AN ABSTRACT OF THE THESIS OF

Anthony William Sorentino for the degree of Master of Science in Civil Engineering

presented on March 20, 2012.

Title: Behavior and Analysis of Pile Caps with Poor Anchorage Details.

Abstract approved:

Christopher C. Higgins

Pile caps are structural elements used to transmit loads from structural columns
into pile groups. A pile cap is generally constructed of reinforced concrete and contains
only minimal flexural reinforcing steel. Using modern design methods, the anchorage of
the flexural steel may limit the design capacity of existing pile caps. To develop new data
on performance of existing pile caps with poorly detailed flexural reinforcing steel, four
pile cap specimens were constructed and tested. The specimens were full-size
representations of in-situ pile caps used in a mid-rise hospital building. Materials used to
construct the specimens were selected to represent those of the in-situ pile caps. Tests were
conducted until failure or the maximum capacity of the hydraulic loading system was
achieved. Design methods were used to compare the predicted design strength with the

measured experimental strength of the specimens. Based on the observed experimental



response, specimens exhibited either two-way punching shear or one-way shear failure
modes. Widespread yielding and little relative slip of the embedded reinforcing steel were
observed. The modern design methods were sometimes conservative and sometimes

unconservative in predicting the strength of the specimens.



©Copyright by Anthony Sorentino
March 20, 2012

All Rights Reserved



BEHAVIOR and ANALYSIS of PILE CAPS with POOR ANCHORAGE DETAILS

by

Anthony William Sorentino

A THESIS
Submitted to

Oregon State University

In partial fulfillment of

the requirements for the

degree of

Master of Science

Presented March 20, 2012

Commencement June 2012



Master of Science thesis of Anthony William Sorentino presented on March 20, 2012

APPROVED:

Major Professor, representing Civil Engineering

Head of the School of Civil and Construction Engineering

Dean of the Graduate School

I understand that my thesis will become part of the permanent collection of Oregon State
University libraries. My signature below authorizes release of my thesis to any reader
upon request.

Anthony William Sorentino, Author



ACKNOWLEDGEMENTS

Susan Sorentino: For the never-ending love and support, | could have never made it this far without you.

Christopher C. Higgins, PhD: Providing guidance throughout my career at Oregon State University.

Degenkolb Engineers: Providing Funding as well as assistance in the experimental design and

procedure.



CONTRIBUTIONS OF AUTHORS



TABLE OF CONTENTS

Page

1.0 INTRODUCTION and BACKGROUND ........cciiiiinieieirisicieesis et 1
2.0 LITERATURE REVIEW ......oiiiiii ettt 2
2.1 EXPerimental STUGIES .......cc.oiviiiieiiiiti it 2
2.2 Design and Analysis Methods ... 5
2.3 CUrrent DEeSIgN PrOVISIONS ........ccuiiiiiiiiiiieiieriereee s 10
3.0 EXPERIMENTAL PROGRAM ..ottt 11
3.1 Construction and MatEFIAIS. .........ccveriiiiiiiii e 12
4.2 INSTTUMENTATION ...t 16
3.3 Testing MethodOIOGY ........cciveieiiiiie e e nns 18
4.0 EXPERIMENTAL RESULTS ..ottt sttt sttt 37
AL PHIE CAP H3. ettt 38
B2 PHlE CAP HA ..o 39
A.3PHIE CAP H5. ..o 39
L Y o O T I SRR 41
4.5 Experimental CONCIUSIONS ........ccoiiiiiiiiiisie st 42
5.0 ANALYSIS .ot bbb 64
5.1 Finite EIemMENt MOUEIS........coiiiiiiiiii e 64

5.1.1 Element Section PropPerties.......cccoiiiiieie ittt 65



TABLE OF CONTENTS (Continued)

Page

5.1.2 Material PrOPEITIES .....cvciviiiiiiiieeic ittt st resne s 65
5.1.3 Boundary Conditions and Loading..........cccecerieeieeieenininiecsie e seeseesenesnesnnens 66
5.1.4 ASSEMBIY ... 67
5.1.5 Finite Element Modeling RESUILS ..........ccoveiiriiiiii e 67

5.2 Strut and Tie MOEIS ........ooeiiieicece e 74
5.2.1 SET RESUILS.....ccviiiiiiitiiieie ettt sttt e 75

5.3 One-way and Two-Way Shear MOGEIS............cceieiiiiiniiiie e 77
6.0 SUMMARY and CONCLUSIONS.........cccoiiiiiiiieisieiese e 82
REFERENCES ... .ottt sttt seaneanente e 85
APPENDICES ... .ottt sttt sttt et eneeneeneenesne et e e 87
APPENDIX A — Original Design DIaWings ........ccccevvevueieerieiesiesieseeiesieeeesre e e sneens 88
APPENDIX B — Shop Drawings of In situ Pile Caps..........cccccooiieniieiiiciiiniieneiees 92
APPENDIX C — Concrete Mix Design for In situ Pile Caps.........cccocvveriiiiininienenens 97
APPENDIX D — Concrete Core Strengths for In Situ Pile Caps.........cccoeevievieinnnnnnn 103
APPENDIX E — Concrete Mix Design for Pile Cap Specimens ..........cccovvvvvreneniennen. 107

APPENDIX F — Experimental Data for All Pile Cap Specimens............ccccccevvevveivenenn, 111



Figure Page
Figure 3.1.1a: Reference location for pipe bearing plates in Figure 2.10..........ccccoviinnene, 20
Figure 3.1.1: b) Side view and c) top view of bearing plate with reinforcing details

AL TOP OF PIPE PIIE .. 20
Figure 3.1.2a: Plan View — Pile Cap #3 ..o 21
Figure 3.1.2b: Reinforcement placement and formwork for Pile Cap #3........c.ccccevvevnennee. 21
Figure 3.1.2c: Elevation View - Pile Cap #3 ... 22
Figure 3.1.2d: Elevation view of completed specimen on strong floor — Pile Cap #3 ........ 22
Figure 3.1.3a: Plan view for Pile Cap #4 ........ccooiiiiiiiieieee s 23
Figure 3.1.3b: Reinforcement placement and formwork for Pile Cap #4..........cccccoovvennenn, 23
Figure 3.1.3c: Elevation plan — Pile Cap #4 ......c.cooeoii i 24
Figure 3.1.3d: Elevation view of completed specimen on strong floor — Pile Cap #4 ........ 24
Figure 3.1.4a: Plan View — Pile Cap #5. ...ttt s 25
Figure 3.1.4b: Reinforcement placement and formwork for Pile Cap #5..........cccccoovvinenes 25
Figure 3.1.4c: Elevation View — Pile Cap #5 .....oooveieiicie e 26
Figure 3.1.4d: Elevation view of completed specimen on strong floor — Pile Cap
2SS PO PP P TP PUPPTPPRPURPTRN 26
Figure 3.1.5a; Plan VIEW — Pile Cap #7......cccciveiieiie et 27
Figure 3.1.5b: Reinforcement placement and formwork for Pile Cap #7..........cccccoovvvnenns 27
Figure 3.1.5¢: Elevation VIiew — Pile Cap #7 ...coooveieiice e 28
Figure 3.1.5d: Elevation view of completed specimen on strong floor — Pile Cap #7 ........ 28

LIST OF FIGURES



LIST OF FIGURES (Continued)

Figure Page
Figure 3.2.1: Example strain gage location on reinforcing bar near bearing plate of

Q1T L= o L1 1= USSP 29
Figure 3.2.2: Example reinforcing steel slip displacement SENSor...........ccooevviviiiiiiinenns 29

Figure 3.2.3 Example vertical displacement measurements of specimen relative to

strong floor (yellow arrows) and pipe motion relative to concrete (red arrow)................... 30
Figure 3.2.4: Instrumentation plan for SPeCimen #3.........cccooviiiiiineneee e 31
Figure 3.2.5: Instrumentation plan for SPecimen #4 ..o, 32
Figure 3.2.6: Instrumentation plan for SPeCimen #5..........ccoovoviiiineieee e 33
Figure 3.2.7: Instrumentation plan for SPECIMEN #7 .........coeviiiriiiieieee e 34
Figure 3.3.1: Schematic Of teSt SEIUP ....vveivieiecci e s 35
Figure 3.3.2: Experimental setup with SpeCimen #5.........cccooviiiiiiiniieeeee e 35

Figure 3.3.3: W14x99 profile attached to 3 in. bearing plate (note: white material is
hydrostone used t0 grout DASEPIALE)...........coveiriiiiiieie e 36
Figure 3.3.4: Hydraulic Cylinder and Load cell for center pile control with

R LT[ T=T T RSO 36

Figure 4.1: Example of spurious slip data due to concrete cracking affecting the

INSErUMENTATION MOUNT. ...ttt sttt eneeseenreenes 44
Figure 4.3: Column load vs. Centerline vertical displacement — Pile Cap #3 ............c........ 45
Figure 4.4: Crack maps — Pile Cap #3 ......ooiiice e 46

Figure 4.5: Failure of Pile Cap #3 ..o e 47



LIST OF FIGURES (Continued)

Figure Page
Figure 4.6: Slip of reinforcement — Pile Cap #3 ... 47
Figure 4.7: Conditions at failure for Pile Cap #3...........cocvviiiiiiic e 48
Figure 4.8: Column load vs. Time — Pile Cap #4 .........coooeieiiiiiiiiiee e 49
Figure 4.9: Column load vs. Centerline vertical displacement — Pile Cap #4 ..................... 49
Figure 4.10: Crack maps — Pile Cap #4 .......ccoveiiviiii st 50
Figure 4.11a: Failure of Pile Cap #4.......ooooieiiiie s 51
Figure 4.11b: Punching of 3 in. thick bearing plate at failure of Pile Cap #4 ..................... 51
Figure 4.12: Slip of reinforcement — Pile Cap #4 .........ccooooiiiiiiniieie e 52
Figure 4.13: Conditions at failure for Pile Cap #4.........ccoooeiiiiiiiiieeeees e 53
Figure 5.14: Column load vs. Time — Pile Cap #5 ..o vee i 54
Figure 4.15: Column load vs. Centerline vertical displacement — Pile Cap #5 ................... 54
Figure 4.16: Crack maps — Pile Cap #5 ........coccviiiiiie e 55
Figure 5.17a: Failure of Pile Cap #5.......coiiiiiiiiiie s 56
Figure 4.17b: Punching of 3 in. thick bearing plate at failure of Pile Cap #5 ..................... 56
Figure 4.18: Slip of reinforcement — Pile Cap #5......cccoviveiiee i 57
Figure 4.19: Conditions at failure for Pile Cap #5........ccccoieiiiiiiniie e 58
Figure 4.20: Column load vs. Time — Pile Cap #7 ....cccccceevee i 59

Figure 4.21: Column load vs. Centerline vertical displacement — Pile Cap #7 (note:
displacement was reset to zero for different configurations)............ccccceeevviiiiii e, 59

Figure 4.22: Crack maps — Pile Cap #7 ....ccv oot 60



Figure

Figure 4.23:
Figure 4.24:
Figure 4.25:
Figure 4.26:
Figure 5.3a:
Figure 5.3b:
Figure 5.3c:
Figure 5.3d:
Figure 5.3e:
Figure 5.3f:
Figure 5.4a:
Figure 5.4b:
Figure 5.4c:
Figure 5.5a:
Figure 5.5b:
Figure 5.5¢:
Figure 5.7a:
Figure 5.7b:
Figure 5.7c:

Figure 5.7d:

LIST OF FIGURES (Continued)

Page
Slip of Reinforcement for Pile Cap #7 with 7 and 6 piles intact.................... 61
Pile Cap #7 after testing with piles 1, 4 and the center pile removed ............. 61
Slip of Reinforcement for Pile Cap #7 with 4 piles. ..o, 62
Conditions at maximum load for Pile Cap #7 ........cccvvieiiiviiiiiceens 63
Principal stress tensor Strut A (see Fig. 6.12) in Pile Cap #3..........ccceeeveveennee. 68
Principal compression Strut A (see Fig. 6.12) in Pile Cap #3.........cccoovvvrienns 68
Principal stress tension Strut A (see Fig. 6.12) in Pile Cap #3.........ccccveeveneen. 69
Principal stress tensor Strut B (see Fig. 6.12) in Pile Cap #3........cccooevvienns 69
Principal compression Strut B (see Fig. 6.12) in Pile Cap #3 ........ccccocvvvernnne 69
Principal tension Strut B (see Fig. 6.10) in Pile Cap #3 ......c.ccoovvvvivveveevinene. 70
Principal stress tensors cut along strut in Pile Cap #4........cccocevvviiiiincnnenn 70
Principal compression cut along strut in Pile Cap #4...........cccooveveiviivevesnnn 70
Principal tension stress cut along strut in Pile Cap #4.........ccocooeoiiniiniicnnenn 71
Principal stress tensors cut along strut in Pile Cap#5.......ccccoovvvvevevvcvvciienneen, 71
Principal compression stresses cut along strut in Pile Cap #5.........ccccccveeeee. 71
Principal tension cut along strut in Pile Cap #5.......cc.ccovvviriiviiii e 72
Principal compression Strut A (see Fig. 6.14) in Pile Cap #7 .....cccccovevvevnrnnee. 72
Principal tension Strut A (see Fig. 6.14) in Pile Cap #7 ......ccccceovvvviniincnennns 72
Principal stress tensor Strut B (see Fig. 6.14) in Pile Cap #7 ..........ccceveevennenn. 73
Principal compression Strut B (see Fig. 6.14) in Pile Cap #7 ....ccccoveevevvnnenne. 73



LIST OF FIGURES (Continued)

Figure Page
Figure 5.7e: Principal tension Strut B (see Fig. 6.14) in Pile Cap #7 ......cccooevvvivviinininenns 73
Figure 5.8: Pile Cap #3 Normalized reinforcement Strain ............cccccovvvveveie s, 79
Figure 5.9: Pile Cap #3 Normalized reinforcement strain .............cccoeovveviiiiiiiiiineins 80
Figure 5.10: Pile Cap #4 Normalized reinforcement Strain ............cccoccovveviniincnniinennns 80
Figure 5.11: Pile Cap #5 Normalized reinforcement Strain ..........ccccocovevivevieevinesieeieesne e, 80
Figure 5.12: Pile Cap #3 assumed S&T GEOMELIY........ccccerevririniiine e 81
Figure 5.13: Pile Cap #4 and #5 assumed S&T geOMELIY .......ccccvvevieieiieve e, 81

Figure 5.14: Pile Cap #7 assumed S&T GEOMELIY........cccereieiiririiiie e 82



LIST OF TABLES

Table Page
Table 3.1 : Reinforcing steel material Properties..........cocovviriririneneneseeeee s 14
Table 3.2a: Concrete COMPresSiVe PrOPEITIES. .....vcviieiieie et 15
Table 3.2b: Concrete tensile ProPerties. ..o 16
Table 4.1: Key data from all teSES. .......cveiiiiiiciec s 43

Table 5.1: ANalYSIS RESUILS ......ccveiiiiiic et e sre e 79



LIST OF APPENDIX FIGURES

Figure Page
Figure A.1: Original Design Drawing (1 0f 3) ......ccoooiiiiiiiiiiiine e 89
Figure A.2: Original Design Drawing (2 0F 3) ... 90
Figure A.3: Original Design Drawing (3 0f 3) .....cccooiiiiiiiiiiiisse e 91
Figure B.1: Shop Drawings of In-Situ Pile Caps (1 0F 4) ....cccccvviiiiniiiiieiseseeens 93
Figure B.2: Shop Drawings of In-Situ Pile Caps (2 0f 4)......ccccccceviveieevieic e 94
Figure B.3: Shop Drawings of In-Situ Pile Caps (3 0T 4) .....cccccoviiiiiiiiiccecicseiees 95
Figure B.4: Shop Drawings of In-Situ Pile Caps (4 0f 4) ..o, 96
Figure C.1: Concrete Mix Design for In-Situ Pile Caps (1 0f 5)......ccceviveniiiiininininens 98
Figure C.2: Concrete Mix Design for In-Situ Pile Caps (2 0 5) .....ccocevvrviviiiiiiiiciens 99
Figure C.3: Concrete Mix Design for In-Situ Pile Caps (3 0f 5) ....cccccvvcvviiiiieeiecneciinnn, 100
Figure C.4: Concrete Mix Design for In-Situ Pile Caps (4 0f 5) .....cccoovvviviniiiiiinciens 101
Figure C.5: Concrete Mix Design for In-Situ Pile Caps (5 0f 5)...ccoocvvevvivciiiiiiceie, 102
Figure D.1: Concrete Core Strengths for In-Situ Pile Caps (1 0f 3).....cccovvviviiiiicniniens 104
Figure D.2: Concrete Core Strengths for In-Situ Pile Caps (2 0 3).....ccccovevevvivciciinenn, 105
Figure D.3: Concrete Core Strengths for In-Situ Pile Caps (3 0f 3)......ccccccvvvivevncieennnnnn 106
Figure E.1: Concrete Mix Design for Pile Cap Specimens (1 0f 3) .....ccccoovivviiiviincnienns 108
Figure E.2: Concrete Mix Design for Pile Cap Specimens (2 0f 3) ......cccccvevevvivcicinenn, 109
Figure E.3: Concrete Mix Design for Pile Cap Specimens (30f 3) .....ccccoovvviiiiincnenns 110
Figure F3.1: Column Loading — Pile Cap #3......cco e 112
Figure F3.2: Column load vs. Strain (1 of 4) —Pile Cap #3 ..o iveviive e 112

Figure 3.3: Column load vs. Strain (2 0f 4) —Pile Cap #3 .....ccovevveviiieiicece e 113



Figure

Figure F3.4:
Figure F3.5:
Figure F3.6:
Figure F3.7:
Figure F3.8:
Figure F3.9:
Figure F4.1:

Figure F4.2:

FigureF4.3: Column load vs. Strain (2 of 4) — Pile Cap #4

Figure F4.4: Column load vs. Strain (3 of 4) — Pile Cap #4

Figure F4.5:
Figure F4.6:
Figure F4.7:
Figure F4.8:
Figure F5.1:
Figure F5.2:
Figure F5.3:
Figure F5.4:
Figure F5.5:
Figure F5.6:

Figure F5.7:

LIST OF APPENDIX FIGURES (Continued)

Column load vs

Column load vs

Column load vs

Column load vs

Column load vs

Column load vs

Loading — Pile Cap #4

Column load vs

Column load vs

Column load vs

Column load vs

Column load vs

Loading — Pile Cap #5

Column load vs

Column load vs

Column load vs

Column load vs

Column load vs

Column load vs

Page
. Strain (30f 4) —Pile Cap #3 .....ooviiiieeeeee e 113
.Strain (4 0of 4) —Pile Cap#3 ..o, 114
. Displacement (1 of 2) — Pile Cap #3........ccceovvvvvvniniiene. 114
. Displacement (2 of 2) — Pile Cap #3.......cccceoviviivininienen. 115
LSlip(Lof2) —Pile Cap #3 ...ocvve e 115
.Slip(20f2) —Pile Cap #3 ..o 116
................................................................................... 116
.Strain (L of 4) —Pile Cap #4 .....ocvovviiiieeee e 117
............................................... 117

.............................................. 118

. Strain (4 0of 4) —Pile Cap #4 .....oovvviiiieee e, 118
. Displacement (1 of 2) — Pile Cap #4........cccoeeevvevveirnnenn, 119
. Displacement (2 of 2) —Pile Cap #4........cccecevvivniiinenne. 119
.Slip (L10f2) —Pile Cap #4 ....oovviveececece e, 120
................................................................................... 121

. Strain (1 of 4) - Pile Cap #5 (5 piles).....cccccvvvvriiniiiriennnn, 121
. Strain (2 of 4) — Pile Cap #5 (5 piles) ......ccevvevivvivicinnnnn, 122
.Strain (30f 4) —Pile Cap #5 ...c.oovviiiicec e 122
. Strain (4 of 4) —Pile Cap #5 ..ccooviveiiie e, 123
. Displacement (1 of 2) — Pile Cap #5.......cccccoevveveernnnnnnn, 123
. Displacement (2 of 2) — Pile Cap #5........cccccvevivvevveinnnenn, 124



LIST OF APPENDIX FIGURES (Continued)

Figure Page
Figure F5.8: Column load vs. Slip (1 0f 2) — Pile Cap #5 .......ccooeviiiieieiecice e 124
Figure F5.9: Column load vs. Slip (2 0f 2) —Pile Cap #5 ....ccooveviiiiieiecece e 125
Figure F7.1: Column Load vs. Time —Pile Cap # 7.....ccoovvviiiiiiieeeeee e 126
Figure F7.2: Column load vs. Strain (1 of 4) — Pile Cap #7 (7 and 6 piles) ..........cc.cccen.. 126
Figure F7.3: Column load vs. Strain (2 of 4) — Pile Cap #7 (7 and 6 piles) ........cccccveunee.e. 127
Figure F7.4: Column load vs. Strain (3 of 4) — Pile Cap #7 (7 and 6 piles) ...........c.c.c... 127
Figure F7.5: Column load vs. Strain (4 of 4) — Pile Cap #7 (7 and 6 piles) ........c..ccceue.ee. 128
Figure F7.6: Column load vs. Strain (1 of 4) — Pile Cap #7 (4 PileS) .......ccccvvriiinencnns 128
Figure F7.7: Column load vs. Strain (2 of 4) — Pile Cap #7 (4 PileS) ......ccccovvvriviinennnns 129
Figure F7.8: Column load vs. Strain (3 of 4) — Pile Cap #7 (4 PileS).....c.ccocevvvevvenvrnnnnnn, 129
Figure 7.9: Column load vs. Strain (4 of 4) — Pile Cap #7 (4 Piles) .......cccovvvvviiiincnnnns 130

Figure F7.10: Column load vs. Displacements (1 of 2) — Pile Cap #7 (7 and 6

PHIES) ettt 130
Figure F7.11: Column load vs. Displacement (2 of 2) — Pile Cap #7 (7 and

LOI ] [=T) SRR SURS 131
Figure F7.12: Column load vs. Displacement (1 of 2) — Pile Cap #7 (4 Piles) ................. 131
Figure F7.13: Column load vs. Displacement (2 of 2) — Pile Cap #7 (4 Piles) ................ 132
Figure F7.14: Column load vs. Slip (1 of 3) — Pile Cap #7 (7 and 6 Piles) ............c.c....... 132
Figure F7.15: Column load vs. Slip (2 of 3) — Pile Cap #7 (7 and 6 Piles) .........c...cc....... 133
Figure F7.16: Column load vs. Slip (3 of 3) — Pile Cap #7 (7 and 6 Piles) .........cccceeu.e... 133

Figure F7.17: Column load vs. Slip (1 of 3) — Pile Cap #7 (4 PileS).......ccccccoevvvvveieiinann, 134



LIST OF APPENDIX FIGURES (Continued)

Figure
Figure F7.18: Column load vs. Slip (2 of 3) — Pile Cap #7 (4 Piles)

Figure F7.19: Column load vs. Slip (3 of 3) — Pile Cap #7 (4 Piles)



1.0 INTRODUCTION and BACKGROUND

Pile caps are structural elements used to transmit loads from structural columns
into pile groups. A pile group consists of a number of piles driven into soil within
relatively close proximity to each other. The piles resist applied vertical forces through
skin friction and/or end bearing. Pile caps link the pile group together and distribute the
column load to them. A pile cap is generally constructed of reinforced concrete. They often
do not use transverse reinforcing steel and contain only minimal flexural reinforcing steel.
The geometry of pile caps can vary widely depending on the number of piles, the relative
locations of the piles to each other, and the column reaction force. However, pile caps
generally have aspect ratios that would lead them to be considered as deep beams with

shear dominated response.

Modern design provisions for pile caps require adequate anchorage of reinforcing
steel with hooks and bends at the terminated ends. These details ensure that the reinforcing
steel can achieve the yield stress. Earlier designs, such as those prior to the 1980°s,
commonly used straight bar terminations for the flexural steel. The effectiveness of
flexural reinforcing steel with straight-bar terminations in large-sized pile caps is uncertain.
When using modern design provisions, such as strut-and-tie methods for evaluation, the
poorly detailed flexural steel may limit the strength of the cap. This was a concern in a
recent building renovation study for the Veterans Affairs Medical Center (VA) in Portland,

OR.

To provide for increasing demand for services, the hospital is considering adding

floors to one of the buildings on the medical campus. The ability of the existing



foundations to support higher column axial loads could limit the opportunity to add more
stories to the building. The steel columns in the VA Hospital are supported on foundations
made up of end-bearing steel pipe piles with reinforced concrete pile caps. Pile cap
geometry varies depending on the number of piles in the particular pile cap. Each pipe pile
is designed to resist 195 kips of vertical force. A feasibility study conducted by an
engineering firm to evaluate the potential for adding an additional story level found that
four different pile group arrangements would potentially be overstressed under additional
gravity loads associated with the building expansion. To minimize potential costly and
disruptive pile cap remediation, full-scale tests of each potentially deficient pile cap were
conducted to determine their maximum vertical load carrying capacities. These tests, the

results, and findings are reported in this thesis.

2.0 LITERATURE REVIEW

A review of the available technical literature on the behavior and strength of pile
caps was performed. The review considered past experimental studies as well as analysis

and design methodologies and the findings are summarized below.

2.1 Experimental Studies

Pile caps were first looked at by Blevot et al. [1967]. The focus of this study was
the influence of different reinforcement arrangements on the strength of pile caps.
Approximately 100 tests were performed on what were mostly half-scale specimens.
Specimens contained multiple pile arrangements. For the common four pile symmetric cap

it was found that the most effective reinforcement arrangement was to bunch the



reinforcement between piles. This arrangement provided an approximate 20 percent
increase in failure strength. For a three pile cap it was found that spreading the

reinforcement decreased strength by 50 percent.

Clarke [1973] became the next to do significant pile cap testing. A total of 15 half-
scale tested were performed to examine four pile caps. Also looking at arrangement Clarke
[1973] found that concentrating the reinforcement over the piles provided a 14 percent

increase in strength compared to spreading the reinforcement.

The next to look at reinforcement distribution as a scope of their study were
Adebar et al. [1990]. The main scope of this study was overall performance of the pile cap
and will be discussed in more detail later; however reinforcement distribution was also
examined. The study included six full-scale pile caps and results showed an increase in
strength of 18.6 percent when bunched reinforcement was used over uniformly distributed

reinforcement.

Suzuki et al. [1998] was the next to document studies that looked at the effect of
reinforcement layout. In this test 28 specimens were used to determine the effect of bar
arrangement as well as edge distance. Specimens were not full-scale, averaging
approximately 88.9cm (35 in.) on each side and about 20 to 30 cm (8 to 12 in.) thick. Three
main reinforcement layouts were used: uniform bar arrangement, bunched square
arrangement, and edge distance varied arrangement. It was found that bunched

reinforcement does provide for greater strength.



Edge distance is another factor of pile cap design that affects the behavior of the
cap under loading. Minimal testing has been done on the effects of edge distance. Edge

distance is defined as the distance from the pile to the outside edge of the pile cap.

Suzuki et al. [1998] found that increased edge distance provides greater yield
strength and greater ultimate strength. Shorter edge distances tend to lead to shear failure
quickly after initial flexural yield. Full-scale specimens may provide different failure
modes, as aggregate size was not scaled in this test and the overall depth of the cap may

provide for more linear stress distribution than in full scale testing.

Suzuki et al. [2000] establishes a similar approach as Suzuki et al. [1998]; this
time focusing mainly on edge distance. This testing included 30 specimens similar in size
to test done by Suzuki et al. [1998], with the exception of a few specimens as thick as
40cm (16 in.). All specimens were designed with respect to reinforcement, in an attempt to
produce flexural failure. The main variance in specimens of same size was edge distance.
Almost all specimens showed sudden increases in deflection at the estimated point of
reinforcement yield. The following conclusions were drawn: the greater the edge distance
the greater the cracking load, yield load, and maximum load and in the case of the thick
pile caps the edge distance influenced both cracking and strain relationships in the
specimens. This illustrates that the depth of concrete sections does affect the specimens’

response.

Based on the literature review of the available experimental studies, pile caps are
historically lightly reinforced elements. Shear reinforcement is almost never used and

flexural reinforcement is often placed in a single layer. The amount and distribution of



reinforcement affects the pile cap strength. Two main types of flexural reinforcement are
commonly used: 1) bunched reinforcement that places reinforcement groups over piles and
2) uniform reinforcement that distributes reinforcement uniformly across the pile plan
dimensions. Past experimental studies have also focused on reduced-scale models

consisting of a symmetrical four pile group.

2.2 Design and Analysis Methods

Clarke [1973] was also concerned with cause of failure and the best way to model
the behavior of pile caps. Two main theories existed at that time. First, bending theory
where the cap was modeled like a deep beam. The second was a truss analogy, which is the
foundation of strut and tie modeling. Results showed that the truss model was the best way

to model strength of pile caps with four or more piles.

Gogate et al. [1980] also examined the adequacy of the current state of design. At
the time of testing in 1980 the ACI 318-77 proposed a design of the pile caps in shear
similar to thin slabs. The shear limits provided in the code were found to be accurate only
for slender specimens with aspect ratios greater than approximately six. Gogate et al.
[1980] was the first to express the need for revisions to the current code in an attempt to

better reflect the behavior of deep pile caps.

Adebar et al. [1990] attempted to model the behavior of pile caps using strut and
tie. At the time the current ACI code 318-83 used a two part design method. ACI 318-83

simplified design to providing enough depth to account for shear using just the concrete



contribution and then provided reinforcement based on beam design. The experiment
included 6 full scale pile caps with varying shape and reinforcement layouts. Approximate
specimen size was 230cm wide by 180cm wide by 64cm deep (90 in x 70 in x 25in),
making these some of the largest tested specimens to date. The specimens included four
identical geometries with four piles, and two unique geometries. The four similar
specimens A,B,D and E received varying amounts of reinforcement in grouped, uniform or
a combination of placements. Pile cap F had the same pile spacing however any excess
concrete that was not considered part of a strut was removed. The result of this was a cross
or “+” shaped pile cap. The last pile cap (C) was cast with six piles with a rectangular cap.
Failure loads were then compared with current codes as well as a proposed S&T model.
The authors provided multiple findings. Increased reinforcement did provide greater
strengths. The removal of excess concrete for cap F did not greatly affect ultimate strength,
just 6% less. Specimen F was more brittle than the full specimen. Adebar et al. [1990]
associated splitting of the compression struts as a source of failure. This occurs when the
compression stress spreads horizontally and creates tension in the concrete which can lead
to failure. This type of spreading occurs in what is referred to as “bottle-struts”. It is
concluded that bearing stress can be an indicator of possible compression strut failure and
by limiting bearing stress it is possible to limit this failure. Adebar et al. [1990] concluded
that four of the six pile caps failed due to splitting of the struts before reinforcement

yielding.

In an effort to examine his 1990 theory that bearing stress can control strut
strengths in a pile cap, Adebar et al. [1993] tested 40 cylinders ranging from approximately

6 to 8 inch (15 to 20 cm) diameter. Maximum aggregate size for testing was 19mm (3/4



in). The results of this testing suggest that bearing ACI Building code 318-89 may not be
conservative when regarding large structures such as pile caps. Results provided a
maximum bearing stress limit dependent on the aspect ratio of the compression strut,

amount of confinement, as well as geometry of the compression zone.

Adebar et al. [1996] published work on how to design pile caps using strut and tie
models. This work includes an in-depth discussion on what the current design methods are.
The authors did not test any pile caps exclusively but instead used data gathered by earlier
works including Deutsche and Walker [1963], Blevot et al. [1967], Clarke [1973], Gogate
et al. [1980] and Adebar et al. [1990]. A total of 48 pile caps are compared in this study.
Each is predicted using ACI‘77, ACI ‘83, ACI (11-8), the CRSI handbook as well as the
authors S&T model. The results do not show the S&T to be more effective when
comparing experimental to predicted strengths however the coefficient of variation is
slightly smaller. An important conclusion is that all methods are still conservative Adebar
et al. [1996] based his S&T model on Adebar et al. [1993] and limits the bearing stress
based on confinement of the strut as well as its aspect ratio. A conclusion is reached that by
combining the authors bearing stress limit with ACI Code shear design procedure it is
possible to cover a wide range of slenderness; ACI procedure controlling more slender
caps while the authors check limiting deep caps. It is concluded that any pile shear force
within a critical section (d or d/2) from the face can be ignored because in these instances

bearing will control.

Park et al. [2008] did a comparative study of existing data from previous pile cap
testing. No original data was presented in this report. Analysis of 6 different design

methods was used. Data from Clarke [1973], Suzuki et al. [1998], [1999], [2000], Otuski



[2002], and Gogate et al. [1980] were selected, a total of 116 mostly scaled pile cap tests
were selected. In this study six design methods were used, special provisions for slabs and
footings of ACI 318-99, CRSI design handbook [2002], and strut and tie methods in ACI
318-05, CSA [2004], Adebar et al. [1996], and Park et al. [2008]. Initial investigations
were selected to find the accuracy (ultimate test load over predicted load) and variation of
the different methods. Results were as follows: ACI318-99 mean 1.97 COV 0.17, CRSI
mean 1.96 COV 0.17, ACI318-05 mean 1.73 COV .24, CSA mean 1.74 COV 0.20, Adebar
et al. [1996] mean 1.44 COV 0.18, and authors mean 1.41 COV 0.18. Initial results
showed that the most accurate methods were Adebar et al. [1996] and Park et al. [2008].
Initial results were based on the limiting failure mode of each method versus the failure
load. When considering failure type the authors found more accurate representations. Park
et al. [2008] reported that the limiting load for the majority of the ACI 318-99 and CRSI
results was flexural strength. However, many of the tested specimens were reported to fail
in shear. The authors compared the results of the reported shear failures with the shear
predictions for these methods. It was found that over half of the shear failures were less
than the predicted shear strengths. Therefore, in many cases ACI 318-99 and CRSI appear
to underestimate flexural strength and over predict the shear strengths. ACI 318-05 and
CSA 2002 show some similar results. When these methods were used to predict the
strength of piles caps reported to fail in shear, it was found that they underestimated the
flexural strength of the ties and in some cases overestimated the strength in shear of the
strut or nodal zones. Adebar et al. [1996] was found to predict conservative values for all
tests, however most were controlled by the flexural prediction. Adebar et al. [1996] used

bearing capacity as an indicator of strut strength. As in the other methods it was found that



specimens that failed in shear had a predicted shear strength greater than failure. Results of
this report suggest that Adebar et al. [1996] bearing strength limit is not a good indicator of
pile cap strength as suggested also by Fenton et al. [2004]. The Park et al. [2008] method
was capable of predicting conservative shear values for the pile caps that fit a particular
range. Shear span to depth ratios between 0.49 and 1.8 and a concrete strength less than
5900 psi (41 MPa). The work done by Park et al. [2008] suggests that S&T methods are

the best tool we have for estimating pile cap strengths.

Ahmad et all. [2009] provided more evaluation of S&T modeling used in pile cap
analysis. In this study six four-pile caps were cast and tested. Uniform reinforcement was
used. The authors provide a quick description of past works but do not use any borrowed
data. The model used by the authors is a two-dimensional representation of pile caps. The
authors attribute failure of the specimens to shear and conservatively predicted failure to
approximately 90% the ultimate load. From provided figures it would appear that one-way
shear was the failure mode. The authors agree with earlier works that S&T is the best tool
for estimating capacity. It is also concluded that because S&T is open to variation by the
designer as to the geometry of the assumed truss, thus predicted loads can be greatly
affected by designer assumptions. Ahmad et al. [2009] urges more research be done in an

attempt to generalize an S&T model for pile caps.

Souza et al. [2009] attempted to developed a three dimensional (3D) S&T model
for four-pile caps. In this work, the authors use data from previous researchers Blevot et al.
[1967], Clarke [1973], Suzuki et al. [1998], [1999], [2000], and develop a 3D S&T model
for predicting strength of pile caps as well as failure mode. The proposed model is based

on a four-pile cap. Failure is based on shear strength or flexural strength and equations
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were developed based on geometry of the assumed S&T model. The model is shown to
accurately predict failure to 87% for the 129 four-pile caps tested with an average test load
to predicted failure of 1.01 and coefficient of variation of 23%. For cracking and yielding
predictions only 67 and 69 specimens respectively were used due to limiting data, however
predictions for these specimens were also very accurate. The model uses empirical
coefficients for cracking, yielding, and failure that were developed from this data set.
These coefficients greatly affected the accuracy of the model and it is unseen how good

they represent specimens that were not a part of the test group.

2.3 Current Design Provisions

The American Concrete Institute (ACI) regulates concrete design in the United
States of America. The current code, ACI 318-08, developed by committee 318 was issued
in 2008. ACI 318-08 has multiple approaches to pile cap design. The code provides that
foundations supported by piles be designed to satisfy moment and shear. Flexural
requirements including reinforcement layout requirements are prescribed based on a
maximum moment demand. ACI 318-08 bases shear demand on location of piles relative
to the column. For shallow pile caps, when the distance between the axis of the pile cap
and axis of the column is more than two times the distance from the top of the pile cap to
the top of the pile, ACI 318-08 requires the pile cap satisfies both requirements for shear in
footings and slabs. For foundations on piles that do not satisfy the above criteria, ACI 318-
08 requires either the cap is designed to satisfy the same requirements as if it did meet the
criteria or it is designed using an S&T approach. The alternative S&T approach was

introduced into the ACI code in 2002.
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2.4 Summary and Needs

Based on the literature review, past experimental studies have focused on reduced-
scale models consisting of a symmetrical four pile group. The applicability of results from
reduced-scale models to large-sized pile caps is uncertain considering the disturbed strain
fields and possible scale effects. The current state of design is the strut-and-tie (S&T)
approach. S&T modeling allows the designer to simplify the behavior into and equivalent
truss. The struts are the compression elements usually concrete, and the ties are the
reinforcement providing tension. The anchorage of the ties is essential to the model
outcomes and is uncertain for pile caps with poor reinforcing details at nodal regions.
These uncertainties warrant more detailed study and development of experimental evidence
on performance of large-sized pile caps with poorly detailed flexural reinforcing steel. To
produce new data and compare with available design and analysis methods, an

experimental program was undertaken as described in the next section.

3.0 EXPERIMENTAL PROGRAM

In order to address the conservative pile cap strengths discussed above, an
experimental program was developed. The program consists of full scale testing of replica
pile caps representing the in-situ piles supporting the VA Hospital. The program consisted
of material selection, specimen design, instrumentation, testing, data reduction, and

reporting.

Four pile caps were considered in the present project and are identified as Pile Cap

#3, #4, #5, and #7 according to the original design drawings, where the number indicates
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the number of steel pipe piles in the cap. The specimens were full-size representations of
those presently supporting steel columns in the VA Hospital. The pile cap specimens were
constructed according to the available original design drawings and reinforcing steel shop
drawings (Appendix A and B, respectively) for the VA Hospital. Specimen designs and
instrumentation plans were reviewed and approved by Degenkolb Engineers prior to
construction. These following sub-sections describe specimen construction, testing

methods, and experimental results of the four full-scale pile cap tests.

3.1 Construction and Materials

The specimens were constructed in the Structural Engineering Research
Laboratory at Oregon State University. Specimens were designated as Pile Cap #3, Pile
Cap #4, Pile Cap #5, and Pile Cap #7, according to the number of pipe piles in each pile
cap and correspond to the naming convention described in the original design drawings.
Pile Cap #3 was triangular, Pile Caps #4 and #5 were square, and Pile Cap #7 was
hexagonal. The first test was of Pile Cap #4, which was performed on April 22, 2011. The
second test was of Pile Cap #3, which was performed on May 23, 2011. The third test was
of Pile Cap #5, conducted on July 14", 2011. The last specimen, Pile Cap #7, was tested

August 30", 2011.

The pile cap specimens included an upper portion of the pipe piles, a layer of
reinforcing steel, and anchor rods with confining ties to permit attachment to a column
base plate. To represent the pipe piles in the present tests, only a short upper portion of the
pipe was used. The simulated pipe piles were short sections of 24.4 cm (9-5/8 in.) diameter

round pipe with 1.2 cm (0.472 in.) nominal wall thickness. This is that same as that
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specified for the driven pipe piles in the VA Hospital. Four pieces of 24 in. long #4
reinforcing steel were welded to the pipes and 2.5 cm (1 in.) thick, 30.5 cm (12 in.) square
steel bearing plates with holes corresponding to the reinforcing bar locations were placed
on the tops of the pipe piles as illustrated in Fig. 3.1.1a. These represent the in situ details.
Original construction drawings indicated that the top of the pile was to be cut flush to
obtain 50% minimum bearing. However, the laboratory pipes were saw cut and thus the
plates sit flush on the full cross section of the pipes. The pipes extended 4 in. into the
bottom of the pile caps. For specimens #3 and #4, a pipe pile length of 25.4 cm (10 in.) was
selected to provide sufficient room under the pile cap for placement of instrumentation. For
specimens #5 and #7 longer pipe lengths (75 cm (29.5 in.)) were used to allow placement
of a hydraulic cylinder and load cell under the center pile (this is described in more detail

in the Testing Methodology). For each of the specimens, a layer of ASTM A615-Grade 60
reinforcing steel was fabricated and placed according to the reinforcing steel fabrication
shop drawings (shown in Appendix B). The reinforcing steel was held above the pipe
bearing plates with 1.5 in. chairs. The geometric and reinforcing details for the specimens
are shown along with photographs of the reinforcing layouts and completed specimens in
Figs. 3.1.2ato 3.1.5d and Figs 3.1.1b to 3.1.1c. To establish the material properties of the
reinforcing steel, tensile tests were performed in accordance with ASTM E8. The measured
mechanical properties are shown in Table. 3.1. Data shown in Table 1 are the average of

two samples with 2 in. gage lengths.
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Table 3.1 : Reinforcing steel material properties.

Property Pile Cap #3 | Pile Cap #4 | Pile Cap #5 | Pile Cap #7
Bar Size #7 #7 #8 #8
f, (ksi) 69.5 69.3 66.4 66.6
f, (ksi) 97.0 96.8 96.9 935
% Elongation 19% 24% 28% 24%
Heat Number 221409 416910 - 120411
Supplier Cascade Cascade Cascade Cascade

The concrete mix design used during construction of the in situ pile caps was
provided in the construction documents and is reported in Appendix C. Because the pile
caps represented by the present specimens have been in service for over 20 years, they
have gained significant compressive strength above the specified design strength. Cores
taken for Degenkolb Engineers from the in-service pile caps were tested by an outside
testing service (Appendix D) and the reported compressive strengths for three cores were
46, 46, 42.8 MPa (6670, 6670, and 6210 psi). The average strength was 44.9 MPa (6517
psi). A single core was tested to establish the split tensile strength as 3.8 MPa (550 psi). To
reasonably represent the in-situ pile cap concrete materials, a concrete mix was developed
to provide reasonably representative compressive and tensile strengths based on data from
cores taken from the in situ pile caps. The mix design used for the present experimental
study is shown in Appendix E. A key aim of the mix was to achieve relatively high
compressive strength in a short period of time (two weeks) yet retain the aggregate size,
type, and distribution representative of the in situ materials. For this project, both cores

and cylinder molds were used to assess the concrete properties. The cores were tested
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according to ASTM C42 and the cylinders according to ASTM C39. The concrete material
properties are reported in Table 3.2a and 3.2b. As seen here, the compressive strength of
the concrete used in three of the four specimens was below the average strength from cores
removed from the in situ pile caps. For specimen #3, the cored strengths were less than the
in situ strength, while the samples taken from molds were higher. The average of these is

approximately equal to the in situ strength.

Table 3.2a: Concrete compressive properties.

. Relative .
Specimen | Sample Test Type Nominal fie Average St.
ID ID Diameter Dev.
Day*
(in.) (psi) (psi) (psi)
1 0 Mold 4 6748
2 0 Mold 4 6806 6860 145
43 3 0 Mold 4 7022
4 +2 Core 4 7245
5 +2 Core 4 5903 6170 971
6 +2 Core 4 5359
1 +2 Core 4 5363
2 +2 Core 4 4821
#4 3 +2 Core 4 5588 >100 445
4 +2 Core 4 4643
1 0 Mold 4 6271
#5 2 0 Mold 4 5792 5940 291
3 0 Mold 4 5746
1 0 Mold 4 6147
#7 2 0 Mold 4 5472 5820 779
3 0 Mold 4 5828

* Number of days after pile cap failure that cores were tested



Table 3.2b: Concrete tensile properties.

Specimen

Sample

Nominal

D D Type Diameter fct Average | St. Dev.
(in.) (psi) (psi) (psi)
1 Mold 4 659
#3 2 Mold 4 635 650 17
3 Mold 4 667
1 Core 4 615
#4 2 Core 4 649 630 25
1 Mold 4 542
#5 2 Mold 4 538 570 49
3 Mold 4 624
1 Mold 4 594
#7 2 Mold 4 554 590 37
3 Mold 4 629

During construction,

16

concrete was placed in three lifts and consolidated with

vibrators. The concrete strength was achieved within approximately two weeks of casting

based on cylinder tests made during the time of concrete placement. After curing, the

specimens were moved onto a strong floor for testing. To allow the specimens to be lifted

into place on the strong floor, lifting inserts were placed in the concrete over the pile

locations in regions of the specimens that were considered to be outside the stress fields

when column loads were applied.

4.2 Instrumentation

All specimens were instrumented prior to testing. Sensors were placed to measure

the applied loads, strains in the reinforcement, slip of the reinforcing steel relative to the

concrete, and vertical displacements of the pile cap relative to the strong floor. Summary
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instrumentation for each test is as follows: Pile Cap #3 received 32 strain gages, 10
displacement sensors and 16 slip sensors. The gages or gage wires are sometimes damaged
as a resultant of concrete placement. When this occurs, the sensor can no longer be used to
collect data. For the specimens in this study, the number of gages damaged was relatively
small. Only 1 strain gage was damaged during construction of Pile cap #3. Pile Cap #4
received 34 strain gages, 13 displacement sensors and 16 slip displacement sensors. Three
of the 34 strain gages in Pile Cap #4 were damaged during construction. Pile Cap #5
received 38 strain gages, 13 displacement sensors and 18 slip displacement sensors. Three
strain gages were damaged during construction. Pile Cap #7 was instrumented with 34
strain gages, 13 displacement sensors and 21 slip sensors. Three strain gages were

damaged during construction of Pile Cap #7.

To measure strain in the reinforcement, general purpose strain gages were bonded
at selected locations on the reinforcement as illustrated in Fig. 3.2.1. These were located
near the bearing plates and in between the pipe piles as detailed in the instrumentation
plans. The selected gage size was sufficiently small as to fit between the deformation ribs
on the rebar. The gages were protected from the wet concrete with mastic, multiple nitrile

butyl coatings, and then covered with aluminum foil tape.

Possible slip of the reinforcing bars was measured relative to the exterior surface
of concrete at selected reinforcing steel locations. After building the forms, holes were
drilled through the forms at the desired slip measurement locations. Short lengths of
polyvinyl chloride (PVC) pipe were placed through the holes in the forms and onto the

ends of the reinforcing bars. This allowed access to the ends of the reinforcement after the
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concrete cured and the forms were removed. Displacement sensors were mounted on an
exterior bracket that was bonded to the concrete surface. The tip of the sensor was placed
in contact with the end of the reinforcing bars to enable direct measurement of slip of the
bar relative to the concrete. An example reinforcing bar slip instrument location is shown

in Fig. 3.2.2.

In addition to reinforcement slip, displacement sensors were placed on the
specimens to measure vertical displacement relative to the strong floor at selected locations
as illustrated in Fig. 3.2.3. Instrumentation plans for all 4 pile caps can be found in Figs.

3.24t03.2.7.

3.3 Testing Methodology

A reaction frame was fabricated to conduct the tests. The frame consisted of two
W40X431 cross beams and eight 3.5 cm (1-3/8 in.) diameter Dywidag bars on each side.
The Dywidag hold downs were anchored into a strong floor. The testing frame is illustrated

schematically in Fig. 3.3.1 and shown in Fig. 3.3.2.

Load was applied using two 3559 kN (800 kip) nominal capacity hydraulic
cylinders. Load was measured directly with load cells placed in series with the hydraulic
cylinders. The applied load was transmitted to a spreader beam which reacted against a
W14x99 profile attached to a 7.6 cm (3 in.) thick steel bearing plate (Fig. 3.3.3). The

bearing plate was placed on the concrete pile cap surface and grouted with hydrostone.
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Pile caps #5 and #7 were outfitted with an additional hydraulic cylinder and load
cell placed in series with the center pile, as shown in Fig. 3.3.4, to manually control the
magnitude of load transmitted to the center pile. The force distribution to the pipes was
established in previous studies by the engineering consultant to the hospital considering the
typical pile lengths in the pile groups considered. The center pipe pile was assigned 10%
more load than the adjacent piles. Load transmitted to the center pile of Pile Caps #5 and
#7 was monitored and manually controlled using a separate hydraulic cylinder actuated by
a manual hydraulic pump. To conduct the tests for Pile Caps #5 and #7, the center pile was
loaded first to near the target value and then the column load was increased to the target
value. Adjustments were made to either the applied column load or applied center pile

load to achieve the prescribed distribution of pile forces.

The tests were conducted by manually increasing the pressure applied to the
hydraulic cylinders to apply load to the column base plate on the surface of the pile caps.
Data from sensors were continuously acquired using a commercially available data
acquisition system. Load was monotonically increased until failure of the specimen or the
capacity of the hydraulic cylinders was reached. Throughout the tests, specimens were
monitored to identify cracking and other visible distress. At set load intervals, the loading
was suspended and visible cracking was mapped on the concrete surface and recorded.

Digital images and video were also collected to document the tests.

All data were collected, stored, and reduced, and are reported here. Data reduction
included zeroing initial sensor values, removing spurious artifacts, and correcting sensor

offsets that occurred during testing. No data averaging or smoothing was performed.
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Figure 3.1.1a: Reference location for pipe bearing plates in Figure 2.1b

Figure 3.1.1: b) Side view and c) top view of bearing plate with reinforcing details at top of
pipe pile
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Figure 3.1.2a: Plan View — Pile Cap #3

Figure 3.1.2b: Reinforcement placement and formwork for Pile Cap #3
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Figure 3.1.2d: Elevation view of completed specimen on strong floor — Pile Cap #3
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Figure 3.1.3a: Plan view for Pile Cap #4

Figure 3.1.3b: Reinforcement placement and formwork for Pile Cap #4
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Figure 3.1.3d: Elevation view of completed specimen on strong floor — Pile Cap #4
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Figure 3.1.4a: Plan View — Pile Cap #5

Figure 3.1.4b: Reinforcement placement and formwork for Pile Cap #5
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Figure 3.1.4d: Elevation view of completed specimen on strong floor — Pile Cap #5
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Figure 3.2.1: Example strain gage location on reinforcing bar near bearing plate of pipe
pile

Figure 3.2.2: Example reinforcing steel slip displacement sensor
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Figure 3.2.3 Example vertical displacement measurements of specimen relative to strong
floor (yellow arrows) and pipe motion relative to concrete (red arrow)
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Figure 3.2.4: Instrumentation plan for specimen #3
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Figure 3.2.5: Instrumentation plan for specimen #4
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@ Displacements (13 total, 9 relative to strong floor, 4 on piles)

mmmm Reinforcing bar end slip (18 relative to concrete surface)
Designation - Bar then direction (4S = bar 4 southern face)

B Uniaxial strain gages on reinforcing bars (38 total, arrow shows orientation)
Designation - Bar then Location relative to cross bars
B Damaged During Construction

Figure 3.2.6: Instrumentation plan for specimen #5
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® Displacements (13 total, 7 relative to strong floor, 6 on piles)
Designation - Location then Pile # (TP = top, BP = bottom)
mmmm Reinforcing bar end slip (21 relative to concrete surface)
Designation - Bar then direction (4S = bar 4 southern face)

W Uniaxial strain gages on reinforcing bars (34 total, arrow shows orientation)
Designation - Bar then Location relative to cross bars
® Damaged during construction

Figure 3.2.7: Instrumentation plan for specimen #7
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Elevation View Looking North

Figure 3.3.1: Schematic of test setup

Figure 3.3.2: Experimental setup with specimen #5
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Figure 3.3.3: W14x99 profile attached to 3 in. bearing plate (note: white material is
hydrostone used to grout baseplate)

Figure 3.3.4: Hydraulic Cylinder and Load cell for center pile control with specimen #5
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4.0 EXPERIMENTAL RESULTS

In this section, the experimental results for each specimen are reported. These
include failure load and mode, as well as measured reinforcement slip data, vertical
displacement data and visually observed crack patterns. The full data sets are included in
Appendix F3, F4, F5, and F7 for specimens #3, #4, #5, and #7, respectively. Selected data
are included in the main body of this report to highlight the observed behavior and

performance of the specimens.

Reinforcement slip was monitored for several reinforcement bars in each
specimen. Some measureable slip was observed for each of the specimens as described
subsequently. To describe the slip and bond behavior of reinforcing steel, early studies
commonly reported test results as the slip of the reinforcing bar at maximum load or stress,
or the force or stress in the bar at a particular slip value. The common slip value used in the
archival literature was 2.54 mm (0.01 in.) and was taken either at the loaded or unloaded
end of the bar. It is important to recognize that much of the archival work was concerned
with working stress conditions and the 2.54 mm (0.01 in.) slip value may not correspond to
any particular limit state. However it does serve as an historical reference value and thus
was chosen for use in this report as a reference value to distinguish slip at the ends of the
reinforcing bars relative to the concrete surface. There were some instances where concrete
cracking disturbed the instrument mounting and caused a jump in the sensor output. An
example of this is shown in Fig. 4.1. As seen in this figure, after the observed jump the
reinforcing bar does not show further slip even as the applied load increases. There were

other instances where the sensors debonded from the concrete surface during testing. These
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were reattached with testing in progress and the data were post-processed to remove the

offset and make the data continuous.

Another important feature of the tests was to assess if yielding occurred in the
reinforcement. To establish this, a theoretical yield stress of 413.7 MPa (60 ksi) and
modulus of elasticity of 200 GPa (29,000 ksi) were used. For these values, the theoretical
yield strain is approximately 2100 microstrain (10°/10) for the nominal Grade 60
reinforcing steel. The locations with strains above nominal yield and the vertical

displacements at failure are shown for each specimen.

4.1 Pile Cap #3

Pile Cap #3 was tested on May 23, 2011. The applied load history is shown in Fig.
4.2. The load- vertical displacement of the specimen (under the column load) is shown in
Fig. 4.3. The specimen developed cracks at approximately 2891 kN (650 kips) and was
loaded to the capacity of the hydraulic system, approximately 1530 Kips. Failure was not
reached at this load. The specimen was then unloaded. Upon unloading the specimen,
additional cracks were observed at the top surface of the concrete pile cap. A map showing
the progression of cracks is shown in Fig. 4.4. The specimen was then reloaded. It was able
to achieve and briefly sustain a load of 6805 kN (1513 kips) before failure. At failure, the
bottom center point of the pile was displaced 0.16 inches relative to the strong floor. The
observed failure mode for Pile Cap #3 was one-way shear associated with one of the corner
piles as shown in Fig. 4.5. Several locations indicated small amounts of reinforcing slip as
seen in Fig. 4.6. The first reinforcing steel slip was observed at a load of 4003 kN (900

kips). None of the slip locations achieved the reference reinforcing bar slip of 2.54 mm
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(0.01 in.) The locations of instrumented reinforcing bars at yield when the specimen failed
are shown in Fig. 4.7. As seen in the figure, the small amount of rebar slip did not

adversely affect the ability of the reinforcing steel to achieve yield across the specimen.

4.2 Pile Cap #4

Pile Cap #4 was tested on April 22, 2011. The applied load history is shown in Fig.
4.8. The load-centerline vertical displacement of the specimen is shown in Fig. 4.9. Initial
cracking was observed at an applied load of approximately 2224 kN (500 kips) and cracks
were observed on all four sides of the specimen. The load was increased until failure a
peak load of 5530 kN (1243 Kips). At failure, the bottom center point of the pile was
displaced 50.8 mm (0.20 inches) relative to the strong floor. The observed failure mode for
Pile Cap #4 was punching shear of the column base plate through the specimen as shown
in Fig. 4.11. Several locations indicated small amounts of reinforcing slip as seen in Fig.
4.12. The slip was first observed at a load of (2224 kN) 500 kips. Only four locations
achieved the reference slip of 2.54 mm (0.01 in.), the earliest at a load of 4450 kN (1000
kips). The locations of instrumented reinforcing bars at yield when the specimen failed are
shown in Fig. 4.13. As seen here, the small amount of rebar slip did not adversely affect

the ability of the reinforcing steel to achieve yield across the specimen.

4.3 Pile Cap #5

Pile Cap #5 was tested on July 14™, 2011. This specimen has a pipe pile located
directly under the column base plate. As described earlier, the center pile was actively

controlled with a separate hydraulic cylinder. To include the center pile influence, this test
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was conducted in two parts: 1) the center pile was active and 2) the center pile was
removed. The applied load history is shown in Fig. 4.14 with the center pile load also
shown in this figure. The load-centerline vertical displacement of the specimen is shown in
Fig. 4.15. During part 1, the specimen did not fail and the limits of the hydraulic loading
system were reached at a maximum load of 6859 kN (1542 kips). The center displacement
observed at this load was 27.4 mm (0.108 in.) at around 2224 kN (500 Kips), initial
cracking was observed on the southern face however it wasn’t until approximately 4003
kN (900 kips) that cracking was observed on all 4 sides of the specimen. Observed crack
patterns and corresponding loads are shown in Fig. 4.16. The first slip readings were
recorded at 5960 kN (890 kips) however it wasn’t until 6228 kN (1400 kips) that the

reference slip of 2.54 mm (0.01 in.) was reached.

After reaching the limits of the hydraulic loading system, the applied load was
taken off the specimen and the center pile was removed. Then the test repeated. The
applied load history for this part is also shown at the end of Fig. 4.13. The applied load-
vertical deformation at the center of the pile cap is also included in Fig. 4.14. The load was
increased until failure at a peak load of 5511 kN (1239 kips). The specimen was softer and
exhibited more distributed and wider cracking with the center pile removed as seen in Fig.
4.16. At failure, the bottom center point of the pile was displaced 40.6 mm (0.16 in.)
relative to the strong floor. The observed failure mode for Pile Cap #5 with the center pile
removed was punching shear of the column base plate through the specimen as shown in
Fig. 4.17. The same reinforcing bar that indicated small amounts of reinforcing slip with
the center pile active showed higher amounts of slip when the pile was removed as seen in

Fig. 4.18. The locations of instrumented reinforcing bars at yield are shown in Fig. 4.19.
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As seen here, the small amount of rebar slip did not adversely affect the ability of the

reinforcing steel to achieve yield across the specimen.

4.4 Pile Cap #7

The last specimen was Pile Cap #7 and it was tested on August 30", 2011. This
specimen also had a pipe pile located directly under the column base plate that was actively
controlled with a separate hydraulic cylinder. To include the center pile influence, this test
was conducted in three parts: 1) the center pile was active and 2) the center pile was
removed, 3) the center pile was removed and two additional piles (northernmost and
southernmost) were removed. Failure was not achieved for any of these configurations.
The applied load history for Parts 1, 2, and 3 is shown in Fig. 4.20 with the center pile load
also shown in this figure. The load-centerline vertical displacement of the specimen in all
three parts is shown in Fig. 4.21 (the displacements were reset to zero for each part). For
Part 1, initial cracking was observed at an applied load of 5783 kN to 6228 kN (1300 to
1400 kips). The observed crack patterns and corresponding loads are shown in Fig. 5.22.
The reinforcing bars exhibiting slip response are shown in Fig. 4.23. Initial slip of the
reinforcement was measured at 5693 kN (1280 kips) in Part 1, however the reference slip
of 2.54 mm (0.01 in.) was never reached for the 7 pile configuration. There were only 2
locations that indicated yielding of the reinforcing steel at the maximum applied load.
During Part 1, the specimen did not fail and the limits of the hydraulic loading system were
reached at a maximum load of 6860 KN (1542 kips). The center displacement observed at
this load was 9.1 mm (0.036 in.). The capacity of Pile Cap #7 exceeded the hydraulic

loading capacity of the system and so the load was removed, the center pile was taken out,
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and the test repeated as Part 2. The data for Part 2 are shown in the same figures as those in
Part 1. Additional cracking and deformations were observed for the specimen during Part 2
of the test as seen in Fig. 4.22. Again the maximum capacity of the hydraulic loading
system was reached and the specimen did not fail. At the maximum applied force of 6810
kN (1531 kips), the center displacement was 16 mm (0.063 in.) (initial point was reset to
zero). In this configuration, the reference slip was reached in 2 bars at approximately 6228
kN (1400 Kips). After reaching the limits of the hydraulic loading system, the load was
again removed and then two piles were cut off as seen in Fig. 4.24. These were the
northern most and southernmost piles (labeled 1 and 4 in Fig. 3.7). This was Part 3 of the
test and the load was again applied to the specimen. The limit of the hydraulic loading
system was again reached without specimen failure. The maximum applied force was 6788
kN (1526 kips) and the center pile cap displacement was 29 mm (0.115 in.) (initial
displacement value was reset to zero). The displacements vs. load for all three cases are
shown in Fig. 4.21 and the response of the reinforcing bars exhibiting slip is shown in Fig.
4.25. Failure was never reached and thus the failure mode is unknown. The locations of
instrumented reinforcing bars at yield during the different parts of the test are shown in

Fig. 4.26.

4.5 Experimental Conclusions

Table 4.1 provides the key experimental data from the testing. A reference slip of
2.54 mm (0.01 in.) is considered along with a nominal yield stress of 413.7 MPa (60 ksi).

Further discussions are found in section 8.0.



Table 4.1: Key data from all tests.
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. . Load at Load at Number of Number
Specimen Max. Failure . . . .
first first bars with slip | of bars to
ID Load Mode . . a . a L b
cracking | reference slip at failure reach yield
(kips) (kips) (kips)
#3 1513¢ | O"EWAY L g5 Not 0 30/31
shear observed
#4 1243 | PuUnching | 54, 1000 4 29/31
shear
#5 1239¢ | PUnching | oo, 1400 4 15/35*
shear
#7 1542° n/a 1400 1380 3 2/31*

a. Reference slip of 0.01 inches

b. Yield based on 60 ksi nominal strength upon maximum load or failure with all

piles active. *At maximum available force (~1540 kips) without failure
c. Failure upon 2nd load cycle
d. Failure after center pile removed and reloaded

e. Specimen did not fail, maximum applied load reported
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Figure 4.1: Example of spurious slip data due to concrete cracking affecting the
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Figure 4.2: Column load vs. Time — Pile Cap #3
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Figure 4.3: Column load vs. Centerline vertical displacement — Pile Cap #3
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Figure 4.6: Slip of reinforcement — Pile Cap #3
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Figure 4.8: Column load vs. Time — Pile Cap #4
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Figure 4.9: Column load vs. Centerline vertical displacement — Pile Cap #4
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Figure 4.11a: Failure of Pile Cap #4

Figure 4.11b: Punching of 3 in. thick bearing plate at failure of Pile Cap #4
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Figure 4.15: Column load vs. Centerline vertical displacement — Pile Cap #5
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Figure 4.17b: Punching of 3 in. thick bearing plate at failure of Pile Cap #5
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5.0 ANALYSIS

Two different analysis methods were used to predict the strength of the
experimental pile caps. The current ACI 318-08 design provisions provide multiple
approaches for design of pile caps. The provisions allow for shear design in accordance
with 11.11 (Provisions for slabs and footings) as well as with 15.5 (Shear in footings).
Two-way shear calculations in accordance with ACI 318-08 were included for those pile
caps that failed in two way shear (Pile Cap #4 and Pile Cap #5). One-way shear
calculations in accordance with ACI 318-08 were made for Pile Cap #3 that failed in one-
way shear. An alternative approach in ACI 318 is to use Strut-and-Tie Models (S&T) as
provided in Appendix A. The following section outlines S&T models for all tested pile
caps and the corresponding ultimate loads. ACI 318-08 provides reductions to concrete
strengths for certain regions of the S&T model. To help guide development of rational
S&T models, finite element models were developed for each of the four pile caps. Results

of this study are detailed below.

5.1 Finite Element Models

Finite element analysis (FEA) of nonlinear concrete structures with disturbed stress
fields is a difficult challenge. In the present study, FEA models were used to assess relative
stress flow in the pile caps and were not used to predict the strength of the experimental
specimens. For this reason the models were used only in the elastic range to guide S&T
models. Finite element analysis results allowed for the extraction of nodal heights and

approximate shapes, as well as identification of strut geometry and type.
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Finite element modeling was achieved by the use of Abaqus/Standard [Hibbitt,
Karlson & Sorenson 2002]. Abaqus allows users to model a wide range of geometries and
materials by providing large libraries of elements types and materials models. The finite
element model combines many factors including material properties, element types, mesh
density and definition of boundary conditions and applied loads. The following subsections

detail the FEA models used in this study.

5.1.1 Element Section Properties

FEA modeling required two main element types, one representing the concrete pile
cap and the other representing the embedded reinforcing steel. The concrete pile cap was
modeled using a solid element with a quadratic integration 20 node block. The reinforcing

steel was modeled with truss elements and used linear integration.

5.1.2 Material Properties

Materials properties for the FEA models were considered to describe those of the
test specimens. The properties for the steel reinforcement were as follows: Young’s
Modulus = 200000 MPa (29000 ksi), Poisson’s ratio = 0.15, and plastic strain = 0.003. the
yield stress of the reinforcing steel was taken as that from the coupon samples as reported

in Table 3.1.

For the concrete, the Concrete Damage Plasticity (CDP) Model was used. The
following properties were used: dilation angle = 31, eccentricity = 0.1, ob0/cc0 = 1.1, K=
0.55, and viscosity parameter = 0.001. The dilation angle was based on recommendations

by Malm [2009] for concrete subjected to both tensile and compressive stresses.
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Eccentricity is a parameter affecting curvature in the stress flow and was based on a default
value of 0.1. Initial equal biaxial compressive yield stress to initial uniaxial compressive
yield stress (cb0/cc0) was set to 1.1 based on default setting of 1.16 and broad
recommendation of 1.07 by Newman et al. [1972]. “K” represents the second stress
invariant on the tensile meridian to the compressive meridian. The viscosity parameter was

set at a value of.001, default is 0.0.

For the concrete compression parameters, ultimate stress was taken from day-of-
test compression cylinder test results reported in Table 3.2a. The uniaxial stress strain
relationship was developed using Todeschini et al.’s [1964] approximation. The ultimate
tensile strength values were determine from testing day-of-test split cylinder tests as
reported in Table 3.2b. The tensile stress-strain relationship was developed assuming yield

at 50% ultimate tensile load.

5.1.3 Boundary Conditions and Loading

Boundary conditions were applied at the surface of the pile bearing plates to
restrict vertical displacements while the other degrees of freedom were not restrained.
Support conditions at one pile location were restricted laterally in both directions to ensure

numerical stability.

Loading was applied as a hydrostatic pressure over the surface of the column

bearing plate. Loads were applied in one step intervals with no less than 10 increments.
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5.1.4 Assembly

The model was assembled using a solid element for the concrete portion of the pile
cap. The pipe piles were not represented in the model, instead a square 30.5 cm by 30.5 cm
(12 in. by 12 in) surface was cut 12.7 cm (5 in.) into the solid elements at pile locations.
These surfaces served as boundary surfaces to represent the steel pipe pile bearing. Truss
elements representing the reinforcing steel were embedded into the solid. The embedment
constraint rigidly attached the reinforcing steel to the surrounding concrete elements and

did not allow for slip. This rigid connection is representative of test data.

The reinforcement was meshed to the same seed size as the concrete for
computational purposes. Concrete meshing balanced computation efficiency and
convergence. Concrete elements were taken at least twice the size of maximum aggregate
size, 1.9 cm (%4 in.) in the present case. Meshing for all specimens was between 4.1 cm. (2

inches) and 8.2 cm. (4 inches) depending on the overall size of the pile cap.

5.1.5 Finite Element Modeling Results

FEA modeling provided stress flows within the different specimens and the results
were used to establish the geometry of the later S&T models (described subsequently). The
stress flows provided size and shape approximations for S&T modeling. The stress tensor
mapping provided evidence that the struts were in fact spreading in the middle region of
the pile cap and thus should be considered as “bottle-struts.” The results of the finite
element models are shown in Figs. 5.1a to Figs. 5.7f. Figures labeled principal stress tensor

show stress tensors that indicate direction and magnitude of the principal stresses (both
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tension and compression) while figures labeled principal compression or tension show only

magnitude of the compression and tension stresses, respectively.

Figure 5.3a: Principal stress tensor Strut A (see Fig. 6.12) in Pile Cap #3

Figure 5.3b: Principal compression Strut A (see Fig. 6.12) in Pile Cap #3



Figure 5.3c: Principal stress tension Strut A (see Fig. 6.12) in Pile Cap #3
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Figure 5.3e: Principal compression Strut B (see Fig. 6.12) in Pile Cap #3
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Figure 5.3f: Principal tension Strut B (see Fig. 6.10) in Pile Cap #3
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Figure 5.4a: Principal stress tensors cut along strut in Pile Cap #4

Figure 5.4b: Principal compression cut along strut in Pile Cap #4
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Figure 5.5a: Principal stress tensors cut along strut in Pile Cap #5

Figure 5.5b: Principal compression stresses cut along strut in Pile Cap #5



Figure 5.5c: Principal tension cut along strut in Pile Cap #5

Figure 5.7a: Principal compression Strut A (see Fig. 6.14) in Pile Cap #7

Figure 5.7b: Principal tension Strut A (see Fig. 6.14) in Pile Cap #7
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Figure 5.7c: Principal stress tensor Strut B (see Fig. 6.14) in Pile Cap #7

Figure 5.7d: Principal compression Strut B (see Fig. 6.14) in Pile Cap #7

Figure 5.7e: Principal tension Strut B (see Fig. 6.14) in Pile Cap #7



74

5.2 Strut and Tie Models

Strut and tie models (S&T) are effective tools for designing regions with disturbed
stress fields. The approach simplifies the region into an equivalent truss. The compression
elements consisting of concrete are the struts while the tension elements consisting of
reinforcing steel are the ties. At points of interaction, referred to as nodal zones, hydrostatic

equilibrium must be met.

ACI 318-08 prescribes the strength of struts, nodal zones, and ties. The strut
strength is partially dependent on the shape of the strut. Depending on the member
geometry, the strut width can increase towards the mid-length. This spreading of the
compression stresses results in tension stresses acting orthogonal to the compression
stresses. This type of strut is referred to as a “bottle-strut”. ACI 318-08 uses a partial
strength reduction factor of 0.75 for bottle struts if adequately reinforced and 0.6 if it is not
reinforced. The effective compressive strength of nodes is also specified. ACI 318-08
reduces the effective compressive strength of nodes that anchor ties. Partial strength
reduction factors are 0.8 for nodes anchoring a single tie and 0.6 for nodes anchoring

multiple ties.

ACI 318-08 specifies that the tie force shall be developed at a point where the
centroid of the reinforcement leaves the extended nodal zone. Test data along with FEA
data was examined to establish the participation of the embedded reinforcing steel as ties.
Measured strain values as well as FEA results were normalized by dividing by yield strain
as seen in Figs. 5.8 to 5.11. Normalized strains were compared to find the relative strains

amongst reinforcement steel. As can be most clearly seen in Fig. 5.10, the reinforcing bars
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located away from the pipe pile bearing plates did not carry the same amount of force as
those located that were close to the bearing plates. Considering the nonuniform
participation of the reinforcing steel, only those bars located within an extended nodal zone
above the pipe pile bearing plates were attributed to the ties in the S&T models. The
extended nodal zone was projected upward from the edges of the bearing plate assuming a
45° distribution angle up to a plane passing through the centroid of the reinforcing steel.
Considering the geometry of the pile caps, ACI 318-08 anchorage requirements for the ties
were not met. This was because the available anchorage lengths past the nodal faces were
less than the prescribed development lengths. The development lengths computed using the
simplified methods in Chapter 12 of ACI 318-08 for #7 and #8 size reinforcing bars of

Grade 60 steel were 94 cm (37 in.) and 107 cm (42 in.), respectively.

5.2.1 S&T Results

Analysis of the different pile cap specimens was performed using S&T models.

Each of the models and the results are described below and are reported in Table 5.1.

Pile Cap #3

The geometry of the S&T model for Pile Cap #3 is shown in Fig. 5.12. Nodal zone
approximations were based on finite element modeling results. Nodes at the pipe pile
bearing locations had an estimated height of 7.62 cm (3 in.) while the node at the column
bearing plate had an approximate depth of 20 cm (8 in.). Based on test data, all reinforcing

bars were considered to participate and were used in the idealized ties (see Fig. 4.7, Fig
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5.8, and Fig. 5.9. The limiting element was Strut B at the pipe pile bearing plate node. The

S&T model for Pile Cap #3 resulted in an ultimate load of 3220 kN (724 kips).

Pile Cap #4

The geometry of the S&T model developed for Pile Cap #4 is shown in Fig 5.13.
Reinforcement was grouped to provide two reinforcing bars per tie, resulting in four ties.
Test data as seen in Fig. 4.13, showed that at failure the reinforcing steel attributed to the
ties was at yield. The assumed nodal geometries were based on the finite element model,
with the pipe pile bearing plate node height of 5 cm (2in.) and the column bearing plate
node height of 17.75 cm (7 in.). The controlling element for the S&T model was the tie
strength. The ultimate load predicted by the S&T model for Pile Cap #4 was 2326 kN (523

Kips).

Pile Cap #5

Pile Cap #5 provided a similar geometry as Pile Cap #4 and is shown in Fig.5.13. The
middle pile was not considered for this assessment.. Reinforcement was grouped similar to
Pile Cap #4, with just two reinforcing bars used in each tie. It assumed that the high strains
in the adjacent non-anchored bar can be attributed to flexural demands. Assumed nodal
heights based on the finite element model are 7.62 cm (3in.) at pipe pile bearing nodes and
23 c¢cm (9in.) at the column bearing node. Ultimate load was controlled by yielding of ties.

Ultimate capacity was found to be 2402 kN (540kips).
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Pile Cap #7

The geometry of the assumed strut and tie model for Pile Cap #7 is shown in Fig.5.14. Two
different strut types were considered. Nodal heights at pipe pile bearing nodes were taken
as10.2 cm (4 in.) and nodal depth at column bearing was considered 23 cm (10 in.) these
are estimations taken from the finite element model. Yielding of ties 1 and 2 were the

limiting factors of the design. Ultimate capacity was found to be 3411 kN (767 kips).

5.3 One-way and Two-Way Shear Models

Shear strength was also predicted using ACI 318-08 Section 11.11 (Provisions for
slabs and footings) as well as with 15.5 (Shear in footings). Two-way shear calculations in
accordance with ACI 318-08 were included for those pile caps that failed in two-way shear
(Pile Cap #4 and Pile Cap #5). One-way shear calculations in accordance with ACI 318-08

were made for Pile Cap #3 that failed in one-way shear.

ACI 318-08 Section 11.11 prescribes the strength of a normal-weight concrete slab

subjected to two-way punching shear as the lesser of:

V. = (2+41B)*(Nf ¢)*bed

V. = (ad/ be+2)*(Vf ¢)*bed

V. = 4*(Nf o) *bod
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where d is the depth of the member, by is the perimeter of the critical section , f'. is the
concrete compressive strength, f is the ratio of the long side of the column to the short side
of the column (1 for square columns), and o is 40 for interior columns. This equation was
used to evaluate the strength of Pile Caps #4, #5, and #7 with the critical section taken at
d/2 from the face of the column bearing plate. Pile caps #4 and #5 both exhibited two-way
punching shear failures. Pile Cap #7 was not tested to failure due to limitations of the
present laboratory setup. For the analysis of Pile Caps #5 and #7, the center pile was
ignored. The computed two-way punching shear strengths for the specimens are reported in
Table 5.1. The predicted two-way punching shear strength for Pile Cap #4 was
conservative, but for Pile Cap #5 was unconservative. This indicates that the present design

provisions may not apply to the large-size pile cap specimens considered in this study.

ACI 318-08 Section 11.2 prescribes the strength of a normal-weight concrete slab

subjected to one-way shear as:

V= 2*(\f)*b,d

where d is the depth of the pile cap, by is the width at critical section, and f'. is the concrete
compressive strength. This equation was used to evaluate the strength of Pile Cap #3 with
the critical section taken at midpoint between the edge of the column bearing plate and the
edge of the pipe pile bearing plate on the corner of the pile cap that failed. Pile Cap #3
exhibited a one-way shear failure along the corner with the smallest available width. The
computed one-way shear strength was 195 kips which was multiplied by three (3) to

account for the distribution of the applied column force to the three pipe piles and is



reported in Table 5.1. The predicted one-way shear strength for Pile Cap #3 was very

conservative.

Table 5.1: Analysis Results

. S&T One-way Two-way Experimental
Specimen controlling shear load shear load failure load
Load (kips) | (kips) (kips) (kips)
Pile Cap#3 | 724 585 N.A. 1513
Pile Cap #4 | 523 N.A. 958 1234
Pile Cap #5 | 540 N.A. 1591 1239
Pile Cap #7 | 767 N.A. 2,339 N.A.
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Figure 5.8: Pile Cap #3 Normalized reinforcement strain
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Figure 5.11: Pile Cap #5 Normalized reinforcement strain
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Figure 5.12: Pile Cap #3 assumed S&T geometry

Figure 5.13: Pile Cap #4 and #5 assumed S&T geometry
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Figure 5.14: Pile Cap #7 assumed S&T geometry

6.0 SUMMARY and CONCLUSIONS

Four pile cap specimens were constructed and tested to better establish
performance and ultimate strength of pile caps containing poorly detailed flexural steel.
The pile cap specimens were full-size representations of in-situ pile caps used in a mid-rise
hospital building. The pile cap specimens were constructed according to the available

original design drawings and reinforcing steel shop drawings. Materials used to construct
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the specimens were selected to represent those of the in-situ pile caps based on previously
collected material samples. The tests were conducted until failure or the maximum capacity
of the hydraulic loading system was achieved. ACI design methods were used to compare
the predicted design strength with the measured experimental strength of the specimens.
The design methods included one-way shear, two-way shear, and S&T methods. FEA
models were used to guide development of the S&T models. Based on the experimental

and analytical studies, the following conclusions are presented:

e The failed specimens exhibited either two-way punching shear (Pile Caps #4 and
#5) or one-way shear (Pile Cap #3) failure modes.

e The failed specimens exhibited widespread yielding of the reinforcing steel at
failure.

e The test specimens exhibited little relative slip between the reinforcing steel and
surrounding concrete. The instrumented reinforcing bars that exhibited slip still
achieved the nominal yield stress of the steel at failure.

e The one-way shear strength predicted by ACI 318 for Pile Cap #3 was very
conservative. This was the only specimen that exhibited one-way shear failure.

e  The two-way shear provisions in ACI 318 were found to be both conservative and
unconservative for the different test specimens. The uniform applicability of the
present two-way shear provisions to large-sized pile caps is uncertain.

e The S&T models considered provided quite conservative estimates of strength
compared to the measured strength of the pile cap specimens.

e The predicted failure loads for most of the S&T models were limited by the tie

strength due to the short available anchorage lengths. However, experimental



84

results showed that the reinforcing bars were able to achieve yield at the face of the
nodal zone. Thus present ACI anchorage requirements appear to be conservative
for such details.

Based on the large observed conservatism of the S&T methods, experiments may
be the best way to establish the available strength for an existing pile cap with poor

flexural details.
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Figure A.1: Original Design Drawing (1 of 3)
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Figure A.2: Original Design Drawing (2 of 3)
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Figure A.3: Original Design Drawing (3 of 3)
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NORTHWEST TESTING LABORATORIES

Material

Cement (Type I-II)
(Kaiser)
Sand (42%)
Gravel:
#4 to 3/4"
Water (28.3 Gals.)
Zeecon

/

CONCRETE MIX DESIGN ( mix ¢ 203 | 2
3 ”_/./ L’V\Ya

4,000 p.s.i. concrete

6.0 sacks cement per cubic yard
3/4" maximum sized aggregate
Water Reducing Agent

Pounds Saturated Corrected For
Surface Dry Average Moisture*
564 564 :

1,330 1,400 (5%)

1,908 1,925 (1%)

236 17.9 gals.

6.0 0z/1004 cement 33.8 oz.

Laboratory results on the above design:

Unit Weight 149.6 1lbs./cu.ft.
Slump 3 inches

Natural Air Content 2.5 %

Water Per Cement Ratio 4.72 gal./sack

Compressive strength of cylinders obtained in the laboratory on this

concrete mix designs:

Average at 7 Days 3960

p.s.i. £
4170 p.s.i gl w
Average at 14 Days 5410 p.s.i. E;‘iﬁf\y"i’&p’xﬁ:‘g czomnf,l:,u,,_k
+° Comp: racy, comp :
Break at .28 Days gggg g’z';' compliance with Contract requirements
7080 p.s.i. 1/24/ 52
Average at 28 Days 6963 p.s.i. = - J¢2%/ o

Concrete Supplier:
Project:
Architect:
Contractor:

- Report Number:
Date:

Authorized Reviewer Date

Western Pacific Construction Materials Co.
VAMC-Portland, Oregon

SOM-ZGF

Donald M Drake Co.

257622

October 26, 1982

*These are only average moisture corrections and actual moisture corrections
should be made by the concrete plant at all times when batching concrete.

Figure C.1: Concrete Mix Design for In-Situ Pile Caps (1 of 5)



NORTHWEST TESTING LABORATORIES

> TN
CONCRETE MIX DESIGN ( mix § 741 )
e T
4,000 p.s.i. concrete e 51
6.0 sacks cement per cubic yard % T st ¢

3/4" maximum sized aggregate
Water Reducing Agent

Pounds Saturated Corrected For

Material Surface Dry Average Moisture*
Cement (Type I-II)

(Kaiser) 564 564
Sand (42%) 1,321 1,390 (5%)
Gravel:

$4 to 3/4" 1,895 1,915 {1%8)
Water (29.3 Gals.) 244 18.6 gals.
Zeecon 6.0 0z/1004 cement 33.8 oz.

Laboratory results on the above design:

Unit Weight 149.0 Lbs./cu.ft.

Slump 4 "

Natural Air Content 2.5 %

Water Per Cement Ratio 4.88 Gals./Sack
>

7

Compressive strength of cylinders obtained in the laboratory on this
concrete mix design: e ioroduct Herature i

Average at 7 Days 4350 p.s.i.
4390 p.s.i, ? anaes
Average at 14 Days 5550 p.s.i. S Sance with Contract requeer
Break at 28 Days 7330 p.s.i. ke
6970 p.s.i. s Jy@gQZ<,;
7400 p.s.i L Dete
*Sedoe Athorzed Revewer
Average at 28 Days 7233 p.g.i.

=

Concrete Supplier: Western Pacific Construction Materials Co.

Project: VAMC-Portland, Oregon
Architect: SOM-2ZGF

Contractor: Donald M Drake Co.
Report Number: 257623

Date: October 26, 1982

*These are only average moisture corrections and actual moisture corrections
should be made by the concrete plant at all times when batching concrete.

Figure C.2: Concrete Mix Design for In-Situ Pile Caps (2 of 5)
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NORTHWEST TESTING LABORATORIES

CONCRETE AGGREGATE DATA

GRAVEL
Fine:
(373" - #4)
ASTM
Screen Percent Percent Percent
Size Retained Passing Passing
1 b 0 100 100
3/4" 6.6 93.5 90-100
1/2" 32.0 68.0 -
3/8" 50.4 49,6 20-55
#4 98.9 % | 0-10
Pan 100 0 =
Specific Gravity (SSD) = 2.68
Absorption, & = 2
Moisture 2.1 (as received)
Concrete Sand: :
ASTM .
Screen Percent Percent Percent
Size Retained Passing Passing
#4 3.5 96.5 95-100
#8 17.9 82.1 80-100
#16 32.3 67.7 50-85
30 49.8 50.2 25-60
#50 80.1 19.9 10-30
#100 97.2 2.8 2-10
Pan 100 0
Specific Gravity (Ssp) = 2.58 L W
Absorption, % = 3.8 S e~
Fineness Modulus = 2.81 S o }fvu
Moisture 7.3 (as received) PO ity [Pﬂ ‘
L8 { \,.A
“ A
B o
S
pF

Figure C.3: Concrete Mix Design for In-Situ Pile Caps (3 of 5)
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4 - = --SANMELE DATA »
Oregon State AND S P»to-——ol__pagu ; .
IGHWAY DIVISION LABORATORY TEST REPORT Duts Sheet No:  BOBF ¢
Materials Section Ummrm.mr_mmm_
7313880 X AGGREGATE O BITUMINOUS MIXTURE 20281

) Be veo £F /s fdeed e

PefixNo.: 2f ~/0¢ >

- lCnnmct No.: &/ 23 County: Az L/~
tavelr: d‘__;d B E PR . Res. Engr: 2 . 44, —F— |F.A. Pro} No.
iisted by: (7 /2, iR sl [Sampied by: I rFrze 77 Date Ssmpled: [0z "é =
Ne N Bars or ety };ﬁ}emw Pursese o samote; Ol Duiza FIELD CONTROL TEST NUMBLR: /722 5
Z | By, | Reeon BeneiDamiine i SIEVE ANALYSTS
TEGATE Sl.%: BEAND ¥XD GRADE OF ASPHALT: TYPEWIX: Sleve [Precent
72 'f/ Size Pissing
SGED bsu/’(.c_ 100% | 77 | 700
TXY OX GRAVEL LUTATTON XS DSOURCE NUNBER: 4010 | 327 P/
& e Leppes ooy Poss Tshen/d ;‘;°°" o *1 4 7 K.
racture £ ’
2 5—/00-—/ = _ZC:/ .3/2.
LEDA l‘
(2 //=r—4%m>’7‘__e. Lo/ Yowopt PRentF g BT 0 Fert | O
=T TIONS FLCIAL DATA: SE
272 rlu I?eq town J LD Hdn s TS - T A i ®
_.ﬂzzngiCZ fIt-B= - . N ::::::::uc : V=
¥ B - To:s) A/C b = ,.ézlé_
JICATE TEST REQUIRED: Each sample requites separate data sheet. List additional projects scparately. Pl [
EVE ANALYSIS
X121 [AT31 | Fracture - =% T19 UNITWT b/t LOOSE COMPACT /0 7./
Percent |Fercent COMB; % THIS SAMPLE % LAD. No. -
Phesag. |Pexing Fiow - -- % § [0 T.21 ORGANIC COLOR PLATE NO. (Standard #3)
700 40110 ® || 0 -84 5p. Gravity, Bulk 55D Appar. Absorp.
$oo PR A% T-85 Sp. Gravity, Bulk 7, 2] ss67, 7 iaevar. 7 T 5 Avsorp. 2, /O)
k%) 206/10 % OrsoLr, T-50 PLASTICITY INDEX
7l 2% ‘U 05HD SAND EQUIVALENT
! i T-96 ABRASION GRADING Fercent Wear
2 L 7104 SODIUM SULFATE SOUNDNESS PERCENT LOSS
Mix Design No. 2% -1% 15-% Rip Rap Ave.
1% % %-3/8 az-4 C.A.
Moisture % g £.16 16 - 30 30-50__ FA.
= OSHDDEGRAD e, in. P20. S Ref. Ht in. P20_%
Reteation % W0 Ref. Ht, —_in, P20
5 T112 FRIABLE PARTICLES 571 L W Ave. %
Exteacted A/C i % 1%-% % %-3162.0) % 3840207 % 4“6
A T-113 LIGHT WEIGHT PIECES C.ACL 1270y 7o ﬂa. %
OSHD Asohalt % | U T-182 ASPH. STRIP BRAND Grade Coated
Additive Brand %
Brand Grade, Coated,
2 OSHD FINENESS PACTOR—1%, %, 3/8, 4. 8,16,30,50,100 G .G
p200 (0,3 ) =] Avoodwaste J,0 =
ofsample=.  ~F 70 2 Ko Additional Tests:
, ; 4
FHWA Material represented by this samole Does @ Does not [ Ve Recaiied
Constristicn Bluinur: comply with specifications, I‘ Ill '82
S . f°% Comments: Date Reported
AlATEN
dent Engineer  Barmhart R 2-2- 82
ngineer ! ﬂ H Rﬂpn BTV Cha ‘;’ Z
Geology and Soils Py s Z
Mes. Geotosin Eshelman { "
Files 3 C G ? ot ;‘
Bosrd o 2 W

Cascade Construction Ga  Tae

Figure C.4: Concrete Mix Design for In-Situ Pile Caps (4 of 5)
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- T
T S0 | S
Oregon State AND o ::’ .
IGHWAY DIVISION LABORATORY TEST REPORT maasheato.:  BRBH
Materials Section LATG ! RT NUM
n 7343830 AGGREGATE 0 BITUMINOUS MIXTURE 2 0282
o 7 Seffedzond T PielixNo: 2 E—/0 ) 2—
™~ [ContractNo.: /2 3 County: p2 27—
e — e % Res. Engt.: 7. ~A/ P F.A. Proj. No.:
urted by: [, 2 v Sampled by: -E,:z ’:.':-/ Date Sampled: ey = -3 7
Je No. s’:;;us or ':E'r:' Tporesented| Purpose of Sample: [1Mix Destza JFIELD CONTROL TEST NUMBER:
___.___L_Rﬁfh elif, Record O] Check DlQualityine X SIEVE ANALYSIS
SEGATESIZE: BRANDA.i) GRADE OF ASPHALT: TYPE LIiX: Sieve | Precint
ot ] (_/ Size Passing
o
WBE g toiu s | 357 too
mwamﬁmuac‘ RUNBER? Aono % |/ Z&
IR/ o2 Rloav p2err BoSg Tsle p/a, | 300110 s | 75
N % | Fracturs | o & 2
rzoar— 2 e=las=t - S 2o | S0
Lol redthe Do ol foronts ol anl 7 Sol (5
X = CIAL DATA: &5 Sou =
/l/g'-,af,[;a )La P -F‘./—r'?")\a/\/ i % | o, P
Retentio; [
:"A‘?@?-} /=LY -2 i ”Mc — -
% |ite | 307
e Total AIC =
DICATE TEST REQUIRED: Exch sample requires sepazate data sheet. List additional projacts sepanately. L& k... )
= 2
MEVE ANALYSIS F - e
JAT-2T |BT-11 | Fractare % 1 0 7-19 UNIT WT 1b/ft LOOSE COMPACT
”® Percent |Percent COMB: % TIHIS SAMPLE % LAB, No, -
» - jrasixg 10% % | L 7-21 ORGANIC COLOR PLATE NO, (Standard o3) / ‘
/00 40/10 % | PT84 Sp. Geavity, Bulk 2, 5/ SsD7 L Avoae. 2 . TnAmen. 2. 70U
5 761 ] T-85 Sp. Geavity. Bulk $5D Appar, ;. *° Absorp.
ol 72 200/10 * | Ursor.L. O 7-80 PLASTICITY INDEX
J i) A 0SHD SAND EQUIVALENT 7 7/ ALl -
‘ EvS ) T-96 ABRASION GRADING Percent Wear
ZLW L2 JL 7104 SODIUM SULFATE SOUNDNESS PERCENT LOSS -
0] Miz Design No. 2%-1% 1% Rip Rip Avg
SRS B 155 % %-3 384 —>)
I Molsture = 4-8 8-16 16-30_2 2. 30-50 ‘Z” fA_'ZaA_
[J OSHD DEGRAD Ht, —eein, P20eeets Rof. Ml P20 e -
Retention % %0 Ref. Ht, eip. ¥20. 5o
Bl T.112 FRIABLE PARTICLES— (477 °_ we, Avz. ® /
Extracted A/C * -5 % ¥-38_____% 38-d i1 4 o
TZT-113 LIGHT WEIGHT PIECES C.A. % FA. 2,0 %
0SHD Asphalt « | [J 7152 ASPH. STRI? BRAND Grade Coated
Additive Brand. %
Brand______________ Grade, Coated
TR 0SHD FINENESS FACTOR—145, %, 3/8, 4. 8, 16, 30, 50,100 2.5
11 P200 7} 5 | O wood Waste L3
wt_of ampte=_ 9 /G 3 Additional Tests:
7
nted by thi te Dots 71D, ) jDats Rhessyes
:0 Fuwa . :.l:‘p.l‘;l;::h“;w:nuk’lon: sams s ZDoes nol I~ 1482,
€O Construction Eagiacer s Tommenta Fite Reported
Region Engineer AT o
Resident Engineer. Barnhart Nt 2-2-82
sstelet Engineer ~H RBIRN Lab Charzes .
e o]
[ Geology snd Seils /23 —_
Ree. Grologit  Eshelman () 5{
Cod Files
tanBaird 7" / “1;291 C Jm—- Wt
r Ca=acade Canebrurtian Oha Tre~ tndm{t{ol Materials

Figure C.5: Concrete Mix Design for In-Situ Pile Caps (5 of 5)
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APPENDIX D — Concrete Core Strengths for In Situ Pile Caps



Bend Office (541) 330-9155

- Geotechnical Office (505 601-8250

Eugene Office 541) 345-0289

Carlson Testing, Inc. Eugens offc (541 345 289
Tigard Office (503) 684-3460

March 15, 2011
T1103993

Degenkolb Engineers — Kent Yu
707 SW Washington Street, Suite 600
Portiand, OR. 97205

Re: WA Medical Center ~ Building 100 (Structural Pile Test)
3710 SW US Veterans Hosp Rd - Portland, OR
Compressive Strength of Drilled Concrete Cores (ASTM C42)

As requested, Carlson Testing Inc. has completed comprassion testing on four (4) specimens extracted from the above-
mentioned project Samples were obtained by core drillng on February 25, 2011 by your representative. Core spacimeans

were placed into sealed bag on February 25, 2011 at 12:00 P.M. prior to testing. Core results are as follows:

Register #38047 Specimen number 1 2 3
Age of Specimen (days) 5 H] 5 .
Date and Time tested 3211 H2M1 3211
Nominal Maximum Aggregate Size (in.) 3/8"-0 3H8"-0 38 -0
Length of Specimen as Received (in.) 9.00 6.50 9.00
Length of specimen prior to capping (in.) 7.10 5,30 7.20
Length of specimen after capping (in.) 7.30 5.50 7.40
Direction of load in respect to placement P P P
Meisture condition at time of testing D D D
Average diameter of core specimen (in.) AT 3.71 3.71
Length to diameter ratio (l/d) * 1.97 1.48 1.99
Applied load at specimen faillure (Ibs.) 72077 75071 67052
Specimen area (sq.in.) 10.80 10.80 10.80
Uncorrected unit (psi) 6673 6951 5208
Strength correction factor * —— 0.96 —
Corrected unit psi (psi) BETO0 BEBT0 6210
Type of Fracture 4 3 3
Density Ib/ft’ N/R N/R N/R

*P - Perpendicular  * Strength correction factor applied when length to diameter ratio is less than 1.75

L — Parallel N/R = Not Requested
. — ﬂ_
(\/\ ’& !
.;/ Y '
I h |
- .}

Ty 1 T: 2 v ¥ Ty 4
1~1ml'je_r:‘rli-lnm-el| \V-PI-FW|1:!E|:Meon¢|w Codvanuar \"ea:mh.urlnur Trisgannl ﬁpai-r-.mumll
cones an hoth ends. Jeas end vertealemcks numing ehrough berh sy, no nocracking theongh

tha b {25 anea) ol throisgh capy. mo woell-defin well-Feamyeds crses ende tap with Basnuses s
-:rltl:u:r'iuon-rhcap- i om ey end. distingnich from Type L
Core Specimen Location
Specimen No. 1 CC-PC-1 SOUTH FACE OF PILE CAP AT GRID LINES M/16
Specimen No, 2
| CC-PC-2 EAST FACE OF PILE CAP AT GRID LINES M6

Specimen No. 3

i CE-PC-3 EAST FACE OF PILE CAP AT GRID LINES M/15

104

Figure D.1: Concrete Core Strengths for In-Situ Pile Caps (1 of 3)
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Page 2 of 2
T1103993
March 15, 2011

Chur reports pertain to the material tested/inspected only, Infermation contained herein is not to be reproduced, except in
full, without prior authorization from this office. Under all circumstances, the information contained in this report is provided
subject to all terms and conditions of CTI's General Conditions in effect at the time this report is prepared. No party othar
than those ta whom CTI has distributed this report shall be entitied to use or reply upon the information contained in this
document.

If there are any further questicns regarding this matter, please do not hesitate to contact this office.

Respectfully submitted,
CARLSON TESTING, INC.

Andrew M. Ewing
Project Manager

eah

co Degenkolb Engineers — Kent Yu kyutdaganks b, com

Figure D.2: Concrete Core Strengths for In-Situ Pile Caps (2 of 3)
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Bend Office (541) 330-9155
C l T t. I (Eieoianhai;r;_nl Office (5i073) 601-8250
ugene Office (541) 345-0289
ar Son es Ing! nc' Salem Office (503) 589-1252
Tigard Office [503) 684-3460
March 18, 2011
T1103983
Permit N2 N/A
LAB REPORT
DATES COVERED: March 2, 2011
PROJECT: VA Medical Center — Building 100 (Structural Pile Test)
ADDRESS: 3710 SW US Veterans Hosp Rd - Portland, OR
REPORT OF 6X12 CONCRETE SPLIT TENSILE TEST SPECIMENS 3
Register Date Date Average | Average Total Area Unit PSI | Remarks
Number | Received Tested Diameter | Length Load .
98047 02/25/2011 | 03/02/2011 5.69 11.00 54,000 196.53 550 CC-PC-4
East
south
face of
pile cap at
grid line
Mi15.
Estimates
85% core
| ~ fracture.

Our reports pertain to the material tested/inspected only. Information contained herein is not to be reproduced,
except in fl_JII. without prior authorization from this office. Under all circumstances, the infarmation contained in
this report is pravided subject to all terms and conditions of CTI's General Conditions in effect at the time this
report is prepared. No party other than those to whom CTI has distributed this report shall be entitied to use or
rely upon the information contained in this document.

If there are any further questions regarding this matter, please do not hesitate to contact this affice.
Respectfully submitted,

CARLSON TESTING, INC.

o RPN ri_\'éf*—y-‘_?*'\]

Andrew M. Ewing
Project Manager

JThks

ce: Degenkolb Engineers — Kent Yu kyuddegenkolh. com

Figure D.3: Concrete Core Strengths for In-Situ Pile Caps (3 of 3)
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APPENDIX E - Concrete Mix Design for Pile Cap Specimens



KNIFE RIVER

AN MDU RESOURCES COMPANY

April 11, 2011

Mr. Michael Dyson
COregon State University

Project: Pile Caps
Subject: Product Submittal

108

I would like to submit the following product for the above project.

031-40B150AM =~ 4000 p.s.i. @ 28 Days Concrete

The above concrete mix design was prepared by an OSHD certified conerete control
technician in aceardance with the project specifications. The proposad mix dasign will
meet strength specifications when handled, placed, and tested in accordance with
current ASTM and AC| standards and recommended practices.

We request the inclusion of Knife River on the distribution list for cylinder tests

from the testing laboratory.

Materials proportions, production records, and product performance data submitted are
solely intended for verification of submitted materials and not to be distributed to non-
contract related parties. IT | can be of further assistance, please call.

Sincarely,

Mike Stephens
Ready Mix Sales

Mid Valley Division
(call) 541-740-7072

Enclosuras

xc: Office Files
Linda Zulauf
Dan Simmons

B REVIEWED 0O MAKE CORRECTIONS NOTED
O REJECTED OREVISE AND RESUBMIT

THIE REVIEW DOES NOT RELIEVE CONTRACTOR FROM COMPLIANCE
WITH THE REQUIREMENTS OF THE DRAWINGSE AND SPECIFICATIONS.
THIS REVIEW IS ONLY FOR GENERAL CONFORMANCE WITH THE
DESIGN CONCEPT OF THE PROJECT AND GENERAL COMPLIANCE WITH
THE INFORMATION GIVEN 1N THE CONTRACT DOCUMENTS.
CONTRACTOR 1S RESPONSIELE FOR: CONFIRMING AND CORRELATING
ALL QUANTITIES AND DIMENSIONS; SELECTING FABRICATION
PROCESSES AND TECHNIQUES OF CONSTRUCTION; COORDINATING
HIS WORK WITH THAT OF ALL OTHER TRADES, AND PERFORMING HIS
WORK IN A SAFE AND SATISFACTORY MANNER.

04/1111 JDN
DATE DEGENKOLE ENGINEERS BY

Due to limited compressive strength testing history,
suggest casting extra cylinders to allow monitoring of
strength gain and in case curing extends past 28-days
to achieve required day of test strength.

Mid Vatiey Division * P.O. Box 1126 * Corvallis, OR 97339 * 541-752-3428 * (fax) 547-752-5415

Figure E.1: Concrete Mix Design for Pile Cap Specimens (1 of 3)
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Miz ID Number: 031-408150AM

RIVER
s amin Concrete Mix Design
Western Oregen
MiX DESIGN QUANTITIES
Material ProductiSource 8G Weight Volume Mass Volume
Cement CalPortiand, Typea Il 315 750 Ik B2 i 445 kg oA m
Fly Ash Nome 228 0k 0.00 O kg 0.000 m*
Waler({Total) WeliCorvallis R-Mix Plant 1 1.00 267 I 428 158 kg 0158 m?
34-#4 Round PCC  Corvallis (Builders Supply) 280 % AT Ib° 1084 2 1063 kg* 0.405 m*
PCC Sand Corvallis (Builders Supply) 258 * 1153 Ib” 7.16 654 kg* 0285 m*
Admixiures Grace 100 2641 1b D4z i 15,66 kg 0.016 m*
Total Mix Welght (Mass): 3971 b 2368 kg
Alr(Entrag/Entralr) 1.5 % 041 7 0.015 m'
Total Mix Velume: 2700 1.000 m*
ADMIXTURES
Product ProductNameType 2G Dosage Rate  Dosage (English) Dosage (Metric)
Mid-Range Waler Re Grace Daracem 55 100 200 cziowt™  60.0 oaloy™ 2320.3 mbim™*
Mon-Chioride Acceler Grace Dataset 200 100 4500 cofowt™ 3575 azioy* 13051.6 mLim™*
Hydration Stabilizer Graoce Recowver 100 1.00 oxlowt™ T.5 ozloy™ 280.0 mlfm™
Addll Fibers ledey™  OuOibey*™ 0.0 kglrmg™
MiX DESIGN PROPERTIES
Agoregate Properties. oDOT#*  5G Abs  FM Unit Weight
44 Round POC 2008-0.750-000#4-001 220012 280 28 90,3 pof 1591 kgim®  Dry Roddad
PCC Sand 2003-00000-05AND-001 22-001-2 2.58 33 306
Plastic Properties: Slump: 40 * 1.0 imch 100+ 25 mm
Alr Contant: 15+ 1.5 %
Unit Welght (Wet):  147.1 pef 2355 kgim®
Design Properties: Required Strength (Pc): 4000 psi (@ 3 days 28 MPa @ 3 days
Total Cementitiows: 750 Ib 7.09 Sack 444,84 kg
Fly Ash %: 0.0 %
wic Ratio™*: 0.30 (Incd Admibd)
Project: PILE CAPS
Caontractor: osu
Comments:
Footmotes: *$5D Welghts and 3G. ™ Admidure dosage rate will be adjusted according to manufaclurers

recommendations to accommodate varying fisld conditions. ** Thig is a design witc ratio and production
wit ratio may vary as recognized by industry standards such as ASTM C 84, "ODOT Source #

Submitted By: MIKE STEPHEMS Date Submitted: 41172011
Designed By: DAM SIAMONS CCT

Figure E.2: Concrete Mix Design for Pile Cap Specimens (2 of 3)
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Figure E.3: Concrete Mix Design for Pile Cap Specimens (3 of 3)
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APPENDIX F — Experimental Data for All Pile Cap Specimens
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Figure F3.2: Column load vs. Strain (1 of 4) — Pile Cap #3
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Figure 3.3: Column load vs. Strain (2 of 4) — Pile Cap #3
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Figure F3.4: Column load vs. Strain (3 of 4) — Pile Cap #3
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Figure F3.5: Column load vs. Strain (4 of 4) — Pile Cap #3
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Figure F3.7: Column load vs. Displacement (2 of 2) — Pile Cap #3

Load (Kips)

1600
1500
1400
1300
1200
1100
1000
900
800
700
600
500
400

300 |
200 |
100 ¢

0 0.008

P1BOT
P2 BOT
P3 BOT
P1TOP
P2 TOP
P3 TOP

0.016

0.024 0.032

0.04

0.048
Displacement (in)

0.056

0.064

m

11‘\ ! Il”

h‘ M |

!

—

\
:JI

vh

b,

|
y dl.!‘,\'&lrilll

1\‘ ‘llif

|

i«

Dl
f+

f

M
it

M
|

Hﬁd

T T

W

Slip 1
Slip 2
Slip 3
Slip 4
Slip 5
Slip 6
Slip 7
Slip 8

0.002

Slip (in)

0.003

0.004
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Figure F3.9: Column load vs. Slip (2 of 2) — Pile Cap #3
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Figure F4.1: Loading — Pile Cap #4
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Figure F4.2: Column load vs. Strain (1 of 4) — Pile Cap #4
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FigureF4.3: Column load vs. Strain (2 of 4) — Pile Cap #4
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Figure F4.4: Column load vs. Strain (3 of 4) — Pile Cap #4
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Figure F4.5: Column load vs. Strain (4 of 4) — Pile Cap #4
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Figure F4.6: Column load vs. Displacement (1 of 2) — Pile Cap #4
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Figure F4.7: Column load vs. Displacement (2 of 2) — Pile Cap #4
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Figure F5.2: Column load vs. Strain (1 of 4) - Pile Cap #5 (5 piles)

Load (Kips)
o]
8

1750

1500

Center Pile Load
Column Load
Column Load (4 piles)

1250

=
o
o
o

750

500

250

0

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170
Time (min)

Figure F5.1: Loading — Pile Cap #5

1300 |
1200 | S
1100 [ &%
1000 [ %48
900 |

3

p’m‘vhd'n‘.

(!
{ it g

WP T TRTTY T T

et AL

"

v

A

g "W?"'

J3.5
J8.5
7C.5
8C.5
8F
8H.5
9C.5
9F

1000 2000

3000

Strain (in™-6/in)

4000

5000

6000

7000

121



Load (Kips)

1600
1500
1400 |
1300 |
1200
1100

1000 | o8

900 [+
800 &
700 ff -
600 .-
500 f -
400
300
200
100

4C.5

6000 7000

4000
Strain (in™-6/in)

1000 2000 3000 5000

Figure F5.3: Column load vs. Strain (2 of 4) — Pile Cap #5 (5 piles)
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Figure F5.4: Column load vs. Strain (3 of 4) — Pile Cap #5
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Figure F5.5: Column load vs. Strain (4 of 4) — Pile Cap #5
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Figure F5.7: Column load vs. Displacement (2 of 2) — Pile Cap #5
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Figure F5.8: Column load vs. Slip (1 of 2) — Pile Cap #5
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Figure F5.9: Column load vs. Slip (2 of 2) — Pile Cap #5
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Figure F7.1: Column Load vs. Time — Pile Cap # 7
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Figure F7.2: Column load vs. Strain (1 of 4) — Pile Cap #7 (7 and 6 piles)
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Figure F7.3: Column load vs. Strain (2 of 4) — Pile Cap #7 (7 and 6 piles)
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Figure F7.4: Column load vs. Strain (3 of 4) — Pile Cap #7 (7 and 6 piles)
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Figure F7.5: Column load vs. Strain (4 of 4) — Pile Cap #7 (7 and 6 piles)
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Figure F7.6: Column load vs. Strain (1 of 4) — Pile Cap #7 (4 Piles)
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Figure F7.7: Column load vs. Strain (2 of 4) — Pile Cap #7 (4 Piles)
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Figure F7.8: Column load vs. Strain (3 of 4) — Pile Cap #7 (4 Piles)
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Figure F7.10: Column load vs. Displacements (1 of 2) — Pile Cap #7 (7 and 6

Piles)
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Figure F7.11: Column load vs. Displacement (2 of 2) — Pile Cap #7
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Figure F7.12: Column load vs. Displacement (1 of 2) — Pile Cap #7 (4 Piles)
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Figure F7.13: Column load vs. Displacement (2 of 2) — Pile Cap #7 (4 Piles)
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Figure F7.14: Column load vs. Slip (1 of 3) — Pile Cap #7 (7 and 6 Piles)
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Figure F7.15: Column load vs. Slip (2 of 3) — Pile Cap #7 (7 and 6 Piles)
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Figure F7.16: Column load vs. Slip (3 of 3) — Pile Cap #7 (7 and 6 Piles)
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Figure F7.17: Column load vs. Slip (1 of 3) — Pile Cap #7 (4 Piles)
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Figure F7.18: Column load vs. Slip (2 of 3) — Pile Cap #7 (4 Piles)

Slip (inches)

0.003 0.006 0.009 0.012 0.015 0.018 0.021 0.024 0.027

134



135

1600
1400
1200
. 1000
0
o
£
= 800
=]
@
et
600
SLIP DE
SLIP CE
400 SLIP 25
SLIP 4S
SLIP5S
200 SLIP 6S
SLIP 7S
SLIP 10S
0 =
0001 0 0001 0002 0003 0004 0005 0.006 0.007 0.008 0.009

Slip (inches)

Figure F7.19: Column load vs. Slip (3 of 3) — Pile Cap #7 (4 Piles)
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