subsurface material at pile locations will not be allowed unless otherwise approved.  

(1) End-Bearing Piles – For end-bearing pile as classified by the engineer, pre-boring 

may be carried to the surface of the end-bearing foundation material. Following that, 

the pile should be driven with an approved impact pile hammer to the specified blow 

count. 

(2) Other Piles – For other piles, pre-boring shall be extended to the minimum pile 

penetration depth and then the pile driven drive with an approved impact pile hammer 

to the specified blow count. After completion of driving, any void space remaining 

around the pile shall be backfilled with sand or other approved material. 

 

 Rhode Island (2004) – According to the specification, when required by the Special 

Provisions or as shown in the plans, the contractor shall pre-bore holes at pile locations to 

the depths shown on the plans, specified in the Special Provisions, or as authorized by the 

engineer. Pre-bored holes shall generally be smaller in diameter than the diameter or 
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diagonal of the cross section of the pile, except in the case where pre-boring is specified 

where driving vibrations are not permissible. Pre-boring shall be of sufficient depth to 

allow penetration of the pile to the specified depth. If subsurface obstructions are 

encountered, the hole diameter may be increased to the least dimension that is adequate 

for pile installation. Any void space remaining around the pile after completion of driving 

or other installation, shall be filled with sand or other approved material. Piles to be 

driven through newly constructed embankments shall be driven in holes drilled or 

spudded through the embankment when the embankment is in excess of 5 ft. in height. 

The hole shall have a diameter of not less than the greatest dimension of the pile cross 

section plus 6 in. After driving the pile, the space around the pile shall be filled to the 

surface of the embankment with dry sand or fine gravel.  

 

 South Carolina (2007) – According to the specification, pre-drill for piling should not be 

performed except where specifically noted in the plans or approved in writing by the 

engineer. When pre-drilled holes are allowed, the piling should be driven by the hammer 

to its final position and to the required ultimate bearing. If pre-drilled holes are larger 

than the pile, the space between the pile and the pre-drilled hole shall be backfilled with 

sand, pea-gravel, or an approved material and tamp in an approved manner. 

 

 Texas (2004) – According to the specification, the maximum hole diameter permitted 

will be approximately 4 in. less than the diagonal of square piling or steel H-piling and 1 

in. less than the diameter of round piling. The pilot holes should not be extended more 

than 5 ft. below the bottom of footings for foundation piling or 10 ft. below finished 

ground line for trestle piling, unless the specified penetration cannot be obtained by using 

the depth of holes indicated. The engineer may vary hole size and depth to obtain 

required penetration and bearing resistance. 

 

 Utah (2012) – According to the specification, pre-drilling or pre-augering shall be used if 

the designated pile tip elevation cannot be reached by the approved pile driver. The pre-

bored holes should not be greater in diameter than the diameter or other maximum 

dimension of the pile. 

 

 Washington (2008) – According to the specification, pre-bored holes and pile spuds shall 

have a diameter no larger than the least outside dimension of the pile. After the pile is 

driven, the contractor shall fill all open spaces between the pile and the soil caused by the 

pre-boring or spudding with dry sand, or pea gravel, or controlled density fill as approved 

by the engineer. 
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 Wyoming (2010) – According to the specification, pre-drilled holes can be used when 

specified or approved by the engineer. The hole diameter shall not exceed the pile width. 

The hole shall be extended to the elevation specified by the engineer. After placing the 

pile in the hole, it should be driven to set firmly into bearing material. The space around 

the pile should be backfilled to the ground surface with dry sand, pea gravel, flowable 

fill, or other material approved by the engineer. 

 

States Generally Requiring Pre-bored Hole Diameter Larger Than Pile Size 

 Alaska (2004) – According to the specifications, if the desirable penetration shown on the 

plans by using the specified driving methods and equipment cannot be obtained, or if the 

engineer believes structural damage to the piling is likely to result from continuing these 

methods, other methods (as approved in writing) can be attempted to obtain penetration. 

These methods may include, but are not necessarily limited to (1) pre-boring, (2) blasting, 

(3) spudding, (4) jetting, and (5) using a heavier or faster striking hammer. It is 

recommended that written approval be obtained by the contractor before employing any 

alternative methods of pile driving or variations from the desirable tip elevation. When 

driving piles through new embankment and the depth of the embankment at the pile 

location is in excess of 5 ft., the pile can be driven in a hole made through the 

embankment. It is recommended to make the hole diameter no less than the nominal size 

of the pile plus 6 in. After driving the pile, the annular space around the pile should be 

filled with dry sand or pea gravel.  

 

 Arizona (2008) – According to the specifications, the pre-bored hole shall have a 

diameter no less than the greatest dimension of the pile cross section plus 6 in. After 

driving the pile, the space around the pile shall be filled to ground surface with dry sand 

or pea gravel, or as specified on the plans. 

 

 California (2010) – According to the specifications, for piles to be driven through 

embankments constructed under the contract, piles can be driven through predrilled holes 

where the depth of the new embankment at the pile location is in excess of 5 ft. The hole 

diameter must be at least 6 in. larger than the greatest dimension of the pile cross section. 

After driving the pile, the space around the pile should be filled with dry sand and pea 

gravel. 
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 Colorado (2005) – According to the specifications, if the piles do not reach the estimated 

tip elevation, holes shall be drilled to facilitate pile driving. The minimum diameter of the 

drilled holes shall be 1 in. larger than the outside diameter of steel pipe piles. The 

minimum diameter of the drilled holes shall be 2 in. larger than the web depth for H piles. 

The maximum diameter of the drilled holes shall be 2 in. larger than the minimum 

diameter specified above. If the maximum diameter of the drilled hole is exceeded due to 

sloughing, drifting, over-drilling, or other causes, the void area between the driven pile 

and the edge of the hole shall be filled with sand or pea gravel. 

 

 Florida (2013) – According to the specifications, when using low displacement steel 

piling, such as structural shapes, piles should be driven through the compacted fill 

without the necessity of drilling holes through the fill except when the requirements for 

pre-boring are shown in the plans. When using concrete or other high displacement piles, 

pile holes may be drilled through fill, new or existing, to at least the elevation of the 

natural ground surface. The following list provides range of drill diameters for different 

square concrete piles:  

 

12-in. square piles ......................... 15 to 17 in.  

14-in. square piles ......................... 18 to 20 in. 

18-in. square piles ......................... 22 to 26 in.  

20-in. square piles ......................... 24 to 29 in.  

24-in. square piles ......................... 30 to 34 in.  

30-in. square piles ......................... 36 to 43 in.  

 

For predrilled holes required through rock or other hard (i.e., debris, obstructions, etc.) 

materials that may damage the pile during installation, predrill hole diameters should be 

approximately 2 in. larger than the largest dimension across the pile cross-section. The 

annular space around the piles should be filled with clean A-3 sand or sand meeting the 

requirements of 902-3.3. In the setting of permanent and test piling, the contractor may 

initially predrill holes to a depth up to 10 ft. or 20% of the pile length whichever is 

greater, except that, where installing piles in compacted fill, predrill the holes to the 

elevation of the natural ground surface. With prior written authorization from the 

engineer, the contractor may predrill holes to greater depths to minimize the effects of 

vibrations on existing structures adjacent to the work and/or for other reasons the 

contractor proposes.  
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 Hawaii (2005) – According to the specifications, pre-boring can be performed in 

locations where piles will be driven through embankments that are more than 5 ft. deep or 

when required in the contract documents. The predrilled hole diameter should be equal to 

pile diameter plus 6 in. For piles driven through natural ground, the holes should be 

drilled sufficiently large to allow penetration of piled to specified depth, but not large 

than diameter or diagonal of pile cross-section. If subsurface obstructions are 

encountered, such as boulders or rock layers, the hole diameter may be increased to the 

least dimension adequate for pile installation. Except for piles specified in the contract 

documents as end bearing, drilling should be stopped at least 5 ft. above pile tip 

elevation, or as ordered by the Engineer. After driving pile, the space around the pile 

should be filled to the ground surface with dry, calcareous sand. 

 

 Iowa (2012) – According to the specifications, when required by the contract documents, 

the holes should be bored greater than the maximum cross sectional dimension of the 

pile. The holes should be bored to the elevations shown and to a minimum diameter 4 in. 

greater than the maximum cross sectional dimension of the pile 3 ft. from the butt. For 

holes drilled in non-collapsing soils, bentonite slurry may be placed in the hole after piles 

are driven. In collapsing soils, the bentonite slurry can be used at the time the hole is 

drilled.  

 

 Kansas (2007) – According to the specifications, when specified, pile holes can be drilled 

before driving the piles. The holes should be drilled accurately so that the piles are set as 

shown in the contract documents. The maximum size of the pre-drilled holes is equal to 

the diameter of the pile plus 3 in. The depth of pre-drilled pile holes should be in 

accordance with contract documents. If pre-drilled pile holes are not specified, the 

contractor may choose to pre-drill pile holes, provided the engineer approves the 

contractor’s method and limits. After the piles are driven to their final positions in the 

pre-drilled holes, the holes should be filled with loose sand or material specified in the 

contract documents.  

 

 Massachusetts (1995) – According to the specifications, pre-boring shall only be 

permitted if approved in writing by the engineer or when specifically stated in the 

contract documents. Where timber, cast-in place, precast-prestressed concrete piles, or 

steel piles are to be driven through an embankment, and the depth of the embankment at 

the pile location is in excess of 1.5 m, the contractor shall make a hole for the full depth 

of the embankment for each pile with an auger or by other approved methods. The hole 

shall have a diameter of not less than the butt diameter of the pile. After driving the 
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annular space around, the pile shall be filled to the ground surface with dry sand, fine 

gravel, or pea stone.  

 

 Michigan (2003) – According to the specifications, when specified, pre-bore holes can be 

pre-bored to the elevation shown. The hole diameter should be equal to or slightly greater 

than the diameter of the pile. When pre-boring occurs within 20 ft. of a completed pile, 

the pile capacity should be rechecked by restriking the pile. All voids remaining the final 

drive should be backfilled with granular material Class II. 

 

 Minnesota (2014) – According to the specifications, the contractor may perform water 

jetting if needed, or as required by the contract, to aid in driving displacement type piles. 

The jets should be withdrawn before reaching a preset depth approved by the engineer 

but not less than 5 ft. of the final tip elevation. Pre-boring for displacement type piles 

driven through embankments can be performed, if the embankment depth, measured 

below the bottom of the footing, is greater than 8 ft. The diameter of the pre-bored holes 

should admit the largest cross-sectional diameter of the pile without creating friction 

between the faces of the pile and the pre-bored hole. 

 

 Missouri (2011) – According to the specifications, where piles are to be driven through 

more than 5 ft. of compacted embankment that has been in place for less than five years, 

holes shall be pre-bored entirely through the embankment to the lowest elevation of the 

natural ground line adjacent to the embankment, or as shown on the plans. The holes 

shall have a diameter no less than that of the pile. After the pile is placed in the hole and 

before driving begins, the space remaining around the pile shall be filled with sand or 

other approved material before and maintained full during the driving of the pile. Other 

locations where pre-boring for piles will be required will be shown on the plans. At such 

locations, holes shall be pre-bored to the elevation specified prior to pile placement. The 

holes shall have a diameter no less than that of the pile and shall be large enough to avoid 

damage to the pile being driven through the hole in hard material. The size of the hole 

shall be approved by the engineer before pre-boring is started. Pilot holes of lesser 

diameter than the pile shall not extend below the pile tip. Either prior to or after 

placement of the pile, the hole shall be filled with sand or other approved materials 

 

 South Dakota (2004) – According to the specification, pre-boring shall be done when 

specified on the plans or directed by the engineer. Holes for timber piles shall be a 

minimum of 2 in. larger than the nominal diameter of the pile. The nominal diameter 
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shall be measured 3 ft. from the butt of the pile. Holes for steel piles shall be not less than 

the following specified diameter:  

 

8 HP (HP200) Piles* ....................................12 in. (300 mm)  

10 HP (HP250) Piles* ................................. 15 in. (375 mm)  

12 HP (HP310) Piles* ................................. 18 in. (450 mm)  

14 HP (HP360) Piles* ................................. 21 in. (525 mm)  

*All weights  

 

After the piles are driven, the pre-bored holes shall be backfilled with coarse dry sand. 

The sand shall be compacted to prevent bridging. 

 

 Virginia (2008) – According to the specification, the area of each pre-bored hole shall be 

approximately 10 % more than the area of the pile but not more than 20 % of the area. 

 

 West Virginia (2010) – According to the specification, the diameter of the drilled hole 

shall be a size that will allow the pile, while being slowly lowered into the hole, to reach 

the bottom of the hole under the impetus of the pile weight. The minimum hole diameter 

shall be 2 in. larger than the diagonal across the pile cross section. 

 

States with Varying Pre-bore Hole Construction Requirements 

 Delaware (2001) – According to the specifications, when specifically indicated on the 

plans or specifically approved by the engineer, augering shall be used to facilitate pile 

driving. The contractor shall submit its proposed equipment and augering procedures to 

the engineer for approval prior to beginning pile driving operations. When round piles are 

used, the auger diameter shall not be greater than 2 in. less than the pile diameter. For 

other pile sizes, the diameter of the augers shall be as shown on the plans, or approved by 

the engineer. For an augered hole that is required through rock material or a very dense 

layer that may damage the pile during driving, the augered hole diameter shall be 

approximately 2 in. larger than the largest dimensions across the pile′s cross-section. 

When required by the plans or project subsurface conditions, the contractor shall 

maintain augered holes open both before and during pile driving operations. Bentonite 

slurry or an equivalent method shall be employed, if necessary, to maintain the holes in 

an open condition. Any voids between the pile and soil remaining after driving through 

an augered hole, cased or uncased, shall be filled with concrete sand or other approved 

clean sand in an approved manner. The use of spuds (a spud is a short, strong driven 
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member that is removed to make a hole for inserting a pile) will not be permitted in lieu 

of augering. 

 

 Ohio (2010) – According to the specification, the augered hole diameter shall be from 2 

in. less to 4 in. more than the pile diameter for round piles. For steel H-piles, the augered 

hole diameter shall be from 6 in. less to 2 in. more than the pile’s diagonal dimension but 

shall be such as to produce satisfactory pile driving results. The voids between the pile 

and the pre-bored hole shall be backfilled with a granular material satisfactory to the 

engineer. 

 

 Wisconsin (2015) – According to the specification, pre-boring of holes shall be 

performed to the depth as required by the plans or special provisions.  

(1) For round piles, pre-bore hole diameter shall be approximately equal to the pile 

diameter. For other shapes, pre-bore holes of a diameter approximately equal to the 

greatest diagonal pile section dimension. The diameter can be increased as necessary 

for pile installation if subsurface obstructions are encountered.  

(2) For round piles in rock or consolidated materials, pre-bore hole diameter shall be 

at least 1 in. larger than the pile outside diameter. For other shapes, pre-bore holes of 

a diameter at least one inch larger than the greatest diagonal pile section dimension.  

 

States with No Specific Pre-bore Hole Construction Requirements 

 Connecticut (2004) – According the specification, in case the required penetration is not 

obtained by use of a hammer complying with the minimum requirements, the contractor 

shall employ such other driving methods as the use of a hammer with a greater mass than 

that being used, resort to jetting, spudding, pre-holing or a combination of these methods, 

and perform such other work as may be necessary to obtain the required penetration. 

However, no specific guidelines regarding pre-bored holes were found in their standard 

specifications. 

 

 Mississippi (2004) – According to the specifications, the bridge engineer will make all 

determinations as to the necessity for pre-formed pile holes and the size and maximum 

depth of each hole required or permitted. If in the judgment of the engineer, pre-formed 

pile holes are not required and the contractor desires to use them, the contractor may be 

permitted to do so under conditions prescribed by the bridge engineer and at no additional 

cost to the state. However, no specific guidelines regarding pre-bored holes were found in 

their standard specifications. 
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 New Mexico (2014) – According to the specification, if specified, holes should be pre-

bored at pile locations to the depths and size in accordance with the plans. After pile 

placement, any voids remaining around the pile shall be backfilled with sand or other 

approved material. The pre-bored holes shall be advanced to the depth established by the 

foundation engineer. However, no specific guidelines regarding pre-bored holes were 

found in their standard specifications. 

 

 North Dakota (2008) – According to the specification, when specified penetration cannot 

be obtained without damaging the pile, the engineer may approve the use of jetting, pre-

boring, or spudding to secure the required penetration. The final driving shall be with the 

hammer for determining bearing. When pilings are driven through a constructed 

embankment, having a thickness of 5 ft. or more below the bottom of footing, the 

embankment shall be pre-bored for each pile. All pilot holes not completely filled by 

piles shall be backfilled with sand or fine gravel before the substructure is built. 

However, no specific guidelines regarding pre-bored holes were found in their standard 

specifications. 

 

 Tennessee (2006) – According to the specification, when pre-formed pile holes are used, 

they should be constructed by drilling or driving and withdrawing a suitable punch or 

chisel at or near the locations of the piles. If preformed pile holes are so oversized that the 

sides of a round pile or the corners of a square pile are not in contact with the soil, lateral 

stability shall be restored by filling the space between the pile and the sides of the hole 

with approved clean sand, at no cost to the Department. The hole shall be terminated 

before the required penetration is reached, and the pile should be driven by hammer to the 

final tip elevation to seat the pile and secure the minimum required bearing. However, no 

specific guidelines regarding pre-bored holes were found in their standard specifications. 

 

Relevant pages from the standard specifications for construction of roads and bridges for 

different states are included in the Appendix of this report. 

 

In addition to reviewing Standard Specifications for construction of Roads and Bridges of 

different states highway departments, a survey questionnaire was sent to different state 

highway personnel to investigate current practices in relation to pre-bored pile installation. 

Responses were received from five state highway agencies. Their responses are also included 

in the Appendix of this report. 
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Task 5 – Site Selection and Future Data Collection Guidelines 

In Louisiana, pre-boring is used by DOTD mostly when driving piles through stiff clay or 

dense sand layers.  Therefore, field data should be collected from different geographic 

locations within the state of Louisiana. The following recommendations are provided as 

guidelines for site selection and future data collection: 

 

Site Selection 

Louisiana lies within the Coastal Plain physiographic division of the contiguous United 

States.  The generalized geologic map of Louisiana shown in Figure 2 depicts the majority of 

the surface soils to be Quaternary sediments of Holocene and Pleistocene age.  The Holocene 

age alluvium soil deposits consist of sandy and gravelly channel deposits, sandy to muddy 

natural levee deposits, and organic muddy back swamp deposits.  The Holocene age deposits 

contain approximately 55% of Louisiana’s surface soils and are located primarily along the 

Mississippi River, Ouachita River, Red River, Atchafalaya River basin, other rivers and 

tributaries, and coastal marsh deposits.  Pleistocene age soil deposits compose of 

approximately 20% of Louisiana surface deposits.  Pleistocene terraces are remnants of 

pre-existing flood plains and are found along rivers in northern Louisiana and are found as 

parallel belts to the coast in southern Louisiana.  The remaining 25% of the Louisiana’s 

surface soils are of Tertiary age.  Tertiary soil deposits in Louisiana range in age from 

Paleocene (Wilcox Group) to Pliocene (Willis and Citronelle formation, Upland allogroup). 

The majority of the Tertiary soils deposits consist Wilcox, Claiborne, and Fleming groups.  

The Wilcox and Claiborne soils consist of sandstone and mudstone that were deposited in 

deltaic and shallow marine environments.  The Fleming group consists of sandstone, 

siltstone, and mudstone deposited mostly by rivers.  The Pliocene soils consists of sandstone, 

gravelly sandstone, and mudstone of the Upland allogroup in west central Louisiana (Willis 

Formation) and east of the Mississippi River in the Florida Parishes of southeastern 

Louisiana (Citronelle Formation). 
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Figure 2 

Generalized geologic map of Louisiana [20] 

 

The geologic section soil profile W2 – W3 shown in (Figure 3) corresponds parallels US 71 

north of Shreveport and extends southward through Lake Charles.  The geologic section 

profile W2 – W3 shown in Figure 3 provides a north-south profile that depicts the probable 

subsurface stratigraphy that will be encountered during pile installation.  The profile shows 

that Tertiary age soil deposits are predominantly encountered north of Ragley, LA, and that 

south of Ragley, Quaternary age soil deposits are encountered. 

 

 

Figure 3 

W2-W3 geologic section profile [21] 
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Based on the Louisiana geologic soil conditions previously discussed and anticipated pile 

installation problems that could potentially occur, two types of soil profile cases have been 

identified where pre-boring may be required for the installation of bridge pile foundations.  A 

description of these cases is presented below: 

 

CASE I: This is the most commonly observed pile installation challenge in southern 

Louisiana, south of I-10 as shown in Figure 4.  This case occurs when cohesive soils overlay 

a dense/hard soil layer that must be penetrated to achieve the minimum depth requirements or 

the required capacity.  Underlying the dense/hard soil layer the soil is typically cohesive and 

the pile may terminate in cohesive soils (friction pile) or may be driven into a dense bearing 

layer. Figure 4 shows the schematic for Case I site. 

 

 

Figure 4  

CASE I – pre-boring soil stratigraphy 

 

 

CASE II: This case (Figure 5) occurs typically north of I-10 within alluvium basins and 

typically requires driving a pile through granular or cohesive soil near the surface and then 

penetrating the pile foundation a minimum distance within a very stiff to hard bearing layer. 
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The minimum penetration is typically required to maintain lateral pile stability during a scour 

event. Even though cohesionless soils are typically not very good candidate for pre-boring, 

they are included in Case II since cohesionless soils are abundantly encountered overlying 

these over-consolidated soils.  Cohesionless soils may be candidates for pre-boring if water 

table does not influence the soils and/or the cohesionless soils have sufficient silt content to 

have an apparent cohesion during pile installation. In the Case II subsurface stratigraphy, the 

soils overlying the bearing soils may be of lesser importance to the pile foundation support 

since the pile bearing and lateral stability is being obtained from the underlying dense/hard 

bearing strata.   

 

 

Figure 5 

CASE II – pre-boring soil stratigraphy 

 

 

CASES I and II  will be encountered in different geographic locations within the state of 

Louisiana to cover varying subsurface soil conditions (i.e., soft clay, medium stiff clay, stiff 

clay, hard clay, medium dense sand, and dense sand). 
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The sites should contain cohesive soils with varying in-situ soil shear strengths to evaluate 

the effects of pre-boring on various soil strength using the following consistency clay soil 

categories: 

 

 Very Soft Clay:  Su  250 psf 

 Soft Clay: 250 ≤  Su ≤ 500 psf 

 Firm Clay: 500   Su ≤ 1,000 psf 

 Stiff Clay:  1,000   Su ≤ 2,000 

 Very Stiff Clay: 2,000   Su ≤ 4,000 

 Hard Clay:  Su > 4,000 psf 

 

It is not anticipated that the density of cohesionless soils will be a major factor since loose 

soils will remain loose and dense soils will become loose.  The main concern with 

cohesionless soils is caving in of the soil during pile installation and becoming re-compacted. 

As stated previously pre-boring in cohesionless soils is not ideal but there are cases where 

pre-boring is required as a result of the underlying stiff to hard cohesive soils. 

 

Subsurface Investigation 

It is recommended that an in-depth subsurface investigation be conducted at each test site.  

The subsurface investigation should consist of soil borings and CPTu soundings.  It is 

recommended that necessary geotechnical laboratory testing be performed on undisturbed 

and representative disturbed samples to gather additional subsurface soil characteristics and 

strength parameters. The laboratory testing should be performed to meet the latest 

requirements of DOTD.  Undisturbed samples should be obtained for characterization of the 

soils by performing laboratory soil index testing and shear strength testing.  The laboratory 

index testing should include Atterberg Limits, Moisture Content, and Hydrometer. The soil 

shear strength testing that should be considered for both undisturbed samples and remolded 

samples are Unconsolidated Undrained Triaxial Testing, Consolidated Undrained Triaxial 

Testing, and Vane Shear. 

 

Investigation Approach to Evaluating Effects of prebored soil on Pile Capacity 

The literature review has shown that preboring frequently results in a reduction in axial 

carrying capacity when compared to piles installed without preboring.  It is assumed that 

long-term end bearing within the pre-bored zone will not be an issue, as current DOTD 

specifications prohibit predrilling to the pile tip elevation. The primary variables that will 

affect the pile skin friction capacity are prebore diameter, soil type, and soil strength.  Since 
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preboring is known to be more effective in cohesive soils, the evaluation of preboring effects 

on pile skin friction capacity should be concentrated on cohesive soils of different strengths.  

The effects of preboring on the pile skin friction capacity should consider the losses observed 

during pile installation and also the effects of pile capacity setup on its long-term design pile 

capacity. The test pile instrumentation program should answer the following questions: 

1. Ratio of axial pile skin friction capacity installed using preboring to axial pile skin 

friction capacity without preboring at end-of-initial driving (EOID).  This is required 

to evaluate pile drivability during design and hammer approval. 

2. Ratio of axial pile skin friction capacity installed using preboring to axial skin friction 

pile capacity installed without preboring for the long-term pile capacity obtained from 

static load tests (SLT), typically performed at 14 days after pile installation. This is 

required for evaluating the long-term design pile capacity. 

3. Evaluate preboring effects on skin friction pile capacity setup.  Since pile capacity 

set-up can play a significant role in the long-term SLT capacity, the losses observed 

during EOID may be minimized in softer clayey soils with pile capacity set-up. 

Effects of preboring on the design capacity may be lessened as compared to any 

permanent reductions in pile capacity when pile capacity set-up cannot overcome the 

loss in pile capacity due to preboring. 

 

In order to obtain a better understanding of the effects of preboring on pile skin friction 

capacity, a pile instrumentation program needs to be established that can evaluate trends and 

ultimately provide design guidance to the geotechnical engineer, who will be designing pile 

foundations that will use preboring to facilitate pile installation.  Instrumenting and 

evaluating every possible combination of preboring criteria and soil types is impractical and 

not cost-effective. Therefore, each potential test site should be critically evaluated to 

determine if pile instrumentation can be used to answer the questions indicated above.  To 

evaluate the effects of preboring, instrumenting all test piles at every test site can be 

impractical and not cost-effective. Consequently, implementation of a two-tiered 

instrumentation program is recommended. 

 

Tier 1 test pile instrumentation is the highest tier of instrumentation and has the highest level 

of complexity and cost.  A Tier 1 instrumentation program attempts to provide the maximum 

insight into the behavior of the prebored pile by increasing the levels of instrumentation to 

record skin friction directly at discrete locations throughout the length of the pile.  The 

objective is to include sufficient instrumentation for both static load testing (SLT) and 

dynamic load testing (DLT) and evaluate the pile capacity.  This level of instrumentation 

should be used to provide a higher level of scrutiny.  The authors do not anticipate having 
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more than two test sites with Tier 1 test pile instrumentation for each CASE of soil 

stratigraphy (CASE I and CASE II). 

 

Tier 2 test pile instrumentation is the lowest tier of instrumentation. The level of complexity 

and cost should be lower than Tier 1, but still will require an in-depth understanding of the 

objectives of the research and technology being used.  A Tier 2 instrumentation program 

concentrates on evaluating the overall performance within the prebored depths with 

verification of skin friction (i.e., strains) at selected locations along the pile length.  The 

objective is to include minimal instrumentation for both static load testing (SLT) and 

dynamic load testing (DLT) and evaluate the pile capacity.  This level of instrumentation 

should be used for verification of results that have been observed from Tier 1 instrumented 

test piles and to supplement gaps in knowledge.  The authors do not anticipate to have more 

than three test sites with Tier 2 test pile instrumentation for each CASE of soil stratigraphy 

(CASE I and CASE II). 

 

Pile Instrumentation 

It is recommended that a two-tier pile instrumentation program be utilized in order to develop 

a meaningful database of pre-boring case histories that is both varied and cost-effective.  The 

proposed two-tier instrumentation program is presented below: 

 

Tier 1: This level of test pile instrumentation is the highest tier of instrumentation and has the 

highest level of complexity and cost.  In this tier of instrumentation, all test piles are 

instrumented with a vibrating wire (VW) strain-gauge along the length of the piles at a 5- to 

10-ft. interval depending on soil stratification.  If steel pipe piles are being evaluated, the VW 

strain-gauges can be welded to the pipe piles surface and protected during pile installation 

with a welded steel angle.  Square precast prestressed concrete (PPC) piles should have a 

minimum side dimension of 18 in. to accommodate the instrumentation and cables that will 

need to be embedded in the pile.  PPC piles should be instrumented with vibrating wire 

sisterbars cast within reinforcing spiral or ties.  VW strain-gauge sensors should be placed in 

pairs along at each level where instrumentation is being installed.  The paired instrumentation 

will allow for obtaining average strains and will maintain some redundancy in case the 

instrumentation is damaged. These piles should use embedded data collectors (EDC) to be 

cast within the PPC piles.  Depending on the cost associated with EDC, the strain-gages can 

be substituted with EDC.  If EDC are considered to be used in lieu of strain-gauges, a smaller 

pile (i.e., 14-in. PPC pile) may be used.  When using EDC in solid piles, only one EDC will 

be needed at each level where strain is being recorded (cast in the center of the pile).  When 

installing EDCs in voided PPC piles, two EDCs will be required at each level.  
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Tier 2: This level of test pile instrumentation is the lowest tier of instrumentation and should 

be used for verification of what has been observed and learned from Tier 1 test piles.  In this 

tier, the test piles do not have VW strain-gauge sensors throughout the pile.  These piles 

should use dynamic testing with embedded data collectors (EDC) to be cast within the PPC 

piles in order to increase the reliability of pile skin friction capacity.  As a minimum of three 

levels of EDC should be installed at the top of the pile, bottom of the pile, and at within the 

prebored zone. 

 

Pile Installation Records 

It is recommended that pile driving be monitored and pertinent data recorded in the field in 

accordance with the DOTD Specifications for Construction of Roads and Bridges. At a 

minimum, the following data should be collected during pile driving operations: 

 Pile type and dimensions 

 Pile driving equipment and rated energy 

 Pile driving log for the entire pile length 

 Pre-bored hole diameter, length, and verticality 

 Start and stop time of pile driving 

Test Sites 

Pre-boring is a method used to facilitate driving of large displacement piles in hard/dense 

soils. A pilot hole, generally smaller in size than the pile to be installed, is first bored to a 

specified depth shallower than the intended pile tip elevation. By pre-boring a pilot hole, the 

“end bearing” and “side friction” within the pre-bore zone are reduced, thus aiding the 

driving of the pile.  It is anticipated that the  (1) diameter of the pre-bored hole, (2) depth of 

the pre-bored hole, (3) type of pile installation method, and (4) relative strength of the soil 

will all have an effect on the (a) drivability and (b) long-term capacity of driven piles.  

As previously discussed, the main parameters that influence the effects of pre-boring on pile 

capacity are size of pre-bore, pre-bore depth, pile type/size, soil type, and soil shear strength. 

In order to reduce the large number of combinations, it is recommended that  pre-boring 

criteria be established depending on the subsurface stratigraphy indicated as CASE I and II 

previously discussed.  The results of the test sites should be used to develop pile installation 

criteria for the production piles. 

 

 



 

36 

CASE I:  This subsurface soil profile will be encountered mostly in southern Louisiana, 

south of I-10.  The pile size that should be used will depend on the amount of instrumentation 

that is needed and is dependent on the required pile penetration depth.  Consequently, it is 

anticipated that a minimum pile size of 18-in. square PPC piles with a maximum pile size of 

a 24-in. PPC pile would be ideal.  In order to reduce the effects of pre-boring on pile tip 

bearing capacity, the standard pre-boring criteria of 5 ft. above pile tip should be maintained 

that correlates with 3.3 and 2.5 pile diameters for an 18-in. and 24-in. PPC pile, respectively.  

A “control” pile should be installed above the dense/hard layer to evaluate reduction in pile 

capacity due to pre-boring.  It is recommended that three piles be installed at these test sites 

as indicated in the following table. 

 

 
Table 2  

Testing matrix for CASE I test sites 

Pile No. Pile Tip Pre-bore 

Size 

Pile Size Tier 1 

Test Pile 

Tier 2 

Test Pile 

1 

(Control) 

Stop 3 ft. 

above 

Medium to 

Dense Sand 

layer 

No Pre-

bore 

18-in. – 

24-in. 

PPC 

VW Strain-

Gauges and EDC1 

 

Dynamic Load 

Test 

Static Load Test 

EDC (minimum 3 

Levels) 

 

Dynamic Load Test 

Static Load Test 

2 Stop below 

Firm to Stiff 

Clay layer 

80% of 

pile side 

18-in. – 

24-in. 

PPC 

3 Stop below 

Firm to Stiff 

Clay layer 

100% of 

pile 

diagonal 

18-in. – 

24-in. 

PPC 
1 VW Strain-Gauges may be omitted if embedded data collectors (EDCs) are substituted at all levels. 

 

 

CASE II:  This subsurface soil profile will typically be encountered north of I-10 within 

alluvium soil deposits in northern part of Louisiana.  The foundation design at these sites 

are typically governed by the minimum pile tip penetration required for lateral stability 

due to scour.  The pile capacity will be primarily obtained from the very stiff to hard 

bearing soils encountered below the scoured alluvium deposits. Since the control pile 

cannot be installed within the underlying stiff to hard bearing soils without pre-boring, 

the control pile will not be used at CASE II test sites.  Pile foundations at these sites are 

generally not as deep as CASE I test sites due to the bearing soils encountered near the 

surface. It is recommended that 18-in square PPC piles be used at these test sites.  In 
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order to reduce the effects of pre-boring on pile tip bearing capacity, the standard 

pre-boring criteria of 5 ft. above pile tip should be maintained that correlates 3.3 pile 

diameters for an 18-in PPC pile.  It is therefore recommended that two piles be installed 

at each of these test sites as indicated in the following table. 

 

Table 3  

Testing matrix for CASE II test sites  

Pile No. Pile Tip Pre-bore 

Size 

Pile 

Size 

Tier 1 

Test Pile 

Tier 2 

Test Pile 

1 Stop below 

Firm to Stiff 

Clay layer 

80% of 

pile side 

18-in. 

PPC 

VW Strain-Gauges 

and EDC1 

 

Dynamic Load Test 

Static Load Test 

EDC (minimum 3 

Levels) 

 

Dynamic Load Test 

Static Load Test 

2 Stop below 

Firm to Stiff 

Clay layer 

100% of 

pile 

diagonal 

18-in. 

PPC 

1 VW Strain-Gauges may be omitted if embedded data collectors (EDCs) are substituted at all levels. 

 

 

Pile Installation and Load Testing 

It is recommended that all piles be installed in accordance with the current LA standard 

specifications in order to simulate typical pile installation conditions.  To evaluate the effects 

of the (1) pre-bored hole diameter, (2) pre-bored hole depth, (3) pile installation method, and 

(4) subsurface soil conditions on the (a) drivability and (b) long-term capacity of driven piles, 

dynamic load testing (DLT) and static load testing (SLT) are recommended.  Test piles (Tier 

1 and Tier 2) should be installed full depth and monitored with the pile driving analyzer 

(PDA) to prevent pile damage from pile driving stresses and to evaluate pile resistance 

during installation.  The PDA results should be compared with instrumented piles (Tier 1) 

piles by performing pile restrikes to compare with static load test results.  The PDA will be 

the primary method for evaluating Tier 2 test piles.  Once confidence has been established 

from Tier 1 test piles, Tier 2 test piles testing can be implemented. 

 

Static and dynamic load testing should be performed based on the subsurface stratigraphy 

indicated as CASE I and II previously discussed.  The subsurface stratigraphy indicated in 

CASE I will be subject to greater pile capacity set-up when compared to CASE II test pile 

sites.  Consequently, the number of pile restrikes can be reduced for CASE II test sites when 

compared to CASE I test sites as indicated in Table 4. 
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Table 4  

Proposed static & dynamic load testing schedule 

CASE I CASE II 

DLT - During Pile Installation (EOID) 

DLT – Restrike time interval of 30 minutes 

DLT – Restrike time interval of  2 ½ 

hours 

N/A 

DLT – Restrike time interval of  1 day DLT – Restrike time interval of  1 day 

DLT – Restrike time interval of  2 day N/A 

SLT – 14 days after pile installation SLT – 14 days after pile installation 

DLT – ≈14 days after pile installation DLT – ≈14 days after pile installation 

 

The Static pile load testing should be performed in accordance with ASTM D1143 (Standard 

Test Methods for Deep Foundations Under Static Axial Compressive Load) under the 

supervision of a registered professional engineer (P.E.). A Pile Driving Analyzer (PDA) 

system should be utilized to perform dynamic testing on the driven piles. During the 

installation of piles, the PDA helps check that driving happens in accordance with the 

established criterion and gives information on soil resistance at the time of monitoring and on 

driving system performance. Dynamic Monitoring with a PDA dynamic testing system also 

calculates driving stresses, helping reduce the risk of pile damage. If stresses indicate a high 

potential for pile damage, driving can be stopped and alternative installation procedures 

evaluated. The Case Pile Wave Analysis Program (CAPWAP) should be utilized to estimate 

the ultimate axial capacity of the piles.  

 

Pile Drivability Analysis 

It is recommended that subsurface geotechnical information and the above mentioned field 

data obtained from Louisiana project test sites be used to simulate pile driving scenarios 

using GRL Wave Equation Analyses (GRLWEAP) software. The GRLWEAP software (1) 

calculates driving resistance, dynamic pile stresses, and estimated capacities based on field 

observed blow count, for a given hammer and pile system; (2) helps select an appropriate 

hammer and driving system for a job with known piling, soil, pre-boring, and capacity 

requirements, (3) determines whether a pile will be overstressed at a certain penetration or if 

refusal will likely occur before a desired pile penetration is reached (drivability analysis), and 

(4) estimates the total driving time. The results obtained from the analyses can be used to 

develop pile driving specifications for production piles.  
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Task 6 –Instrumentation Protocol during Future Data Collection 

It is recommended that the following instrumentation be used during pile installation and 

during dynamic and static load testing of the driven piles. 

Strain Gauges 

It is recommended that vibrating wire (VW) strain gauges be used to instrument the driven 

piles during future data collection efforts. The primary purpose of the strain gauges is to 

measure deformation of the pile under different loading conditions. The strain gauges should 

be placed at 5-ft. intervals along the length of the driven piles. Closer spacing between strain 

gauges may be needed near soil stratum change in order to measure strain just above/below a 

stratum change. VW strain gauges can be welded to the pipe pile surface and protected 

during pile installation with a welded steel angle. Square precast prestressed concrete (PPC) 

piles should have a minimum side dimension of 18 in. to accommodate the instrumentation 

and cables that will need to be embedded in the pile. PPC piles should be instrumented with 

vibrating wire sisterbars cast within reinforcing spiral or ties. VW strain-gauge sensors 

should be placed in pairs along each level where instrumentation is being installed. The 

paired instrumentation will allow for obtaining average strains and will maintain some 

redundancy in case the instrumentation is damaged. Figure 6 shows the test pile 

instrumentation plan for Case I sites. 

 

 

Figure 6 

Test pile instrumentation plan for case I sites (Tier 1) 
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Figure 7 shows the proposed test pile instrumentation plan for Case II sites. 

 

 

Figure 7 

Test pile instrumentation plan for case II sites (Tier 1) 

 

 

Embedded Data Collector (EDC)  

EDC technology can also be used to develop a wireless monitoring and real-time static 

capacity estimate technology for driven piles. EDC uses two levels of instrumentation 

embedded in the body of precast prestressed concrete piles near the head and tip. Strain and 

acceleration measurements obtained at these instrumentation levels during driving can be 

sent wirelessly to a receiver in the field, and analyzed in real time to provide the operator 

with estimates of static capacity, stresses in the pile, transfer energy, damping factor, stroke 

height, and other relevant parameters used to evaluate the pile driving process and the driving 

system. Concurrent monitoring of piles with EDC instrumentation and the Pile Driving 

Analyzer (PDA) can provide with adequate data supporting the reliability of PDA. 

Measurements of strain and particle acceleration converted to force and velocity traces can 

then be compared between the two systems, along with the corresponding calculated 

magnitude of downward and upward traveling stress waves as they move along the pile at 

any point in time.  
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DISCUSSION OF RESULTS 

Pre-boring is a method used to facilitate driving of large displacement piles in hard/dense 
soils. By pre-boring a pilot hole, the “end bearing” and “side friction” within the pre-bored 
zone are reduced, thus aiding the driving of the pile. The effects of pre-boring on long term 
pile capacity (specifically side friction) and pile drivability depend on several factors 
including pre-bore hole diameter, length of the pre-bored hole, and subsurface soil 
characteristics.  
 
For this research study, a comprehensive literature survey of published research documents 
and ongoing research projects related to the effects of pre-bored hole on pile capacity and 
pile drivability was conducted. A review of standard specifications for construction of 
bridges and highways revealed that different state highway agencies follow different 
guidelines regarding the use of pre-bored holes during pile installation.  
 
Subsurface geologic characteristics of Louisiana was used to recommend multiple pile 
driving sites for future testing of piles to represent different soil strengths and subsurface 
stratigraphy. A plan was recommended for driving multiple test piles at each site using 
differently sized pre-bored holes with no pre-boring as control for comparison. An 
instrumentation and monitoring plan utilizing vibrating wire strain gauges or embedded data 
collector technology during static load test as well as pile dynamic analyzer (PDA) during 
initial pile driving and restrikes was suggested to be included in the pile testing protocol. 
 
The field load testing and instrumentation data obtained during the proposed protocol can be 
used by DOTD and consulting engineers in evaluating the change in “side friction” capacity 
of piles while utilizing different size pre-bored hole. The database of information generated 
from the different sites will help reduce uncertainty in long-term pile capacity prediction and 
constructability issues when using a pre-bored hole for pile installation. This will lead to the 
design of more cost-effective driven pile foundations and reductions in project costs. 
Quantifying such an impact will greatly help geotechnical design engineers to understand the 
interactions among the factors of pre-boring, pile size, soil conditions, pile driving, etc. and 
improve the design and construction qualities of pile foundations in hard/dense soils.   
 
This research will benefit geotechnical, structural, and construction engineers involved in the 
design, construction, and installation of pile foundations for DOTD and other private 
projects. Furthermore, this study will benefit the pile driving contractors industry by 
advancing the knowledge related to predicting drivability and driven pile behavior within 
pre-bored soil. 
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CONCLUSIONS 

In this study, state-of-the-art research documents and best practice results available on the 

subject of pre-bored piles were reviewed and a pile testing and instrumentation plan for field 

data collection at multiple driving sites representing different soil shear strengths was 

developed. Based on the results of this study, the following conclusions can be drawn: 

 

 Different state highway agencies follow different guidelines related to the use of pre-

bored hole during installation of pile foundations. 

 

 Based on Louisiana’s geologic characteristics, a plan was developed for driving multiple 

test piles at different locations within the state using differently sized pre-bored holes 

with no pre-boring as control for comparison. 

 

 An instrumentation plan was recommended during test pile driving and restrikes using 

the pile dynamic analyzer (PDA) and static load tests, as well as vibrating wire strain 

gauges. 

 

 The data obtained from the field testing and instrumentation plan will benefit DOTD and 

consulting engineers in reducing uncertainty in long-term pile capacity prediction and 

constructability issues when using a pre-bored hole for pile installation. 
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RECOMMENDATIONS 

The following initiatives are recommended in order to facilitate the implementation of this 

study: 

 

 The field testing and instrumentation data collection should be performed by experienced 

geotechnical engineers or their representatives with adequate knowledge of the 

procedures.  

 

 The data obtained from the field should be analyzed immediately to determine the 

effectiveness of the testing protocol and adjust the scope of future testing. 

 

 Implement the results obtained from the recommended field testing and instrumentation 

study into the design manual for use by DOTD engineers. 
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ACRONYMS, ABBREVIATIONS, AND SYMBOLS 

Ap    area of pile tip  

ca    pile soil adhesion  

Cd    effective perimeter of pile  

Cf    correction factor for Kδ when δ ≠ 0  
DOTD    Louisiana Department of Transportation and Development 

fs    ultimate skin resistance per unit area of shaft  
ft.   foot (feet) 

in.   inch(es) 

Kδ    coefficient of lateral stress at depth z 
LTRC   Louisiana Transportation Research Center 

L    length of pile in contact with soil  

m   meter(s) 

Pd    effective overburden pressure  

Q               Total static pile capcity 

Qs    total skin friction capacity  

Qs   pile shaft resistance 

Qp    pile tip resistance 

qp    bearing capacity at pile tip  

σh    normal component of stress at pile-soil interface  

δ    pile-soil friction angle  

ω    angle of pile taper  

δ    pile-soil friction angle  

z    depth coordinate 
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Survey Questionnaire Response from Private Consultants in Louisiana 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Geotechnical Survey Questionnaire 
 

Research Topic: Testing Protocol for Predicting Driven Pile Behavior within Pre-Bored Soil  
Funding Agencies: LTRC and LA DOTD 

 
 

1) When does your agency specify the need for predrilled/prebored holes related to driven pile 
installation?  

We often recommend predrilling when large-displacement piles are used and when: 
(1)  near-surface debris is present or obstructions are expected, (2) shallow granular 
deposits exist that are susceptible to vibration-induced settlements, (3) there is a 
desire/need to reduce vibrations, and/or (4) medium-dense to dense granular soils or very 
stiff to hard cohesive soils are present.  Open-ended steel pipe piles and H-piles often do 
not require predrilling.  We recommend performing the predrilling using wet-rotary 
drilling methods and a side-discharge drill bit. 
 

2) Using the following table, please indicate your agency’s Pre-Boring Criteria 
 

State 
Maximum Pre-

Bored Hole 
Diameter 

Maximum Pre-Bored 
Hole Depth from Pile 

Tip Elevation 

Type of Soil in Which 
Pre-Boring is 

Typically 
Recommended 

 
LA (mostly) 

About 2/3 of the 
average pile 
diameter or width 

About 2/3 to 3/4 of the 
design pile embedment 
length, depending on 
the stratigraphy 

See response to 
Question No. 1 

 
3) Does your agency draw the above criteria from any state specifications, research, or other 

documents? 
Experience, load test results, and published literature. 
 

4) Does your agency have any field data to evaluate the effects of pre-bore hole diameter, pre-
boring depth, pile size, soil condition, pile driving methods etc. on the long term “side 
friction: and “end resistance” capacity of piles? 

Yes, in a general way to form an experienced-based “body of knowledge.”  However, we 
evaluate each project on a project- and site-specific basis and make adjustments as 
needed. 

 
5) Does your agency currently require field-testing protocol for predicting driven pile behavior 

in prebored soil? 
We recommend the indicator and test pile programs (dynamic and static) be conducted 
using piles of the same type and size that will be used for construction.  We also 
recommend installing these piles using the same methods, equipment, and techniques as 
proposed for the production (job) piles. 

 
Please Forward Responses To: 
 
Malay Ghose Hajra, PhD, P.E., 504-280-7062 mghoseha@uno.edu  
or  
Kelsey D. Martin, RA, 512-699-6280, kdmarti2@uno.edu 
 

mailto:mghoseha@uno.edu
mailto:kdmarti2@uno.edu


Geotechnical Survey Questionnaire 

 

Research Topic: Testing Protocol for Predicting Driven Pile Behavior within Pre-Bored Soil  

Funding Agencies: LTRC and LA DOTD 

 

 

1) When does your agency specify the need for predrilled/prebored holes related to driven pile 

installation?  

Typically, for 2 reasons: 

1). If encounter a sand or hard soil layer that a pile will have difficulty penetrating.  

2). If trying to reduce vibrations. 

 

2) Using the following table, please indicate your agency’s Pre-Boring Criteria 

 

State 

Maximum Pre-

Bored Hole 

Diameter 

Maximum Pre-Bored 

Hole Depth from Pile 

Tip Elevation 

Type of Soil in Which 

Pre-Boring is 

Typically 

Recommended 

LA 75% of pile’s side 

dimension or 85% 

of pile’s tip dia. 

Typically, not within 

10 feet of design tip 

depth but have used 

criteria to within 1 foot 

of tip depth 

Sand or gravel 

 

3) Does your agency draw the above criteria from any state specifications, research, or other 

documents? 

Not aware of any – mostly experience, common practice, and site specific trial and error. 

 

 

4) Does your agency have any field data to evaluate the effects of pre-bore hole diameter, pre-

boring depth, pile size, soil condition, pile driving methods etc. on the long term “side 

friction: and “end resistance” capacity of piles? 

Pile load tests where a hole was predrilled prior to load testing. No negative effects of the 

predrilling were observed. 

 

 

5) Does your agency currently require field-testing protocol for predicting driven pile behavior 

in prebored soil? 

Yes, load tests are recommended for every project and the tested pile should be installed 

with the same methods that are expected for production piles. 

 

 

Please Forward Responses To: 

 

Malay Ghose Hajra, PhD, P.E., 504-280-7062 mghoseha@uno.edu  

or  

Kelsey D. Martin, RA, 512-699-6280, kdmarti2@uno.edu 

 

mailto:mghoseha@uno.edu
mailto:kdmarti2@uno.edu


 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Survey Questionnaire Response from DOTs 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Geotechnical Survey Questionnaire 

 

Research Topic: Testing Protocol for Predicting Driven Pile Behavior within Pre-Bored Soil  

Funding Agencies: LTRC and LA DOTD 

 

 

1) When does your agency specify the need for predrilled/prebored holes related to driven pile 

installation?  We specify predrilling when having to go through a thin rock lenses to reach 

the minimum tip elevation due to scour.  We also specify predrilling when we need to 

penetrate rock to get ten feet of embedment after a major scour event to provide enough 

lateral resistance. 

 

 

2) Using the following table, please indicate your agency’s Pre-Boring Criteria 

 

State 

Maximum Pre-

Bored Hole 

Diameter 

Maximum Pre-Bored 

Hole Depth from Pile 

Tip Elevation 

Type of Soil in Which 

Pre-Boring is 

Typically 

Recommended 

 

Alabama 
A size smaller 
than the diameter 
or diagonal of the 
pile cross section 
that is sufficient to 
allow penetration 
of the pile to the 
specified depth. 

It varies.  Anywhere 

from 15 to 35 feet.  

Whatever depth to get 

through rock lenses or 

achieve 10 feet of 

penetration after the 

maximum scour event. 

Rock and 
whatever soil is 
above the rock. 

 

 

3) Does your agency draw the above criteria from any state specifications, research, or other 

documents?  From our Standard Specifications – Section 505 Piling. 

 

 

4) Does your agency have any field data to evaluate the effects of pre-bore hole diameter, pre-

boring depth, pile size, soil condition, pile driving methods etc. on the long term “side 

friction: and “end resistance” capacity of piles?  No. 

 

 

5) Does your agency currently require field-testing protocol for predicting driven pile behavior 

in prebored soil?  Not usually.  We may be doing a dynamic test if we just specified 

predrilling to get through a thin rock lenses to reach the minimum tip elevation due to scour. 

 

 

Please Forward Responses To: 

 

Malay Ghose Hajra, PhD, P.E., 504-280-7062 mghoseha@uno.edu  

or  

Kelsey D. Martin, RA, 512-699-6280, kdmarti2@uno.edu 

 

mailto:mghoseha@uno.edu
mailto:kdmarti2@uno.edu


Geotechnical Survey Questionnaire 

 

Research Topic: Testing Protocol for Predicting Driven Pile Behavior within Pre-Bored Soil  

Funding Agencies: LTRC and LA DOTD 

 

 

1) When does your agency specify the need for predrilled/prebored holes related to driven pile 

installation? When hard material, refusal, or material that offers a driving resistance higher 

than the allowable  maximum driving resistance specified in the FDOT structures manuals is 

expected above the minimum penetration requirements/ required minimum tip elevation. 

Also to minimize vibrations or heave on adjacent structures. 

 

 

2) Using the following table, please indicate your agency’s Pre-Boring Criteria 

 

State 

Maximum Pre-

Bored Hole 

Diameter 

Maximum Pre-Bored 

Hole Depth from Pile 

Tip Elevation 

Type of Soil in Which 

Pre-Boring is 

Typically 

Recommended 

Florida DOT Hole to be equal or 

slightly greater than 

the largest pile 

dimension. When 

preformed holes are 

to be grouted, they 

must be at least 2 

inches larger than 

the largest 

dimension 

No rules for land 

bridges. For water 

bridges, normally to 

the scour elevation, 

but it can be specified 

deeper as long as 

lateral confinement is 

restored 

For drivability 

reasons in rock and 

cemented sand. 

For vibration 

mitigation purposes 

in all types of soil 

and rock. 

 

3) Does your agency draw the above criteria from any state specifications, research, or other 

documents? Yes:  FDOT specifications, FDOT Structures Manual and FDOT Soils and 

Foundation Handbook. 

 

 

4) Does your agency have any field data to evaluate the effects of pre-bore hole diameter, pre-

boring depth, pile size, soil condition, pile driving methods etc. on the long term “side 

friction: and “end resistance” capacity of piles? No 

 

5) Does your agency currently require field-testing protocol for predicting driven pile behavior 

in prebored soil? Indirectly yes.  All FDOT pile projects require test piles or the first 

production piles to be dynamically instrumented. Production piles are to be driven in the 

same way the test piles or the initial piles are. 

 

 

Please Forward Responses To: 

 

Malay Ghose Hajra, PhD, P.E., 504-280-7062 mghoseha@uno.edu  

or  

Kelsey D. Martin, RA, 512-699-6280, kdmarti2@uno.edu 

 

mailto:mghoseha@uno.edu
mailto:kdmarti2@uno.edu


Geotechnical Survey Questionnaire 

 

Research Topic: Testing Protocol for Predicting Driven Pile Behavior within Pre-Bored Soil  

Funding Agencies: LTRC and LA DOTD 

 

 

1) When does your agency specify the need for predrilled/prebored holes related to driven pile 

installation? ODOT limits planned preboring to piles driven through more than 15 

feet of new embankment.  Preboring is sometimes accepted to pass through a shallow hard 

layer that may cause pile damage or is not appropriate for bearing. 

 

2) Using the following table, please indicate your agency’s Pre-Boring Criteria 

 

State 
Maximum Pre-Bored 

Hole Diameter 

Maximum Pre-Bored 

Hole Depth from Pile 

Tip Elevation 

Type of Soil in Which 

Pre-Boring is 

Typically 

Recommended 

Ohio H-pile: diagonal+2”  

Pipe: diameter+4” 

none none 

 

3) Does your agency draw the above criteria from any state specifications, research, or other 

documents? ODOT Bridge Design Manual and Specification Item 507. 

 

 

4) Does your agency have any field data to evaluate the effects of pre-bore hole diameter, pre-

boring depth, pile size, soil condition, pile driving methods etc. on the long term “side 

friction: and “end resistance” capacity of piles?  None collected, because of our 

application of preboring does not depend on this information. 

 

 

5) Does your agency currently require field-testing protocol for predicting driven pile behavior 

in prebored soil? No. 

 

 

 

Please Forward Responses To: 

 

Malay Ghose Hajra, PhD, P.E., 504-280-7062 mghoseha@uno.edu  

or  

Kelsey D. Martin, RA, 512-699-6280, kdmarti2@uno.edu 

 

mailto:mghoseha@uno.edu
mailto:kdmarti2@uno.edu


Geotechnical Survey Questionnaire 

 

Research Topic: Testing Protocol for Predicting Driven Pile Behavior within Pre-Bored Soil  

Funding Agencies: LTRC and LA DOTD 

 

 

1) When does your agency specify the need for predrilled/prebored holes related to driven pile 

installation?  

TDOT Response- TDOT uses preboring of piles generally for two conditions. 1) When the 

piles will encounter variable layers of rock and soil to get the pile tip down to solid rock 

and it is determined that driving of piles through the upper rock layers cannot be 

achieved or it will cause unacceptable pile damage. 2) In West Tennessee where the piles 

need to go through dense sand or clay layers to achieve minimum tip elevations for either 

scour or liquefaction requirements. 

 

 

2) Using the following table, please indicate your agency’s Pre-Boring Criteria 

 

State 

Maximum Pre-

Bored Hole 

Diameter 

Maximum Pre-Bored 

Hole Depth from Pile 

Tip Elevation 

Type of Soil in Which 

Pre-Boring is 

Typically 

Recommended 

TN No maximum 
diameter 
limitation.  It is 
expected the 
contractor will 
pre-bore the pile 
to a slightly less 
diameter than 
the pile. Per spec. 
the sides/corners 
of pile are to be 
in contact with 
the soil. 

Depth of pre-boring 
depends on 
conditions being 
encountered. It may 
be specified to pre-
bore just through 
certain layers or to 
pre-bore to a 
certain elevation or 
to rock refusal for 
end bearing piles. 

1) Layers of rock 
and soil and 2) 
Dense sand or clay. 

 

3) Does your agency draw the above criteria from any state specifications, research, or other 

documents? 

 

TDOT Response-  No regarding use of specifications or research. TDOT will adjust the 

criteria for projects based on results (either good or bad) of previous experience. Pile 

driving records and/or pile load test may be evaluated to help determine adequacy of 

recommended practices. 

Specification information in section 606.08 and 606.12 of TDOT Standard Specifications 

http://www.tdot.state.tn.us/construction/specs.htm 

 

4) Does your agency have any field data to evaluate the effects of pre-bore hole diameter, pre-

boring depth, pile size, soil condition, pile driving methods etc. on the long term “side 

friction: and “end resistance” capacity of piles? 



TDOT Response- TDOT keeps records of pile driving and pile load test results which 

could be used for analyzing the effects of pre-boring of piles on capacity but there is 

currently no formalized evaluation process or engineer assigned to make these type 

determinations. 

 

 

5) Does your agency currently require field-testing protocol for predicting driven pile behavior 

in prebored soil? 

 

TDOT Response- No specific testing required for pre-bored piles other than using 

prescribed methods for pile driving capacity determination through either blow count 

data to determine if a particular pile is acceptable on a particular project. 

 

 

 

Please Forward Responses To: 

 

Malay Ghose Hajra, PhD, P.E., 504-280-7062 mghoseha@uno.edu  

or  

Kelsey D. Martin, RA, 512-699-6280, kdmarti2@uno.edu 

 

mailto:mghoseha@uno.edu
mailto:kdmarti2@uno.edu


Geotechnical Survey Questionnaire 

 

Research Topic: Testing Protocol for Predicting Driven Pile Behavior within Pre-Bored Soil  

Funding Agencies: LTRC and LA DOTD 

 

 

1) When does your agency specify the need for predrilled/prebored holes related to driven pile 

installation? For all integral abutments, sometimes for boulders, and sometimes for fill, if 

unknown material. 

 

2) Using the following table, please indicate your agency’s Pre-Boring Criteria 

 

State 

Maximum Pre-

Bored Hole 

Diameter 

Maximum Pre-Bored 

Hole Depth from Pile 

Tip Elevation 

Type of Soil in Which 

Pre-Boring is 

Typically 

Recommended 

WV 24 inches 15 ft from bottom of 

pile cap for integral 

abutments 

All soil types for 

integral abutments 

 

3) Does your agency draw the above criteria from any state specifications, research, or other 

documents? Not to my knowledge 

 

 

 

4) Does your agency have any field data to evaluate the effects of pre-bore hole diameter, pre-

boring depth, pile size, soil condition, pile driving methods etc. on the long term “side 

friction: and “end resistance” capacity of piles?  Yes, most contractors have a 24 inch auger 

and our standard pile sizes (HP 10x42, 12x53, and 14x73) all fit in this borehole. 

 

 

 

5) Does your agency currently require field-testing protocol for predicting driven pile behavior 

in prebored soil?  No 

 

 

 

 

Please Forward Responses To: 

 

Malay Ghose Hajra, PhD, P.E., 504-280-7062 mghoseha@uno.edu  

or  

Kelsey D. Martin, RA, 512-699-6280, kdmarti2@uno.edu 

 

mailto:mghoseha@uno.edu
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State DOT Specifications related to pre-bored pile installation 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Alabama (2002) 







 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Alaska (2004) 





 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Arizona (2008) 





 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Arkansas (2003) 







 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

California (2010) 





 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Colorado (2005) 







 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Delaware (2001) 







 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Florida (2013) 





 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Hawaii (2005) 







 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Indiana (2012) 







 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Iowa (2012) 







 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Kansas (2007) 





 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Kentucky (2008) 





 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Maine (2002) 





 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Maryland (2001) 





 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Massachusetts (1995) 





 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Michigan (2003) 







 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Minnesota (2014) 







 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Mississippi (2004) 







 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Missouri (2011) 





 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Montana (2006) 







 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Nebraska (2007) 





 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

New Hampshire (2010) 





 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

New Jersey (2007) 





 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

New Mexico (2014) 







 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

North Dakota (2008) 
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