
UNLCE 07-06 October 2007 

Implementation of the AASHTO LRFD Code 

in Geotechnical Design-Piles 

Final Report 

Project SPR- 1 (07) P595 

UNL NO. 26- 1 107-01 300 1 

Andrzej S. Nowak, Marek Kozikowski, Tomasz Lutomirski 

and Piotr Paczkowski 

University of Nebraska-Lincoln 

Lincoln, NE 68588-053 1 

and 

Jordan Larsen 

Nebraska Department of Roads 

Lincoln, NE 68509 

Lincoln 



Technical Report Documentation Page 

SPR- l(07) P595 I I 
1. Report No 

Implementation of the AASHTO LRFD Code in Geotechnical 
Design- 
Piles 6. Performing Organization Code 

2. Government Accession No. 

I I 

3. Recipient's Catalog No. 

4 Title and Subtitle 

Andrzei S. Nowak, Marek Kozikowski, Jordan Larsen, Tomasz I 

5. Report Date 

I 

7. Authorls 

Department of Civil Engineering 
University of Nebraska-Lincoln 
Lincoln, NE, 68588-0642 

8.  Performing Organization Report No. 

~ u t o m i k k i  and Piotr Paczkowski 
9. Performing Organization Name and Address 

11. Contract or Grant No. 

10. Work Unit No (TRAIS) 

I 

12. Sponsoring Organization Name and Address ( 13. Type of Report and Period 

Nebraska Department of Roads 
P. 0 .  Box 94759 
Lincoln, NE 68509-4759 

1 Covered 

1 Final 

14. Sponsoring Agency Code 

I 
15. Supplementary Notes 

16 Abstract 

The LRFD AASHTO code (2007) includes substantial changes compared to the AASHTO 
Standard Specifications (2002). Therefore, State DOT'S have to review their current practice and, if 
needed, develop a new approach that is consistent with the LRFD philosophy. Load and resistance 
factors in LRFD code were determined in the reliability-based calibration process. However, this 
calibration was limited to the superstructure. The resistance factors for the piles were mostly based on 
engineering judgment. Therefore, there is a need for verification of a pile design provisions. 

The objectives of presented study were to review the available pile capacity analysis methods and 
develop a user-friendly and possibly more accurate formula. In addition, a procedure was developed 
for comparison of the pile design and the calculation of the resistance factors. 

The following methods of determining the load carrying capacity of a pile were compared: Static 
Load Test, CAPWAP, Wave equation, Gates formula, and Nebraska modified ENR formula. A 
formula has been proposed for the calculation of the pile capacity that is in good agreement with the 
CAPWAP results. 

The resistance factor has been calculated based on the assumption that the LRFD AASHTO Code 
and the AASHTO Standard Specifications result in the same design of a pile. The calculations were 
2arried out for a representative number of design situations (pile material, pile type and soil 
:onditions). 

Unclassified 1 Unclassified 1 38 I 

17. Key Words 

I 

I I I 

Form DOT F 1700.7 (8-72) Reproduction of form and completed page is authorized 

18. Distribution Statement 

19. Security Classification (of this report) 20. Security Classification (of this page) 21 .No. Of Pages 22. Price 



DISCLAIMER 

The contents of this report reflect the views of the authors who are responsible for the 

facts and the accuracy of the data presented herein. The contents do not necessarily reflect 

the official views or policies of the Nebraska Department of Roads, nor the University of 

Nebraska-Lincoln. This report does not constitute a standard, specification, or regulation. 

Trade or manufacturers' names, which may appear in this report, are cited only because they 

are considered essential to the objectives of tlie report. The United States (U.S.) government 

and the State of Nebraska do not endorse products or manufacturers. 



ABSTRACT 

The LRFD AASHTO code (2007) includes substantial changes compared to the 

AASHTO Standard Specifications (2002). Therefore, State DOT'S have to review their 

current practice and, if needed, develop a new approach that is consistent with the LRFD 

philosophy. Load and resistance factors in LRFD code were determined in .the reliability- 

based calibration process. However, this calibration was limited to the superstructure. The 

resistance factors for the piles were mostly based on engineering judgment. Therefore, there 

is a need for verification of a pile design provisions. 

The objectives of presented study were to review the available pile capacity analysis 

methods and develop a user-friendly and possibly more accurate formula. In addition, a 

procedure was developed for comparison of the pile design and the calculatioi~ of the 

resistance factors. 

The following methods of determining the load carrying capacity of a pile were 

compared: Static Load Test, CAPWAP, Wave equation, Gates formula, and Nebraska 

modified ENR formula. A formula has been proposed for the calculation of the pile capacity 

that is in good agreement with the CAPWAP results. 

The resistance factor has been calculated based on the assumption that the LRFD 

AASHTO Code and the AASHTO Standard Specifications result in the same design of a 

pile. The calculations were carried out for a representative number of design situations (pile 

material, pile type and soil conditions). 
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1. BACKGROUND 

The Load and Resistance Factor Design of the American Association of Highway and 

Transportation Officials (LRFD AASHTO) (2007) includes considerable changes as 

compared to .the AASHTO Standard Specifications (2002), particularly in regard to the 

design provisions for bridge substructures, including piles. In the AASHTO Standard 

Specifications, foundation design is based on allowable stress design (ASD), with a design 

formula that can be summarized as follows, 

where DL is dead load per pile, LL is live load per pile, SF is safety factor, and P, is nominal 

pile capacity. 

In addition to DL and LL, -there can be other load components. The design loads are 

specified in the code. Live load per pile is determined by applying HS20 load (AASHTO 

2002). Nebraska Department of Roads (NDOR) uses HS25 live load, which is 25% larger 

than HS20. 

There are several methods available for calculation of the nominal pile capacity. 

They vary with regard to accuracy, required input data, and computational effort. For the 

Engineering-News (ENR)-based methods, the safety factor is included in the formula for pile 

capacity. In the allowable stress design, the safety margin is determined mostly by SF; and 

SF can vary depending on the method of determining the pile capacity. 

In LRFD AASHTO (2007), the design formula can be summarized as: 

where loads are multiplied by load factors; and pile capacity is multiplied by the resistance 

factor, $. DW is dead load per pile due to wearing surface, and LL is live load per pile 

calculated by applying HL-93 load (AASHTO 2007). Nominal pile capacity can be 

calculated using the same methods as used in the allowable stress design. However, in this 

case, the safety margin is included in the load factors and resistance factor. 

The resistance factors were calculated in the calibration process (Nowak 1999, Allen 

et al. 2005). However, the calibration was limited to bridge superstructures. Resistance 

factors for bridge s~~bstructures in the AASHTO LRFD (2007) were selected mainly based on 

engineering judgment. Therefore, the objective of this paper is to determine the values of 



resistance factors for piles that would result in the same design as the allowable stress design 

(Eq. 1). The methods for calculating the nominal pile capacity are reviewed and compared 

using the available field test data. The intent is to select or develop a practical formula that 

can improve the design of piles using LRFD code. 

This study will facilitate the implementation of the AASHTO LRFD code in the 

geotechnical design, and this report will help the reader to better understand the new code 

requirements. 



2. OBJECTIVE 

The objective of this project is to facilitate the implementation of the AASHTO 

LRFD Code (2007) in the NDOR design practice, focusing on the design of piles. The new 

code provisions are very different than AASHTO Standard Specifications (2002). The major 

differences include design philosophy, concept of limit states, and design loads. 

Considerable differences are also found in the geotechnical design. 

This project reviews the current NDOR practice in designing piles, identifies the 

differences between current practice and AASHTO LRFD code provisions, and recommends 

changes in the NDOR practice. The proposed changes are demonstrated on representative 

pile design cases including: 

H steel piles in fine grain 

H steel piles on rock 

Pipe piles in sand 

Pipe piles in fine grain 

Concrete piles in granular soil 



3. CURRENT METHODS TO PREDICT PILE CAPACITY 

3.1 General 

The axial resistance of a pile can be determined using one of the available methods 

including: 

Engineering-News (ENR) formula 

Federal Highway (FHWA) Gates formula 

Wave Equation 

Modified ENR formula (Nebraska Department of Roads) 

Case Pile Wave Analysis Program (CAPWAP) 

Static test 

The static test provides the most accurate results, but it is difficult and costly to 

perform. It requires extensive field testing procedures, advanced equipment, and highly 

qualified staff. The CAPWAP is somewhat easier to apply and less costly, but it provides 

less accurate results. Other methods provide a formula for pile capacity as a function of two 

or more of the following parameters: type of pile, type of soil, weight of pile, hammer 

characteristics, developed hammer energy, and blow count. 

3.2 Static load test 

A static load test is a reliable method of determining the ultimate pile capacity. Static 

load test equipment consists of a reaction frame, load cell, hydraulic ram, and other 

components. The reaction frame can consist of a large load, such as concrete blocks, piles 

designed for uplift, or a combination of the two. The test pile is incrementally loaded to 

failure, and the deformations on the top of a pile are recorded at each load step. The 

disadvantage of the static load test is the large reaction load; moreover, the reaction piles may 

fail in the uplift before failure of the test pile. 

3.3 CAPWAP, Pile Driving Analyzer 

Pile Driving Analyzer (PDA) is a method to measure the dynamic response of a pile 

during driving. The data obtained directly on site by PDA can be processed using the Case 

Pile Wave Analysis Program (CAPWAP). Another program that is comparable to CAPWAP 

is TEPWAP (Paikowsky, 1990). A signal matching analysis, such as the CAPWAP, 



correlates data from PDA readings with wave theory to obtain results, such as simulation of 

static load tests. In this paper, the use of the acronym "CAPWAP" is intended to represent 

the data that was collected with the PDA and processed with the the CAPWAP. 

3.4 Wave Equation Analysis 

The wave equation method is a numerical procedure developed about 50 years ago by 

E.A. Smith (1 960). Pile capacity is calculated as a function of time, blow count, and hammer 

stroke. This method has some limitations, such as the soil restrictions or the efficiency of the 

hammer. However, it is the only method .that can predict driving stresses during driving of a 

pile. The theoretical model used in this analysis takes into account, as parameters, -that the 

real pile is discretized and analyzed using viscoelastic-plastic theory. The soil reaction for 

one segment of a pile is presented as a set of a dashpots and springs. The segments of the 

pile and the springs between the segments are modeled as one dimensional. The model 

developed by Smith was used as a basis for software, such as GRLWEAP, which simulates 

driving of the pile. 

3.5 ENR Formula 

The ENR formula was developed over 100 years ago; and it is based on the 

correlation between the hammer energy and resistance of the pile: 

where Rndr is the nominal pile resistance measured during pile driving in kips, Ed is the 

developed hammer energy in ft-kips, and s is the pile permanent set in inches per blow. 

3.6 AASHTO Gates formula 

Similar to the ENR formula, the Gates formula is based on energy approach. This 

method was developed by Marvin Gates (1957). The basic assumption is that the pile 

resistance is directly proportional to the square root of the net hammer energy. The Gates 

formula has been reconimeiided for use by the FHWA. With the usage of this formula, the 

ultimate pile capacity can be calculated. In such an analysis, the FHWA recommends the use 

of a factor of safety of 3.5. According to the AASHTO Code (2007), the nominal pile 

resistance using the Gates formula is as follows: 



R,,, = 1 .75 , /~ ,10~ , , (10~ , ) -100  
(4) 

where Rndr is the nominal pile resistance measured during pile driving in kips, Ed is the 

developed hammer energy in ft-lbs, and Nb is the number of hammer blows for 1.0 inch of 

pile permanent set in blowslin. 

3.7 Nebraska Modified ENR Formula 

According to the NDOR Standard Specifications for Highway Construction (2007), 

the bearing capacity of the piles can be calculated from the following formulas: 

for driving steel, steel shell, and pipe piles with diesel hammers and 

for driving concrete bearing pile with diesel hammers, where P is safe load, in tons, W is the 

weight of the ram, in tons, M is the weight of pile and driving cap, in tons, S is the average 

penetration, in inches, of the pile per blow for the last ten blows for steam or diesel hammers, 

and E is the energy per blow in foot-tons. Those formulas have a built-in safety factor. In 

NDOR design practice, the safety factor is equal to 2. 



4. RESISTANCE FACTOR FOR LRFD 

4.1 Nominal Axial Pile Resistance 

The resistance factor, 4, is to be determined following the formal reliability-based 

calibration procedure (Nowak 1999 and Allen et al. 2005). However, this is beyond the 

scope of this project; and, -therefore, 4 is calculated by using Eq. 1 and Eq. 2, so that the 

LRFD design and AASHTO Standard Specifications result in the same nominal pile 

capacity. For a given set of load values, the required nominal load capacity of the pile, P,, 

can be calculated fiom Eq.1. Assuming that the required pile resistance using the LRFD 

approach will result in the same pile capacity as in the allowable stress design, the resistance 

factor can be calculated as follows: 

4 = (1.25 DL + 1.5 DW + 1.75 LL) /P, (7) 

where P, is calculated from Eq. I 

P, = (DL + LL) (SF) (8) 

The resistance factor, 4, calculated using Eq. 7 and 8, can be different for different 

values of load components. To cover a wider spectrum of loads, three cases of load 

combinations of DL and LL were considered: 

Dead load is 70% of .the total load and live load is 30% of the total load 

Dead load is 50% of the total load and live load is 50% of -the total load 

Dead load is 30% of .the total load and live load is 70% of the total load 

Many State DOTS, including NDOR, currently use HS25 live load rather than HS20 

(HS25 is 25% heavier than HS20). The ratios of HL-93 and HS20 were taken from the 

NCHRP Report 368 (1999); and they vary depending on span length, from 1.2 to 1.35. In 

further calculations, the ratio of HL-93 and HS20 is conservatively calculated as 1.2. 

Table 1 shows representative loads used in calculations of the $I factor. HS25 live 

load was calculated using the flowing formula: 



Table 1. Load Components for Piles Used in the Analysis 

From Eq. 7 and 8, 4 factor was obtained as follows, 

Load 

dead load 

dead load 

live load 

live load 

The resulting 4 factors, calculated for the load combinations from Table 1, are shown in 

Table 2. 

Symbol 

DC 

DW 

LLLRFD 

L L H s ~ ~  

Table 2. Calculated 4 Factors 

Table 2 contains three cases of loads, each with a different dead load to live load 

ratio. The lowest value of 4 factor is equal to 0.7, obtained for the case when dead load is 70 

% of the total load and live load is 30%. 

, 
Axial load, [kips] 

Dead load 

D=70%, 

D=50%, 

D=30%, 

D=70°/o, L=30% 

675 

7 5 

320 

333 

Live load 

L=30%, 

L=50%, 

L=70%, 

D=50°h, L=50% 

490 

4 

0.70 

0.74 

0.78 
I 

D=30°/o, L=70°/o 

290 

45 

535 

557 

3 0 

750 

78 1 I 



4.2 Pile Structural Resistance 

The pile structural resistance shall be taken according to AASHTO LRFD Code (2007) 

which shows a noticeable increase in the allowed compressive resistance. To verify the 

increase followiiig calculation was performed. 

The load combination DL = 50% and LL = 50% was considered. 

The allowable capacity of H piles according to AASHTO Standard Specifications is 

shown as follows and varies if: 

- neither static nor dynamic tests are performed, 

Pn ~ 0 . 2 5  Fy As 

- static or dynamic tests are performed, 

Pn =0.33 Fy As 

where Fy is the specified minimum yield strength in ksi, As is the gross-sectional area 

in square inch. 

The design formula for H piles according to AASHTO Standard Specifications is: 

(DL + LL) < 0.25 Fy As for no tests (13) 

(DL + LL) < 0.33 Fy As for statictdynamic tests (14) 

The design formula for H piles according to AASHTO LRFD is: 

(1.25 DL + 1.75 LL) < $ (0.66)"~ As (15) 

where h in this calculation was 0 which corresponds to the fully embedded pile. 

$ factor was calculated following the same procedure as described in the previous 

section of this report and using eq. 13, 14 and 15 

Table 3. Calculated 4 Factors for HS20 

Calculated 4 

Calculated 4 

0.40 

0.55 

no tests 

static or 
dynamic load 

test 



Table 4. Calculated 4 Factors for HS25 

no tests 

static or 
Calculated $ dynamic load 

Therefore, for AASHTO LRFD, the 4 factor corresponding to HS-20 is 0.40 (no 

tests) and 0.55 (static1 dynamic tests) 

NDOR uses HS25, the 4 factor corresponding to HS-25 is 0.35-0.40 (no tests) and 

0.50 (static1 dynamic tests). 

4.2.1 Steel Piles 

According to the Article 10.7.3.13.1 AASHTO (2007) the nominal compressive resistance, 

P,, is: 

If 152.25: 

P.=O.~~'F,A, (1 6) 

If Q2.25: 

Pn=(0.88F, As)/ h (1 7) 

in which: 

where A, is the gross-sectional area, in square in. F, is the specified niinimum yield strength 

in ksi, E is the modulus of elasticity in ksi, K is the effective length factor, 1 is the unbraced 

length in in., r, is the radius of gyration about the plane of buckling in in. 

If the pile is fully embedded h is equal to 0. 

4.2.2 Concrete Piles 

According to the Article 10.7.3.13.2 AASHTO (2007) the noniiiial axial compression 

resistance, P,, shall be taken as: 

. for members with spiral reinforcement: 

Pn=0.85 [0.85fc'(Ag-Ast)+fyAs,], 



. for members with tie reinforcement: 

P,=O. 80[0.85fc7(Ag-Ast)+fYASt]7 (20) 

where f ,' is the specifi ed strength of concrete at 28 days in ksi, unless another age is 

specified, Ag is the gross area of section in in2, As, is the total area of longitudinal 

reinforcement in in2, f, is the specified yield strength of reinforcement in ksi. 



5. CAPWAP VS. STATIC LOAD TEST 

The correlation between the CAPWAP and the static load test can be considered using 

the database presented in NCHRP Report 507 (2004). The results of the static load test and 

the CAPWAP values were plotted in Figure 1. This data can serve as a basis for calculation 

of the statistical parameters of the CAPWAP results, in particular the bias factor and 

coefficients of variation. 

I H Piles on Rock 

A Pipe Piles in Fine Grain Soil 

X Pipe Piles in Sand 

X Concrete in Sand 

0 200 400 600 800 1000 1200 1400 

CAPWAP,'rEPWAP (kips) 

Figure 1. Correlation between CAPWAP and static load test results. 

In most cases, the CAPWAP method is conservative and provides a sufficient level of 

safety margin for the prediction of the ultimate pile capacity (see Figure 1). This confirms 

the findings of the studies performed by Likins (2004). 



6. DATABASE FROM NEBRASKA DOR 

A total of 48 samples were collected from the NDOR files. For all of the piles 

considered, the capacity was determined using the following four methods: 

Pile Driving Analyzer (PDA), CAPWAP 

Nebraska Modified ENR Forniula 

Wave Equation, GRLWEAP 

AASHTO Gates Formula 

The CAPWAP method is used in NDOR practice to predict the ultimate pile capacity. 

To compare with the other methods, the CAPWAP ultiniate pile capacities were divided by 

the capacities calculated using other methods. The resulting ratios were considered as 

random variables, and their cumulative distribution functions (CDF) were plotted on the 

normal probability paper. 

Information on construction and use of the normal probability paper can be found in 

probability textbooks, e.g., Nowak and Collins (2000) or Benjamin and Cornell (1970). The 

major property of the normal probability paper is that the CDF of any normal random 

variable is a straight line, and any straight line represents the CDF of a certain normal 

random variable. The horizontal axis represents values of the considered random variable. 

The vertical axis represents the distance from the mean value in terms of standard deviations. 

Therefore, the value on the horizontal axis corresponding to the intersection of 0 on the 

vertical scale with the CDF is equal to the mean. 

The slope of the CDF plotted on the normal probability paper is an indication of the 

standard deviation. The more vertical the CDF, the smaller the standard deviation and 

consequently, the smaller the degree of variation. Therefore, the CDFs can be used for 

comparing different methods of predicting pile capacity. The methods that provide the best 

fit to the CAPWAP results can be identified as those with the lowest degree of variation 

(CDF is more vertical than others). 

The ratios of pile capacities were calculated separately for the following pile types 

and soil conditions: 

Steel H piles on rock 

Steel H piles in fine grain soil 



rock. 

Steel pipe piles in sand 

Steel pipe piles in fine grain soil 

Concrete piles in sand 

The results are shown in Figures 2-7. 
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Figure 3. Ratios of CAPWAP capacity and other methods for Steel H piles in fine grain soil. 
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Figure 4. Ratios of the CAPWAP capacity and other methods for pipe piles in sand. 
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Figure 5. Ratios of the CAPWAP capacity and other methods for pipe piles in fine grain 

soil. 
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Figure 6. Ratios of the CAPWAP capacity and other methods for concrete piles in sand. 



7. PROPOSED FORMULA 

The new formula has been developed by trial and error. The selection criterion is 

shape and horizontal position of the corresponding cumulative distribution function (CDF) 

plotted on the normal probability paper. The best fit to CAPWAP is provided by the CDF 

with a minimum degree of variation. Conservatively, the best fit is required for the lower tail 

of the CDF (below 0 on the vertical axis). 

The proposed formula has been calibrated so that the standard deviation for the CDF 

represented by its lower tail is minimized, and the the ratio of CAPWAP and capacities 

calculated using the proposed formula are close to 1. The analysis has resulted in .the 

following expression: 

where P is the nominal pile capacity in kips, S is the average penetration in inches of the pile 

per blow for the last ten blows for steam or diesel hammers, and E is the energy per blow in 

foot-kips. 

The developed pile capacity formula is adequate for both concrete and steel piles. 

The equation does not depend on the type of .the soil. 

Figures 8- 12 present a comparison of the new formula, currently using the modified 

Nebraska ENR formula, and the CAPWAP values for the pile types being considered and 

soils. In the design practice of the NDOR, the most frequently used piles are steel H piles. 

The most common soil conditions are fine grain soil and rock. 

The comparison of CDFs in Fig. 8-12 indicates that the proposed formula produces 

results that are closer to the CAPWAP than .the modified NDOR equation. 
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Figure 7. Steel H piles hi fine grain soil. 

Figure 8. Steel H piles on rock. 
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Figure 9. Steel pipe piles in sand. 

Figure 10. Steel pipe piles in fine grain soil. 
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8. CONCLUSIONS AND RECOMMENDATIONS 

The calibration of the AASHTO LRFD Code (2007) was performed for the bridge 

superstructure but not for substructure or foundations (Nowak 1999). Resistance factors for 

piles were selected based on engineering judgment rather than the reliability analysis; and, 

therefore, there is a need for verification of resistance factors for piles. 

The methods for predicting the load carrying capacity of piles varies with regard to 

accuracy, required input data, and computational effort. The present study showed that the 

NDOR approach is comparable with other methods of pile capacity verification. 

Comparison of the CAPWAP values with the static load test results showed that the 

CAPWAP results are more conservative; however, in general, they can be considered as a 

good representation of the actual strength. 

A new formula is proposed for .the pile capacity calculation based on the modified 

ENR formula. The proposed method provides results that are in good agreement with 

CAPWAP. 

Resistance factors are calculated for piles. Depending on pile type and soil 

conditions, resistance factors are from 0.70 to 0.85. The lowest values correspond to design 

cases dominated by dead load. Therefore, the recommended resistance factor is 0.7. 
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1. Scope of the Guide 

This guide provides the requirements for design of piles using the AASHTO LRFD 
Code (2007). It covers two verification methods for pile capacity of on site: Nebraska 
Forn~ula and the CAPWAP. The methods are dependent of two or more of the following 
parameters: type of a pile, type of soil, weight of a pile, hammer characteristics, 
developed hammer energy and blow count. 

The soil types covered by the guide are: 
sand 
fine grain 
rock 

The pile types considered in the guide: 
H piles 
Concrete piles 
Pipe piles 

2. Design Loads and Required Pile Capacity 

Loads acting on the superstructure should be obtained from the Bridge Division. The 
loads list, containing all components of unfactored and factored design loads, should be 
provided. 

The required pile capacity: 
factored load 

P" = 
4 

where 4 = 0.7 

Load combinations and load factors are selected according to the AASHTO tables as 
follows: 



Rigid Buricd Structure 
Rigid Frames 

Table 2. Load factors for permanent loads yp (AASHTO, Table 3.4.1-2) 



3. Determination of soil conditions 

Soil conditions must be investigated by Standard Penetration Test (SPT). The test 
determines the layers of soil with respect to the depth, thickness, consistency and the 
elevation of groundwater. The most common soil conditions in Nebraska DOT practice 
are: fine grain consisting of silts and clays, rock (limestone, shale, siltstone, sandstone) 
and sand. 

4. Selection of pile type and dimensions 

Selection of the pile depends on the soil conditions. The common practice in Nebraska 
DOR is: 

- H piles are being used for the fine grain, clay or on the rock conditions 
- Concrete piles are being used in sands 
- Pipe Piles are being used in sands for the integral abutment. 

Depending on soil condition and structural requirements -the following dimensions can be 
used: 

- H Pile 10x42, 
- HPile12x53, 
- H Pile 14x84, 
- Concrete Pile Type I (section 12"x12"), 
- Pipe Pile 12"-13" diameter, 0.375" wall .thickness 

5. Determination of pile capacity 

The pile capacity can be verified using two methods: 
CAPWAP 
Nebraska Formula 

5.1. CAP WAP Method 

CAPWAP method is based on the data from Pile Driving Analyzer (PDA). PDA 
is a method to measure the dynamic response of a pile during driving. The data obtained 
directly on site by PDA can be processed using Case Pile Wave Analysis Program 
(CAPWAP). The signal matching analysis such as CAPWAP correlates data from the 



PDA readings with the wave theory to obtain results such as simulation of the static load 
tests. Input data for CAPWAP obtained with the PDA are force and velocity during pile 
driving. Equipment used for pile testing during driving: 

Drop weight or diesel hammer 
PDA Analyzer, 
Accelerometers, 
Strain transducers attached to the pile 
Tape measure 

5.2. Nebraska Formula 

The pile capacity can be calculated using the following formula: 

where: 
P is the nominal pile capacity in kips, 
S is the average penetration in inches of the pile per blow for the last 10 blows for steam 
or diesel hammers, 
E is the energy per blow in foot-kips 

Equation (2) can be used for concrete and steel piles. 

6 .  Design Flowchart 

The design procedure for piles is presented in Figure 1. Shaded blocks are the 
responsibility of the Bridge Division. 
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Figure 1. Flow-Chart for Design of Plies 


