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ABSTRACT

The Federal Highway Administration indicates that about 85,000 bridges in
the United States have no original contract documents with information about the
type, depth, geometry and material of their foundations (FHWA, 2010).
Furthermore, the National Bridge Inventory (NBI) provides information about
86,133 bridges nationwide that are rated as scour critical because of unknown
foundation condition. In New Mexico, there are more than 281 bridges with

unknown foundations, which are owned by the New Mexico Department of
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Transportation; 71 of these are timber bridges. These data indicate a serious
problem that needs decisive action to assess the unknown bridge foundation
characteristics (types and depths of foundation) in order to evaluate the scour
safety risk of timber bridges in New Mexico.

The objective of this study was to investigate the effectiveness of using the
Sonic Echo (SE) method to determine unknown bridge foundation depths. The SE
method was observed to be suitable for determining unknown pile depths for
bridges that are supported by timber pile abutments or timber pile bents. The SE
test method provides reliable and reasonable results for determining all tested piles
with an accuracy of +15 percent. The SE tests were conducted on seventeen
timber piles in different locations in New Mexico. The success rate of using the
Sonic Echo method to determine the depth of unknown bridge piles is 94%. The

range of the depths of tested timber piles was 16 feet to 38 feet.

Vi

www.manaraa.com



TABLE OF CONTENTS

LIST OF FIGURES. ... ..o e X
LIST OF TABLES ..o Xiv
Chapter 1 IntroducCtion.........ccceiiieiiiii i, 1
I I = Lo 1o | {0 U o PRSPPI 1
1.2 Problem Statement..........ooi oo 1
1.3 TheSiS OULINE ...coooiiiiiiiiiiii e 2
Chapter 2 Literature ReVIeW.........cccceevevveviiieveiiin e, 4
22 I [ o1 (o o 18 ox 1 o] o F PP 4
2.2 Sonic Echo (SE) DefiNition .........ccvvviiiiiiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeee 5
2.3 Impulse Response (IR) DefinitioN...........cccvvvviiiiiiiiiiiiiiiiiiiiieieiieeeeeeeeeeee 6
2.4 Limitation of USING SE/IR.........oooviiiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeee 6
2.5 Stress and Strain and HOOKE'S LaW ..........cccvvvvviiiiiiiiiiiiiiiiiiiiiiiiiiieeeeeee 7
2.6 Stress Wave Within Solid Medium ... 8
2.7 Sound Wave AtENUALION...........uuiiiiieieeeeeeeiiie e e e 9
2.8 SouNd Wave GENEratiON ..........uuuuiiieeeeeeeeeiiiias s e e e e e eeeeetnn e e e e e e eeeenennnns 11
2.9 Timber Bridges and Foundations ...............ccceeeiiie e, 11
2.9.1 BEam SUPEISIIUCIUIES .....uiiiiiieiiiieeiie ettt ettt e e e e e e ean s 12
2.9.2 L0Qg BEAMS ... 13
2.9.3 Sawn Lumber BEamS .......coooviiiiiiie e 13
2.9.4 Glued-Laminated Timber BEams ..........cccevvvviiiiiiiiiiiiiiiiiiiieiieeeeeeeeeeee 13
2.9.5 Laminated Veneer Lumber Beams...........ccevvvvviiiiiiiiiiiiiiiiiiiiiiiieeeeeeee 14
2.9.6 Bridge SUDSIIUCIUIES ........ccoviiiiiiiiiiiiiiiiiieieeeeeeeeeee e 14
2.9.7 Pile ADUTMENTS ...ovviiii e 14
2.9.8 Pl BENTS ... 15
2.9.9 North American Timber PileS.........ooooiiiii e, 15
2.10 PrevioUS WOIK ......uueiiiee et e e e e e 16
vii

www.manaraa.com



Chapter 3 Experimental Methods ...........cccccooiviinnn, 19

G 0 I [ Vi To 18 Tox 1o o 1 19
G220 Yo ol =T ol o [0 TN =] 19
3.2.1 SE TesSt MethOdOIOgY .........uuuuumumiiiiiiiiiiiiiiiiiiiiiiiieeeeeee 19
3.2.2 SE TSt PrOCEUUIE ...ttt 21
3.2.3 Equipment and MaterialS..........cccceeeiriiiiiiiiiiie e 22
3.2.4 SE Data Processing, Display and Interpretation.................cccceevvvvvnnnnn. 26
3.3 Determination of Sound Wave Velocity Value Within the Timber Pile ...27
3.4 Validation of SE TeSt RESUIS ......coviieiiiiiiiiiee e 31
3.5 Site Selection and SE Test Field Application .............ccccooiviiiiiiiiiiiinnnnnn. 34
3.5.1 Characteristics of Biology Annex Building Wooden Column .............. 34
3.5.2 Characteristics Of Bridge #1676 .............uuuuuimmmmmimmiiiiiiiiiiiiiiiiiiiiiininnnnens 35
3.5.3 Characteristics of Bridge #6922 .............uuuuiiimimiiiiiiiiiiiiiiiiiiiiiiiiiiiiinieens 36
3.5.4 Characteristics of Bridge #1190 ............cuuuuiummmmmmmiiiiiiiiiiiiiiiiiinniiennnnennn 37
Chapter 4 Finite Elements Method .............................. 39
g R 1 (0T [T 1[0 ] [T 39
4.2 Modeling and SIMUIation .........cccoooiiiiiiiiie e 39
4.3 Wooden Column MOEl.........coovi i 40
4.4 Influence of Impulse Shape on the Propagated Wave Travel Time ...... 44
4.5 Influence of Boundary on the Propagated Wave Travel Time ............... 47
4.6 Influence of Damping on the Propagated Wave Travel Time ................ 49
o G @ T 1113 (o S 52
Chapter 5 Results and DiSCUSSION .....cccccvveveiineerennnnn. 53
0 R 1 oo [¥ o 1o o SRR 53
5.2 SoNIC EChO Field TeST ... 53
5.2.1 Wooden Column of Biology Annex Building SE Field Test Results ...53
5.2.2 Bridge #1676 SE Field TeSt ReSUItS .........ccovvviiiiiiiiiiiiiiei e 56
5.2.2.1 Determination of Wave Velocity Within Timber Pile ......................... 56
B5.2.2.2 Pl C-1 et 58
viii

www.manaraa.com



B5.2.2.3 PHlE C-2. e 64
B5.2.24PIlE B-d.... e 67
5.2.3 Bridge #6922 SE Field TeSt RESUILS .............uuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieene 71
5.2.3.1 Determination of Wave Velocity Within Timber Pile.............c........... 71
B5.2.3.2 PHlE L oo 73
B5.2.3.3 PHlB 2 oo 79
B5.2.3. 4 PIlE 3 oo 81
B.2.3.5 PUlE L4 ..o 84
5.2.4 Bridge #1190 SE Field Test ReSUItS .........cccceeeeiiiiiiiiiiiiiiieeeceeeeen, 86
5.2.4.1 Determination of Wave Velocity Within Timber Pile.......................... 86
B5.2.4.2 PIlE 8 oo 87
B5.2.4.3PIlE 2L ..o 89
5.3 Validation of SE TeSt RESUILS .........uuuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiieeaeennes 95
Chapter 6 Conclusion and Recommendations .......... 98
6.1 SUMMIETY ..ot e e e e e e e e e 98
6.2 Recommendation for Future StudiesS............cceevviiiiiiiiiiiiiiiiiiiiiiiiiiieeeeee 99
REfEIENCES ...cccve e 101

www.manaraa.com



LIST OF FIGURES

Figure 2-1: SE/IR Test Equipment and Test Reflection Theory ...........ccccccvvvviviiiiiinnnne 5

Figure 2-2: Sketch Shows Basic Components of a Timber Bridge ..............ccccccvvivnnnnne 12
Figure 3-1: Mounting the Wooden Blocks and Attaching the Accelerometers .............. 22
Figure 3-2: Types of Hammer Tips Used in SE TeSt. ..........cciiuiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieee 23
Figure 3-3: Equipment and Hardware Components Used for SE TesSt............cccccvvennee 24
Figure 3-4: Aluminum Block Attaches to Side of Pile for Hammer Strike....................... 25
Figure 3-5: Wooden Block Used to Attach Accelerometer............cccvvveiiiiiiiiiiiiiiiiinnnnns 25
Figure 3-6: Wooden Block Attaches to Side of Pile for Hammer Strike ...............ccc...... 25
Figure 3-7: SE Test Setup and Typical Velocity Trace- Showing Clear Signal Bottom Echo
..................................................................................................................................... 27
Figure 3-8: SE Test Setup to Determine the Wave Velocity Using Bridge Girder ......... 28
Figure 3-9: Velocity Trace- Accelerometer 1- Bridge #1676 Girder ..........cccceeeveeeeriennn, 29
Figure 3-10: Velocity Trace-Accelerometer 2- Bridge #1676 Girder ..........cccceeeeeeernennn, 29
Figure 3-11: The Joined Girder of Timber Bridge ......cccooeeviiiiiiiiiiiii e, 30
Figure 3-12: Alternative Approaches Used for Estimation the Wave Velocity ............... 31

Figure 3-13: IR Mobility Plot for Test bl Showing Unclear Frequency Spacing-Bridge

Figure 3-14: Typical IR Mobility Plot Showing Clear Frequency Spacing-Bridge #6922 ...34

Figure 3-15: Biology Annex Building Wooden Column and SE Test Setup................... 35
Figure 3-16: Location and Street View of Bridge #1676 ...........cccccooiviiiiiiiinieeeiiiiiinnn 36
Figure 3-17: Piles Distributed Plan and Locations of Tested Piles of Bridge #1676...... 36
Figure 3-18: Location and Street View of Bridge #6922 ............ccccoiiiiiiiiiiiieiiiiniiiin 37
Figure 3-19: Piles Distributed Plan and Locations of Tested Piles of Bridge #6922...... 37
Figure 3-20: Location and Street View of Bridge #1190 ..........cccccviiiiiiiiiiiineeeeniiiiine 38
Figure 3-21: Piles Distributed Plan and Locations of Tested Piles of Bridge #1190...... 38
Figure 4-1: Timber Column Modeled Using Abaqus Software .............cccccuvvviiiiinininnnnns 40
Figure 4-2: Nodes #3901, #2620, and #1657 Locations on Timber Column Model. ...... 41
Figure 4-3: Stress Wave Propagation into Timber Column Model............cccccccoooeiiiiee. 42
Figure 4-4: Acceleration History Response for Nodes #3901, #2629, #1657 ................ 43
Figure 4-5: Velocity History Response for Nodes #3901, #2629, #1657 .............cc........ 43
Figure 4-6: Velocity History Responses of Node #3901, #2629, #1657 .............cccceeeee. 44

Figure 4-7: Acceleration History Response of Node #3901- Sinusoidal Load Shape .... 45

www.manaraa.com



Figure 4-8: Acceleration History Response of Node #3901- Rectangular Load Shape . 45
Figure 4-9: Acceleration History Response of Node #3901- Triangular Load Shape .... 45
Figure 4-10: Velocity History Response of Node #3901- Sinusoidal Load Shape.......... 46
Figure 4-11: Velocity History Response of Node #3901- Rectangular Load Shape ...... 46
Figure 4-12: Velocity History Response of Node # 3901- Triangular Load Shape......... 46
Figure 4-13: Acceleration History Responses of Node #3901 With Different Boundaries

..................................................................................................................................... 47
Figure 4-14: Velocity History Responses of Node #3901 With Different Boundaries..... 48
Figure 4-15: Acceleration History Response of Node #3901, a=0.002, 3=0.0002......... 50
Figure 4-16: Velocity History Response of Node #3901, a=0.002, =0.0002................ 51
Figure 4-17: Acceleration History Response of Node #3901, a=0.05, 3=0.0002........... 51
Figure 4-18: Velocity History Response of Node #3901, a=0.05, 3=0.0002.................. 51
Figure 5-1: Velocity Trace of SE Test Conducted on the Wooden Column- Ch7.......... 55
Figure 5-2: SE Field Test Conducted on Bridge #1676 Girder to Measure Wave Velocity
..................................................................................................................................... 57
Figure 5-3: Velocity Trace Using Hard TiP.......ccoooiuiiiiiiiiieee i eaeens 57
Figure 5-4: Velocity Trace Using Medium Hard Tip ...cccoooovviiiiiiiiei e, 57
Figure 5-5: Velocity Trace Using Medium Soft Tip.....cccooeiiiiiiiiii e, 58
Figure 5-6: Velocity Trace UsiNg SOft TiP ...cooeeeiiiiiiiiiiiii e 58
Figure 5-7: The Image of Pile C-1 and SE TeSt SetUp .........ccvviiieiiieeiiiieiiiiiee e, 59
Figure 5-8: Velocity Trace of SE Test No. bl Using Hard Tip- A Downward................. 60
Figure 5-9: Velocity Trace of SE Test No. b2 Using Medium Hard Tip- A Downward ... 61
Figure 5-10: Velocity Trace of SE Test No. b3 Using Medium Soft Tip- A Downward .. 61
Figure 5-11: Velocity Trace of SE Test No. b4 Using Soft Tip- A Downward................ 61
Figure 5-12: Velocity Trace of SE Test No. b9 Using Hard Tip- B Upward................... 61
Figure 5-13: Velocity Trace of SE Test No. b14 Using Medium Hard Tip- B Upward.... 62
Figure 5-14: Velocity Trace of SE Test No. b15 Using Medium Soft Tip- B Upward..... 62
Figure 5-15: Velocity Trace of SE Test No. b16 Using Soft Tip- B Upward .................. 62
Figure 5-16: Velocity Trace of SE Test No. b20 Using Hard Tip- Wooden Block.......... 62
Figure 5-17: Velocity Trace of SE Test No. b21 Using Medium Hard Tip- Wooden Block
..................................................................................................................................... 63
Figure 5-18: Velocity Trace of SE Test No. b22 Using Medium Soft Tip- Wooden Block
..................................................................................................................................... 63
Figure 5-19: Velocity Trace of SE Test No. B23 Using Soft Tip- Wooden Block........... 63

xi

www.manaraa.com



Figure 5-20: SE Test Setup Of Pile C-2 ......oo i 65

Figure 5-21: Force Versus Time Graph Obtained from Hammer Sensor Using Softer Tip

..................................................................................................................................... 66
Figure 5-22: SE Test Setup Of Pil@ B-4.......ccooceeiiiecie et e e 67
Figure 5-23: Velocity Trace of SE Test No. d1 Using Hard Tip- A Downward............... 69
Figure 5-24: Velocity Trace of SE Test No. d5 Using Hard Tip- C Upward................... 69
Figure 5-25: Velocity Trace of Test No. d9 Using Hard Tip- B Downward .................... 69

Figure 5-26: Velocity Trace of Test No. d13 Using Hard Tip- D Downward on Pavement

Figure 5-27: Velocity Trace Shows Difficulty in Identifying the Initial Echo When the Strike

is Conducted on Concrete PAVEMENT ........coooeiieieeeeeeeeeeeeeee e 71
Figure 5-28: Velocity Trace Test No.m1 Using Peak Point Approach- CH5.................. 72
Figure 5-29: Velocity Trace Test No. m1 Using Peak Point Approach- CHG................. 72
Figure 5-30: Velocity Trace Test No. m2 Using Peak Point Approach- Ch5.................. 73
Figure 5-31: Velocity Trace Teat No. m2 Using Peak Point Approach- Ché................. 73
Figure 5-32: The Image of Pile 1 and SE TeSt SetUp .......ccoovviiiiiiiiiieeeiceeiiiiee e 74
Figure 5-33: Velocity Trace of SE Test No.m1- Ch5- Using Hard Tip- A Downward..... 75

Figure 5-34: Velocity Trace of SE Test No. m1- Ch6- Using Hard Tip- A Downward.... 75
Figure 5-35: Velocity Trace of SE Test No. m5- Ch5- Using Medium Hard Tip- A Downward

..................................................................................................................................... 76
Figure 5-36: Velocity Trace of SE Test No. m5- Ch6- Using Medium Hard Tip- A Downward
..................................................................................................................................... 76
Figure 5-37: Velocity Trace of SE Test No. m7- Ch5- Using Medium Soft Tip- A Downward
..................................................................................................................................... 76
Figure 5-38: Velocity Trace of SE Test m7- Ch6- Using Medium Soft Tip- A Downward
..................................................................................................................................... 76
Figure 5-39: Velocity Trace of SE Test m11- Ch5- Using Medium Hard Tip- Downward on
F N 0T 1T 10T =] (o o) SRR 78
Figure 5-40: Impulse Graph of the Hammer for Test m11 Shows Two Peaks.............. 78
Figure 5-41: Typical Impulse Graph- Shows One Clear Peak .............ccccuvvvvviiiiiiiinnnnnns 78
Figure 5-42: SE Test Setup for Pile 2 of Bridge #6922.............cccovuuiiiiiiiiiiiiiiiiiiiiiiiinnnns 80
Figure 5-43: Velocity Trace of SE Test No. m20 Using Medium Sot Tip Shows Unclear
INItIAL IMPUISE ...t e e ettt e e e e e e e e eeeaea e e e e eaeaeennees 80
Figure 5-44: Test Setup for Pile 3 of Bridge #6922...........ccooiiiiiiiiiieee e, 81
Xii

www.manaraa.com



Figure 5-45
Figure 5-46
Figure 5-47
Figure 5-48

Initial Impulse
Figure 5-49:
Figure 5-50:
Figure 5-51:
Figure 5-52:
Figure 5-53:

Figure 5-55:
Figure 5-56:

: Velocity Trace of SE Test No. m25 Using Hard Tip- Wooden Block......... 82
: Velocity Trace of SE Test No. m26 Using Hard Tip- Wooden Block......... 83
: Velocity Trace of SE Test No. m27 Using Hard Tip- Wooden Block......... 83
: SE Test No. m32 Using Medium Hard Tip & Aluminum Block Shows Unclear
............................................................................................................... 84
SE Test Setup for Pile 14 of Bridge #6922............cccccommmiiimiiiiiiiiiiiiiiiiiinnns 84
Longitudinal Crack AloNg Pile 14............uuuiiiiiiiiiiiiiiiiiiiiiiiiieiieeeeieeeieeeeenes 85
SE Test Setup for Pile 8 of Bridge #1190............uuuumimimimiiiiiiiiiiiiiiiiiiiiienees 88
Velocity Trace of SE Test No. t14 Using Hard Tip- On Pile Top Edge...... 89
Velocity Trace of SE Test No. t17 Using Medium Hard Tip- On Pile Top Edge
................................................................................................................... 89
Velocity Trace of SE Test No. t18 Using Medium Soft Tip- On Pile Top Edge
................................................................................................................... 89
SE Test Setup for Pile 21 of Bridge #1190 ...........uuumummmmmmiiiiiiiiiiiiiiiiiiiinnnns 90

Velocity Trace of SE Test No. cl - Using Hard Tip- A Downward- Ché6.... 91

Figure 5-57: Velocity Trace of SE Test No. ¢5- Using Medium Hard Tip- A Downward- Ch6
..................................................................................................................................... 92
Figure 5-58: Velocity Trace of SE Test No. ¢7- Using Medium Soft Tip- A Downward- Ch6
..................................................................................................................................... 92
Figure 5-59: Velocity Trace of SE Test No. ¢10- Using Soft Tip- A Downward- Ché .... 92
Figure 5-60: Velocity Trace of SE Test No. c14 - Using Hard Tip- B Upward- Ché ...... 93
Figure 5-61: Velocity Trace of SE Test No. ¢c17- Using Medium Hard Tip- B Upward- Ch6
..................................................................................................................................... 94
Figure 5-62: Velocity Trace of SE Test No. ¢c20- Using Medium Soft Tip- B Upward- Ch6
..................................................................................................................................... 94
Figure 5-63: Velocity Trace of SE Test No. c22 - Using Soft Tip- B Upward- Shows Unclear
o] o PSSR 94
Figure 5-64: IR Mobility Plot for Test No. m1 Using Hard Tip- Pile 1- Bridge #6922..... 96
Figure 5-65: IR Mobility Plot for Test No. m5 Using Medium Hard Tip- Pile 1- Bridge #6922
..................................................................................................................................... 96
Figure 5-66: IR Mobility Plot for Test No. m7 Using Medium Soft Tip- Pile 1- Bridge #6922
..................................................................................................................................... 96
Xiii

www.manaraa.com



LIST OF TABLES

Table 3-1: Determined Sound Wave Velocity in Common Types of Timber Piles...... 28
Table 5-1: Characteristics and Results of SE Field Test for the Wooden Column...... 55

Table 5-2: Estimated Wave Velocities into Piles of Bridge #1676...............cccccvvvnnnnee 58
Table 5-3: Strike Direction Of Pile C-1 .........uiiiiiieiieie e 59
Table 5-4: Characteristics and Results of SE Field Test for Pile C-1.............ccccvvveeee 60
Table 5-5: Strike Directions 0N Pile C-2.........oiiiiiiiiicies e 65
Table 5-6: Characteristics and Results of SE Field Test for Pile C-2............ccccvvveeee 66
Table 5-7: Strike Direction 0N Pile B-4..........oiiii i 68
Table 5-8: Characteristics and Results of SE Field Test for Pile B-4 ...........cccccvvvnne. 68
Table 5-9: Piles Depths Assessment for Bridge #1676.............cccceeeeeiieeriiciiiiiieeeeeennn, 71
Table 5-10: Estimated Wave Velocity Using Peak Point Approach for Bridge #6922. 73
Table 5-11: Characteristics and Results of SE Field Test for Pile 1............ccccccuvvennee 75
Table 5-12: Characteristics and Results of SE Field Test for Pile 2.............cccccvvenee. 80
Table 5-13: Characteristics and Results of SE Field Test for Pile 3............cccccvvvinnne 82
Table 5-14: Characteristics and Results of SE Field Test for Pile 14 ...........ccccccvvvnnne 85
Table 5-15: Piles Depths Assessment for Bridge #6922 ............cccceeeeeiieeeiiiiiiiiieeeeeenen, 86
Table 5-16: Characteristics and Results of SE Field Test for Pile 8.............ccccccvuveeee. 88
Table 5-17: Characteristics and Results of SE Field Test for Pile 21 ..............ccvvvveeee 91
Table 5-18: Piles Depths Assessment for Bridge #1190 .............uuuueiemmmriimmiiineiiniiinnnns 95

Table 5-19: Validation of the Pile 1 Depth Using Resonant Frequency Approach ..... 97

Xiv

www.manaraa.com



Chapter 1

Introduction

1.1 Background

The Federal Highway Administration indicates that about 85,000 bridges in
the United States have no original contract documents with information about the
type, depth, geometry and material of their foundations (FHWA,2010).
Furthermore, the National Bridge Inventory (NBI) provides information about
86,133 bridges nationwide that are rated as scour critical because of unknown
foundation conditions. In New Mexico, there are more than 281 bridges with
unknown foundations, which are owned by the New Mexico Department of
Transportation; 71 of these are timber bridges. These data indicate a serious
problem that needs decisive action to assess the unknown bridge foundation
characteristics (type and depth of foundation) in order to evaluate the scour safety
risk of timber bridges in New Mexico.

A wide range of possible Non Destructive Tests (NDT) could be used to
determine the foundation depth. For purposes of this research, only timber bridges
will be investigated, by using the Sonic Echo (SE) method to evaluate unknown
foundation depths. The Impulse Response (IR) method is used to validate the data

that is obtained from the SE test.
1.2 Problem Statement

Knowing the depth of bridge foundations is a very important factor for the

New Mexico Department of Transportation (NMDOT) to evaluate bridge safety. At
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present, many Non Destructive Tests (NDT) are used to evaluate bridge
foundation types and depths. Some of these methods are costly because they
require additional boring to perform the tests.

In this study, the Sonic Echo (SE) test was utilized to determine unknown
foundation depths for three different timber bridges that are located in New Mexico.
The advantages of using the SE method are that it uses low-cost equipment, the
testing is inexpensive, and it does not need additional boring. In addition, it is
effective for identifying the depth of exposed piles as a proven and potential NDT
method for evaluating unknown bridge foundations (Olson et al. 1998).

The objectives of this research were to investigate the effectiveness of the
SE method and to describe the technical procedure to evaluate unknown timber
bridge pile depths and types. As part of this effort, the IR method was used to
validate the results that were obtained from using the SE test. In addition, the SE
test was conducted on a wooden column and three bridges located in New Mexico.
The site numbers of these bridges, as listed in the NMDOT documents, are Bridge

#1676, Bridge #6922, and Bridge #1190.

1.3 Thesis Outline

Chapter 2 of this thesis contains the literature review of the SE/IR tests and
stress wave theory, including the definition, theoretical equations, and test
limitations. Brief introductions are given about key terms; stress, strain, Hooke’s
law, pile impedance, sound wave generation, and about timber bridge and timber
pile types. The chapter concludes with a literature review of previous SE

applications and similar practices. Chapter 3 describes the SE test procedure and
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setup, as well as the equipment and materials used, and SE data interpretation
and analysis. Chapter 4 provides finite element analysis about wooden column
models and investigates the impact of load shape, pile boundary condition, and
damping on lapse times of stress wave (wave travel time) and on velocity trace
shapes. Chapter 5 presents the SE test results and data interpretation with
discussion. Finally, Chapter 6 summarizes and concludes the research project with

recommendations for future work.
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Chapter 2

Literature Review

2.1 Introduction

According to the Federal Highway Administration, about 85,000 bridges in
the United States have no original contract documents with information about the
type, depth, geometry and material of their foundations (FHWA,2010).
Furthermore, the National Bridge Inventory (NBI) provides information about
86,133 bridges nationwide that are rated as scour critical because of unknown
foundation conditions. In New Mexico, there are more than 281 bridges with
unknown foundations, which are owned by the New Mexico Department of
Transportation; 71 of these are timber bridges. These data indicate a serious
problem that requires taking action soon to assess the unknown bridge foundation
characteristics (type and depth of foundation) in order to evaluate the scour safety
risk of timber bridges in New Mexico.

This chapter begins with brief definitions of Sonic Echo testing and Impulse
Response testing, and then describes the limitations of using SE/IR tests. Then
brief explanations follow about stress, strain, and Hooke’s law, and longitudinal
and shear waves equations within a solid medium. The chapter then provides an
introduction about sound wave attenuation and pile impedance as well as sound
wave generation. This will include brief introductions to timber bridge components
and timber pile types. Finally, a literature review about the history of SE application

is provided.
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2.2 Sonic Echo (SE) Definition

The Sonic Echo Test (SE) is a low strain integrity test performed by striking
the top of the pile with a light hammer and then measuring the response of the pile
using a sensor attached to the top of pile or on the pile side in order to assess the
pile condition and to determine unknown depths for existing bridge piles. The SE
method could also be used to determine the depth of a shallow foundation. The
SE method is based on issuing a hammer blow that generates a compressive
stress wave, which is transmitted down to the pile tip, and then is partly reflected
back towards the pile head by any change in the pile impedance within the pile.
Among the kinds of examples of change in the pile impedance are cracks, necks,

bulbs, soil intrusions, voids, etc. (Olson et al., 1998). The SE schematic diagram

illustrating this process is presented in Figure 2-1.

Signal Analyzer and
Recorder

-
1 ]
1 I
i I
1 L}
1 I
1 I
1 ]
) !
p !
1 I
1 ]
P !
L
1 !
1 I
1 !
1 |
i !
1 !
g !
i'
I'
il
il
1!
‘l
1

Bottom of Timber Pile

Figure 2-1: SE/IR Test Equipment and Test Reflection Theory
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2.3 Impulse Response (IR) Definition

The IR test procedures are similar to those used with the SE test. IR is also
a low strain integrity test performed by striking the top or upper side of the pile with
a light hammer, and using the same test equipment as for the SE test. The data
processing is different, however. The IR method utilizes frequency domain data
processing. The vibration of the pile is measured by a geophone serving as a
receiver, and then the results are processed with Fast Fourier transform (FFT)
algorithms to generate transfer functions for analysis (Olson et al., 1998). The
combination of the SE and IR tests are proven to be effective and potential Non
Distractive Test methods for determination of the unknown characteristics of bridge

foundations (Olson et al. 1998).

2.4 Limitation of Using SE/IR

It is necessary to understand the limitations of conducting SE/IR tests on
timber piles in order to achieve an optimal test performance and to develop a
reasonable interpretation. This section provides the limitations of the SE/IR tests
as follows:

1. Accessibility: the basic requirement for performing a SE/IR test is to have an
access area (3 inches X 5 inches) on the pile top. In cases where there is no
such access to the pile top, alternative methods can be used to perform the
test (see Chapters 3 and 5) (Olson et al. 1998).

2. Impedance changes: If there are gradual changes in the pile cross section,
the reflection from the pile tip my not be detected. The reflection may be

affected by any irregularities such as cracks, necks, bulbs, soil intrusions and
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voids, etc. (Olson et al. 1998). Thus, testing more than 2 piles is recommended
to avoid errors in depth assessments. The performance of SE/IR is better for
timber piles that have constant cross-sections. The data may be neglected if
there is any known defect in the pile integrity in order to avoid error in the
assessment of pile depth.

3. Length to diameter ratios: SE/IR testing is effective for use with timber if the
length to diameter ratios are more than 10 but do not exceed 50.

4. Connection: this refers to providing a smooth connection between the
accelerometer and the pile top surface to ensure obtaining clean transmission
of the stress wave to the pile tip. Providing a strong connection between the
block that is used for the impact and the pile side surface reduces the possibility
of having any sliding with the impact. Also, if the force versus time graph has
two peaks, these results should be neglected as this is due to sliding.

5. Test Repeating: The SE test must be repeat at least three times to avoid
erroneous readings.

2.5 Stress and Strain and Hooke’s Law

Stress refers to the intensity of internal forces acting within a body, while
strain indicates the deformation of the body that is caused by the stress (Hibbeler,
R. C. 2005). First, consider the axial force applied to the top of the pile by a
hammer; then the normal stress o is the internal pressure within the pile, which

equals the impacting force divided by the pile’s cross sectional area:

2.1

_F
°=a
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Where o is the normal stress in psi, F is the impact force in Ibs. and A is the
pile’s cross sectional area in square inches (in?). The strain € is the displacement
per unit length which is equal to:

Al
€ = l_ 2.2

The relationship between stress and strain in a one-dimension case is a
linear relationship within the elastic region. Consequently, an increase in stress
causes a proportionate increase in strain. This fact was discovered by Robert
Hooke in 1676 using springs and is known as Hooke’s Law. It may be expressed
mathematically as follows:
oco=E=xe 2.3
Where, E is Young’s modulus

2.6 Stress Wave Within Solid Medium

A stress wave is a mechanical stress that is propagated into a solid medium
in the form of a wave (Kolsky, 1963). The propagation of the stress wave within
the solid medium causes an elastic movement of the particles of the medium. The
stress waves move in the solid material as longitudinal waves and shear waves.
Longitudinal waves are also called P-waves, compression waves, or primary
waves, which direct the displacements of particles in the direction of wave
propagation. Shear waves are also called S-waves, or transverse waves, which
cause the particle displacements to occur perpendicular to the direction of the
wave propagation. Rayleigh waves may also exist, occurring at the boundary of
two medias that have different levels of stiffness or resistance such as with the

timber pile and the soil. The velocity at which the oscillated particle travels is a

8
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function of the elastic properties of the material and its density as shown in Eq. 2.4

and Eqg. 2.5.
E

V.= |— 2.4
p
G

V, = |— 2.5
p

Here V¢ is the phase velocity or longitudinal wave propagation velocity in
the media. While Vs is the shear wave propagation velocity. Eq.2.4 is valid for
longitudinal plane wave propagation in the solid medium where the wavelength is
greater than the diameter or thickness of the propagation media. For instance, this
occurs when the large wavelength propagation in the timber pile corresponds to a
low frequency wave. Eqg.2.4 does not work for propagating wavelengths that are
smaller than the thickness of media such as a wave that is propagated within soil.

2.7 Sound Wave Attenuation

Many factors affect the attenuation of sound waves in solid material, such
as material damping, homogeneity and inhomogeneity of the propagating media,
and reflection from the change in stiffness (impedance). However, when load F is
applied at the top of a pile, the pile will be vibrated and sound waves will be
generated within the pile. The applied load and the particle velocity Vp at a specific
point are related as follows:

F=17xV, 2.6

Here Z is a constant called “pile impedance” which represents the
measurement of the pile’s resistance to the sound velocity. Pile impedance is

9
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proportional to Young’s modulus E and the cross sectional area A of the pile. Since
it is inversely proportional to the sound velocity Vc, the relationship can be
expressed by applying Eq. 2.7:

Ex A
7= 2.7
Ve

Assume for example that the impedance changes from Z1 to Z2 at a certain
depth down the pile. If the downward stress wave that is designated as Wi arrives
at this depth, part of the wave is reflected upward (Wu) and part will transmit
downwards (Wad), so that here both continuity and equilibrium will be satisfied
(Hertlein & Davis, 2007). The simultaneous equations solution provides the

following results:

Wy = [2 Zl)] 2.8
o[- 7))
W= Wi |7, +zl)] 2.9

If the pile has a uniform cross sectional area, then Z1= Z2, and neither Wy
nor Wy are generated and Wi will never change. At the pile’s tip, Z2 is zero, the
compressive downward stress wave will be completely reflected upwards and Wu
will be in opposite sign (tensile upward stress wave). Producing a tensile wave
occurs due to decreases in the stiffness of the pile (decreasing in either the cross
sectional area A, or Young’s modulus E). Simultaneously, the production of a
compressive wave will occur due to increases in the stiffness of the pile. The
concept of pile impedance could be depicted using a signal-response curve. The

tensile reflected waves coming from the bottom of pile will arrive at the top of the

10
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pile and produce a positive peak on the signal-response curve, while the
compressive reflection waves with increasing pile stiffness (such as a pile on
bedrock) will produce a negative peak on the response curve (Hertlein & Davis,
2007).

2.8 Sound Wave Generation

For Impact Echo, the frequency of the wave generated depends on the
stiffness (Elastic modulus) of the impacting material (Ei) and the structure being
inspected (Es), as well as the radius of curvature r and density of the impactor p,
and the velocity of the impact (v). The frequency of the sound wave generated is
inversely proportional to the duration of the impact t and can be approximated by

Eq. 2-10 (Maji et. al, 1990, based on Hertzian contact theory).

1 1 1\ r

U 2.10
f P <El + ES) VO'O5

Therefore, it is possible to adjust the amplitude (related to the energy
content) and the frequency of the sound wave imparted to conduct the inspection
using tips of different materials and by adjusting the impact velocity. Maji el al.
(1990) used high-velocity impacts to conduct Impact Echo inspections of concrete

slabs and to locate rebar close to the surface.
2.9 Timber Bridges and Foundations

The types and configurations of timber bridges vary greatly depending on
the designs used and year of development. Some timber bridges in the United

States were constructed many years ago and others were constructed using

11

www.manaraa.com



modern technological advances in timber design. However, all timber bridges
consist of two parts, the superstructure and the substructure, as shown in Figure
2-2. The components of the superstructure span include the deck, floor system,
main supporting members, and railings. The types of superstructure are beam,
deck, truss arch, and suspension superstructures. The timber substructure types
consist of abutments and bents. Abutments support the bridge ends, while the
bents are intermediate supports for multiple span bridge (Ritter, M. A. 1990).
Timber bridges are classified based on the type of superstructure such as beam
superstructures, longitudinal deck superstructures, trusses, trestles, glulam deck
arches, and suspension bridges. More information is available in the National
Design Specification (NDS). Here a brief introduction is being provided about beam
superstructures.

The Bridge Superstructure (Deck, Beam & Girder)

}EI]:D:HbD/\D:D:U:D:H

Abutment Bent

e — o ~— e

Driven Piles

1
I
1
]
1
1
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1
[}

Figure 2-2: Sketch Shows Basic Components of a Timber Bridge
2.9.1 Beam Superstructures

Longitudinal beam superstructures are the most common timber bridge

types in the United states. These consist of a deck system that is supported by a

12
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series of timber beams between the supports. The main types of wood that are
used in the beam bridges are logs, sawn lumber, glued-laminated timber, or
laminated veneer lumber (Ritter, M. A. 1990).
2.9.2 Log Beams

Log beam is the simplest type of timber bridge. The round logs are bound
together alternately tip to butt using steel cables. Transverse logs are attached
under the bridge deck at the centers, and span to distribute the load. The deck is
constructed using sawn lumber planks placed across the log tops or by placing soil
on the logs. The most common clear spans range from 20 to 60 feet (Ritter, M. A.
1990).
2.9.3 Sawn Lumber Beams

Sawn lumber beam bridges are constructed using lumber beams 4 to 8
inches wide and 12 to 18 inches deep. The most common clear spans range from
15 to 25 feet. For longer bridges, a series of simple spans are used with
intermediate supports. Many of this type of bridge were built in the 1930’s and
1940’s and they are still in service across the United States (Ritter, M. A. 1990).
2.9.4 Glued-Laminated Timber Beams

Glulam beams are constructed from bonding 1-1/2 inch- or 1-3/8 inch- thick
lumber laminations together on their faces using waterproof structural adhesive.
The beam widths in standard beams range from 3 to 14-1/4 inches. The clear
spans are much longer than sawn lumber beam bridges, and the most common
spans range from 20 to 80 feet. The first glulam beam bridges in the United states

were built in the 1940’s (Ritter, M. A. 1990).
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2.9.5 Laminated Veneer Lumber Beams

Laminated veneer lumber comprises a subcategory of new products called
structural composite lumber. It is made by gluing thin veneer sheets together,
which is similar to how plywood products are produced. The thickness of veneer
laminations is 1/10 inch to 1/2 inch (Ritter, M. A. 1990).
2.9.6 Bridge Substructures

The substructure is the portion of the bridge that support the superstructures
and transfers loads to the soil. (Ritter, M. A. 1990). Discussion in this section will
be limited to abutments and bents constructed of timber piles. Abutments consist
of the bridge section that supports the ends of the bridge and contain roadway
embankment material. There are three type of abutments: simplest timber
abutments, post abutments, and pile abutments (Ritter, M. A. 1990). This section
contains a brief introduction about pile abutments and bents as well as brief
information about the common types of timber piles that exist and are used in North
America.
2.9.7 Pile Abutments

Pile abutments are used when a sufficient support footing type is required.
These types of abutments are installed using a pile driven method. The timber piles
are driven to a specific depth that is needed to provide a required load capacity at
the bridge ends. The superstructure is connected to the pile surface by a

continuous or joined cap (beam) at the bearing point (Ritter, M. A. 1990).
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2.9.8 Pile Bents

Bents are intermediate supports located between abutments and used for
multiple span bridges. These are also constructed from timber piles or sawn
lumber frames. For pile bents and pile abutments, bracing between members is
required to provide stability and lateral load resistance.

2.9.9 North American Timber Piles
This section provides information about the most common types of timber that

used as piles for timber bridges in North America. The piles mentioned are

identified by their common timber names in the United States:

1. Douglas Fir is found in many varieties in the western part of the United States.
The timber is very strong and thus is excellent for use as piles. It is available in
long lengths and is commonly used in constructing highway bridges (American
Wood Preservers Institute, 2002).

2. Southern Pine is found nationwide with many varieties such as longleaf and
shortleaf. It is widely used as foundations for highway timber bridges (American
Wood Preservers Institute, 2002).

3. Cypress (southern) is found in the swamp areas of the Gulf and Atlantic
coasts and the Mississippi River Valley. There are many varieties such
Tidewater red, Yellow, and White. Cypress has medium strength (American
Wood Preservers Institute, 2002).

4. Oak is used for various types of short piles. It is an expensive material for piles
as compared to other types. There are many types of Oak, all of which are

strong and durable (American Wood Preservers Institute, 2002).
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2.10 Previous work.

Sonic Echo tests first surfaced in the literature in 1968 as “la méthode
d’écho” or the “echo method.” Jean Paquet is the first person who in 1968
published a paper on nondestructive testing of piles in the French National Building
and Civil Engineering Annuals, which was translated by Xiang Yee in 1991 (Yee,
1991). Paquet proposed the fundamental theories of stress wave transmission into
piles (Hertlein & Davis,2006). Recently, Li et al. (2012) investigated wave
propagation in timber poles, obtaining numerical and experimental results, using
Continuous Wavelet Transform (CWT) analysis; Ni et al. (2007) performed the
same work for concrete. Li et al. (2012) showed that CWT is an effective method,
even when the impact was at middle level of specimens tested or were found to
have defects. Chakraborty and Brown (1997) used SE/IR methods to ascertain the
lengths of unknown piles for the Alabama River Bridge that has concrete
abutments. The results were indicative of pile depth. In addition, Gassman et al.
(2000) used impulse response tests to overcome complications related to
inaccessibility of pile heads due to the presence of a pile cap or other structure.
They showed that the method is limited by the ratio of the tributary area of the
intervening structure above the shaft to the area of the drilled shaft, and the ratio
of the thickness of the pile cap to the shaft diameter. Moreover, Miranda et al.
(2012) studied the propagation of sonic waves through stone masonry walls. They
showed that a smooth contact surface with using the accelerometer enhances
signal reception. Earlier Sansalone et al. (1991) conducted numerical and

experimental studies of solid concrete shafts, as well as shafts containing cracks
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and voids and shafts in soil. For solid shafts, they observed characteristic peaks
of amplitude spectrum at the depth frequency and its multiples, and determined
shaft depth by recognizing the characteristic frequency patterns produced by a
solid shaft that consists of the depth frequency and multiples of this fundamental
frequency. They showed also that the impact duration should be about equal to or
slightly greater than that given theoretically, and that record length should be at
least three times the period of multiple wave reflections. They showed that the
finite element method can accurately detect the defect size. This was followed by
Rausche et al. (1992), who confirmed that time or frequency domain analysis can
be uitlized to find defects and the pile depth of concrete. Finno et al. (1999) showed
that the length of the shafts can be accurately determined with 5% errors based in
propagation wave velocities. Regarding timber piles, Anthony and Pandey (1996)
demonstrated that the stress wave technique was reliable to with £15% error for
estimating pile lengths of 20-60 feet. Finally, Lo et al. (2010) showed that an
analysis of the test results in both the time and frequency domains maximizes the
reliability of the readings.

Finno et al. (1999) also demonstrated that the shaft slenderness ratio limits
the integrity of the evaluation. Ni et al. (2010) showed that the detectable shaft
slenderness ratio is from 10 to 32, depending on the shatft stiffness ratio. Ambrosini
and Ezeberry (2005) showed that the impact-echo technique is valid up to the
slenderness ratio of 40 for relatively long piles. Meanwhile, Romanescu and
lonescu (2009) tried to organize and document standardized tests to accurately

identify the defects and the pile depth of bridges. Moreover, Huang et al. (2010)
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investigated the effects of defect size, the ratio of defect depth-to-shaft diameter,
and the ratio of shaft-to-soil stiffness on the response of the Sonic Echo test using
3D axisymmetric finite element models. They developed a formula to determine
the defect size, correlating these factors simultaneously. This formula is similar to
that developed subsequently by Ni et al. (2011) who used flaw depth ratio and
stiffness ratio. In the other hand, Soo and Woo (2004) evaluated with numerical
and experimental studies the base condition of drilled shafts using the impact-echo
method, specifically focused on base conditions such as free, fixed, rock-socketed,
and soft-bottom. They applied polarity discrimination techniques to distinguish
between the free end and fixed condition in the waveform to identify those base
conditions, similar to Baxter et al. (2004). It is important to mention that Gassman
et al. (1999) used four geophones to record particle motion that was induced by a
hammer impact. This process was used successfully on five inaccessible drilled
shafts to reduce the effect of surface waves and reflections caused by pile cap
boundaries.

The objective of this study was to investigate the effectiveness of using the
Sonic Echo (SE) method to determine unknown bridge foundation depths. SE tests
were conducted on 18 piles belong to 3 New Mexico bridges in different locations
that were constructed with timber piles. The percentage of success rate of using
the Sonic Echo method to determine the depth of unknown bridge piles is 94%.
The range of the depths of tested timber piles was 16 to 38 feet, while the Sonic
Echo method provided reliable and reasonable results in determining the depths

of all tested piles with an accuracy rate of +15%.
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Chapter 3

Experimental Methods

3.1 Introduction

This chapter presents the Sonic Echo (SE) test methodology, SE test
procedures, SE data processing and interpretation, equipment, materials, and
approaches used to determine stress wave velocity propagation magnitudes within
timber piles. The chapter begins with describing the methodology of SE testing
and the theoretical equations that are used to determine the pile depths of timber
bridges. This is followed by explanations of SE test procedures, and defining the
equipment and materials that are used for conducting the SE tests in the field. This
chapter introduces interpretation of velocity trace obtained from SE tests, and
explains the theoretical and experimental approaches to determine the propagated
wave velocity magnitude into the timber piles. Finally, the chapter explains how to
use the Impulse Response (IR) approach to validate SE test results.

3.2 Sonic Echo Test

3.2.1 SE Test Methodology

The Sonic Echo Test (SE) is a low strain integrity test which is conducted
by striking the top of the pile with a light hammer, and measuring the response of
the pile with a sensor attached to pile top or mounted to the pile side. The SE test
is used to assess the pile condition and to determine the depth of the unknown
foundation. The test equipment consists of three devices: a 3-pound hammer

(source of energy), a receiver (accelerometer or geophone), and the data
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acquisition platform. The hammer blow generates a compressive stress wave that
is transmitted down to the pile tip, and then it is partly reflected back towards the
pile head by any change in the pile impedance (Hertlein & Davis, 2007).

The stress wave is transmitted into the pile with phase velocity V and time
lapse t which are necessary for the stress wave to reach the pile tip and reflect
back to the pile head. The receiver measures the vibration response of the pile for
each impact. The data acquisition platform collects, processes, and displays the
receiver outputs in a velocity versus time graph. The time lapse is identified and
analyzed, then it used to assess the echo depth. The equation determines the echo
depth (D) by multiplying the reflection time (t) by the stress wave velocity (V) and
dividing this quantity by 2:

_Vt
2

3.1

If the accelerometer is attached on the pile side using a wooden block, then the

total depth and buried depth of the pile is determined by using these equations:

V At
Li=——+d 3.2
2
Lb = Lt - h 3.3
Where:

Lt represents the total pile depth (ft.), V is the propagated wave velocity (ft./s), At
is the reflection time, d is the distance from the top of the pile to the accelerometer,
Lo is the buried pile depth, and h is the measured distance from the bottom of the

pile cap to the ground level.
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3.2.2 SE Test Procedure

The general procedure to conducting the SE test is to begin with a level
test surface on the top of the pile. The pile top must also be relatively smooth and
clean (absence of micro cracking) to ensure clear transmission of the stress wave
to the pile tip. In most cases, the pile top is not accessible in the field, so that
alternative methods were used to transmit the impact. A rubber tipped hammer is
used to generate a low strain compressive wave. In cases of no accessibility, one
of three alternative approaches are used to create the impacts:

1. Striking a wooden or aluminum block that is coupled to the pile side.
2. Downward striking on the pile edge or directly on the pile cap.
3. Upward striking on the pile cap close to the top of the pile.

In using the first method, a square wooden block with 4 inches X 4 inches
dimensions is used to create the impact. It must be coupled to the pile side with an
adhesive material (epoxy) or anchor bolts (anchor bolts are recommended).
Another wooden block with 2 inches X 2 inches dimensions is used to attach the
accelerometer on top of it. It is recommended to attach the accelerometer as near
to the top edge of the pile as possible, using an adhesive material (epoxy) as
shown in Figure 3-1.

The American Society for Testing and Material (ASTM) standardized the SE
testing procedure in ASTM D5882, “Standard Test Method for Low Strain Integrity

Testing of Piles.”
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N

Figure 3-1: Mounting the Wooden Blocks and Attaching the Accelerometers

3.2.3 Equipment and Materials

The SE test is conducted using three devices: the hammer (with or without
a force sensor) as the source of energy, the accelerometer (sensor) as the signal
receiver, and the Olson Freedom Data PC as the processor. The hammer mass is
between 0.6 and 11 Ibs., depending on the size of the pile to be tested. For testing
timber piles, smaller hammers are recommended for use because sharp and
narrow input pulses are better suited for this task than wider ones; in addition,
smaller hammers have shorter rise time and higher frequency content (Hoyle, J. R
& Rutherford, S. P. 1987). Shown below in Figure 3-2 are four types of hammer
tips that used to conduct the impact which differ in their hardness. Each color
represents a different level of hardness: the hard tip is black, the medium hard tip

is red, the medium soft tip is dark-brown, and the soft tip is gray.
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Hard Medium Hard Medium Soft Soft
Figure 3-2: Types of Hammer Tips Used in SE Test

Two types of motion sensors that are used in the SE test are
accelerometers or geophones. They exhibit different properties in their high and
low frequency ranges. The accelerometer represents more truthful results in the
high frequencies, while geophones have low frequency range and there is no need
for calculating an integration constant. Empirically, all bridges were tested using
accelerometers instead of geophones, because geophones weigh more than
accelerometers, which makes the attachment process more difficult (Rausche et
al., 1992). The Olson Freedom Data PC system consists of basic components,
including a platform for data acquisition, analysis and display. A processor depicts
the sonic pulse in both a time domain and a frequency domain on an analog
oscilloscope. This acceleration is digitally integrated to the velocity traces, which
are then easier to interpret (Hertlein & Davis, 2007). Figure 3-3 provides a list of

all the equipment, hardware components, and software used in conducting a SE

test.
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9.

----------

One Olson Freedom Data PC

Figure 3-3: Equipment and Hardware Compoents Used for SE Test

One Input Module Containing: one Channel Wideband for Hammer, one

Channel Wideband for Accelerometer and one Channel Wideband for Input

Geophone

One Impulse Hammer

One 5.5 Hz Geophone

One Accelerometer

Two BNC Cables

Two BNC 4 Pin Adapter Cables
One Female-Female BNC Adapter

One Microdot to BNC Cable

10.0ne Phone Plug to 4 Pin Adapter Cable
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11.Coupling Grease

12.Electric Tape

Other equipment, software and hardware components, and material for testing that

are not included in Figure 3-3 are:
1. WInTFS Software

2. Filed Notebook and Pen

3. Carpenter Hammer

4. Different Sizes of Wrenches
5. Measuring Tape

6. Portable Electric Drill

7. Different Sizes of Drill Tips

8. Different Sizes of Nails

9. Different Sizes of Bolts and Nuts

10.Occupational Safety and Health Supplies

11.Super Glue

12.4“X 4” Aluminum Block (Figure 3-4)
13.2“°X 2” Wooden Block (Figure 3-5)
14.4“X 4” Wooden Block (Figure 3-6)
15. Electric Saw

16.Ladder

17.Portable Plastic Table
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Figure 3-4: Aluminum Block Attaches to
Side of Pile for Hammer Strike

Figure 3-5: Wooden Block Used to Attach
Accelerometer

Figure 3-6: Wooden Block Attaches to Side
of Pile for Hammer Strike
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3.2.4 SE Data Processing, Display and Interpretation

The signal obtained from accelerometers is integrated to obtain the velocity
as mentioned previously. These recorded values of velocity are then plotted versus
time as shown in Figure 3-7. Sometime, a reflection may not come from the bottom
of the timber pile in cases where there are defects in the pile cross section. The
SE test is very sensitive to defects in the cross section of piles. It is also sensitive
to soil intrusions when soil gradients surround the pile. Therefore, the propagated
wave may reflect from these irregularities thereby making it difficult to accurately
determine the depth of piles. For this reason, it is recommended that more than
three piles for each bridge be tested in order to be able to compare the test results
for piles depths and to avoid having an inaccurate result from testing only one pile.

In general, there are two ways to measure the wave velocity, either by
determining this from the material properties of the timber piles, or by measuring it
in the field. However, the wave velocity magnitudes for the most common timber
piles in North America range from 11000 ft./s to 17000 ft./s, depending on the
material properties of the timber pile. Figure 3-7 shows an example of an SE test
setup and the velocity trace of a tested timber pile at Bridge #1676. The blue lines
in the velocity trace presents the initial wave and the first reflection, respectively.
This involves using an estimated wave velocity equal to 14845 ft./s that is
propagated into Bridge #1676 piles. For this test, the time difference between the
initial response and the initial echo is 3660 ps. Using Eq. 3.2, as shown below, the

total estimated pile depth equals 28 feet:
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(14845 %x 3660 X10~6 s)

D= + 1 ft.
2

D =27ft+1ft.= 28 ft.
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Figure 3-7: SE Test Setup and Typical Velocity Trace- Showing Clear Signal Bottom Echo

3.3 Determination of Sound Wave Velocity Value within the

Timber Pile
The sound velocity at which the oscillated particle travels is a function of the
elastic properties of the material and its density. Accordingly, the velocity (V),

elasticity (E), and density (p) relationship is expressed as:

V= |- 3.4

Where:

E is the Elastic modulus of the timber in psf, and p is the density in slugs/in®
Table 3-1 shows the sound wave velocity that evaluated using Eg. 3.4 which

depends on the mechanical properties of each type of wood for the most common

types of timber piles in North America (American Wood Preservers Institute, 2002).

Green el at. (1999) disclosed the information about the mechanical properties of
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woods that were used in determining the sound wave velocity as shown in Table

3-1.
Table 3-1: Determined Sound Wave Velocity into Common Types of Timber Piles (Green et. al,
1999).
. ] Wave

Group No. Timber Piles E (psf X10°) s(; Zf/ﬁ'; SDIEQZRQ vefltolcsity Tmigf
q Oak, white Bu-r 127 148 0.58 1.1 10612 Hardwood
White 180 256 0.6 12 12435 Hardwood
5 Oak, red Northern red 194 262 0.56 1.1 13377 Hardwood
Southern red 164 215 0.52 1 12756 Hardwood
3 Cypress Southern 132 147 0,93 1.8 12568 Hardwood
Loblolly 216 258 0.47 0.9 15391 Softwood

Lodgepole 156 193 0.38 0.7 14524 Softwood

4 Southern Pine longleaf 216 285 0.554 1.1 14177 Softwood
Red 184 234 0.41 0.8 15223 Softwood

Shortleaf 216 252 0.47 0.9 15391 Softwood

5 Douglas Fr Coast 216 281 0.45 0.9 15730 Softwood

An empirical method that is used in the field for directly determining the

propagated wave velocity involves measuring the wave travel time into a known

(measured) distance for timber pile or bridge girder. Here accelerometers are used

for sensing the propagated wave as it starts at a point near to strike and arrives at

another point at the end of the girder. Figure 3-8 shows the SE test setup ready to

determine the propagated wave velocity upon entry into the girder of Bridge #1676.

1f 19.7ft.

j

1

Strike HJ_ D.:

\
\\ Accl#l
Ch# 7

’j\ Acciz

Ch#t 6

Figure 3-8: SE Test Setup to Determine the Wave Velocity Using Bridge Girder
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The Olson Freedom Data PC depicts a collected data for each
accelerometer and displays it using a velocity versus time graph. Figures 3-9 to 3-
10 show typical velocity versus time graphs that are obtained from conducting the

SE test on a girder of Bridge #1676 for both accelerometers respectively:
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i i i ] i i
¥y | ] ] | | |
& i | | | 1 | | | | |
| | | | | | | | | | |
| I | | I i i i | |
| | | | | | |
| i i |
= : J" | ; | | : : ; | | | :
£l | | I
2 pwm= ! - i | | i { !
= A LT | l | i i | i . | i
= 00— / | Ill I il | I | | | | |
= > | T e | |
E 3 ~€J o i il |
: 5 _L___jl__mh;_m __________________ = | [ e e s |
FTRELT s == | T
901 | g | Y gL | | i | |
| | 7 | S| ™, | | | | | | | |
| \r’ | pil' 7 | | | | | |
402, \ | | \ | | 1 | | | [—
a 200 4000 500 2006 10000 J2000 TA00 15000 1BODG 20000 00 22000 2500

Time (ps]

Figure 3-9: Velocity Trace- Accelerometer 1- Bridge #1676 Girder
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Figure 3-10: Velocity Trace- Accelerometer 2- Bridge #1676 Girder

The velocity trace displays the time in microseconds. The propagated wave
velocity is then calculated from Eq. 3.1.

In Figure 3-9, the compression wave that was generated from the impact
subsequently arrived at accelerometer 1 where it was sensed and measured. The
velocity trace identified this disturbance as an initial impulse at time lapse 2680 ps.
Then the propagated wave passed through 19.7 feet to be reflected back at the

opposite free end of the girder as a tensile wave passing the same distance (19.7
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feet) and it was sensed again at accelerometer 1 and presented as an initial echo
at time lapse 5340 ps. The time difference between the impulse and initial echo At
represents the time needed for the propagated wave to arrive at the free end and
to be reflected back to accelerometer 1 where it was identified as follows:

At = 5340 pus — 2680 us = 2660 ps

The propagated stress wave velocity is equal to:

_ 2X19.7ft
T 2660X1076

= 14812 ft./s
The average estimated propagated wave velocity will be used to determine depths
of piles for the following SE tests of Bridge #1676.

Alternative approaches were used to estimate the sound wave velocity for

timber bridge that has joints in the girder, as shown in Figure 3-11.

Figure 3-11: The Joined Girder of Timber Bridge

Two accelerometers are attached on the pile side. The preferred distance
between the accelerometers should be more than 3 feet to obtain a reasonable

result. The propagated wave will pass a certain distance to arrive at accelerometer
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1, then another known distance to arrive at accelerometer 2. The accelerometer
senses the signal at a specific time, which is called the start point, as shown in
Figure 3-12. Each velocity trace that is obtained from each accelerometer has
different start points. The differences between the start points of each graph
represents the time need for the propagated wave to travel the distance between
the accelerometers. The times are tabulated for every 60 us into velocity traces,
which allows human error if the start point is selected inaccurately. Instead, the
peak point of impulse may be selected as another alternative approach to estimate
the wave velocity as shown in Figure 3-12. However, the average of propagated
wave velocity into Bridge #1676 piles that are estimated using the start point
approach equals 15672 ft./sec, while it equals 14927 ft./sec when the peak points

approach is used.

Start Point Approach Peak Point Approach
002 - ] [ DCE = |
| 1 |
001~ StartPoint : ol |
(3] D | I
—.-F.‘ 0 - § C‘“#f*{'"—"ﬁl“"
= 1N | = | i
- : 'tk / [ L. | ]
= , f S |
3 001- I 5001~ : \\k f
(I S = N o
< | ‘1‘ / | < : J'l, fll'
002- | ¥ | -0.02- 13
| .
| f Peak Point
0.03+ | '1 -0.03~ i i
0 2000 4000 0 2000 4000

Figure 3-12: Alternative Approaches Used for Estimating the Wave Velocity

3.4 Validation of SE Test Results

The technique of determining the timber pile depth is based on the stress
wave propagation within the pile. The stress wave is produced by the hammer
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impact and then travels along the pile and consistently reflects back at boundaries
until the energy decays. Two approaches are used to determine the depth of the
pile: first, by measuring the travel time of the stress wave that is required to pass
the full depth of the pile and then to return back, which involves time domain data
processing. The second method involves measuring the resonant frequency of the
pile, which is the inverse of the travel time of the stress wave (the inverse of SE
reflection time At). Hence, the reflections are indicated by equally spaced resonant
peaks (the change in frequency Af) that present in the Impulse Response (IR)
mobility plot. This second method involves frequency domain data processing.
Thus, measurement of resonant frequency and stress wave velocity will be used
to evaluate the timber piles depths (Olson et al., 1998). The theory for determining

the reflector depth (D) could be expressed as:

D= 3.5

If the accelerometer is attached on the pile side by using wooden block, then the
total depth and buried depth of the pile determinations are represented by using

the following equations:

L, = v +d 3.6
T2« Af '
L, =L;—h 3.7
Where:

Lt is the total pile depth in feet, V is the propagated wave velocity in (ft./s), Af is the

change in frequency between resonant peaks in (Hz), d is the distance from the
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top of the pile to the accelerometer, Lb is the buried pile depth, and h is the
measured distance from the bottom of the pile cap to the ground level.

In general, the first approach (the time domain analysis) is considered to be
more accurate for estimating the depth of timber pile than the resonant frequency
analysis method. Practically, some tests do not provide a good frequency record
(due to unclear frequency spacing in the IR mobility plot) for purposes of estimating
pile depth. For example, Figure 3-13 indicates frequency data that was obtained
from testing Pile C-1 of Bridge #1190. This IR mobility plot shows unclear
frequency spacing (the plot has only one domain peak), which makes the
estimation of Af difficult. Figure 3-14 represents the typical IR mobility plot that
could be used for validating the results, where the resonant frequency spacing
could be obviously identified. Accordingly, the IR method can be used to validate
the SE test results when the frequency data obtained from the field tests shows
clear resonant frequency spacing in the IR mobility plot.
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Figure 3-13: IR Mobility Plot for Test b1 Showing Unclear Frequency Spacing for Bridge #1190
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Figure 3—14:Typical IR Mobility Plot Showing Clear Frequency Spacing for Bridge #6922

3.5 Site Selection and SE Test Field Application

This section presents the SE test applications at field sites and the
characteristics of each site. During this study three timber bridges, with a pile as
the foundation type for each of them, were selected to investigate the unknown
foundation depth. The bridges are owned by New Mexico Department of
Transportation (NMDOT). The site numbers of these bridges are Bridge #1676,
Bridge #6922, and Bridge #1190 as mentioned in the NMDOT documents. The SE
test was conducted on a wooden column at the University of New Mexico campus.
3.5.1 Characteristics of Biology Annex Building Wooden Column

The decorative wooden column that was SE tested is located on the Biology
Annex Building at the University of New Mexico campus in Albuquerque, New
Mexico. The observed length of this column is known, and equals 19.75 feet, while
the total length is predicted to be 11.75 feet. Two accelerometers were attached
to the column’s side. The SE tests that were conducted at the field site used hard,
medium hard, medium soft, and soft hammer tips, in order to study the obtained
signals. Figure 3-15 shows the wooden column image and the SE test setup.
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Figure 3-15: Biology Annex Building Wooden Column and SE Test Setup

3.5.2 Characteristics of Bridge #1676

Bridge #1676 is located 67 miles south of Albuquerque, New Mexico, in

District 1, on a frontage road to Interstate highway 25. The bridge’s coordinates

are (34.211303, -106.921087). Figure 3-16 shows the location and the street view

of the bridge. The bridge is a sawn lumber beam bridge with 4 spans supported by

two pile abutments at each end and three intermediate pile bents. There are 25

piles with a square cross section supporting the superstructure. SE tests were

conducted on Pile C-1, Pile C-2, Pile B-4, and Pile D-4. Figure 3-17 illustrates the

bridge piles distributed plan and the locations of each tested pile as identified by a

red circle.
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3.5.3 Characteristics of Bridge #6922

Bridge #6922 is located 40 miles east of Las Vegas, New Mexico, in District
4, on New Mexico highway 104. The bridge’s coordinates are (35.477197, -
104.613580). Figure 3-18 shows the location and the street view of the bridge. The
bridge is a sawn lumber beam bridge built in 1966. It has one span that is
supported by two pile abutments. Fifteen piles support the superstructure, seven
piles at the east abutment and eight piles at the west abutment. The piles have a

circular cross section. SE tests were conducted on Piles 1, 2, 3,14, 15 and A.
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Figure 3-19 illustrates the bridge piles distributed plan and the location of each

tested pile, as highlighted in red.

Figure 3-19: Piles Distributed Plan and Locations of Tested Piles of Bridge #6922

3.5.4 Characteristics of Bridge #1190

Bridge #1190 is located 23 miles west of Springer, New Mexico, in District
4, over Rayado Creek Stream. The bridge’s coordinates are (36.368383, -
104.929533). Figure 3-20 shows the location and the street view of the bridge. The

bridge is a sawn lumber beam bridge built in 1965. It has two spans that are
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supported by two pile abutments and one intermediate bent. Twenty-one piles
support the superstructure, seven piles at the east abutment, seven piles at the
intermediate bent, and seven piles at the west abutment. The piles have a circular
cross section. SE tests were conducted on Piles 1, 8, 10, 15, 19, 21, A and B.
Figure 3-21 illustrates the bridge piles distributed plan and the location of each

tested pile, as highlighted in red.
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Figure 3-19: Location and Street View of Bridge #1190
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Figure 3-20: Piles Distributed Plan and Locations of Tested Piles of Bridge #1190
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Chapter 4

Finite Element Method

4.1 Introduction

This chapter describes modeling with the example of a wooden column
using finite element software to study the effects of the boundary condition of the
pile, the hammer impulse shape, and the damping (attenuation) of sound waves

on the travel time of the wave propagated with the impact into the timber pile.

4.2 Modeling and Simulation

Modeling is a method of problem solving using a simple object to study the
behavior of a real system. Simulation is used when conducting experiments on a
real system, that are otherwise impossible or impractical to conduct. The primary
reason for modeling the timber pile is to study and then compare these results with
SE field test results. In this chapter, a finite element model will be developed for a
timber column in order to study and investigate the effects of changing impulse
shapes, boundary conditions, and material damping on the wave travel time as
well as acceleration and velocity traces. The length of the column will be estimated
based on the acceleration and velocity responses at specific nodes. In the
beginning, the damping into the column is neglected in the analysis. Abaqus, a
suite of finite element analysis software, is used to model the timber piles. Abaqus/
Explicit is a complementary and integrated analysis tool that is used to solve issues

in dynamic finite element modules.
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4.3 Wooden Column Model

A wooden column that has a total length of 5.5 m (18 ft.) is modeled using
Abaqus software version 6.14. Figure 4-1 shows the boundary condition and the
load that is applied on the timber pile model. Three nodes located in different spots
on the column are investigated, as shown in Figure 4-2. The geometry and material
properties of the timber pile are as follows: total length is 5.5 m (18 ft.), and
diameter is 0.24 m (0.79 ft.). Modulus of elasticity (E) is 9.5 Gpa (198,411,625
psf.), the density is 700 kg/m? (1.36 slug/ft3), and Poisson's ratio is 0.08. The wave

velocity (V in m/s) obtained by using Eq. 3.4 consists of the following:

9
v= \E - /9'57’;1)0 = 3684 m/s which is equal 12083 ft./s

Y

"y

Figure 4-1: Timber Column Modeled Using Abaqus Software

The model is fixed at one end and free at the other. A 1x 10 N/m? uniform load is
applied at the top of the pile, as shown Figure 4-1. The waveform shape and
duration of impulse used in this model is the same as those observed in the SE

field test. The impulse has a sinusoidal shape with a duration equal to 2000 ps.
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The location of node #3901 is 0.2 m (0.656 ft.) from the free end, while node #1657
is located at 3.2 m (10.5 ft.) from the free end and 2.3 m (7.5 ft.) from the fixed end.
The third node, node #2629, is located at 1.8 m (6 ft.) from the free end (at 1/3 of
length of the column), as shown in Figure 4-2. The stress wave travels through the
timber column and reflects at any change in impedances such as the fixed or free

ends. Figure 4-3 shows a snapshot of stress wave propagation along the timber

column.
Fixed End
Free End
o, Nod 52601
Free End
Free End
1
IAI
Fixed End

Free End

I...I.--I
Figure 4-2: Nodes #3901, #2629, and #1657 Locations on Timber Column Model
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b1
Figure 4-3: Stress Wave Propagation into Timber Column Model

The wave requires a specific time to arrive at each node. The wave speed
is 3684 m/s (12083 ft./s), therefore, the time required for the wave to reach node
#3901 is 2.7 x10°° second, while it required 5 x10* second to arrive at node #2629
and 8.7x 10 second to arrive at node #1657. Figures 4-4 and 4-5 show the
required travel time for the wave to arrive at each node in terms of results obtained
from the finite element model in both acceleration and velocity history responses.
Whereas, both figures show reliable outcomes for node #2629 and node #1657,
but erroneous reading of arrival time for node #3901. That is because node #3901
is very close to the top surface, and thus the required travel time for the wave to
arrive at the node is very short nearly approaching zero value, while the other
nodes are further away. In addition, the time difference between the initial
response and the initial echo in both the acceleration and velocity graphs for all
nodes is 0.003pus, which is double the time required for a wave to pass the total

length of the timber column model, as shown in Figure 4-6.
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Figure 4-4: Acceleration History Response for Nodes #3901, #2629, #1657
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Figure 4-5: Velocity History Response for Nodes #3901, #2629, #1657
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Figure 4-6: Velocity History Responses for Nodes #3901, #2629, #1657

4.4 Influence of Impulse Shape on the Propagated Wave Travel
Time

Different load shapes were applied on the finite element model in order to
investigate the impact of the load shapes on time lapse of the stress wave within
the column as well as the acceleration and velocity traces. The time history
responses of acceleration and velocity at node #3901 were studied and
investigated. The stress wave moves through the timber pile and reflects at the
fixed end, and then reflects again from free end. The compressive downward
stress wave will be reflected upwards from the fixed end, and then will be reflected
again from the free end in opposite sign as the tensile stress wave. Hence, the
time difference between two consecutive positive peaks is the same as the
difference between the negative peaks, which is four times the length of the
column. The wave consequently takes 1.5 x 10-3 second to travel the 5.5 m (18 ft.)

length of the column. The effectiveness of three selected shapes of impulse were
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studied; these were sinusoidal, rectangular, and triangular impulses. Figures 4-7
to 4-12 show the acceleration and velocity responses of sinusoidal, rectangular,

and triangular impulses, respectively:

Sinusoidal Impulse
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'_\
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o

500

-500
-1000
-1500
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0 0.005 0.01 0.015 0.02
Time (s)

Figure 4-7: Acceleration History Response of Node #3901-Sinusoidal Load Shape

Rectangular Impulse
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Figure 4-8: Acceleration History Response of Node #3901- Rectangular Load Shape
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Figure 4-9: Acceleration History Response of Node #3901- Triangular Load Shape
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Sinusoidal Impulse
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Figure 4-10: Velocity History Response of Node #3901- Sinusoidal Load Shape
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Figure 4-11: Velocity History Response of Node #3901- Rectangular Load Shape
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Figure 4-12: Velocity History Response of Node #3901- Triangular Load Shape

In these figures, the reflections can be clearly identified; this proved that impulse

shape does not influence travel time At of the stress wave.
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4.5

the

Influence of Boundary on the Propagated Wave Travel Time

Different boundaries were tested for the column pile model to investigate

influences of boundary conditions on the time lapse of the stress wave as well

as the acceleration and velocity traces. Three types of boundary conditions were

studied. The first case involved fixed-free ends. In the second case free-free ends

were used while node #2629 was fixed to ensure stability of the pile. And the third

case used hinged-free ends. Figures 4-13 and 4-14 show the acceleration and

velocity responses, respectively, of node #3901

Acceleration (m/s?) Acceleration (m/s?)
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Figure 4-13: Acceleration History Responses of Node #3901 With Different Boundaries
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Figure 4-14: Velocity History Responses of Node #3901 With Different Boundaries

It is obvious from these figures that change in the waveform depends on the
boundary conditions of the pile. For instance, in the first and third cases, the
waveform is inverted each time it travels the full depth of the column. This can be
an attribute of the pile where the far end is fixed or hinged (such as a pile on
bedrock). Obviously, the compressive wave is reflected as a compression wave at

a fixed boundary when the impedance is increased, while by contrast, it converted
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and refracted as a tensile wave at the free end when the impedance is decreased.
Similarly, a tensile wave is converted into a compressional wave at the free end.
This process continues in succession. Therefore, for each back and forth of the
wave traveling, the acceleration sign is changed since the tensile and compressive
waves are interchanged each time they are reflected from the free end of the pile.
Again, by contrast, in the second case when both ends of the pile are free, the
incoming compressive wave reflects as a tensile wave from the free end, and then
the wave is reflected as a compressive wave again. Therefore, the waveform
remains the same at the end of each complete back and forth travel route.
However, in the second case the two negative peaks in the waveform represents
the complete travel time for reflection from the bottom of the pile, which is similar
to the waveforms obtained from the SE field tests. However, the boundary
condition of the pile has an effect on the shape of the acceleration and velocity
graphs, but it does not influence the determination of travel time At as is obvious

in the previous figures.

4.6 Influence of Damping on the Propagated Wave Travel Time

In reality, the sound energy that is injected into the pile from the impact
dissipates because of two factors: first, because of the effect of damping that is
inherent in the pile material (wood); and second, because of material that
surrounded the pile, such as soil and rocks. Therefore, damping is introduced in to
the wooden column model in order to study the influence of damping on the wave

travel time. Here, to treat damping within a modal analysis framework, an
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assumption takes place that the damping value is equivalent to Rayleigh damping.
Therefore, the Rayleigh damping equation is used, as shown:

[C] = a[M]+ BIK] 4.1
Where:

C is the damping matrix of the physical system, M is the mass matrix of the physical
system, K is the stiffness matrix of the system, a is the Rayleigh damping factor
for mass proportional damping, and B is the Rayleigh damping factor for stiffness
proportional damping. The damping coefficients are values that are assumed to be
as follows: First; a=0.001 and =0.0002. Then; a=0.05 and 3=0.0002.

Figures 4-15 to 4-18 show the acceleration and velocity traces, respectively, at

node #3901:

Acceleration at Node #3901, a=0.002, =0.0002
800

600
400
200

0.00310002

-200
-400
-600
-800
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o
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0 0.005 0.01 0.015 0.02
time (s)

Figure 4-15: Acceleration History Response of Node #3901, a=0.002, =0.0002
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Figure 4-16: Velocity History Response of Node #3901 a=0.002, 3=0.0002

Acceleration at Node 3901, a=0.05, 3=0.0002
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Figure 4-17: Acceleration History Response of Node #3901, a=0.05, 3=0.0002

Velocity at Node 3901, a=0.05, =0.0002

0.4
0.3
0.2
0.1

-0.1
-0.2
-0.3
-0.4
-0.5

0.00110003

0 0.005 0.01 0.015 0.02

time (s)
Figure 4-18: Velocity History Response of Node #3901, a=0.05, =0.0002
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In these figures, it is obvious that varying the alpha values only changes the
amplitude and does not affect the time interval. The influence of damping is only
represented by smoothing out and dissipating the high frequency content of the
acceleration over time. The effect of beta was not studied as part of this effort,
even though it can have an effect on the shape of the pulse and hence the time
interval between subsequent peaks. The shape of the velocity trace obtained from
finite element analysis, when damping is taken into account, is like the velocity

trace that are observed in the SE field test when the softer hammer tips are used.

4.7 Conclusion

It was obvious from the previous study and investigation about finite
element models that wave travel time was not affected by impulse shapes, nor by
boundary conditions of piles, and also not by the damping due to pile material or
surrounding soil. However, impulse shapes effect the shape of acceleration and
velocity curves. Thus, the shapes of velocity curves of vibrated particles (nodes)
take the same shape of impulse, as shown in Figures 4-10 to 4-12. Also, the
boundary conditions of piles define the shape of velocity curves which will be
strongly influenced for determining the wave time lapse, while damping only affects

the rate of dissipation of the wave.
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Chapter 5

Results and Discussion

5.1 Introduction

This chapter presents the results of Sonic Echo field tests that were
conducted on the timber piles of three bridges located in different locations in New
Mexico. The depths of these timber piles are unknown. In addition, SE tests were
conducted on a wooden column located at the Biology Annex Building at the
University of New Mexico. The length of this wooden column is known, it was
tested to validate the equipment performance. Finally, using the Impulse Response
(IR) method for validation the results of SE field tests. In this chapter, all SE field
tests results are reviewed, analyzed and discussed to provide a technical approach
that will be recommended for use to determine the unknown timber piles depths of
bridges in New Mexico.

5.2 Sonic Echo Field Test

A Sonic Echo test was applied on the decorative wooden column located
on the Biology Annex Building at the University of New Mexico. Furthermore, three
timber bridges were also field tested in several locations in New Mexico; these
were Bridge #1676, Bridge #6922, and Bridge #1190. The results of these Sonic
Echo tests will be discussed.

5.2.1 Wooden Column of Biology Annex Building SE Field Test Results
The column tested is a decorative wooden column, as shown in Figure 3-

15. Sixteen SE tests were conducted using hard, medium hard, medium soft, and
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soft tips. The goal in testing the wooden column with its length known is to study
how the signals are obtained with Olson Freedom Data PC equipment. Eight tests
were conducted by striking the concrete pavement at point A next to the column.
To receive signals, two accelerometers were mounted vertically to the top surface
of the wooden block, using super glue to attach the wooden blocks to the wooden
column, as shown in Figure 3-16. Although the striking was not directly applied to
the column, the wave traveled to the column top end and then reflected back.
Furthermore, the other SE tests were conducted by vertically striking the capital of
the column at point B (striking in an upward direction). Table 5-1 summarized the
characteristics and results of the SE field test of the Biology Annex Building

wooden column.

The propagated wave velocity within the wooden column was estimated
using the known length of the wooden column and the time difference between the
initial response and the initial echo of the velocity trace that were obtained from
accelerometer 1 and accelerometer 2. The time difference (At) between the initial
response and initial echo of velocity trace that was obtained from accelerometer 2
is 1380 ps. The distance from the accelerometer 2 to the pavement (D) is 1 foot.
and the total clear length of wooden column is 9.7 feet. Hence, the determined
average velocity that was propagated into the wooden column is 12600 ft./s by

using Eq. 3.1 as shown below:

2D 2X 8.7

V=3¢ 000138

= 12600 ft./s
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This magnitude of the propagated wave velocity V was used to compute the

observed length of the column (Lobs) using data that was obtained from

acceleration 2 and Eqg. 3.1. While the total length (L) was directly determined using

the data that was obtained from accelerometer 1 and using Eg. 3.2. Figure 5-1

shows the velocity trace obtained from accelerometer 2 (channel 7).

Table 5-1: Characteristics and Results of SE Field Test for the Wooden Column

Test No Hammer Direction of Accelerometer 1 Accelerometer 2
Tip's Type Strike At(us) | L. (ft) D(ft) | At(us) | Lows. (ft) | D (ft.)
1 Hard A -Downward 1900 11.97 1 1380 9.7 1
2 Hard A -Downward 1880 11.8 1 1360 9.6 1
3 Med-hard A -Downward 1940 12.2 1 1440 10.1 1
4 Med-hard A -Downward 1960 12.35 1 1460 10.2 1
5 Med-soft A -Downward 2040 12.85 1 1460 10.2 1
6 Med-soft A -Downward 2020 12.7 1 1460 10.2 1
7 Soft A -Downward 2060 12.98 1 1420 9.95 1
8 Soft A -Downward 2040 12.85 1 1420 9.95 1
9 Hard B -Upward 1680 11.584 1 1980 12.5 1
10 Hard B -Upward 1760 12.1 1 1520 9.6 1
11 Med-hard B -Upward 1660 11.5 1 2600 16.4 1
12 Med-hard B -Upward 1680 11.6 1 2320 14.6 1
13 Med-soft B -Upward 1980 13.5 1 2620 16.5 1
14 Med-soft B -Upward NS NS 1 NS NS 1
15 Soft B -Upward 2020 13.7 1 NS NS 1
16 Soft B -Upward 2300 15.5 1 NS NS 1
C:\Bio Arnax Bull, Wooden Col'aj].ts; Ch 7, Battom Depth =B.82 f, Additiorsl Echo Depth=-882 fi. [ranual select shaft bottom]

00— | ;
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Figure 5-1: Velocity Trace of SE Test Conducted on the Wooden Column- Ch7

The results obtained from accelerometer 2, when the striking was vertical

on the concrete pavement, are reasonable, very close to the actual length of the
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column for all types of hammer tips used. Figure 5-1 is similar to Figure 4-14, which
was obtained from the finite element model under the boundary condition of fixed-
free ends. Conversely, the results obtained from accelerometer 2 were
inappropriate when the strikes that were applied were vertically upward strikes the
capital. The reason for the inappropriate results was that accelerometer 2 was too
far from the source of energy. However, the assessed total length of the wooden
column using the data obtained from accelerometer 1 was close enough to the
predicted length of 11.7 feet. The buried length of the column was unknown, but it
was predicted to be 2 feet. The results obtained from the accelerometers are
reliable for all types of hammer tips, as shown in Table 5-1, except when a soft tip
is used. Hence, the upward strike on the capital or girder could be used as an
alternative in cases where the top of the pile or column is not accessible.

5.2.2 Bridge #1676 SE Field Test Results

5.2.2.1 Determination of Wave Velocity Within Timber Pile

Twelve SE tests were conducted on the bridge girder to measure the wave
velocity propagated within the timber pile that will be used further to determine the
total and buried depths of piles for Bridge #1676. The girder is struck horizontally,
as shown in Figure 5-2, using different hammer tips. For each test, the time
differences were measured between the initial impulse and initial echo that were
obtained from both accelerometers. Accelerometer 1 was connected to channel 7
and accelerometer 2 was connected to channel 6. The distance difference
between the accelerometers was 19.7 feet. The average wave velocity that was

propagated within the girder was computed and equaled 14845 ft./s, as shown in
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Table 5-2. Figures 5-3 to 5-6 show examples of velocity traces that were obtained
from SE tests using different types of hammer tips.
2t 1971t

' /
{ f

/
i

Strike —. ﬁl\ P\
Accii?
\ Ch#t6
\ Acciil

Chit 7

Figure 5-2: SE Field Test Conducted on Bridge #1676 Girder to Measure Wave Velocity
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Figure 5-3: Velocity Trace Using Hard Tip

Al Fisid dats (Result)-2016-) Britiges-WCol tesied Bridgat 1676-75 Fab 201611676 17 may 2016-Check velocitystfs: Ch 6, Batiom Depth = 1764 ft,, Additional Echio Degth —17.64 f [ranus
i

80, 5 :'h Botiom)

Amplinds (infae]

1

|

I I

I I

| |

L i i
o 5000 16000 15000 20000 25000 20000 45008 40000 45000 50000
Time (1=}

Figure 5-4: Velocity Trace Using Medium Hard Tip
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Figure 5-5: Velocity Trace Using Medium Soft Tip
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Figure 5-6: Velocity Trace Using Soft Tip

Table 5-2: Estimated Wave Velocities into Piles of Bridge #1676

Test No. Hammer tip At (ps) Girder length | V (ft./s)
1 Hard 2820 22.7 15390
2 Medium-Hard 2960 227 14662
3 Medium-Soft 3000 22.7 14466
4 Soft 2920 22.7 14863
5.2.2.2 Pile C-1

Pile C-1 is located at the west side of the bridge, as shown in Figure 3-17.

Here, twenty-three SE tests were conducted on Pile C-1 in order to study the

results obtained from the acquisition equipment. Different hammer tips were used

to strike the pile. The striking directions were vertical on three points, downward

either at point A on the pile cap or the wedge (block), and upward at point B on the

pile cap. Two accelerometers were attached vertically to the top surface of wooden
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block to receive the signal, then the wooden blocks were mounted onto the tested

pile side using super glue. Accelerometer 1 was connected to channel 6 and

accelerometer 2 was connected to channel 7, and the distance between the

accelerometers was 3 feet. The image of Pile C-1 and the SE test setup details

are shown in Figure 5-7. Table 5-3 shows the directions and locations of strikes

on Pile C-1.

Downward Strike
A
B ¢—Wedge

o €4—Accelerometer #1

2
o— Accelerometer #2

C

Ground level

Figure 5-7: The Image of Pile C-1 and SE Test Setup

Table 5-3: Strike Direction of Pile C-1

Point Strike Direction
A Downward
B Upward
C Horizontally
Wedge Downward

Table 5-4 shows the characteristics and results of SE field tests for Pile C-1. The

estimated wave velocity V equals 14845 ft./s. Hence, Eq. 3.2 and Eg. 3.3 were
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used to compute the total depth Lt and buried depth Lb of Pile C-1. Examples of

data that were obtained from accelerometer 1 are indicated in Figures 5-8 to 5-19,

respectively.
Table 5-4: Characteristics and Results of SE Field Test for Pile C-1
Test No Halmmer Direction of Strike Accelerometer 1 Accelerometer 2
Tip's Type Atus) | Lot) | Loct) | Atws) | Lodr) | Ly ()

bl Hard A -Downward 3600 27.7 21.2 2980 26.1 19.6
b2 Med-hard A -Downward 3960 30.4 24 4320 36.1 29.6
b3 Med-soft A -Downward 4120 31.6 25 4060 34.1 27.6
b4 Soft A -Downward 4480 34.3 27.8 4340 36.2 29.7
b9 Hard B -Upward 3220 24.9 18.4 3160 27.5 21

b10 Hard B -Upward 3320 25.6 19.1 2880 25.4 19

b1l Hard B -Upward 3140 24.3 17.8 3180 27.6 21.1
b12 Hard B -Upward 3200 24.75 18.25 2980 26.1 19.6
b13 Hard B -Upward 3220 25 18.4 3020 26.4 20

b14 Med-hard B -Upward 4840 37 30.4 3800 32.2 25.7
b15 Med-soft B -Upward 4880 37.2 30.7 3400 29.2 22.7
b16 Soft B -Upward 5260 40 33.5 3620 30.87 24.4
b20 Hard Wood Block-Downward 3580 27.6 21.1 3540 30.3 23.76
b21 Med-hard | Wood Block-Downward 3560 27.4 21 4080 34.3 27.8
b22 Med-soft | Wood Block-Downward 3580 27.6 21.1 5140 42.2 35.6
b23 Soft Wood Block-Downward 3560 27.4 21 4800 39.6 33.1

2l Fisld dats (Reaull)-2016-4] Bridges-WCal teste Pridge? 1576-15 Feb 2016 Bridgett 1676-SE test datale b1 tis: Ch 6. Bottom Depthr = 26 57255 ft. Additional Echo Degth =-26 4241 i [ram
G2 . . ; .

i
|
00— () iy | |
:
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15060 20000 25000 30000 35006 40860
Time {ps)

Figure 5-8: Velocity Trace of SE Test No. b1 Using Hard Tip- A Downward
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Figure 5-9 Velocity Trace of SE Test No. b2 Using Medium Hard Tip- A Downward

ZNSE Tesis'Bridge® 1676-15 Feb 2016 Brdge? WF—SE i=st datsleT\b3 tfs: Ch 6. Botiom Depth = 30.5807 ft, Additional Echa Depth = 3043225/ iﬂarﬁ.ﬂsdad shaft bottom]
0,011 = — : : : : : :

Arnplitu e (fnfess]
_ e !
s g
: i

2012

Time (1)
Figure 5-10: Velocity Trace of SE Test No. b3 Using Medium Soft Tip- A Downward
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Figure 5-11: Velocity Trace of SE Test No. b4 Using Soft Tip- A Downward
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Figure 5-12: Velocity Trace of SE Test No. b9 Using Hard Tip- B Upward
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Figure 5-13: Velocity Trace of SE Test No. b14 Using Medium Hard Tip- B Upward
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Figure 5-14: Velocity Trace of SE Test No. b15 Using Medium Soft Tip- B Upward
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Figure 5-15: Velocity Trace of SE Test No. b16 Using Soft Tip- B Upward
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Figure 5-16: Velocity Trace of SE Test No. b20 Using Hard Tip- Wooden Block
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Figure 5-17: Velocity Trace of SE Test No. b21 Using Medium Hard Tip- Wooden Block
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Figure 5-18: Velocity Trace of SE Test No. b22 Using Medium Soft Tip- Wooden Block
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Figure 5-19: Velocity Trace of SE Test No. B23 Using Soft Tip- Wooden Block

The blue lines in the velocity trace present the initial wave and the first
reflection respectively. The time difference between the initial respond and the first
echo At is used to calculate the wave travel depth, as shown in Table 5-4. The
velocity traces obtained from accelerometer 1 (mounted close to the pile top)
present good data for tests from b1 to b3. Hence, hard, medium hard, and medium

soft hammer tips can result in having tests with good data when the strikes were
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conducted at point A. Although, the data obtained from using the softer hammer
tips gives a clear impulse and echo (test b4), the assessed pile length is longer
than the lengths obtained from other hammer tips. Comparatively, the data
obtained from upward strikes at point B indicate reliable and clear data when the
hard hammer tip was used. The data obtained when the medium hard, medium
soft, and soft hammer tips were used show a wide range of variation in the
assessment pile depths, so the results are neglected. While tests b20 to b23 show
that reliable and consistent results were obtained when the strikes were conducted
on wood block for all types of hammer tips. The average total depth of Pile C-1
calculated from the data obtained from accelerometer 1 is 27.6 feet, and the
average buried depth is 21 feet. Meanwhile, the data obtained from channel 7,
which is connected to accelerometer 2 and mounted far from the source of energy,
shows a range variation in the assessment pile depths for all types of hammer tips.
However, the average total depth of Pile C-1 from accelerometer 2 is 28.2 feet,
and the average buried depth is 21.7 ft. which is very close to the average depths

that obtained from accelerometer 1.

5.2.2.3 Pile C-2

Pile C-2 is located at the west side of the bridge and beside pile C-1, as
shown in Figure 3-17. The direction of striking was vertical on three points,
downward either at point A or B on the pile cap, and upward at point C on the pile
cap close to the pile. The test setup is similar to Pile C-1; two accelerometers were
attached vertically to the top surface of the wooden block. Accelerometer 1 was

connected to channel 6 and accelerometer 2 was connected to channel 7 and the
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distance between the accelerometers was 4 feet. Figure 5-20 shows the SE test
setup details of Pile C-2. Table 5-5 shows the directions and locations of strikes

on Pile C-2.

Downward Strike

1

|
1ft. % A C B
I 1
1fi. Upward Sirike
o€— Accelerometer #1
4ft.
6.5ft. N o€<}— Accelerometer #2

—ie Ground level

Figure 5-20: SE Test Setup of Pile C-2

Table 5-5: Strike Directions on Pile C-2

Point Strike Direction
A Downward
B Downward
C Upward

Table 5-6 shows the characteristics and results of SE field test for Pile C-2.

The same procedure was used to estimate the depth of Pile C-1.

The velocity traces obtained from both accelerometers indicated good data
where the strikes were conducted at the top of the pile cap directly at point A using
hard and medium hard hammer tips. However, the velocity trace has unclear initial
impulse and echo results when the medium soft and soft hammer tips were used.

The cause of the unreliable data is due to the longer impact duration and lower
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energy as shown in the hammer force versus time graph in Figure 5-21.
Furthermore, the results from both accelerometers show longer depths for all types
of hammer tips when the strike is conducted downward at point B or upward at
point C. Hence, the average total depth of Pile C-2 that was calculated from the

data obtained from accelerometer 1 is 32.7 feet, and the average buried length is

27 feet.
Table 5-6: Characteristics and Results of SE Field Test for Pile C-2
Test No Hammer Direct.ion of Accelerometer 1 Accelerometer 2
Tip's Type Strike At(ps) | Lodt) | Loit) | Aats) | Lot | Ly ()
cl Hard A -Downward 3760 28.9 22.4 3080 27.9 21.4
c2 Med-hard A -Downward 4140 31.7 25.2 3720 32.6 26.1
c3 Med-soft A -Downward NS NS NS NS NS NS
c4 Soft A -Downward NS NS NS NS NS NS
c5 Hard B -Downward 4700 35.9 29.4 3720 32.6 26.1
c6 Med-hard B -Downward 4500 34.4 27.9 3640 32 25.5
c7 Med-soft B -Downward 4820 36.8 30.3 3780 33.1 26.6
c8 Soft B -Downward 4700 35.9 29.4 3800 33.2 26.7
c9 Hard C -Upward 4660 35.6 29.1 3720 32.6 26.1
c10 Med-hard C -Upward 4600 35.1 28.6 3660 32.2 25.7
cll Med-soft C -Upward 5100 38.9 324 4240 36.5 30
cl2 Soft C -Upward 4900 37.4 30.9 4020 34.8 28.3
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Figure 5-21: Force Versus Time Graph Obtained from Hammer Sensor Using Softer Tip

66

www.manaraa.com



5.2.2.4 Pile B-4

Pile B-4 is located at the east side of the bridge, as shown in Figure 3-17.
Here sixteen SE tests were conducted on Pile B-4 to obtain results and compare
these estimated pile depths to the depths of Pile C-1 and Pile C-2. Different
hammer tips were used in striking the pile. The direction of striking was vertical on
four points, downward either at point A or B on the pile cap, or at point D on the
bridge pavement, and upward at point C on the pile cap. The test setup is similar
to Pile C-1 and Pile C-2; two accelerometers were attached vertically to the top
surface of a wooden block; Accelerometer 1 was connected to channel 6 and
accelerometer 2 was connected to channel 7, and the distance between the
accelerometers was 2 feet. Figure 5-22 shows the SE test setup details on Pile B-

4. Table 5-7 shows the directions and locations of strikes on Pile B-4.

Downward Strike on Pavement

: 1 |

D Deck .Z‘

J

Downward Strike

1

B

V]

Girder| Girder

PP

1ft. C Pile Cap

-~T

1ft. Upward Strike

O€1— Accelerometer #1
21t

©€— Accelerometer #2

" Ground level

Figure 5-22: SE Test Setup of Pile B-4
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Table 5-7: Strike Direction on Pile B-4

Point Strike Direction
A Downward
B Downward
C Upward
D Downward on Pavement

Table 5-8 shows the characteristics and results of SE field tests for Pile C-
2. The same procedure was used to estimate the depths of Pile C-1 and Pile C-2.
Examples of data that was obtained from accelerometer 1 when the hard hammer
tip was used (tests d1, d5, d9 and d13) are presented in Figures 5-23 to 5-26,

respectively.

Table 5-8: Characteristics and Results of SE Field Test for Pile B-4

Hammer _ _ _ Accelerometer 1 Accelerometer 2
Test No | .. Direction of Strike
Tip's Type At (ps) L (ft.) Ly (ft.) At (ps) L (ft.) Ly (ft.)
d1 Hard A -Downward 5380 40 33.5 5320 42.5 36
d2 Med-hard A -Downward NS NS NS 4880 39.2 32.7
d3 Med-soft A -Downward 5020 38.3 31.8 4740 38.2 317
d4 Soft A -Downward 5180 39.4 32.9 4500 36.4 29.9
d5 Hard C -Upward 4780 36.5 30 4520 36.5 30
deé Med-hard C -Upward 4780 36.5 30 4560 36.8 30.3
d7 Med-soft C -Upward 5140 39.2 32.7 4200 34.2 27.7
ds Soft C -Upward 5000 38.1 31.6 NS NS NS
do Hard B -Downward 2780 21.6 15.1 2820 23.9 17.4
d10 Med-hard B -Downward 3000 23.3 16.8 2980 25.1 18.6
dil Med-soft B -Downward 3360 25.9 19.4 3300 27.5 21
di12 Soft B -Downward NS NS NS NS NS NS
di3 Hard D -Downward-Pavement NS NS NS NS NS NS
di14 Med-hard | D -Downward-Pavement NS NS NS NS NS NS
di5 Med-soft | D -Downward-Pavement NS NS NS NS NS NS
di16 Soft D -Downward-Pavement NS NS NS NS NS NS
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Figure 5-23: Velocity Trace of SE Test No. d1 Using Hard Tip- A Downward
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Figure 5-24: Velocity Trace of SE Test No. d5 Using Hard Tip- C Upward
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Figure 5-25: Velocity Trace of Test No. d9 Using Hard Tip- B Downward
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Figure 5-26: Velocity Trace of Test No. d13 Using Hard Tip- D Downward on Pavement
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The velocity traces that were obtained from accelerometer 1 are used in this
discussion. The data obtained when the strikes were directly downward at point A
presented good results for all tests d1 to d4 with all types of hammer tips. The
assessment total depth was reasonable but it longer comparing to assessment
total lengths of Pile C-1 and Pile C-2. However, upward strikes at point C provided
reasonable results this time for all types of tips. While SE tests did not present
good data when the strikes were conducted at point B whereby a variation of pile
depth assessment was indicated. Regarding the striking at point D (on the
pavement), the results failed to indicate a clear echo in the velocity traces for all
tests. Figure 5-27 shows a difficulty in identifying the initial echo when the strikes
were conducted at the pavement. For example, if point 1 was selected as the initial
echo, then the determined pile depth equals 14 feet, but it equals 19 feet if point 2
was selected. However, if points 3 and 4 were considered as initial echo peaks,
then the assessment of pile depth equaled 29.4 feet and 52.5 feet, respectively.
Comparing these depths with test d1 to d9, the data should be neglected due to
resulting doubtful depths assessment. In conclusion, conducting the strike on
pavement is not a viable alternative striking method in the absence of accessibility
to pile cap. The data obtained from accelerometer 2 show reliable and reasonable
assessment pile depths for all types of hammer tips when the strikes are conducted
downward at point A and upward at point C. However, the data obtained from tests
d9 to d16 are neglected due to a doubtful depths assessment. Thus, the total depth
of Pile B-4 as determined from accelerometer 1 equals 33 feet, and the buried

depth is 26 feet, while the data from accelerometer 2 indicates that L: equals 37.7
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feetand Lois 31.2 feet. Table 5-9 summarizes the average total and buried depths

of the tested piles for Bridge #1676:

C:\Bridge® 1676-5E test datalbd\d13.tis: Ch 7. Bottom Depth =51.9575 ft, Additional Echo Depth =51.51215. [manual select shaft bottom]
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Figure 5-27: Velocity Trace Shows Difficulty in Identifying the Initial Echo When the Strike is
Conducted on Concrete Pavement

Table 5-9: Piles Depths Assessment for Bridge #1676

pile No. Assessed Total Pile Assessed Buried Pile
Depth (ft.) Depth (ft.)
C1 28 21
C-2 33 26
B-4 38 32
D-4 35 29

5.2.3 Bridge #6922 SE Field Test Results

5.2.3.1 Determination of Wave Velocity Within Timber Pile

Bridge #6922 has joints in the girder, so the data obtained from the SE tests
of the piles was used to determine the propagated stress wave velocity (see
section 3-3 in Chapter 3). Two accelerometers were attached on the pile side. The
distance between the accelerometers was 1.5 feet. Striking on the pile cap directly
downward at point A generated a wave within the pile. A hard hammer tip was
used in these SE tests, and the wave reached accelerometer 1, and then

accelerometer 2 in specific travel times. The wave travel time between these two
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accelerometers was measured and used to determine the wave velocity by using
the peak points approach, as mentioned in section 3-3 in Chapter 3. However, the
average propagated wave velocity that was determined from the difference of initial
impulses of velocity traces that were obtained from both accelerometers is 15000
ft./sec. This average wave velocity in timber pile was used to compute the buried
and total depths of Bridge #6822 piles. Figures 5-28 to 5-31 present examples of
the velocity traces that were obtained from accelerometers 1 and 2. Table 5-10

shows the estimated wave velocity using the peak point approach.

CASE Tests\Brigoes 6322-17 May 2015 Bridoes 6322-5E {est data\miAfs: Ch 5, Bottom Depth = 225 # [manual select shaft battom]

Peak Point CH5

Ariplitde (infsss|

Time {us)

Figure 5-28: Velocity Trace Test No.m1 Using Peak Point Approach- CH5

CASE TesisBridged 622217 May 2015:Bridge# 6322-5E test datgim 1 tfs: Ch 6 [mamuml select shaft bottom]

Peak Point CH6

Ariplitude (infsss
f=]

12000 14500 16000 18800 20480

Figure 5-29: Velocity Trace Test No. m1 Using Peak Point Approach- CH6
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Figure 5-30: Velocity Trace Test No. m2 Using Peak Point Approach- Ch5
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Figure 5-31: Velocity Trace Teat No. m2 Using Peak Point Approach- Ché
Table 5-10: Estimated Wave Velocity Using Peak Point Approach for Bridge #6922
Measured
. Hammer t1 (us.) t2 (us.) Ad Betwwen .
Pile No. . Test No. At (ps. Velocit
Tip Type [Ch5] [CH6] (bs) Accels. (ft.) (ft./s) Y
Pile #1 Hard ml 2340 2440 100 1.5 15000
ile
Hard m2 2360 2460 100 1.5 15000
Hard m13 2780 2880 100 1.5 15000
Pile #2 Hard ml14 2780 2880 100 1.5 15000
Hard m15 2280 2380 100 1.5 15000
Hard m37 2800 2900 100 1.5 15000
Pile #14 Hard m38 3360 3460 100 1.5 15000
Hard m39 3300 3400 100 1.5 15000
5.2.3.2 Pile 1

Pile 1 is located at the east side of the bridge, as shown in Figure 3-19.
Here, twelve SE tests were conducted on Pile 1 in order to study the obtained

signals from the data acquisition equipment. Three types of hammer tips were
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used in striking the pile: hard, medium hard, and medium soft. The soft hammer
tip was not used in testing Pile 1. The direction of the strikes was vertical on two
points, downward either at point A or at the wedge (block). Upward strikes at point
B did not apply for Bridge #6922. SE tests were conducted using two
accelerometers that were attached vertically to the top surface of a wooden block.
Accelerometer 1 was connected to channel 5 and accelerometer 2 to channel 6.
The distance between the accelerometers was 1.5 feet. The image of Pile 1 and
the SE test setup details are shown in Figure 5-32. Table 5-11 shows the
characteristics and results of SE field tests for Pile 1. The estimated wave velocity
V equals 15000 ft./s. Eg. 3.2 and Eqg. 3.3 were used to compute the total depth L:
and buried depth Lp of Pile 1. Examples of data that obtained from the
accelerometers for tests m1, m5, and m7 are indicated in Figures 5-33 to 5-38,

respectively.

Downward Strike

. \ 2
‘r A Girder I
1 B

Wedge

Accelerometer #1

— Accelerometer #2

Ground level

Figure 5-32: The Image of Pile 1 and SE Test Setup

74

www.manharaa.com




Table 5-11: Characteristics and Results of SE Field Test for Pile 1

Hammer . . . Accelerometer 1 Accelerometer 2
Test No e Direction of Strike

Tip's Type At (ps) L (ft.) Ly (ft.) At (ps) L (ft.) Ly (ft.)
ml Hard A -Downward 3000 24.5 15.25 2400 21.5 12.25
m2 Hard A -Downward 3000 24.5 15.25 2400 21.5 12.25
m3 Hard A -Downward 2860 23.45 14.2 2420 21.65 12.4
m4 Med-hard A -Downward 3500 28.25 19 3620 30.65 21.4
m5 Med-hard A -Downward 2840 23.3 14.05 3060 26.45 17.2
m6 Med-hard A -Downward 2960 24.2 14.95 3060 26.45 17.2
m7 Med-soft A -Downward 3100 25.25 16 3540 30.05 20.8
m8 Med-soft A -Downward 3000 24.5 15.25 3500 29.75 20.5
m9 Med-soft A -Downward 3000 24.5 15.25 3240 27.8 18.55
m10 Hard Al- Block-Downward 3040 24.8 15.55 2300 20.75 11.5
m1l Med-hard Al- Block-Downward 3180 25.85 16.6 NS NS NS
m12 Med-soft Al- Block-Downward 3040 24.8 15.55 NS NS NS
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Figure 5-33: Velocity Trace of SE Test No.m1- Ch5- Using Hard Tip- A Downward
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Figure 5-34: Velocity Trace of SE Test No. m1- Ch6- Using Hard Tip- A Downward
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Figure 5-35: Velocity Trace of SE Test No. m5- Ch5- Using Medium Hard Tip- A Downward
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Figure 5-36: Velocity Trace of SE Test No. m5- Ch6- Using Medium Hard Tip- A Downward
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Figure 5-37: Velocity Trace of SE Test No. m7- Ch5- Using Medium Soft Tip- A Downward
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Figure 5-38: Velocity Trace of SE Test m7 - Using Medium Soft Tip- A Downward
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The velocity traces that were obtained from accelerometer 1, which was
mounted close to the top of the pile, present a good set of data for all tests, m1,
m6 and m7. Hence, the use of hammer tips, hard, medium hard, and medium soft,
could achieve the tests providing good data when the pile top is struck at point A.
Conversely, the data that was obtained from accelerometer 2, which was mounted
far from the source of energy, shows a range variation in the assessment of pile
depths for all types of hammer tips. The average total depth of Pile 1 that was
determined from data obtained from accelerometer 1 is 24.5 feet. and the average
buried depth is 16 feet. Likewise, SE tests m10, m11 and m12 were conducted by
vertically striking an aluminum block and using hard, medium hard, and medium
soft hammer tips, respectively. Figure 5-39 shows the velocity traces that were
obtained from accelerometer 1 for test m11.

The presence of the unfavorable oscillation at the initial part of the velocity
traces may be caused by a tiny bit of sliding that may have occurred between the
aluminum wedge (block) and the pile surface during the impact. This sliding clearly
appears in the impulse graph for test m11, as shown in Figure 5-40. However, this
oscillation part could be neglected and instead the next deeper valley be selected
as the initial impulse and thus can be compared in the assessment At with time
difference that obtained from striking at point A in validating the results. The
assessment time difference between the initial impulse and first echo for test m11

is 3180 us and the average total depth of Pile 1 is 25 feet, which is a reliable value.
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Figure 5-39: Velocity Trace of SE Test m11- Ch5- Using Medium Hard Tip-Downward on
Aluminum Block
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Figure 5-40: Impulse Graph of the Hammer for Test m11 Shows Two Peaks
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Figure 5-41: Typical Impulse Graph- Shows One Clear Peak
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5.2.3.3 Pile 2

Pile 2 is located at the east side of the bridge beside Pile 1, as shown in
Figure 3-19. Here, nine SE tests were conducted on Pile 2 and, similar to Pile 1,
three types of hammer tips are used for providing the impact: hard, medium hard,
and medium soft. The striking direction applied was downward on the pile cap at
point A. Two accelerometers were used, accelerometer 1 was connected to
channel 5 and accelerometer 2 to channel 6. The distance between the
accelerometers was 1.5 feet, as shown in Figure 5-42. Table 5-12 shows the
characteristics and results of the SE field tests for Pile 2.

The velocity traces that obtained from accelerometer 1 indicated
reasonable data results when hard and medium hard hammer tips were used for
striking the top of the pile cap directly at point A. The velocity trace has an unclear
initial impulse and echo when the medium soft hammer tip was used, as shown in
Figure 5-43. The cause of this unreliable data is due to the longer impact duration
and lower amplitude of energy. Furthermore, the results from accelerometer 2
again shows a range of variation in the pile depth assessments for all types of
hammer tips. Hence, the average total depth of Pile 2 that was assessed from the
data obtained from accelerometer 1 is 22.4 feet, and the average buried depth is

13 feet.
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Figure 5-42: SE Test Setup for Pile 2 of Bridge #6922

Table 5-12: Characteristics and Results of SE Field Test for Pile 2

Test N Hammer Direction of Accelerometer 1 Accelerometer 2
est No .. ., .
Tip's Type Strike At (us) | Lo(ft) | Lo (ft) At (us) L (ft) | Ly (ft)
m13 Hard A -Downward 2780 22.6 13.35 1980 18.1 8.85
ml4 Hard A -Downward 2780 22.6 13.35 2020 18.4 9.15
m15 Hard A -Downward 2320 19.15 9.9 2420 21.4 12.15
m16 Med-hard A -Downward 2660 21.7 12.45 3000 25.75 16.5
m17 Med-hard A -Downward NS NS NS NS NS NS
m18 Med-hard A -Downward 3220 25.9 16.65 NS NS NS
m19 Med-soft A -Downward NS NS NS NS NS NS
m20 Med-soft A -Downward NS NS NS NS NS NS
m21 Med-soft A -Downward NS NS NS NS NS NS
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Figure 5-43: Velocity Trace of SE Test No. m20 Using Medium Sot Tip Shows Unclear Initial

Impulse
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5.2.3.4 Pile 3

Pile 3 is located at the east side of the bridge beside Pile 2, as shown in
Figure 3-19. Here, twelve SE tests were conducted on Pile 3, and two types of
hammer tips were used in striking the pile: hard and medium hard. There is no
access to strike the top of Pile 3, so the impact was conducted downward using
both wooden and aluminum wedges (block). Two accelerometers were used;
accelerometer 1 was connected to channel 5 and accelerometer 2 to channel 6,
and the distance between the accelerometers is 1.5 feet, as shown in Figure 5-44.

Table 5-13 shows the characteristics and results of the SE field tests for Pile 3.

Downward Strike
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Sft. Pile
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Figure 5-44: SE Test Setup for Pile 3 of Bridge #6922
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Table 5-13: Characteristics and Results of SE Field Test for Pile 3

Hammer ; ) _ Accelerometer 1 Accelerometer 2
Test No . Direction of Strike

Tip's Type At (ps) L (ft.) Ly (ft.) At (us) L, (ft.) Ly (ft.)
m25 Hard Wood Block-Downward 2820 235 14.5 2420 22.0 13.1
m26 Hard Wood Block-Downward 2800 23.3 14.4 2500 22.6 13.7
m27 Hard Wood Block-Downward 2800 23.3 14.4 2400 21.8 12.9
m28 Hard Al- Block-Downward 1720 15.2 6.3 1960 18.5 9.6
m29 Hard Al- Block-Downward NS NS NS NS NS NS
m30 Hard Al- Block-Downward 1400 12.8 3.9 NS NS NS
m31 Med-hard | Wood Block-Downward 3300 27.1 18.1 NS NS NS
m32 Med-hard | Wood Block-Downward 3220 26.5 17.5 2900 25.6 16.7
m33 Med-hard | Wood Block-Downward 3220 26.5 17.5 2800 24.8 15.9
m34 Med-hard Al- Block-Downward NS NS NS NS NS NS
m35 Med-hard Al- Block-Downward NS NS NS NS NS NS
m36 Med-hard Al- Block-Downward NS NS NS NS NS NS

Table 5-13 indicated reliable and consistent results for the data obtained
from both accelerometers when hard and medium hard tips were used in providing
the impact at the wood wedge (block). The results obtained from striking the
aluminum wedge showed an unreliable assessment for pile depth for all types of
tips. The velocity trace indicated an unclear initial impulse and echo when the
aluminum block was used. Therefore, all results that were obtained from striking
on the aluminum block are neglected for the same reasons as that indicated in
section 5.2.3.2. The velocity traces for tests m25, m26, and m27 that obtained from

accelerometer 1 are presented in Figures 5-45 to 5-47, respectively.
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Figure 5-45: Velocity Trace of SE Test No. m25 Using Hard Tip- Wooden Block
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Figure 5-47: Velocity Trace of SE Test No. m27 Using Hard Tip- Wooden Block

Figures 5-45 to 5-47 indicate typical and clear initial results in the impulse
and echo data obtained from accelerometer 1. However, Figure 5-48 shows two
concavities in the initial impulse for unknown reasons. However, when an
aluminum wedge was used, it was difficult to recognize the first echo clearly
because multiple concavities appeared in the velocity trace; This may have
occurred due to an inadequate connection between the aluminum wedge and pile
surface which could cause a sliding. In conclusion, it is not recommended that the
aluminum block be used in SE tests because of the resulting frequent unreliable
data that make it impossible to identify the time lapse At. The average total depth
of Pile 3 that was assessed using the data that were obtained from accelerometer

1 is 25 feet, and the average buried depth is 14 feet.
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Figure 5-48: SE Test No. m32 Using Medium Hard Tip & Aluminum Block Shows Unclear Initial
Impulse

5.2.3.5 Pile 14

Pile 14 is located at the west side of the bridge as shown in Figure 3-19. Six
SE tests were conducted on Pile 14, using the hard hammer tip only. The strikes
were conducted downward at point A and at the wooden wedge. Two
accelerometers were used, accelerometer 1 was connected to channel 5 and
accelerometer 2 to channel 6, and the distance between the accelerometers was
1.5 feet, as shown in Figure 5-49. Table 5-14 shows the characteristics and results

of the SE field tests for Pile 14.

Downward Strike

. 2

l
? A Girder I
I
1.31¢.
== = | Wedge
21ft.
— o<€t—— Accelerometer #1
1.5f¢
N o€<t—— Accelerometer #2
Sfe. Pile
Ground level

Figure 5-49: SE Test Setup for Pile 14 of Bridge #6922
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Table 5-14: Characteristics and Results of SE Field Test for Pile 14

Hammer ) _ ) Accelerometer 1 Accelerometer 2
Test No ., Direction of Strike

Tip's Type At (us) L, (ft.) Ly (ft.) | At (us) L (ft.) Ly (ft.)
m37 Hard A -Downward 1800 16.83 7.58 1840 18.63 9.38
m38 Hard A -Downward 1620 15.48 6.23 1760 18.03 8.78
m39 Hard A -Downward 1620 15.48 6.23 1740 17.88 8.63
m40 Hard Wood Block-Downward NS NS NS NS NS NS
m41 Hard Wood Blocke-Downward NS NS NS NS NS NS
m42 Hard Wood Block-Downward 1720 16.23 6.98 2020 19.98 10.73

Table 5-14 shows that the average assessed total depth of Pile 14 is 16
feet, which is an inconsistent length, as compared to the previous depths of piles
1, 2, and 3. The reason of this discrepancy is due to the presence of a large
longitudinal crack located along Pile 14, as shown in Figure 5-50. This large crack
may have disrupted the path of the wave causing an internal reflection. Table 5-15

summarized the average total and buried depths of tested piles for Bridge #6922.

Figure 5-50: Longitudinal Crack Along Pile 14
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Table 5-15: Piles Depths Assessment for Bridge #6922

Pile No. Assessed Total Pile Assessed Buried Pile
Depth (ft.) Depth (ft.)

Pile 1 25 16

Pile 2 224 13

Pile 3 25 14

Pile 14 16 7

Pile 15 16 7

Pile A 15 9.3

5.2.4 Bridge #1190 SE Field Test Results

SE tests were conducted on eight piles of Bridge #1190 in order to study
the outcomes that obtained from acquisition platform equipment. Piles 1,
8,10,15,19,21, A and B were selected to be tested. However, only the date that
obtained from conducting SE tests on Pile 8 and Pile 21 will be reviewed and
discussed, for brevity and to avoid repeating discussion of the results of piles that
have similar test characteristics to those mentioned previously. These two piles
were selected because they have different characteristics from piles already
discussed. Pile 8 has 4 inches of visible space at the pile top edge, which provided
the capability to strike the pile top directly. In addition, the location of Pile 21 is
such that the intermediate bent of the bridge cuts the stream path, which provided
an opportunity to study the influences of water pressure and sound on SE test
results.

5.2.4.1 Determination of Wave Velocity Within Timber Pile

The Bridge #1190 has the same characteristics as Bridge #6922, as well as

the same pile dimensions, joined girder type, and also pile type. Therefore, the
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same average wave velocity (15000 ft./sec) that was used to determine the piles
depths of Bridge #6922 was also used to assess the piles depths of Bridge #1190.

5.2.4.2 Pile 8

Pile 8 is located at the west side of the bridge, as shown in Figure 3-21. Six
SE tests were conducted on Pile 8 and three types of hammer tip were used for
providing the impact: hard, medium hard, and medium soft. The top edge of the
pile was accessible so that the direction of the striking applied was vertically
downward at point A on the top of the pile’s edge. One accelerometer was used
and connected to channel 6. Figure 5-51 illustrates the details of SE test setup for
Pile 8. Table 5-16 shows the characteristics and results of the SE field tests for
Pile 8. The same procedure that was used to estimate the total depth L: and buried
Lb depth was followed to estimate Bridge #1190 piles. Examples of the results that
were obtained from the accelerometer for tests t14, t17 and t18 are presented in
Figures 5-52 to 5-54, respectively.

The initial impulses and initial echoes are obvious in all velocity traces when
hard, medium hard, and medium soft hammer tips were used. Thus, these figures
indicated reliable data for all types hammer tips when the strike is conducted at top
of the pile’s edge. Hence, the results indicate that the average total depth of Pile 8

is 24 feet and the average buried depth is 17 feet.
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Figure 5-51: SE Test Setup for Pile 8 of Bridge #1190

Table 5-16: Characteristics and Results of SE Field Test for Pile 8

N Hza'mmer Direction of Accelerometer

Tip's Type Strike At (ps) | Lift) | Lp (ft)
t14 Hard A -Downward 2640 20.9 14.2
t15 Hard A -Downward 2660 21.05 14.35
t16 Med-hard A -Downward 2640 20.9 14.2
t17 Med-hard A -Downward 2980 23.45 16.75
t18 Med-soft A -Downward 3060 24. 5 17.35
t19 Med-soft A -Downward 3080 24.2 17.5

CASE Tests\Bridos# T190-5E {est data\1138-12 may 201514 s Ch 6. Bottem Depth = 195 i, &dditional Echio Beptiv = 19.35 ft [manual sel=ct shaft bottom]

0.0006 —

1
(i 2000

4000 6008

8000 10000 12000
Time {15=)

}
|
|

Figure 5-52: Velocity Trace of SE Test No. t14 Using Hard Tip- On Pile Top Edge
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Figure 5-53: Velocity Trace of SE Test No. t17 Using Medium Hard Tip- On Pile Top Edge
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Figure 5-54: Velocity Trace of SE Test No. t18 Using Medium Soft Tip- On Pile Top Edge

5.2.4.3 Pile 21

Pile 21 is located at the intermediate bent of the bridge, as shown in Figure
3-21. Twenty-four SE tests were conducted on Pile 21 in order to study the
influence of water pressure and sound on the SE test results. This pile is located
in a natural soil moisture zone. Four types of hammer tips were used for striking
the pile: hard, medium hard, medium soft, and soft. The top of the pile cap is
accessible, so the strikes are conducted downward on the pile cap at point A. Also,
vertically upward strikes are applied on the pile cap at point B. For these SE tests,
two accelerometers were attached and used, accelerometer 1 was connected to
channel 6 and accelerometer 2 to channel 7. The distance between the

accelerometers was 3.5 feet. Figure 5-55 illustrates the details of the SE test setup
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for Pile 21. Table 5-17 shows the characteristics and results of the SE field test for

Pile 21. The results obtained from accelerometer 1 for tests c1, c5, ¢7 and c10 are

presented in Figures 5-56 to 5-59, respectively.

Downward Sirike

¥

Girder A I
| B
1ft.
o Accelerometer #1
3.51¢.

[E— o€l——Accelerometer #2

6 Ti. Pile
Ground level

Figure 5-55: SE Test Setup for Pile 21 of Bridge #1190
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Table 5-17: Characteristics and Results of SE Field Test for Pile 21

Hammer Direction of Accelerometer 1 Accelerometer 2
TestNo Tip's Type Strike At (us) L, (ft.) Ly (ft.) | At (us) L, (ft.) Ly (ft.)
cl Hard A -Downward 3280 25.6 15.1 3100 27.75 17.25
c2 Hard A -Downward 3340 26.05 15.55 3480 30.6 20.1
c3 Hard A -Downward 3520 27.4 16.9 3480 30.6 20.1
c4 Med-hard A -Downward 3220 25.15 14.65 3280 29.1 18.6
c5 Med-hard | A -Downward 3300 25.75 15.25 3220 28.65 18.15
c6 Med-hard | A -Downward 3260 25.45 14.95 3260 28.95 18.45
c7 Med-soft A -Downward 3280 25.6 15.1 3360 29.7 19.2
c8 Med-soft A -Downward 3560 27.7 17.2 3660 31.95 21.45
c9 Med-soft A -Downward 3500 27.25 16.75 3460 30.45 19.95
cl0 Soft A -Downward 3480 27.1 16.6 3520 30.9 20.4
cli Soft A -Downward 3540 27.55 17.05 3520 30.9 20.4
cl2 Soft A -Downward 3540 27.55 17.05 3460 30.45 19.95
cl13 Hard B -Upward 2960 23.2 12.7 3120 27.9 17.4
cl4a Hard B -Upward 3000 23.5 13 3100 27.75 17.25
cil5 Hard B -Upward 2980 23.35 12.85 3040 27.3 16.8
cl6 Med-hard B -Upward 3100 24.25 13.75 3040 27.3 16.8
cl7 Med-hard B -Upward 3040 23.8 13.3 2980 26.85 16.35
cl18 Med-hard B -Upward 3120 24.4 13.9 3000 27 16.5
cl19 Med-soft B -Upward NS NS NS 3040 27.3 16.8
c20 Med-soft B -Upward 3160 24.7 14.2 2980 26.85 16.35
c21 Med-soft B -Upward 3100 24.25 13.75 2920 26.4 15.9
c22 Soft B -Upward NS NS NS NS NS NS
c23 Soft B -Upward NS NS NS NS NS NS
c24 Soft B -Upward NS NS NS NS NS NS

CASE Tests\Bridos# 1190-5E {est datsi1 130-5th nov 2015icT ifs: Ch &, Bottom Depth =24 6 ft | Additional Fcho Depth = <24 75 ft [manusl select shaft bottom]
00—

9.05 4

=}

Figure 5-56: Velocity Trace of SE Test No. c1 - Using Hard Tip- A Downward- Ch6
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Figure 5-57: Velocity Trace of SE Test No. ¢5- Using Medium Hard Tip- A Downward- Ch6
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Figure 5-58: Velocity Trace of SE Test No. c¢7- Using Medium Soft Tip- A Downward- Ch6
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Figure 5-59: Velocity Trace of SE Test No. c10- Using Soft Tip- A Downward- Ch6

The velocity traces that obtained from accelerometer 1 present reliable and
reasonable data set for all tests c1, ¢5, ¢7 and c10. Hence, hard, medium hard,
medium soft, and soft hammer tips can achieve successful test results with good
data when the pile is struck at point A. In conclusion, the data obtained from
accelerometer 2, if mounted far from the source of energy, indicates longer time

differences At which lead to assessing greater depths. The average total and
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buried depths of Pile 21 as assessed from data obtained from accelerometer 1 are
26.5 feet and 16 feet, respectively. Whereas, the average total and buried depths
of Pile 21 that were computed from data obtained from accelerometer 2 are 30 feet
and 19.5 feet, respectively.

The results of the SE tests obtained from the accelerometers, when the
strikes were conducted upward at point B, were consistent and reliable except
when the soft tip was used. When the softer hammer tip was used, the data
presented an unclear echo which complicates the interpretation of the velocity
trace. The average total and buried depths of Pile 21 that were obtained from
accelerometer 1 (when the upward strikes were conducted) are 26 feet and 16
feet, respectively. Furthermore, the average total and buried depths of Pile 21 that
were determined from the data obtained from the accelerometer 2 are 27 feet and
17 feet, respectively.

Figures 5-60 to 5-63 Iillustrate examples of data obtained from
accelerometer 1 when the strikes were conducted upward at point B using all types

of hammer tips.
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Figure 5-60: Velocity Trace of SE Test No. c14 - Using Hard Tip- B Upward- Ch6
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Figure 5-61: Velocity Trace of SE Test No. c17- Using Medium Hard Tip- B Upward- Ch6

&
£

(=1

d data (Result]-2016-Al\Eridges-\W/Col iestediBridge1120-12 May,5 Nov 2015Bridge# 1190-5E test dats)190-5th nov 201520 tis: Ch &, Bottom Depth = 23.55 ft,, Additional Echo Depth = 241
905~

/_j{ s

04 il N b ~ | i i B
8 00 10008 15000 20000 mw 35000 40008 s5000 50000
me (15

Figure 5-62: Velocity Trace of SE Test No. c20- Using Medium Soft Tip- B Upward- Ch6
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Figure 5-63: Velocity Trace of SE Test No. ¢22 - Using Soft Tip- B Upward- Shows Unclear Echo

Table 5-18 summarizes the average total and buried lengths of tested piles for

Bridge #1190.
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Table 5-18: Piles Depths Assessment for Bridge #1190

Pile No. Assessed Total Pile Assessed Buried Pile
Depth (ft.) Depth (ft.)

Pile 1 254 18

Pile 8 24 17

Pile 10 25 18

Pile 15 NS NS

Pile 19 34 24

Pile 21 26 16

Pile A 24 18

Pile B 19 14

5.3 Validation of SE Test Results

A total of 18 timber piles from different bridges were tested using Olson
Freedom Data PC equipment. Here, the SE field test data, obtained from testing
Pile 1 of Bridge #6922, were selected for equipment evaluation and validation
testing of the results using resonant frequency analysis. Figures 5-64 to 5-66
indicate resonant frequency data obtained from accelerometer 1 which was
connected to channel 5. The SE tests were conducted on the top of timber piles
using different hammer tips. From these figures, the resonant frequency spacing
(Af) can be estimated to equal 317 Hz. Then the total and buried depths of Pile 1
were computed as shown in Table 5-19 using Eq. 3.6 and Eq. 3-7. The estimated
depth of Pile 1 using the resonant frequency analysis approach is consistent and
reliable, and the values were close to those estimated depths that obtained from
using the time domain analysis. Thus, the results that were obtained from the SE
filed tests could be evaluated and validated by using resonant frequency that

obtained from Impulse Response Mobility plots.
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Figure 5-64: IR Mobility Plot for Test No. m1 Using Hard Tip- Pile 1- Bridge #6922
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Figure 5-65: IR Mobility Plot for Test No. m5 Using Medium Hard Tip- Pile 1- Bridge #6922
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Figure 5-66: IR Mobility Plot for Test No. m7 Using Medium Soft Tip- Pile 1- Bridge #6922
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Table 5-19: Validation of the Pile 1 Depths Using Resonant Frequency Approach

Using Res:nant .Frequency Using Time Domain Analysis
Test No. nalysis

Af (Hz) L (ft.) Ly (ft.) At (us) L (ft.) Ly (ft.)
ml 317 25.7 16.4 3000 24.5 15.25
m2 317 25.7 16.4 3000 24.5 15.25
m5 317 25.7 16.4 2840 23.3 14.05
m6 317 25.7 16.4 2960 24.2 14.95
m7 317 25.7 16.4 3100 25.25 16
m8 317 25.7 16.4 3000 24.5 15.25

The percentage of successful SE tests can be calculated using the

following formula:

Percentage of Successful =

Percentage of Successful =

Number of Successful Attempts

18

17
— X100 =94%
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Chapter 6

Conclusion and Recommendations

6.1 Summary

The objective of this study was to investigate the effectiveness of
determining the unknown bridge foundation depth by using the Sonic Echo
method. The SE test method was observed to be suitable for the determination of
unknown pile depth for bridges that are supported by timber pile abutments or
timber pile bents. The SE test method provides reliable and reasonable results for
determination of the depth of all tested piles except Pile 15 which belongs to Bridge
#1190. The reason for this unreliable data result for Pile 15 was that the pile was
submerged in the Rayado Creek stream. Pile 15 encounters high pressure from
water which provides a possibility of noise amplification that can lead to misleading
results, and made the interpretation of the data impossible. However, when Pile
21 is at the downstream of Rayado Creek, it encounters low pressure from water
which leads to a successful SE test performance. Therefore, it is recommended
that SE tests are conducted on the pile that is located in a low pressure water zone.

The SE test method provides reliable and reasonable results for
determination the unknown depth for all tested piles with an accuracy rate of £15%.
SE tests were conducted on 18 timber piles in different location at New Mexico.
The success rate of using the Sonic Echo method to determine the depth of
unknown bridge piles is 94%. The range of the depth of tested timber piles was

between 16 feet and 38 feet.
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Using the hard and medium hard hammer tips provided the best results,
especially when the strike was implemented at top of the pile (at point A). In cases
of absence of accessibility, a wooden wedge (block) can be attached to the pile
side using two anchor bolts (to prevent sliding) as an alternative method to provide
the strike. Upward strikes on the pile cap provide less accurate results but could
still be used as an alternative method. The assessed depth obtained when the
upward strike was conducted could be adjusted using the following empirical
equation:

Total Depth = 1.1 X Total Depth Obtained From Upward Strike Results 6.1

Strikes using medium soft and soft hammer tips are not recommended for use in
providing the impact in timber piles. When the aluminum wedge was used to
perform the SE test, the results were unreliable and the interpretation was difficult
in most situations. Therefore, use of an aluminum wedge is not recommended with
timber piles.

The data obtained from accelerometers that are attached close to the
source of energy provided the best results. Therefore, it is recommended that the
accelerometer is attached one feet from the top end of the pile. It is also
recommended that the SE test is repeated at least three times to avoid erroneous

results and readings.
6.2 Recommendation for Future Studies

For the current study to be even more effective, it is recommended that this

investigation is continued as follows:
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. Verify the SE method by applying the test in different types of known timber
bridge foundations.

Investigate the geology specifications of site location, especially the soil in the
surrounding area and underneath the pile to study its possible influences on
the reflection time and velocity trace shape.

. Create a timber pile sample collection at the Structural Lab at the University of
New Mexico for future indoor study and investigation by students to practice
using the SE equipment before they use it in the field.

Improve SE equipment to obtain a clear signal when the test is applied on
timber piles that are located in areas where water flow noise may influence
results.

. Used Fuzzy Logic method to determine the material properties of material.
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