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PREFACE 

The use of strut-and-tie models is an attractive method for detailing reinforced 
concrete structures. The strut-and-tie model offers the designer a rational procedure for 
''visualizing" the flow of forces in a structure or a detail. The literature contains many 
papers dealing with the concepts involved in strut-and-tie modeling. However, very little 
experimental research has been done to establish the limits needed to ensure that 
strut-and-tie models are correctly conceived by the designer and that the elements of the 
model (struts and ties) will develop the strengths needed to transfer forces properly within 
the structure. The objective of this portion of the program was to provide experimental data 
which could be used to verify the feasibility of using strut-and-tie models and to determine 
pertinent compressive stress levels in the concrete struts as well as bond and anchorage 
requirements for the tension elements or ties. 
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SUMMARY 

The objective of the test · program undertaken in this study was to develop 
experimental data for defining various elements of strut-and-tie models. The data was used 
extensively in establishing design guidelines for details of structural reinforced concrete 
(Report 1127-3F). 

The experimental program was divided into three phases. The first phase consisted 
of tests of four dapped beam details. A dapped beam was selected as a typical detai~ 
commonly used in highway structures, and one for which several different design approaches 
have been proposed. Phases two and three consisted of tests of isolated portions (nodes) 
of the structure as modeled using the strut-and-tie approach. Nine CIT (compression­
tension-tension) and ten CCf ( compression-compression-tenson) nodes were tested. At 
these nodes three forces converge at a point in the strut-and-tie model. Variables included 
reinforcement arrangement and layout, concrete strength, bearing area of the effective strut, 
and anchorage details. 

The results indicated that the dapped beam detail can be efficiently and effectively 
designed using a strut-and-tie model. The isolated node tests provide useful information on 
the performance of the· concrete in the compression strut and on the anchorage of 
reinforcement in the node. The node tests provide an inexpensive way to determine critical 
data for developing design guidelines. 
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IMPLEMBNTATION 

The results of this portion of the study are intended to provide the experimental data 
needed to develop specific design guidelines for use of the strut-and-tie model in detailing 
reinforced concrete structures. The design guidelines are presented in Report 1127-3F. 

vii 



L 



, __ ) 

! _ _ ) 

TABLE OF CONTENTS 

Page 

CHAPTER 1 -- INTRODUCTION . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 

1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 
1.2 Project Description and Scope . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 

CHAPTER 2 --THE STRUT-AND-TIE MODEL . . . . . . . . . . . . . . . . . . . . . . 7 

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 
2.2 Basic Principles . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 

2.2.1 Background and Assumptions. . . . . . . . . . . . . . . . . . . . . . 7 
2.2.2 Types of Strut-and-Tie Models. . . . . . . . . . . . . . . . . . . . . . . 9 
2.2.3 Design Procedure. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12 

2.3 Elements of the Strut-and-Tie Model . . . . . . . . . . . . . . . . . . . . . . . . 12 
2.3.1 Ties, . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . · 12 
2.3. 2 S trots. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13 
2.3.3 Nodes. . • -. . . • . • . . . • . . . . . _ . . . . . . . • . . . . • . . . . . . . 14 

2.4 Effective Concrete Strength Limits ................... , . . . . . 21 
2.5 Modeli~g . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22 

2.5.1 General Guidelines. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22 
2.5.2 Model Development. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24 

2.6 Summacy . . . . . . • . . . . . . . . . . . . . . . . . . . . . . . • . . . . . • . . . . . . . 25 

CHAPTER 3-- TESTS OF DAPPED BEAM DETAILS . . . . . . . . . . . . . . 29 

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . ...... , . . . . . . . . . . . . . 29 
3.2 Prototype and Model Selection . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29 
3.3 Specimen ST1 - Strut-and-Tie Model . . . . . . . . . . . : . . . . . . . . . . . . 32 

3.3.1 Choice of Model. . . . . . . . . • . . . . . . . . . . . . . . . . . . . . . 32 
3.3.2 Design of STJ. . . . . . . • . . . . . . . . . . . . . . . . . . . . . . . . . 34 

3.4 Specimen Pa - Prestressed Concrete Institute Design 
Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39 

3.4.1 General Description. . . . . . . . . . . . . . . . . . . • . . . . . . . . 39 
3.4.2 Reinforcement Requirements. . . . . . • . . . • . . . . . . . . . . . 39 
3. 4.3 Anchorage Requirements. . . . . . • . . • • . • , • . • • . • • • • • • 41 
3.4.4 Concrete Strength. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43 

3.5 Specimen MF •• Menon/Furlong Design Procedure ............ ~ . 44 
3.5.1 General Description. . . . . . . . . • . . . • . . . . . . • . . . . . . . 44 
3.5.2 Reinforcement Requirements. . . . . . . . . . . . . . . . . . • . . . 44 

3.6 Specimen ST2 -- Modified Strut and Tie . . . . . . . . . . . . . . . . . . . . . . 47 · 

ix 



3. 7 Summary of Dapped Beam Design Procedure . . . . . . . . . . . . . . . . . . 50 
3.8 Test Procedure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51 

CHAPTER 4- TEST RESULTS·· DAPPED BEAMS . . . . . . . . . . . . . . . 53 

4.1 Behavior of Specimens . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53 
4.1.1 Specimen STl. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53 
4.1.2 Specimen PC/. . ....... o •••••• o • • • • • • • • • • • • • • • 55 
4.1.3 Specimen MF. . . . . . . . . . . . . • . . . . . . . . . . . . . . . . . . . 55 
4.1.4 Specimen ST2 -- Modified Strut-and-Tie. . . . . . . . . • . . . • 57 

4.2 Comparison of Strength . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57 
4.3 Cracking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61 
4.4 CollStruction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63 
4.5 Evaluation of the Test Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63 

4.5.1 Strut-and-Tie Models. . . . . . . . . . . . . . . . . . . . . . . . . . . . 63 
4.5.2 Specimen ST1. . . _. .. o •••••••••••••••••••• o • • • • 64 
4.5.3 Specimen ST2. ~ ... o •• o o •••••••• o •••••••• o • • • • 68 
4.5.4 Specimen PCL . o • o ••••••••••••••••••• o •••• o • • 72 
4.505 Specimen MF. o •• o o •• o •• o • • • • • • • • • • • • • • • • • • • • • 77 

4.6 Behavior of Stirrups · ..... o • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 78 
4.7 Behavior of Horizontal Reinforcement at Comer of Dap . . . . . . . . . 79 
4.8 Strains in Beam Reinforcement at Bottom of Beam. . . . . . . . . . . . . . 83 
4.9 Concrete Strains . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83 
4.10 Suggestions for Implementing the Strut-and-Tie Model 

in a Dapped Beam. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84 

CHAPTER 5 .. TESTS OF ISOLATED NODES . . . . . . . . . . . . . . . . . . . . 87 

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87 
5.2 CIT Node - Test Program . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87 

5.21 Description of Tests. . . . . . . . . . . . . . . . . . . . . . .. . . . . . . • 87 
5.2.2 Specimen Design. ............. o • • • • • • • • • • • • • • • • • 87 
5.23 CTT -- Specimen Identification. . . . . . . . . . . . . . . . . . . . 90 
5.2.4 Specimen Details. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 90 
5.25 Materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94 
5.2.6 Instrumentation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94 
5.2. 7 Specimen Fabrication. . . . . . . . . . . . . . . . . . . . . . . . . . . 96 
5.2.8 Test Setup. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96 

5.3 ( T Node - Test Program . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99 
5.3.1 Description of Tests . ...................•.... 0 • • • 99 
5.3.2 Materials. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102 
5.3.3 Instrumentation. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102 
5.3.4 Specimen Fabn'cation. . . . . . . . . . . . . . . . . . . . . . . . . . . 102 
5.3.5 Test Setup and Procedure. . . . . . . . . . . . . . . . . . . . . . . . 105 

X 



CHAPTER 6 -- TEST RESULTS - CTI NODES 107 

6.1 Interpretation of Test Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107 
6.1.1 Generali/1 • . . . . . . . . . . • . . . . . . • • . . • . . . . . • • • • . . . . 107 
6.1.2 Comprehensive Description of Test Results for 

Specimen HFNC. . . . . . . . . . . . . . . . . . • • . • . . . . . . . • 109 
6.2 Summary of Behavior -- All Specimens . . . . . . . . . . . . . . . . . . . . . . . 113 

6.2.1 GeneraL . • . . . . . . . . . . . . . . . . . . . . . . . . . . . • . . . . . . 113 
6.2.2 Specimen HFSR-A. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117 
6.2.3 Specimen HFSR-B. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 117 
6.2.4 Specimen LFSR. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118 
6.2.5 Specimen LFNC. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118 
6.2.6 Specimen HHSR. . . . . . . . . . . . . . . . . . . . • . . . . . . . . . . 118 
6.2 7 Specimen LHSR. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119 
6.2.8 Specimen HFSB. . . . . . . . . . . . . • . . • • . . . . . . . . • . . . . 119 
6.2. 9 Specimen LF A C. . . . . . . . . . . . . . . . . . . • . • . . . . . . . . . 121 

6.3 Comparisons of Behavioral Patterns . . . . . . . . . . . . . . . . . . . . . . . . . . 122 
6.3.1 Crack Patterns. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122 
6.3.2 Strains. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128 

6.4 Validity of Node Tests. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135 

CHAPTER 7 -- TEST RESULTS • CCT NODES . . . . . . . . . . . . . . . . . . . . 139 

7.1 General . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139 
7.2 Individual Test Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139 
7.3 Summary of Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 148 

CHAPTER 8 -- EVALUATION OF NODE TESTS . . . . . . . . • . . . . . . . . . . 153 

8.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153 
8.2 CIT Nodes .....•......................... ! • • • • • • • • • • • • 153 

8.2.1 Geometry of Compressive Stress Fields. . . . . . . . . . . . . . . 153 
8.2.2 Effective Concrete Strength. . . . . . . . . . . . . , . . . . . . . . . 156 
8.2.3 ACI and AASHTO Provisions for Development. . . . . . . . 158 
8.2.4 Design Guidance for CIT-Nodes. . . . . . • . . . . . . . . . . . 162 

8.3 CCf Nodes . o • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 172 
8.3.1 Geometry of Compressive Stress Fields. . . . • . . • . . . . . . . 172 
8.3.2 Effective Concrete Stress. . . . . . . . . • . . . . . . . . . . . . . . . 172 
8.3.3 Anchorage of Tension Tie. . . . . . . . . . . . . . . . . . . . . . . . 175 

CHAPTER 9 -- SUMMARY AND CONCLUSIONS . . . . . . . . . . . . . . . . . . 179 

9.1 Summ.ary ........ 0 • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 179 

xi 



9.2 Conclusions 
9.2.1 
9.2.2 
9.2.3 

Dapped Beam Tests. 
CTT Nodes. 
CCT Nodes. 

9.3 Additional Comments 

REFERENCES 

xii 

180 
180 
181 
182 
183 

185 



j 

J 

' _j 

' 1 

Figure 

1.1 

1.2 

1.3 

2.1 

2.2 

2.3 

2.4 

2.5 

2.6 

2.7 

2.8 

2.9 

2.10 

2.11 

2.12 

2.13 

LIST OF FIGURES 

Page 

"Details" That May Exist in Actual Structures .......•.......•..... 2 

Truss An.alogy . . . . . . . . . 0 • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 3 

Strut and Tie Model of the Prototype Dapped Beam . . . . . . . . . . . . . . . 5 

Examples of Strut-and-Tie Models (From Ref 1) .................. 8 

Application of Strut-and-Tie Model to Simple Beam . . . . . . . . • . . . . . 10 

,-Examples of B- and D-Regions (From Refs. 13 and 15) . . . • . . . . . . . . 11 

Compression Fields Radiating Outward From Concentrated 
wads I I e I • e I e I I e I I I I e I I I I I e I I I e e e e I • I I e e e e • e I I I I e e e I I e 12 

Strut-and-Tie Model Design Procedure . . . . . . . . . . . . . . . . . . . . . . . . 13 

Basic Types of Struts (From Ref. 15) . . . . . . . . . . . . . . • . . . • . . . . . . . 14 

Fan Shaped Compressive Stress Region at Beam Support . . . . . . . . . . 15 

Bottle or Bulb Shaped Struts (From Ref. 15) . . . . . . . . . . . . . . . . . . . . 15 

Singular and Smeared Nodes (From Ref. 15) . . . . . . . . . . . . . . . . . . . . 16 

Examples of Singular Nodes . . . . . . . . . . . . . . . . . . . . . . . • . . . . . . . . 16 

CCC-Node Under Hydrostatic Stress State (From Ref. 14) . . . . . . . . . . 17 

Idealization of Tie Forces Within Nodal Regions . . . . . . . . . . . . . . . . . 17 

Effects of Decreasing Tie Width on Node Geometry (From 
Ref. 15) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19 

2.14 Tie Width as Defined by Mechanical Reinforcement Ratio 
(From Ref. 14) . . . . . . . . . . . . . . . . . . . . . . . • . . . . . . . . . . . . . . . . . . 20 

2.15 Effect of An.chorage Detail on CCT-Node Geometry ...•.......... 20 

2.16 An.chorage of Reinforcement in CCT-nodes ..................... 21 

xiii 



2o17 Effective Concrete Compressive Strength o . 0 • • • • • • • • • • • • • • • • • • • • 22 

2.18 Load Path Method for Development of Strut-and-Tie Models 
(From Ref. 15) . . ... · . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26 

2o19 Optimization of Strut-and-Tie Models (From Refs. 13 and 
15) . . . . . . . . . . . . . . . • . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . • • . . 27 

3.1 Prototype TSDHPT Dapped End Geometry 0 • • • • • • • • • • • • • • • • • • • • 29 

3.2 Test Specimen Geometry ....... 0 • • • • • • • • • • • • • • • • • • • • • • • • • • • 30 

3.3 Cross-section Through Test Specimen . . . . . . . . . . . . . . . . . . . . . . . . . 31 

3.4 Strut-and-Tie Models for Dapped Beams 0 ••• 0 •••••••••••••••••• 33 

3.5 Elastic Stress Trajectories in a Dapped End (From Refs. 21, 
24) ................................................... 34 

3.6 Dapped Beam Model and Member Forces .................. o . . . 35 

3o7 Dapped Beam Nodes ....... 0 ••••••••••••••••• 0 0 • 0 0 • • • • • • • • 36 

3.8 ST1 - Reinforce~ent Summary . . 0 • • • • 0 • 0 0 0 •• 0 0 • • • • • • • • • • • • • • • 37 

3.9 ST1 - Reinforcement ~yout ......... ;, . . . . . . . . . . . . . . . . . . . . . . 38 

3.10 PCI Design Methods- Reinforcement Patterns (From Ref. 1) ....... 39 

3.11 Summary of PCI Design Method . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40 

3.12 Specimen PCI Design Summary . . . . . . . . . . . . . . . . . . . . . ; . . . . . . . . 42 

3.13 Specimen PCI- Reinforcement Layout ........................ 43 

3.14 Summary of Menon/Furlong Design Method .................... 45 

3.15 Speciment MF, Design Summary ...... 0 •••••••••••••••••••••• 47 

3.16 Specimen MF . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48 

3.17 Specimen ST2 - Design Model and Reinforcement Summary . . . . . . . . 49 

3.18 Specimen ST2 - Reinforcement Layout . . . . . . . . . . . . . . . . . . . . . . . . 50 

r· ~ 

xiv 

f ~ 



3.19 Dapped Beam Test Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52 

4.1 Specimen ST1, Load/Deflection Plot . . . . . . . . . . . . . . . . . . . . . . . . . . 53 

4.2 Specimen STl, Crack Patterns . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54 

4.3 Specimen PCI, Load-Deflection Plots . . . . . . . . . . . . . . . . . • . . . . . . . . 55 

4.4 Specimen PCI, Crack Patterns . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56 

4.5 Specimen MF, Load-Deflection Plot .......................... 57 

4.6 Specimen MF - Crack Pattern . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58 

4.7 Specimen ST2, Load-Deflection Plot .......................... 59 

4.8 Specimen ST2 - Crack Pattern . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60 

4.9 Comparison of Specimen Shear Capacities . . . . . . . . . . . . . . . . . . . . . . 61 

4.10 Comparison of Reinforcement Areas . . . . . . . . . . . . . . . . . . . . . . . . . . 62 

4.11 Comparison of Loads at Cracking and at Yield of Reinforcing 
Bars . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63 

4.12 Specimen ST1, Design Model and Reinforcement ................ 64 

4.13 Comparison of Measured and Calculated Vertical Tie Force for 
ST1 ............................................... , ... 64 

4.14 Comparison of Measured and Calculated Upper Horizontal Tie 
Force, STl ............................... : . . . . . . . . . . . . . 65 

4.15 Comparison of Measured and Calculated Lower Horizontal Tie 
Force, STl . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66 

4.16 Comparison of Measured and Calculated Forces in Second 
Vertical Tie, STl . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67 

4.17 Analysis of Upper Portion of Dap at lOOk, ST1 ......•........... 67 

4.18 Force Mechanism Away from Dapped End, ST1 ................. 69 

4.19 Design Model and Reinforcement, ST2 . . . . . . . . . . . . . . . . . . . . . . . . 70 

XV 



4.20 Comparison of Measured and Calculated Force in First Vertical 
Tie, S1"2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70 

4.21 Comparison of Measured and Calculated Force in Second 
Vertical Tie (Upper Portion), ST2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71 

4.22 Comparison of Measured and Calculated Upper Horizontal Tie 
Force (Near Dap ), ST2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71 

4.23 Comparison of Measured and Calculated Upper Horizontal Tie 
Force, S1"2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72 

4.24 Comparison of Measured and Calculated Lower Horizontal Tie 
Force, ST2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73 

4.25 Comparison of Measured and Calculated Lower Horizontal Tie 
Force, ST2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73 

4.26 Analysis of Upper Portion of Dap at lOOk, ST2 . . . . . . . . . . . . . . . . . • 74 

4.27 "Shifted" Strut-and-Tie Model of Upper Portion of Dap, ST2 ........ 74 

4.28 Comparison of Measured and Calculated Vertical Tie Force, 
PCI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75 

4.29 Comparison of Measured and Calculated Horizontal Tie Force, 
PCI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75 

4.30 Analysis of Upper Portion of Dap at lOOk, PCI . . . . . . . . . . . . . . . . . . 76 

4.31 Analysis of Upper Portion of Dap at lOOk, MF .................. 77 

4.32 Analysis of Upper Portion of Dap at Ultimate, MF . . . . . . . . . . . . . . . 78 

4.33 Strain in Stirrups, STl . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 79 

4.34 ~Strain in Stirrups, ST2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .. . . . . 80 

4.35 .; train in Stirrups, PCI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80 

4.36 ~train in Stirrups, _MF • • • • • • • • • . • • • • • • • • • • • • • • • • • • • • • • • • • • • 81 

4.37 :omparison of Stirrup Strains Near Dapped End ................. 81 

xvi 



4.38 Comparison of Strains·in Horizontal Dap Reinforcement ........... 82 

4.39 Comparison of Strains in Beam Flexural Reinforcement . . . . . . . . . . . . 82 

4.40 Strain Variation Along Beam Flexural Reinforcement, MF ......... 83 

' 
4.41 Concrete Strain Measurements, ST1 . :. . . . . . . . . . . . . . . . . • . . . . . . 84 

4.42 Dapped End Design Model and Suggested Reinforcement 
Detailing . . e • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 85 

5.1 CIT Nodes ............................................. 88 

5.2 Determination of Node Boundaries ........................... 89 

5.3 Geometry and Placement of Steel for Specimens HFSR-A, 
HFSR~B, and LFSR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91 

5.4 Bearing Surfaces Used for Isolated Tests . . . . . . . . . . . . . . . . . . . . . . . 91 

5.5 Details for Maximum and Minimum Confinement of Node . . . . . . . . . 92 

5.6 Geometry and Placement of Steel for Specimen HFSB . . . . . . . . . . . . 93 

5.7 Comparison of Specimen Strut Angles . . . . . . . . . . . . . . . . . . . . . . . . . 93 

5.8 Assembled Formwork and Reinforcing Cage . . . . . . . . . . . . . . . . . . . . 96 

5.9 Elevation View of Concrete Reaction Block . . . . . . . . . . . . . . . . . . . . . 97 

5.10 Test Setup, CTT- Nodes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98 

5.11 CCf Nodes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100 

5.12 Reinforcement Details and Specimen Geometry. . . . . . . . . . . . . . . . . 103 

5.13 Location of Points for Surface Strain Measurements . . . . . . . . . . . . . 104 

5.14 Steel Cage and Formwork . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105 

5.15 Elevation of Test Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106 

6.1 Node Specimen Force Designation . . . . . . . . . . . . . . . . . . . . . . . . . . 107 

xvii 



6o2 External Transverse Bar Strains for Specimen HFSB 0 0 • • • • • • • • • • • 108 

6.3 External Longitudinal Bar Strains for Specimen HFSB . 0 0 ••••• o . . . 108 

6.4 Average External Longitudinal Bar Strains for Specimen 
HFSB ... I • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • 109 

6o5 Crack Patterns for Specimen HFNC 0 0 ••• 0 0 ••••••••••••••• o . . 110 

6.6 Specimen HFNC at Failure (South and End Faces) .. 0 ••• o . • . . . . . 111 

6. 7 Strains in Transverse Reinforcement Bars, HFNC . . o ... o . . . . . . . . 112 

6.8 Tensile Strains Resulting from Slip at 90° Bend ........ 0 • • • • • • • • 112 

6o9 Strain in Transverse Reinforcement, HFNC 0 • 0 •• 0 • 0 •••• 0 ••• o . . . 113 

6o10 Strain in Longitudinal Reinforcement, HFNC . 0 •• 0 •• 0 • • • • • • • • • • 114 

6oll Force in Transverse Reinforcement, HFNC ........ 0 •• 0 0 0 0 • 0 0 • • 114 

6.12 Force in Longitudinal Reinforcement, HFNC .... 0 0 0 0 o 0 • 0 o ..... o 115 

6.13 Crack Patterns, HFSR-A 0 ••••••• 0 0 • 0 0 0 ••• 0 0 0 0 0 • o ........ o. 117 

6o14 Strain in Transverse Reinforcement Layers, FHSR-A .. 0 • • • • • • • • • • 118 

6.15 Crack Patterns, HFSR-B . . . . . . . 0 • • • • • • • • • • • • 0 ••• 0 , 0 0 o . . . . . 119 

6.16 LFSR-Development Failure of Transverse Reinforcement 
(North and Top Faces) o ........ o . 0 ••• 0 0 o 0 ••••••••••••••• o 120 

6.17 Crack Patterns, LFSR ............... 0 • ~ ••••••••••• 0 • • • • • • 121 

6.18 Strains in Transvers~ Reinforcement Bars, LFSRo . 0 •• 0 0 0 •••• 0 • • • 122 

6.19 Cover Splitting Failure (North and End Faces), LFNC. . ....... o . . 123 

6.20 Crack Patterns, LFN C. . . . 0 • • • • • • • • • • 0 • • • • • • • • • 0 • • • • • • • • • • 124 

6.21 Strain in Transverse Reinforcement, HHSR. . .. 0 • 0 • 0 ••••• 0 • • • • • 124 

6.22 Strains in Longitudinal Reinforcement, HHSRo 125 

xvili 



6.23 Compression Strut Crushing Failure, LHSR. . . . . . . . . . . . . . . . . . . . 125 

6.24 Strain in Longitudinal Reinforcement, HFSB. 126 

6.25 Effect of Diagonal Tension Crack Upon Reinforcement 
Development I...ength. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126 

626 Failure of Longitudinal Reinforcement, LF AC. . . . . . . . . . . . . . . . . . 127 

6.27 Strain in Transverse Reinforcement, LF AC. . ............ , . . . . . . 127 

6.28 Strain in Longitudinal Reinforcement, LF AC. . . . . . . . . . . . . . . . . . . 128 

6.29 Comparison of Crack Patterns. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 129 

6.30 Strains at Location TA 130 

6.31 Strains at Location TB. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .... 130 

6.32 Strains at Location TC. 131 

6.33 Strains at Location TD. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132 

6.34 

6.35 

6.36 

Strains at Location IA. 

Strains at Location lB. 

Strains at Location LC. 

132 

133 

. . . ' . . . . . . . . . . . . . . . . . . . . . . . . ...... . 133 

6.37 Strains in Bottom I...eg of Transverse Tie at Location CA . . . . . . . . . . 134 

6.38 Strains in Bottom I...eg of Transverse Tie at Location CB. . . . . . . . . . . 134 

6.39 Crack Pattern Comparison of Specimen HFSR-A and Dapped 
Beam Specimen, ST1. . •.......... , . . . . . . . . . . . . . . . . . . . . . . . 135 

6.40 Confining Forces Produced by Test Setup. . .................. ·. . 135 

7.1 Crack Pattern Prior to Failure, LFT. . . . . . . . . . . . . . . . . . . . . . . . . . 140 

7.2 Crack Patterns Mter Failure, LFT. . . . . . . . . . . . . . . . . . . . . . . . . . . 140 

7.3 Crack Pattern Prior to Failure, LFT -R. . . . . . . . . . . . . . . . . . . . . . . . 141 

xix 



7.4 Crack Patterns After Failure, LFr-R. . . . . . . . . . . . . . . . . . . . . . . . . 141 

7.5 Stresses and Total Force in Longitudinal Bars, LFT. . . . . . . . . . . . . . 142 

7.6 Stresses and Total Force in Longitudinal Bars, LFT-R. . . . . . . . . . . . 143 

7.7 Principal Surface Strains, LFT-R. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144 

7.8 Crack Pattern Prior to Failure, LFO. . . . . . . . . . . . . . . . . . . . . . . . . . 144 

7.9 Crack Pattern After Failure, LFO. . . . . . . . . . . . . . . . . . . . . . . . . . . . 145 

7.10 Crack Pattern Prior to Failure, LHT. . . . . . . . . . . . . . . . . . . . . . . . . . 145 

7.11 Crack Patterns Prior to Failure, UIO. . . . . . . . . . . . . . . . . . . . . . . . . 146 

7.12 Crack Patterns After Failure, LHO. . . . . . . . . . . . . . . . . . . . . . . . . . . 146 

7.13 Appearance After Failure, HFr. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147 

7.14 Appearance After Failure, HFO-SS. . . . . . . . . . . . . . . . . . . . . . . . . . 148 

7.15 Stresses and Force in Longitudinal Bars, HFO-SS. . . . . . . . . . . . . . . . 149 

7.16 Principal Surface Strains, HFO-SS. . . . . . . . . . . . . . . . . . . . . . . . . . . 150 

7.17 Appearance After Failure, HFO-HS. 

7.18 Appearance After Failure, HFO-SL 

. . . . . . . . . . . . . . . . . . . .. . . . . . 150 

151 

7.19 Appearance After Failure, HFO-HL. . . . . . . . . . . . . . . . . . . . . . . . . . 152 

8.1 Comparisons of Design Rational Used for Nodal Region of 
Strut-and-Tie Model and Joint of Steel Truss. . . . . . . . . . . . . . . . . . . 154 

8.2 Estimated Geometries of Compressive Stress Fields in Some 
CIT Node Specimens. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155 

8.3 Evaluation of Anchorage Conditions. . . . . . . . . . . . . . . . . . . . . . . . . . 160 

8.4 Continuous Reinforcement Details for Anchoring Tensile Ties 
in CIT-Node. . ....... tl •••••• tl • • • • • • • • • • • • • • • • • • • • • • • • • • 164 

XX 



85 Defining the Effective Width of Continuous Reinforcement Tie 
Anchors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164 

8.6 Design Complications Resulting from Uneven Placement of 
Reinforcement. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165 

8.7 Undesirable Effects Resulting from the Use of Continuous 
Reinforcement Details in Wide Members. . . . . . . . . . . . . • . . . . . . . . 165 

8.8 Force Transfer in CTT-Node with Simple Reinforcement 
Layout. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 166 

8.9 Positive and Development Length Anchorage Details . . . . . . . . . . . . . 166 

8.10 Design Checks for Ties Anchored with Single and Multiple 
Layers of Reinforcement. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . • 167 

8.11 Bond Force Transfer Mechanism (From Ref. 30). . . . . . . . . . . . . . . . 168 

8.12 Consequence of Reinforcement Spacing in Dapped Beam. . . . . . . . . . 169 

8.13 Detailing the CTT-Node to Provide Three-Dimensional 
Confinement.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170 

8.14 Force Transfer Mechanisms at Interaction of Straight Bars with 
Hoop Reinforcement. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171 

8.15 Node Effective Dimensions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172 

xxi 





LIST OF TABLES 

Table Page 

2.1 Effective Concrete Strength Umits Proposed by Schlaich(15) .............. 23 
2.2 Effective Concrete Strength Umits Proposed by MacGregor<13) ••••••••••• 23 
3.1 Concrete Mix Proportions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32 
3.2 Summary of Concrete Strengths . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32 
5.1 Summary of Test Specimens . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95 
5.2 Summary of Test Details, CCT-Nodes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101 
6.1 Summary of Node Specimen Test Results . . . . . . . . . . . . . . . . . . . . . . . . . . . 115 
6.2 Crack Widths . . . . . . . . . . . . . . . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 116 
6.3 Ratio of Measured Force to Total Applied Force - Transverse 

Reinforcement . . ~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137 
6.4 Ratio of Measured to Total Applied Force - Longitudinal Reinforcement . . . 138 
7.1 Failure Mode of CCT Test Specimens . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152 
8.1 Comparison of Node Test Results with Suggested Efficiency Factors . . . . . . . 157 
8.2 Comparison of Node.Test Results with Suggested Efficiency Factors.. . . . . . 157 
8.3 Specimen Exhibiting Anchorage Problems: Computed Strength Based on 

Available Development Lengths . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163 
8.4 Node Dimensions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173 
8.5 Measured and Proposed Efficiency Factors for Concrete Stress . . . . . . . . . . . 175 
8.6 Specimens Failing in Anchorage: Available and Computed Anchorage 

Lengths .................. ~ . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176 
8.7 Comparison of Computed and Measured Force in Tension Tie . . . . . . . . . . . 177 

xxiii 





1.1 Background 

CHAPTER 1 
INTRODUCTION 

In recent years, rapid advancement in the use of structural concrete has occurred. 
Longer spans, more complex geometries and new construction techniques are being utilized. 
The term "structural concrete" is used to address the wide spectrum of reinforced and 
prestressed concrete ranging from elements with only unstressed or "passive" reinforcement 
to elements with all prestressed or "active" reinforcement. Composite construction with 
structural steel members is used where economically beneficial. The industry trend is 
toward higher strength materials, especially higher strength concrete. The diversity of forms 
and types of reinforcement has added to the complexity of structural design. These new 
technologies create a need for a better understanding of and approach to detailing practices. 
Design involves far more than analysis to determine member forces and proportioning the 
members to obtain safe stresses. It requires a certain amount of "detailing" which affects 
the overall safety, economy, and constructability of the structure. In concrete structures, 
detailing would encompass: 

1. Preparation of drawings showing the size and location of structural elements and 
reinforcement. 

2. Specification of bar details such as anchorage provisions and location of splices and 
overlaps. 

Detailing should not be confused with the "details" of a structure. Details would 
include statical or geometrical discontinuities such as point loads or frame comers, corbels, 
recesses, holes and other openings(lS). Examples of details which may occur in bridge and 
building construction are shown in Fig. 1.1. The structural engineer must be concerned with 
the "detailing" of reinforcement whether he is designing the "details" or other parts of the 
structure. Details and detailing are equally important in monolithic construction and 
"mixed" structural systems because they are essential to overall structural integrity. 

Neither the ACI Buildin~ Code(t) nor the generally similar provisions of the 
AASIITO Bridge Specifications 2) address detailing of reinforcement extensively or 
uniformly. Provisiops governing development length, lap splices, bar spacing, and 
reinforcement details such as standard hooks and bends are included. Detailing of 
transverse or confining reinforcement in members subjected to axial or shear forces is 
described by general guidelines. Even though the codes offer no general method or 
philosophy, the designer is able to detail reinforcement in standard portions of structures 
expeditiously. 

1 
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Figure 1.1 "Details" That May Exist in Actual Structures. 

To complement design codes, detailing manuals are often utilized. These manuals 
are collections of drawings of typical details without any consistent philosophical basis. It 
may be difficult for the designer to adapt "typical details" to new and unusual circumstances. 
While handbooks of design procedures represent a general approach, each detail may be 
based on a different design philosophy and may be presented without explanation. In 
general, it is difficult for the designer to envision the flow of forces and understand the 
function of the components making up a portion of a structure. 

Unusual or complex situations often present the designer with numerous difficulties. 
There is not a general methodology for "detailing." The ACI Code has some specific 
provisions for details such as brackets and corbels, anchorage zones, and joints in seismic 
frames. Additional guidance for desip of details may be found in documents published by 
the Prestressed Concrete Institute<3

, the Post-Tensioned Concrete Institute<4>, and the 
Concrete Reinforcing Steel Institute<5>. Various ACI committees have also developed 
reports and standards covering details and detailing. Most of these manuals and standards 
tend to be empirical in nature, focused on specific applications and lack a conceptual model 
to assist the designer. Thus, the recommendations are either extremely vague or extremely 
rigid and it is difficW,t to extend them to other applications. 

A more fundamental approach to design is the use of strut-and-tie or "truss" models. 
In this approach, a portion of a structure is modeled as a system of struts and ties. The 
struts represent compressive forces in the concrete and the ties tension forces in the 
reinforcement. A statical force path composed of struts and ties is visualized and 
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reinforcement requirements and concrete compressive stresses are determined. This 
approach promotes a better understanding of force transfer mechanisms and improves the 
designer's ability to handle unusual circumstances. 

(a) Typical cracks in reinforced concrete beam 

(b) Analogous truss representing flow of forces. 

Figure 1.2 Truss Analogy. 

Truss models for shear design of reinforced concrete beams were introduced W 
Ritter<6

) near the tum of the century. The procedure was later generalized by Morsch< . 
In truss models for shear, the reinforced concrete beam is represented by an analogous 
truss. A typical reinforcement scheme in a cracked reinforced concrete beam will mobilize 
"truss" action as shown in Fig. 1.2. Fundamental work, incorporating truss models for 
reinforced concrete detail design, was carried out and presented by Leonhardt(S). Various 
researchers, including Neilsen et al.<9>, Lampert and Thiirliman<10

\ Mitchell and Collins<ll), 
and Ramirez<12>,-have worked to refine and expand the method so it is applicable to shear, 
torsion, and the interaction of these actions, as well as bending. Recently, MacGregor<13

), 

Marti<14>, and Schlaich, Schafer and Jennewein<ts) have published refined methods for 
detailing structures using truss models. In a major contribution for English language readers 
Schlaich et al.<15> have presented the "strut-and-tie" model as a generalization of previous 
truss models applicable to the entire structural concrete spectrum. The present study, 
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following the proposal of Schlaich and his co-workers, identifies the strut-and-tie model as 
a unified design concept applicable to all portions of the structure. 

Despite considerable recent progress, the strut-and-tie model is still highly conceptual 
and has not been subjected to comprehensive verification through tests. Empirical 
expressions developed for the failure criterion of cracked concrete struts are a necessary part 
of the model and have been widely discussed<9

• 
11

• 
12

• 
16>. Also, stress checks at the nodes 

require highly graphical procedures which are cumbersome during design. Some portions 
of the method have been fully developed. Lack of consistent code provisions can allow the 
designer to make unreasonable assumptions regarding the flow of forces and subsequent 
reinforcement detailing. Dimensioning of the strut and tie members and limiting of the strut 
and nodal concrete stresses must be better quantified before the method can be practically 
implemented. 

1.2 Project Description and Scope 

The research described herein is part of a larger study supported by the Texas State 
Department of Highways and Public Transportation (TSDHPT) to develop general 
guidelines based on refined strut and tie models for the detailing of structural concrete 
utilized in U.S. and Texas transportation structures. It is envisioned that the designer will 
approach the detailing of a concrete member using the strut-and-tie model much as he 
would the detailing of a steel truss. Mter selecting a suitable truss to carry the applied 
loads for the given boundary conditions, the designer would analyze the truss for member 
forces. The truss members would then be proportioned to carry the indicated forces. 
Lastly, the designer would detail the connections at the nodes. Simple strut-and-tie models 
could be applied to numerous design situations. The research reported herein involves the 
use of specific application of strut-and-tie or truss models to the detailing of dapped end 
beams. 

Dapped end details are used by the TSDHPT in precast bridge construction as part 
of "drop-in" beams. In this system a precast beam is cantilevered across a support location 
which corresponds to a hinge. Drop in beams span between hinges. The connection at the 
hinge is made by notching the upper comer of one beam and lower comer of the other. 
The notched area is referred to as a dapped end detail (Fig. 1.3). 

The investigation consisted of four separate tasks. The first task was a review of 
literature concerning the strut-and-tie model which is presented in Chapter 2 and is 
discussed in considerable detail in Report 1127-3F. A summary of the basic elements of the 
strut-and-tie model is presented. Various approaches presented in the literature are utilized 
to describe the current state of the strut-and-tie model as a design method. 

The second task involved an experimental study of dapped beams. Three methods 
of designing dapped end details were examined. The strut-and-tie models described in 
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Figure 1.3 Strut and Tie Model of the Prototype Dapped Beam. 

Chapter 2 were utilized to develop the dapped end detail. Design procedures recommended 
by the Prestressed Concrete Institute (PCI) along with the method currently used by the 
TSDHPT were also reviewed. 

After reviewing the strut-and-tie model in current literature and trying to design 
dapped end members using this approach, it was apparent that the existing state of 
knowledge was not sufficient for application of the model to complex detailing situations. 
Particularly troublesome were the nodes. Therefore, the third and fourth stages of the study 
were focused on developing an in-depth understanding of isolated nodes (See Fig. 1.3). 
Physical tests were performed to enhance the understanding of the node. 

In the third task, behavior of nodes joining two tensile ties and one compression strut 
[CTT Node, Fig. 1.3(b)] were studied. In the fourth task the reaction area of a dapped 
beam where two compression forces and a tension tie meet [CCT node, Fig. 1.3(c)] was 
isolated and tested. These two node cases were chosen because they occur frequently in 
design and can be studied with relatively simple tests. The node tests complimented the 
tests of the full-sized, dapped beams studied in Task 2. In the isolated node test specimens, 
reinforcement patterns similar to those present in the nodes of the full-sized, dapped beams 
were used. 





CHAPTER2 
THE STRUT-AND-TIE MODEL. 

2.1 Introduction 

In the strut-and-tie mode~ the stress distribution is idealized as a static force system 
consisting of three basic elements: 

Struts 
Ties 
Nodes 

The strut-and-tie model behaves essentially as a truss. Compressive forces are directed 
along struts representing compressive stress fields within the concrete. Tensile forces are 
directed along ties which represent reinforcement. IntersectionS of struts and ties occur at 
nodes which are idealizations of areas in which internal forces are redirected. 

By replacing a complex structural system with a strut-and-tie model, estimates of the 
internal forces in the system can be obtained by analyzing the truss with the external forces 
applied to the system. The estimates of internal forces may then be used to determine 
reinforcement requirements, check concrete stresses and determine anchorage 
requirements. Some typical examples of strut-and-tie models are illustrated in Fig 2.1. 

In this chapter, a brief overview of the strut-and-tie procedure for design of 
structural concrete is presented. A more comprehensive evaluation of the strut-and-tie 
model is presented in Report 1127-3F. The following discussion is a summary of the 
proposals of several researchers regarding application of strut-and-tie models. The focus 
is on design of details for which no rational design methods currently exist. Therefore, 
applications such as uniformly loaded simple beams are only briefly mentioned. 

2.2 Basic Principles 

2.2.1 Background and Assumptions. The strut-and-tie model is a limit analysis 
approach to the design of structural concrete. More specifically, the strut-and-tie model is 
a static or lower bound plasticity solution. Marti<14

) explains that strut- and-tie models 
represent a possible equilibrium system of forces within a structure at its ultimate load. 
While the plasticity theory behind the strut-and-tie model is quite complex, it is primarily 
used to establish a rational basis for the method. For most practical applications, it is only 
necessary to understand that a properly chosen and dimensioned strut-and-tie model 
represents a lower bound estimate of the true capacity of a structural element assuming 
other brittle failures such as stability, local crushing, or anchorage are precluded. 

7 
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Figure 2.1 Examples of Strut-and-Tie Models (From Ref. 1). 
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Although development of a detailed mathematical verification for the strut-and-tie 
method is unnecessary to understand its application, awareness of the assumptions is 
important. The most important assumptions are summarized below: 

1} Failure is due to the formation of a "mechanism" resulting from yielding of 
one or more ties. 

2) Crushing of the concrete struts does not occur prior to yielding of the ties. 
This is prevented by limiting the stress level in the concrete. 

3) Only uniaxial forces are present in the struts and ties. 

4) All external loads are applied at the nodes of the strut-and-tie model. 

5) The reinforcement is properly detailed to prevent local bond failures. 

22.2 Types of Strn.t-and-Tie Models. Strut-and-tie models are often divided into two 
categories based upon the regions of the structure to which they applf13

• 
15

• 
17

• 
18>. The 

distinction is based on the elastic stress distribution within the structure. While elastic 
stresses are not necessarily representative of the stress distribution in an actual concrete 
structure, they are utilized to characterize different areas of a structure. Division between 
regions of a structure can be illustrated by considering a simple beam under a central 
concentrated load as shown in Fig. 2.2a. The elastic state of stress in the beam may be 
characterized by the use of stress trajectories (contours of principal stress). At the 
concentrated load, and at the supports, where the stresses are "Disturbed", the areas are 
defined as D-regions. Between D-regions, the stress distribution is essentially uniform and 
regular and the linear strain profile assumption of "Bernoulli" is applicable. These areas are 
identified as B-regions. D-regions may also result from geometrical discontinuities. The 
subdivision of other types of structures into B and D regions is illustrated in Fig. 2.3. 

Design of B-regions is accomplished using a special type of strut-and-tie model which 
is generally termed the "truss analogy'. An example of a truss model is illustrated in Fig. 
2.2b. The truss model has been used extensively as a conceptual model for shear design. 
In the truss model for a simply supported beam the lower horizontal chord represents 
longitudinal reinforcement while the upper chord represents the concrete compression zone. 
The stirrups are the truss vertical members. Inclined compression struts are used to 
represent diagonal compression in the web of the beam. The truss model can be most easily 
used for the design of beams or B-regions. Its use in D-regions is mainly confined to 
location where concentrated loads produce compression fields which radiate outward from 
the load (Fig. 2.4). In the strut-and-tie model, the truss analo~ is generalized and 
extended so that it may be applied to a variety of design situations 15

• 
17

• 
18>. The wide range 

of D-regions which occur in structures can be handled using strut-and-tie models . 
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(c) Actual reinforcement layout 

Figure 2.2 Application of Strut-and-Tie Model to Simple Beam. 
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D·Regions 
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Figure 2.3 Examples of B- and D-Regions (From Refs. 13 and 15). 
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Figure 2.4 Compression Fields Radiating Outward From Concentrated Loads. 

2.2.3 Design Procedure. The general procedure in applying the strut-and-tie model 
is summarized in Fig. 2.5. After the basic structural system is established, loads and 
member sizes can be estimated and the structure analyzed to determine reactions. To apply 
the strut-and-tie model, a specific area of the structure which is to be designed (the "detail") 
can be isolated, dimensions estimated and forces acting on the specific area determined. 
The detail can be replaced by a strut-and-tie model which satisfies equilibrium and the 
local boundary conditions. Internal forces in the struts and ties can be determined from 
equilibrium. The reinforcement can be dimensioned using tie forces and stress levels in 
the concrete struts checked. Finally, the nodes are evaluated to ensure proper development 
of reinforcement and transfer of forces. 

Design using the strut-and-tie model is often an iterative procedure as many of the 
steps are interrelated. It is likely that the geometry of the model and the detail will need 
to be altered as specific reinforcement sizes, anchorage requirements, etc. are developed. 
A sketch of the detail drawn to scale can help the designer get a "feel" for the force transfer 
mechanism. 

2.3 Elements of the Strut-and-Tie Model 
! 

2.3.1 Ties. 1ries are the tension members of the strut-and-tie model. Usually, tie 
forces are resisted by reinforcement placed symmetrically about the line of action of the 
force. The reinforcement must extend the entire length of the tie and should be properly 
anchored at the nodes. The amount of reinforcement to be provided is determined from 
the tie force. Ideally, the tie should be proportioned so that at the ultimate design load it 
will just reach yield. In order to ensure a ductile failure mode, sufficient yielding must occur 
to allow the formatipn of a mechanism prior to crushing of the concrete. Tie reinforcement 
may consist of single or multiple bars or of prestressing strands. Schlaich(IS) indicates 
reinforcement considered to be part of a given tie should undergo similar strains in order 
to act as a unit or a single tie. 
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Figure 2.5 Strut-and-Tie Model Design Procedure. 

23.2 Struts. Compression members of the strut-and-tie model are known as struts. 
Struts are usually considered to be comprised of concrete. Struts represent stress fields 
in the concrete. Various types of struts have been developed to characterize different 
stress fields. Three configurations are sufficient to model most situations (15). These are 
the prism, fan and bottle struts illustrated in Fig. 2.6. A prismatic strut is the simplest 
idealization of a compressive stress field. Prisms are generally used to model stress fields 
having uniform parallel stress trajectories. Fan shaped stress fields are developed at points 
of concentrated loading or at supports. Figure 2. 7 illustrates a fan region such as that 
which develops at the support in a simple beam. This fan region incorporates a series of 
trapezoidal struts which act to distribute force from the node at the point of reaction to 
several stirrups. 

In some cases, a stress field which narrows near points of concentrated loads or at 
supports is modeled using a bottle shaped strut as shown in Fig. 2.8. The inclined struts 
produce tensile stresses normal to the line of action of the applied forces which must be 
resisted by transverse reinforcement or by tension in the concrete. Figure 2.8 shows the 
bottle or bulb strut represented using a simple strut-and-tie model for analysis. 
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(a) Prism (c) Bottle 
(b) Fan 

Figure 2.6 Basic Types of Struts (From Ref. 15). 

2.3.3 Nodes. Nodal regions connect the elements of the strut-and-tie system. In 
strut-and-tie models, nodes represent the pinned joints of a truss. Physically, nodes 
represent regions in which internal forces are redirected. The importance of nodes in the 
design process is twofold. First, concrete stress levels in nodes must be controlled to allow 
for the safe transfer of forces. Secondly, dimensioning of nodes is the key to satisfying 
anchorage requirements for reinforcement. 

Figure 2.9 illustrates singular and smeared nodes. The singular node connects strut 
and tie forces in relatively small areas. Smeared nodes, in contrast, join wide stress fields 
or ties made up of a number of distributed bars. Of the two types of nodes, the singular 
node is generally the more critical since the force transfer is more abrupt and creates 
higher stress concentrations. The following discussion is focused on singular nodes. Nodes 
may be grouped into subsets relating to the type of elements which they join. For instance, 
a node joining two compression struts and one tension tie is termed a CCf-node. 
Examples of various singular nodes are shown in Fig. 2.10. 

The "dimensioning" of nodes is largely determined by two constraints. The first 
constraint is that all the lines of actions of strut and tie as well as any external forces must 
coincide. Secondly, the widths and relative angles of the struts and ties determine node 
geometry. 
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Figure 2.7 Fan Shaped Compressive Stress Region at Beam Support. 
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Figure 2.8 Bottle or Bulb Shaped Struts (From Ref. 15). 
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Dimensioning of the node and checking boundary stresses are interrelated. Node 
geometry is selected so that stresses along the border of the node do not exceed the limiti~ 
value of concrete stress (see Section 2.4 for limiting stresses). Furthermore, Schlaich( 
recommends dimensioning the node so that a state of planar hydrostatic stress within the 
node results. This state of stress is achieved by choosing the node geometry so that the 
stresses on all the node's faces are equal. An example of a CCC-node under a hydrostatic 
stress state is shown in Fig. 2.11. Because the node is hydrostatic, strut forces are 
proportional to their width and the sides of the node are perpendicular to the axis of each 
of the struts. 
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Figure 2.9 Singular and Smeared Nodes (From Ref. 15). 
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Figure 2.10 Examples of Singular Nodes. 
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Figure 2.11 CCC-Node Under Hydrostatic Stress State (From Ref. 14). 
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(a) actual reiDforcemeat layout (b) Idealized tie anchors 
Figure 2.12 Idealization of Tie Forces Within Nodal Regions. 

In some cases the geometries of the struts and ties may not allow for equalization 
of the boundary stresses. More complex situations are discussed in Report 1127-3F. 

Nodes anchoring tension ties are dimensioned in a manner similar to the CCC-node. 
This is made pgssible by assuming the tie forces act from behind the node to compress the 
nodal region(l.5J. The anchorage of reinforcement is often visualized as a plate even though 
most reinforcement is anchored by simply providing sufficient development length (see Fig. 
2.12). The dimensions of nodes joining ties is often controlled by the width of the tie. Thus, 
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placement of reinforcement can be critical to the design of nodes. The use of multiple layers 
of reinforcement increases the width of the tie and reduces stress levels in the node (Fig. 
2.13). 

One of the most commonly occurring nodes is the CCT-node located at the supports 
of beams (Fig. 2.13). The dimensions of the nodes in Fig. 2.13 are defined by the width of 
the tension tie. Where the reinforcement is relatively close to the bottom of the beam, the 
tie width is defined by Schlaich et al. (l5) as being twice the distance from the center of 
gravity of the reinforcement to the bottom of the beam. It is obvious, however, that as the 
center of gravity of the reinforcement is moved further from the bottom of the beam there 
must be a limit on the tie width. Marti<14) therefore, defines the tie width w (Fig. 2.14) using 
the mechanical reinforcement ratio "(,.) ": 

where: 

b 
h 
A, 

i 

= 
= 
= 
= 
= 

width of beam 
height of beam 

w = (,.)h 

area of flexuraareinforcement 
yield of strength of flexural reinforcement 
effective concrete stress (see Sec. 2.4) 

Schlaich(l5) suggests that dimensions of the CCT-node are dependent on factors such 
as the relative magnitude of stress fields and the amount of tie reinforcement. Only a few 
node configurations have been addressed to a degree that would allow designers to use 
them with confidence. Fundamental node dimensioning techniques have not been verified 
experimentally. Figure 2.15 shows CCf-nodes with different strut widths results from where 
reinforcement anchored using straight bars or hooked bars. 

The final step in evaluating a node is checking anchorage of tie reinforcement. 
Anchorage is achieved by providing proper development length or in special circumstances 
by attaching the reinforcement to bearing plates or other fixed components. The key to 
determining anchorage requirements is selecting the point at which the reinforcement must 
be fully developed. In the case of the CCf-node shown in Fig 2.16, the anchorage is 
considered to begin at the inside of the support because of the compression stresses from 
the bearing plates. · If sufficient space is not available for hooks or normal development 
lengths, end plates or continuous reinforcement details such as "U's" may be utilized. AlSo, 
confining hoops or spirals may be used to improve development.· 
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Figure 2.13 Effects of Decreasing Tie Width on Node Geometry (From Ref. 15). 
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Figure 2.14 Tie Width as Defined by Mechanical Reinforcement Ratio (From Ref. 14). 
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Figure 2.15 Effect of Anchorage Detail on CCf-Node Geometry. 
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Figure 2.16 Anchorage of Reinforcement in CCf-nodes. 

2.4 Effective Concrete Strength Limits 
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The general goal in structural concrete design is to produce members in which the 
critical section will exhibit ductile behavior under extreme overload. This is done by 
ensuring that the reinforcement yields before the concrete fails. To ensure ductile behavior 
it is necessary to place a limit on stress levels in the concrete. 

In general, the effective strength of the compression struts is chosen as some portion 
of the concrete cylinder compressive strength, t.' . The effective strength, 1. , is equal to 
v Jc' where v is an efficiency factor and tc' is the ~8-day compressive strength~ Because the 
strut-and-tie model is associated with the ultimate limit state, substantial cracking may be 
expected to reduce the concrete compressive strength. Furthermore, in the strut-and-tie 
model, struts are assumed to be loaded uniaxially. Actually, frictional forces, aggregate 
interlock and dowel forces are present which may also affect concrete strength. Hence, an 
efficiency factor, v , is introduced to reflect this decrease. 

Considerable research has been conducted in an effort to determine the limiting 
concrete compressive stress for struts. Much of this work has focussed on the webs of 
beams. Empirical relations for the efficiency factor of concrete struts in beam webs as 
suggested by Neilsen<9), Thurlimann<16), and Ramirez (ll) are summarized in Fig. 2.17. 
Collins and Mitchen<u) present a more detailed method of determining the limiting stress 
in compression struts which is based on results of tests on shear panels. The compressive 
strength is related to the principal tensile strain along with the cylinder compressive 
strength. 
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Concrete Cylinder Strength • tc' (psi) 

Figure 2.17 Effective Concrete Compressive Strength. 

The various proposals for effective concrete stress are based on tests of continuous 
compression fields either in beams or shear panels. In more general applications, 
recommendations are required for isolated struts and nodes where the state of stress may 
be quite different from the continuous compression fields. Proposals for effective concrete 
strength from References 13 and 15 are summarized in Tables 2.1 and 2.2, respectively. 
It should be noted that a variety of different terms have been used in the literature to 
express the effective concrete stress. In this report fee will be used for consistency. 

2.5 Modeling 

25.1 General Guidelines. One of the key elements in the application of the 
strut-and-tie model is selection of an appropriate design model for a specific detail. Model 
development is constrained by the following considerations: 

• Ease of Fabrication 
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TABLE 2.1 Effective Concrete Strength Limits Proposed by Schlaich<15
) 

STATE OF STRESS AND/OR REINFORCEMENT LAYOUT FOR fee 
STRUT OR NODE 

Undisturbed and uniaxial state of compressive stress that may exist for prismatic struts and 0.85 fe1 

CCC-nodes 

Tensile strains and/or reinforcement perpendicular to the axis of the strut may cause cracking 0.68 fe' 
parallel to the strut with normal crack width; this applies also to nodes where reinforcement 
is anchored in or crossing the node. 

Tensile strains causing skew cracks and/or reinforcement at skew angles to the strut's axis 0.51 fc' 

For skew cracks with extraordinary crack width. Skew cracks would be expected if modeling 0.34 fc' 
of the struts departs significantly from the theory of elasticity's flow of internal forces. 
Considerable redistribution of internal forces would be required to exploit the member's 

ultimate capacity. 

Table 2.2 Effective Concrete Strength Limits Proposed by MacGregor<13
) 

Structural Member fee 

Truss Nodes: 

Joints bounded by compressive struts and bearing areas 0.85 fc1 

Joints anchoring one tension tie 0.65 fe1 

Joints anchoring tension ties in more than one direction 0.50 fe' 

Isolated compression struts in deep beams or D-regions ·o.so fc' 

Severely cracked webs of slender beams: . . 

Strut angle = 30° 0.25 fc' 

Strut angle = 45° 0.45 fc' 
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• Equilibrium 
• Ductility 
• Serviceability 

In many cases practicality and ease of fabrication will have the greatest influence 
upon the configuration of the design model. Models which result in details that are overly 
congested or difficult to fabricate should be avoided. The reinforcement pattern selected 
for the detail should follow the reinforcement scheme used in adjacent portions of the 
structure. 

In order to satisfy the requirements of the theory of plasticity, a modef must be in 
equilibrium under the applied loads. However, if the selected force system or "truss" is to 
develop fully, the load carrying capacity of the struts and the rotational capacity of the 
nodes must not be exceeded before the ties yield. To fulfill the latter ductility requirement, 
it is suggested(l5,l7) that the model be oriented so as to approximate elastic stress 
trajectories. 

A fundamental consideration in any design process is serviceability. According to 
Schlaich(lS,17), crack control is provided by orienting the strut-and-tie model according to 
the elastic stress trajectories. In addition, accepted standards for bar spacings, minimlim 
reinforcement, and control of creep and shrinkage should be followed. 

In the B-regions of beams, inclined compression strut angles are limited to promote 
better serviceability behavior. It may be shown that the choice of a strut angle determines 
the relative amounts of longitudinal and transverse reinforcement. A very low strut angle' 
requires a large amount of longitudinal reinforcement relative to transverse reinforcement 
while the converse is true for steep angles. In either case extreme strut angles may result 
in excessive cracking. Although various limits have been proposed, there is some agreement 
that strut angles should be between 30 and 60 degrees. Limits on strut angles have not been 
fully addressed for structural components other than beams even though it is apparent that 
similar problems may be encountered in other detailing situations. In more general details, 
however, it may be difficult to establish a frame of reference from which to measure strut 
angles. 

2.5.2 Model Development. Some authors, in particular Schlaich<15>, emphasize 
developing a model which conforms to the elastic stress trajectories within the structure. 
The elastic stress distribution in a structural element may be determined· from a finite 
element analysis. A strut-and-tie model condenses internal forces along a few discrete lines 
of action of strut-and-tie elements and can only ·follow the continuous elastic stress 
distribution in a very general sense. 

An example of the orientation of strut-and-tie elements along elastic stress 
trajectories is illustrated in Fig. 2.2 for the case of a truss model of a simple beam. In the 
upper portion of the beam principal compressive stresses are nearly parallel to the beam 
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axis and are represented in the truss model by the upper horizontal strut. In the same 
manner the lower tension tie represents principal tensile stresses in the lower portion of 
the beam. Rather than selecting the location of the upper and lower chords based on the 
elastic stress distribution, the distance between the upper and lower chords is chosen to 
maximize the moment capacity of the section. Inclined compression struts are aligned with 

_ the curvature of compression trajectories near mid-depth of the beam but deviate from the 
compression stress directions at other locations. The same is true of stirrups (vertical ties) 
which correspond to principal tensile stresses only near the top of the beam and are 
oriented vertically primaiily for ease of fabrication. Thus the truss model for a simple beam 
represents only an approximation of the elastic stress trajectories. 

An alternative method for developing strut-and-tie models based on estimated load 
paths is presented by Schlaich<15>. Figure 2.18 demonstrates the load path for a typical 
D-region. After equilibrium of the D- region free body is satisfied, stresses on the 
boundaries are computed. The boundary stresses are subdivided and resultant force 
determined. A suitable load path between the resultant forces is then drawn. Load paths 
should follow the most direct route between forces and should not cross one another. After 
drawing the load paths a strut-and-tie model may be constructed. Load paths may be used 
in conjunction with elastic stress trajectories to aid in model development of the strut-and-tie 
system. 

The selection of strut-and-tie elements is often complicated by the fact that, for any 
given detail, there may be more than one valid configuration. In general, the most suitable 
configuration is one that provides a path with the fewest deviations. Since the concrete struts 
are undeformable in comparison to the tension ties, the. model should be chosen to 
minimize the volume of reinforcement<15

). Figure 2.19 illustrates two examples of this 
concept. In any case, the · designer must rely heaVily on judgement and practical 
considerations in the development of a suitable detail. 

2.6 Summary 

·The strut-and-tie approach is a unified design concept that permits consistent 
treatment of all portions of a structure._ It is a generalization of the well known truss 
analogy which has been used extensively as a conceptual model for concrete beams 
subjected to shear, bending and torsion. Strut-and-tie models have their basis in the theory 
of plasticity, but they may be applied by using a consistent set: of rules without the need of 
complex theories. 

. . 

The method is especially helpful in detailing situations for which no rational design 
procedure exists. The designer must envision the flow of forces within a detail and provide 
a viable means of transferring the force. By visualizing the flow of forces, the designer will 
have a better understanding of behavior. -



26 

, _____ .. . . 
• • • • . . . !bot/;------·· 

A B A B 

(a) Estimated Load Paths (b) Strut-and-Tie Model 

F F 

• 
... . . . . . . . 

I • 
I • 

t-·--olff 
' 

•-q=-4r-=r 
B B 

F F 
(c) Estimated Load Paths (d) Strut-and-Tie Model 

Figure 2.18 Load Path Method for Development of Strut-and-Tie Models (From Ref. 15). 
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Figure 2.19 Optimization of Strut·and·Tie Models (From Refs. 13 and 15). 

Despite the advantages of the strut·and-tie model, portions of it lack adequate 
definition and have not been extensively verified for use in designs meeting U.S. codes. 
Further research in the application of strut-and-tie models to various design situations .is 
needed. Specific areas in which further guidance is required include: 

• Distribution and spacing of reinforcement in ties 
• Allowable concrete stress levels 
• Nodes 
• Serviceability criteria 

The objective of this study was to review existing data and to produce new data 
addressing the areas identified above. 
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CHAPTER 3 
TESTS OF DAPPED BEAM DETAILS 

3.1 Introduction 

In order to evaluate the use of the strut-and-tie model as a design tool, a dapped end 
beam was chosen for testing. The objective was to compare the behavior of specimens 
designed using strut-and-tie models and those designed using other accepted practices. 
Since the strut-and-tie model is presumed to represent internal forces within the structure, 
measured internal force distributions were compared with those assumed in the strut-and-tie 
model. 
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Figure 3.1 Prototype TSDHPT Dapped End Geometry. 

3.2 Prototype and Model Selection 

I 
Y> 

A typical TSDHPT dapped end detail is shown in Fig. 3.1. The test specimens were 
approximately half-scale models of the prototype TSDHPT girder (Fig. 3.2). In most 
TSDHPT girders with dapped ends, the girders are prestressed. The test specimens 
contained deformed reinforcement only. The reinforcement details and the beam section 
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Figure 3.2 Test Specimen Geometry. 

reinforcement consisted of 12 #5 bars arranged in two rows. Two #5 bars were placed 
longitudinally in the top portion of the beam to facilitate fabrication. The top four inches 
of the specimen were unreinforced to simulate the additional depth of a composite bridge 
deck. Outside of the dapped end regions #3 stirrups were placed at 6 in. on center. The 
stirrup details used are similar to TSDHPT practice (see Fig. 3.3). Each stirrup consisted 
of four legs with the center legs forming a hoop at the top to act as shear connectors for 
the composite deck. The beam had a rectangular cross-section with a 12 inch width which 
was selected to preclude any local compression failures and to represent the thickened end 
region often used in typical girders. 

A total of four details were tested using two beams. Each detail was designed for 
an end load of 100 kips and a concrete compression strength of 5000 psi. No load factors 
or understrength factors were used. Grade 60 deformed reinforcing bars were utilized in 
the test specimens were standard deformed bars. All bars of a given size were from the 
same heat. Results of tensile tests on the bars indicated a yield point of 61 ksi for #3 bars 
and 67 ksi for #7 bars. Mild steel bar stock utilized for the strap had a yield stress of 48 
ksi. 

The concrete mix proportions are summarized in Table 3.1. The maximum coarse 
aggregate size was 3/4 inch. Six by twelve in. cylinder tests were utilized to determine the 
compressive strength of the concrete. The 28-day strength and the strength at the time of 
testing is given in Table 3.2 for each of the details. 
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3.3 Specimen STl - Strut-and-Tie 
Model 

3.3.1 Choice of Model. A number 
of models have been proposed for dapped 
members which are based on different 
load paths. In the first case (Fig. 3.4a), a 
primary vertical tie placed just beyond the 
interface of the dap and by a horizontal tie 
extending from the dap into the full depth 
section provide the primary tensile ties for 
transferring forces. In the second case, a 
diagonal tie extending from near the top of 
the dapped portion of the beam down to 
the lower portion of the full depth section 
(Fig. 3.4b) provides the primary tensile 
force transfer capacity. The third case 

Table 3.1 Concrete Mix 
Proportions 

Cement 434 

Coarse Aggregate 1870 

Fine Aggregate 1385 

Water 250 

Retarder 14 

Superplasticizer 47 

lb/yd 

lb/yd 

lb/yd 

lb/yd 

oz/yd 

oz/yd 

represents a case which combines the previous two cases (Fig. 3.4c). 

The selection of a particular model 
represents a compromise between ease of 
fabrication and fidelity to the elastic 
principal stress directions shown in Fig. 
3.5. The model in Fig. 3.4a results in a 
reinforcement pattern which is easy to 
place and is well suited to the overall 
reinforcement pattern of the beam. 
However, the model forces the load path 
to deviate substantially from elastic stress 
directions. The diagonal reinforcement 
required by the model in Fig. 3.4b is 
slightly more difficult to place and anchor 
properly but follows the principal elastic 
tensile stress directions closely. More 
complicated models such as the one shown 
in Fig. 3.4c result in congestion which 

Table 3.2 

Detail 

ST1 

MF 

PCI 

ST2 

Summary of Concrete 
Strengths 

28-Day Test 
Strength Strength 

(psi) (psi) 

6310 6280 

6310 6420 

7470 7470 

7470 7470 

complicates fabrication. However, it is obvious that the confinement provided in the 
crack-prone re-entrant comer region and the distribution of reinforcement should result in 
better performance. 

For test ST1 the strut-and-tie model shown in Fig. 3.6a was selected. It is assumed 
that a vertical load acts on the span away from the dap. Dead load is neglected to simplify 
the discussion. 
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Figure 3.4 Strut-and-Tie Models for Dapped Beams. 
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Figure 3.5 Elastic Stress Trfi,iectories in a Dapped End (From Refs. 21, 24). 

3.3.2 Design of STl. The inclined compression strut angle, 4 = 50 o was selected. 
The angle determines the magnitude of the forces in the members of the strut-and-tie 
model. Examination of tie forces in Fig. 3.6b shows that selecting a relatively steep angle 
is advantageous as a smaller area of reinforcement is required for the horizontal ties. A 
further consideration on selection of the strut angle, 4 is placement of reinforcement. 
Adequate space must be allowed for placement of reinforcement for ties 1 and 2. After 
selecting the strut angle, forces in the ties were determined and reinforcement for the ties 
was selected. It is logical to select reinforcement for vertical ties first. · The force in the 
vertical ties is independent of model geometry and equals the beam reaction. 
Reinforcement should be placed within the boundary region where the ties are considered 
to act as shown in Fig. 3.7. For the vertical ties, the use of stirrups similar to the main 
shear reinforcement in the beam is most practical. 

After selecting vertical reinforcement, horizontal reinforcement in the dapped end 
was determined (element 1 in Fig. 3.4a) from the tie force given in Fig. 3.6b. The location 
of vertical and horizontal tie reinforcement (elements 1,2 and 3 in Fig. 3.6a) should be 
checked to ensure consistency with the strut angle previously assumed. It may be necessary 
to revise the model geometry and repeat the design process at this stage. 

After reinforcement for ties 1, 2 and 3 (Fig. 3.6a) was determined and located 
according to the strut angle selected, reinforcement for the lower longitudinal tie (member 
7 in Fig. 3.6) was calculated. In most cases flexural reinforcement provided in the beam 
would be utilized for this tie element. After determining the size and placement of 
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reinforcement within the dapped end, stresses in the concrete within the compression struts 
and at the boundaries of the nodes should be checked. If the dapped end is rectangular in 
cross- section, the critical areas for concrete compression stresses are at nodes A, B and D. 
Nodes A and B are CCT nodes. Methods of analyzing CCT-nodes were discussed in Section 
2.3.3 and tests of such nodes are discussed in Chapter 6. The second area of concern with 
respect to concrete stress is the nodes at the lower corner of the full depth section (node 
D in Fig. 3.6a). The region joins two tension ties and a compression strut. Studies of the 
CIT node are presented in Chapter 7. Since the initial dapped beam tests were conducted 
prior to the tests on CCT and CIT-nodes, the geometry of the node for initial design 
purposes was defined by the width of the two ties and the angle of the compression strut. 
The resulting geometry was used to determine the stresses along the boundary of the CIT 
node. 

Limitations on concrete stresses were discussed in Section 2.4. For initial design of 
the dapped beam a conservative lower bound on the allowable stresses in both the struts 
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.Figure 3.7 Dapped Beam Nodes. 

and node boundaries of dapped ends was selected. The allowable stress (see Table 2.2 and 
Ref. 12) was taken as 50% of the concrete compressive strength. 

In the final step in the design process, anchorage of all ties must be examined. Of 
primary concern was the anchorage of the horizontal ties (elements 1 and 7 in Fig. 3.6) 
at Nodes A and D. In the case of tie 1, anchorage near the reaction may be assumed to 
start at the edge of the bearing area shown in Fig. 3.7. In most cases, however, adequate 
anchorage length will not be available even if hooks are employed. Possible solutions 
include welding the tie to an external bearing plate or using continuous bars bent with an 
end loop in the horizontal plane. The opposite end of the horizontal tie 1 must also be 
anchored by providing adequate development length. The point at which the tie must be 
fully developed cannot be precisely determined. A similar situation exists for the lower 
horizontal tie except that no bearing plate is available at that location. It can be seen that 
closed hoop vertical ties will help confine the concrete around the horizontal tie elements 
and improve anchorage characteristics. Obviously, anchorage of the vertical ties is equally 
important. In most cases stirrups will be used to provide the reinforcement for the vertical 
ties. The stirrups should be anchored around longitudinal reinforcement at both ends. 

Following the procedures .outlined above, the arrangement of reinforcement is 
summarized in Fig. 3.8. A sketch of the reinforcement is shown in Fig. 3.9. The vertical 
ties were arranged as shown in Fig. 3.3. The horizontal tie at the bottom of the dap was 
reinforced with three #4 bars and four #3 hoops. In keeping with TSDHPT detailing 
practices, the #4 bars were welded to a steel bearing plate at the base of the dap. A series 
of vertical bars were also welded to the bearing plate as typical of TSDHPT practice. The 
bearing plate assembly is shown in Fig. 3.9. Anchorage of the horizontal tie within the full 
depth section was provided by extending the reinforcement 14.5 in. beyond the center of 
node C (Fig. 3.6), a distance approximately 25 percent greater than the ACI or AASHTO 
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1 100 1.67 1.76 4 sets of #3 stirrups 

2 I 100 1.67 1.76 4 sets of #3 stirrups 

3 83.3 1.39 1.48 Three #4 bars and tour #3 
hoops 

4 83.3 1.39 3.68 Twelve #5 bars 

Figure 3.8 STl- Reinforcement Summary. 

development length(l.2). The beam flexural reinforcement provided tie number 4. At the 
end of the full depth sectio~ the #5 bars cannot be anchored using straight development 
lengths. Thus, the top row ofthe flexural reinforcement was terminated with 180 degree 
hooks. This ensures that enough reinforcement is anchored to resist the force predicted by 
the strut-and-tie model. Because of the relatively large width of the test specimens, it was 
felt that the compression stresses in the concrete would not control the behavior of the 
specimen. Thus, a detailed examination of the struts and nodal regions was not conducted 
as part of the specimen design. In addition to reinforcement provided specifically to 
satisfy the requirements of the strut-and-tie model, some additional reinforcement was used. 
Three #3 hoops were placed vertically within the nib. This reinforcement along with the 
vertical bars welded to the bearing plate served to provide local shear reinforcement for 
the nib. The nib reinforcement used in the specimen is typical of TSDHYf detailing 
practices. A series of #3 ties were used to support the stirrups making up the vertical ties. 
Beyond the vertical tie reinforcement, stirrups were placed on 6 in. centers. 

More reinforcement was provided than was required as bar areas were rounded and 
minimum bar size used (Fig. 3.8). In order to have a basis for comparing different 
spe.cimens, it is helpful to assess the theoretical capacity of the final design. Using strut-
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and-tie model principlaes, it is assumed that failure will be due to yielding of reinforcement 
and the ultimate load will not be affected by concrete strength. The predicted strength of 
ST1 was 106 kips and was controlled by the capacity of the vertical ties. 

3.4 Specimen PCI - Prestressed Concrete Institute Design Method 

3.4.1 General Description. The design method presented in the Prestressed 
Concrete Institute Design Handbook(3

) is primarily based on research performed at the 
University of Washington(20, 22) and sponsored by the Prestressed Concrete Institute (PCI). 
The general design procedure presented in Ref. 3 pertains to reinforced members with 
short "daps" and relatively thick webs. The PCI design method combines aspects of the 
strut-and-tie approach with shear friction theory. Two basic reinforcement patterns are 
defined by the PCI procedure. The first consists of an orthogonal system of reinforcement 
(Fig. 3.10a). A skewed system of reinforcement is also possible (Fig. 3.10b). 

(a) Orthogonal reinforcement (b) Skewed reinforcement 

Figure 3.10 PCI Design Methods- Reinforcement Patterns (From Ref. 1). 

3.4.2 Reinforcement Requirements. The PCI design procedure is illustrated in Fig. 
3.11 for the orthogonal reinforcement pattern. Primary reinforcement is placed vertically 
near the dap interface and horizontally near the bottom of the dap. The required area of 
primary reinforcement (A.m and A ) may be derived by considering a simple strut-and-tie 
model (Fig. 3.11b). The primary vertical reinforcement (A.m) consists of a group of closely 
spaced stirrups placed as close as possible to the interface of the dapped beam. Primary 
horiwntal reinforcement (A ) consists of a series of bars placed near the bottom of the 
extended end. For the test specimen primary vertical and horizontal reinforcement was 
sized using the strut-and-tie model shown in Fig. 3.12. Four groups of #3 stirrups were 
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(c) Step 2 - Shear friction reinforcement 

Figure 3.11 Summary of PCI Design Method. 
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placed adjacent to one another providing the primary vertical reinforcement. The #5 bars 
were provided as primary horizontal reinforcement. The primary horizontal reinforcement 
was welded to a bearing plate similar to that used in specimen STL 

The next step in the PCI design procedure is to determine an additional area of 
distributed horizontal reinforcement (An ) based on shear friction developed across a 
potential vertical crack beginning at the re-entrant corner (Fig. 3.11c). The total area of 
horizontal reinforcement must be large enough to produce a frictional force along the crack 
which equals the reaction. The frictional resistance is determined using the coefficient of 
friction 1.1. = 1.4 but not exceeding a value of 1000 psi on the critical concrete section. A 
minimum area of shear friction reinforcement (A" ) equal to one-half the primary horizontal 
reinforcement (A ) must be provided. The shear friction reinforcement (A" ) is distributed 
over the lower nvo-thirds of the dap. Three #3 bars bent in continuous hoops were 
provided to meet the distribution requirement on the lower 2/3 of the dap but only two #3 
hoops were required for shear friction reinforcement (Fig. 3.12). 

The final step in the PCI design procedure is to provide local shear reinforcement 
(A ) for the extended end. The local shear reinforcement serves to resist the formation of 
a diagonal tension crack in the dap (Fig. 3.11d). Required shear reinforcement (A ) is 
determined in a manner similar to the design of shear reinforcement in deep bea~. "The 
shear reinforcement in the nib was identical to that used in ST1. 

3.4.3 Anchorage Requirements. In addition to providing the proper amount of 
reinforcement, the PCI design procedure gives detailing requirements which ensure that the 
necessary forces may be developed in the reinforcement. Some of these detailing 
considerations are illustrated in Fig. 3.lle. To positively anchor the primary horizontal 
reinforcement in the extended end welding bars to bearing plate or to crossbars is 
suggested. The primary horizontal reinforcement should be extended at least one 
development length past a potential diagonal crack beginning at the bottom corner of the 
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beam (see Fig. 3.11e). All horizontal reinforcement should extend a distance of 1.7 times 
the development length paJ?t the end of dapped portion of the beam. The bottom layer of 
horizontal reinforcement (A ) will typically consist of larger bar sizes than that used for the 
shear friction reinforc~mept"(A1 ). Thust required qevelopment lengths may differ. Primary 
horizontal reinforcement in the test specime:fl was extended 35 in. beyond the futerface of 
the dap. The required extension b 32.5 iq. based MSIITO I ACI development length 
requirements. Final reinforcement details are ~hown in Fig. 3.13. 
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3.4.4 Concrete Strength. The PCI limit on t:Qe shear capacity of the dapped end is 
based on the compressive strength

1

of the concrete and the proportions of the dap. limit 
is given by the following equation: 

where y = Shear strength of the J;UD; 1.' = 28 day cylin4er compressive strength; b = 
width of' the nib; d = distance from top ~f beam. to center of dap reinforcement, A (see 

. 8 
Fig. 3.11b) . 



44 

To predict the capacity of Specimen PCI, it was assumed that its capacity would be 
controlled by the component of rei:pfo;rcement with the smallest capacity relative to its 
required capacity. In this case, the P!-"imary vertical x:einforcement controls and the predicted 
capacity is 105.6k. , , · 

3.5 Specimen MF •• Menon/Furlong Design Proc~(b.ire 
r 

3.5.1 General Description. This design method is based upon a research study 
conducted by the Center for Transportation Research at the University of Texas at Austin. 
The study, co-sponsored by the TSDHPT and the Federal Highway Administration was 
conducted by Menon and Furlong(ZJ) and is currently used by the TSDHPT for dapped 
beams. · ' 

The Menon/Furlong design method utilizes a "strap" placed diagonally from the top 
of the dap to the bottom corner of the full depth section. The strap consists of a series of 
mild steel flat bars welded to anchor plates at each end. In addition to the strap, horizontal 
shear friction reinforcement is also provided. The arrang~ent of reinforcement is 
illustrated in Fig. 3.14a. The detail was developed specifically for the design of prestressed 
bridge girders. A sketch of the reinforcement is showin in Fig. 3.16. 

3.5.2 Reinforcement Requirements. The first step in the ·design procedure is to 
determine the required area of horizontal reinforcement using shear-friction principles (Fig. 
3.14b ). A crack parallel to the strap is assumed. An area of reinforcement must be provided 
across the crack so that the frictional resistance along the crack will be greater than the· 
sliding force. The sliding force is the component of the reaction (V) which acts parallel to 
the strap. Sliding is resisted when normal forces are developed across the crack. Normal 
forces are produced by the horizontal shear friction reinforcement (A ) and by the 
component of the reaction (V) acting normal to the axis .of the strap. Fricdonal resistance 
is the product of the normal forces and the modified coefficient of friction (!J.' ). The 
assumed crack surface contains areas with steel-to-concrete ~ontact along with areas of 
concrete-to-concrete contact. Each or the situations. is characterized by a different 
coefficient of friction (Fig. 3.14b ). Thus, a weighted coefficient of friction is determined for 
the entire crack surface based on the area of the steel strap relative to the area of 
concrete. The weighted coefficient of ~rictiqn is then used to determine the modified 
coefficient of friction using the formula shown in Fig .. 3.14b. The shear friction 
reinforcement in Specimen MF was designed as shown in Fig.l.l5a .. Three #4 bars and a 
#3 bar bent into a hoop were provided as shear friction reinforcement. The #4 bars were 
welded to a bearing plate as in Specimens STl and PCI. 

,. 

The next step in the Menon/Furlong procedure is to design the strap. A trapezoidal 
section is defined by an assumed diagonal crack beginning at the.re-entrant corner (Fig. 
3.14c). Required strap force is.determin~d by.summing moments about point B. The free 
body is assumed to extend horizontally past the re-entrant corner a distance equal to twice 
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the height of the dap. Point B is located at half the distance from the top of the beam to 
the neutral axis (c). The neutral axis position may be determined by taking the static 
moment of areas on a section through the beam about the neutral axis using transformed 
steel areas. Forces which act on the section inclu.de the reaction, strap force, forces in the 
horizontal reinforcement and stirrup forces. The stirrups indicated in Fig. 3.14c are 
provided as normal beam shear reinforcement and are designed as if the dap were not 
present. Stirrups placed at 3, 12, and 10-inch spacing beginning at the start of the full 
depth section were provided to represent normal beam shear reinforcement. The stirrup 
at the extreme end of the section was neglected in the strap design as it is positioned very 
close to the boundary of the section. The strap area was determined by summing moments 
about point B on the section in Fig. 3.15. A drawing of the strap assembly used in the test 
specimen is shown in Fig. 3.16. A portion of the horizontal shear friction reinforcement was 
welded to a bearing plate assembly similar to that in ST1 and PCI. Local shear 

FRICTIONAL RESISTANCE > SUDING FORCE 

p.1( VSINc ·A.t1 COSc )> VCOSc 

J'' = ( SOO: w + 0.5 ) = Modified cosff. of frlclion 

J'w = Weighted coefficient of friction determined based on relative areas of steel and concrete 
along crack surface 

= 0. 7; steel to concrete 

I' = 1.4; concrete to concrete 

v .. VI A. , where A. • Area of Crack Surface 

(b) Step 1 - Shear friction reinforcement 

Figure 3.14 Summary of Menon/Furlong Design Method. 



46 

Required strap area 
_given by .ZM • 0 at 
point b on free-body 
atrlght '), 

-> 
v t 

(c) Step 2- Strap 

PROVIDE HOOKS 
OR CONTINUOUS 
riOOPS 

Neu t r o I Ax I s 

Force i 12. 

\ Strop Force 
relnfor t 

! ! 

A 
s 

WELD TO ' 
BEARING PLATE ACI/ AASHTO Development Length 

(d) Anchorage requirements 

Figure 3.14 Summary of Menon/Furlong Design Method (continued). 

welded to a bearing plate assembly similar to that in ST1 and PCI. Local shear 
reinforcement for the nib was identical to the previous two specimens. A sketch of the 
reinforcement is shown in Figure 3.16. 

To anchor bars within the dap, it is recommended that the bottom layer of 
reinforcement be welded to a bearing plate placed beneath the dap. At the opposite end 
the reinforcement must extend at least one development length past the diagonal crack 
assumed in determining the strap area (Fig. 3.14d). 

The predicted capacity of Specimen MF was determined from the failure modes 
possible: shear friction failure or failure due to yielding of the strap. Failure due to yielding 
of the strap was found to be critical. Calculating the strap force acting on the section in 
Fig. 3.15c by using the area of the strap actually used, it was estimated that a reaction 
(shear capacity) of 112k can be resisted by Specimen MF. 
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= Force in upper horizontal = 13.21 

Concrete compressive force 

Strap force 

(b) Strap design 

Figure 3.15 Speciment MF, Design Summary. 

Specimen ST2 -- Modified Strut and Tie 

Specimen STI was designed using the modified strut-and-tie model shown in Fig. 
3.17. In the design the truss geometry was varied to determine if internal forces could be 
distributed as desired. In contrast to the model used in the design of specimen ST1, the 
location of node A was lowered. The change in node A significantly affects the force 
distribution within the truss. The force level in the first vertical tie is reduced by 50 percent 
compared to STl. Correspondingly, the force level in horizontal tie 4 is increased by 50 
percent and the tie extends further into the beam to node E. Also, equilibrium 
requirements at node E result in struts that are not collinear. The reinforcement 
requirements are summarized in Fig. 3.17. Figure 3.18 shows the overall detail. 
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TIE FORCE AREA REQUIRED AREA PROVIDED DESCRIPTION 
(kips) (in2) (in2) 

1 50 0.83 0.88 Two sets of #3 stirrups 

2 100 1.67 1.76 Four sets of #3 stirrups 

3 50 0.83 1.76 Four sets of #3 stirrups 

4 120 2.0 2.04 Four #5 bars and two #4 
hoops 

5 71.9 1.20 2.04 Four #5 bars and two #4 
hoops 

6 48 0.50 3.68 Twelve #5 bars 

7 167 2.78 3.68 Twelve #5 bars 

Figure 3.17 Specimen STI- Design Model and Reinforcement Summary. 

The first vertical (tie 1) was provided with two sets of #3 stirrups and the second 
vertical tie (tie 2) with four sets of #3 stirrups. The reinforcement for vertical tie 2 was 
continued to provide reinforcement for tie 3. Thus, tie 3 had more than double the 
reinforcement it actually required (Fig. 3.17). This was done because it seemed impractical 
to terminate a portion of the stirrups used for tie 2. Four #5 bars and two sets of #4 bars 
bent in continuous hoops were used to reinforce the upper horizontal ties. The #5 bars 
were welded to a bearing plate assembly similar to other details. The horizontal 
reinforcement was continued through to node E to reinforce tie 5. The #4 hoops were 
extended approximately 14 in. past the center of node E to anchor the force developed 
there. As in ST1, the beam flexural reinforcement provided horizontal ties 6 and 7 as in 
ST1. Local shear reinforcement for the nib was identical to that used in the other details. 
The predicted capacity of ST2 was 102k. 



50 

2 SPACES at 
1•5/10 II 2·11::1 11 

·I+ ·l 

3/8
11 

BEARING 
PL.ATE 

2" 

I 

n 1-3 ITYP.I 

r~l 13 STIRR\P UlJ !TYP.I 

2 Jl5 BARS 

5·1/2 11 

_....--tft------1* 14 I TYP. l 

I 
~ 
I . 

'----+11---H!- 4 I 5 BARS \IELDED 
TO BEARING PLATE 

I 
rltt----1+1- 2 RO\IS OF 6 1-5 BARS 

6 11 SPACES 

Figure 3.18 Specimen ST2- Reinforcement Layout. 

3. 7 Summary of Dapped Beam Design Procedure 

The dapped beam example highlights both the strengths and weaknesses of the · 
strut-and-tie model as a design method. The primary advantage of the strut-and-tie model 
is that it requires only the application of a few basic principles and the designer does not 
have to be as concerned with the limitations typical of empirically based methods. 
Required areas of reinforcement are easily determined and the model is easily adapted to 
differing reinforcement patterns. In addition, other types of loads such as axial tension are 
easily included into the procedure. In theory, the strut-and-tie model may also be adapted 
to include the use of prestressed reinforcement. However, the method has the shortcomings 
of not adequately defining required effective concrete strengths, node dimensions, 
anchorage lengths and reinforcement placement. 

The PCI and Menon/Furlong design procedures are based, in part, on principles 
similar to those of the strut-and-tie model. The PCI method, for instance, is partially based 
on a simple strut-and-tie model. In the Menon/Furlong method an equilibrium system of 
forces is assumed which is, in principle, similar to the internal equilibrium of strut-and-tie 
models. Each of the empirical design procedures differs from strut-and-tie model principles 
by incorporating shear friction reinforcement and by other detailing considerations derived 
from test data. 



fl 

51 

The PCI design method is easy to use and is based on a great deal of experimental 
results. It offers some flexibility as two reinforcement options are available. Both vertical 
and axial loadings are considered. Additionally, limitations on concrete strength pertain 
only to the nib, neglecting other portions of the dapped end detail. 

The Menon/Furlong design procedure is easy to use but offers only one choice in 
reinforcement pattern. It addresses the use of prestressed reinforcement and is primarily 
intended for use with bridge structures. This design procedure lacks specific requirements 
for limiting concrete stresses. 

3.8 Test Procedure 

Each detail was tested to failure. The test setup is shown in Fig. 3.19. Load was 
applied at the dapped end using a hydraulic ram and monitored using a pressure 
transducer. In order to determine the internal force distribution as accurately as possible, 
each detail was instrumented with a large number of strain gages. In addition to strain 
gages on the reinforcement, embedment strain gages were placed in key locations in the 
concrete to determine concrete strains. A linear potentiometer was utilized to measure 
vertical end displacement as indicated in Fig. 3.19. Stniin and displacement readings were 
taken using a personal computer based data acquisition system. The basic procedure was 
quite simple and is summarized below: 

1) Apply load increment. 
2) Record initial strain gage and displacement readings. 
3) Mark cracks and record observations. 
4) Record strain gage and displacement readings just before next load increment 

is applied. 

The test procedure required the imposition of a reaction on the top surface of the 
beam not far from the dapped end. In an actual structure it is likely that such a large 
concentration of load would not be present. The concentrated load influenced some of the 
crack patterns and may have influenced strain gage readings also. However, it was necessary 
to use this loading arrangement to keep the test specimens to a reasonable size and to 
permit a single loading setup. 
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Figure 3.19 Dapped Beam Test Setup. 



CHAPTER 4 
TEST RESULTS •• DAPPED BEAMS 

4.1 Behavior of Specimens 

In this section, a brief summary of the behavior of each of the test specimens is 
presented in terms of load vs. deflection curves and crack patterns. More details of the 
results are given in Ref. 24. 

200~---------r---------.----------r-------~ 

'? ._.,oo I --- ______ ......_ ______ -+--------~ 

-g ... Vloldng In hortz. relnf. In dip 

..9 ... Yielding In atlmlp 

0+---------~---------+----------~--------1 
0 .5 1 - 1.5 2 

End Displacement (in) 

Figure 4.1 Specimen STl, Load/Deflection Plot. 

4.1.1 Specimen STJ. The load-deflection plot for STl is shown in Fig. 4.1. At a 
load of approximately 20k, a small crack began at the re-entrant corner. As load was 
increased, this crack became more pronounced and a second crack formed just below the 
re-entrant comer (35k). At 70k a large, diagonal crack formed near the bottom comer of 
the full depth section and extended upward at approximately 45 degrees. Yielding in the 
first stirrup beyond the re-entrant corner occurred at a load of approximately 85k. The first 
layer of horizontal reinforcement at the bottom of the dap reached yield at approximately 
90k. At lOOk (design load), the first three sets of stirrups had reached yield or were very 
close and a second diagonal crack had formed in the full depth section. Cracking at llOk 
may be seen in Fig. 4.2a. At this load, yielding was measured in the first four sets of 
stirrups and in all three layers of horizontal reinforcement located at the bottom of the dap. 
Beyond this load the specimen deflection increased rapidly. At ultimate (155k) stirrups in 
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(a) 110k load 

(b) Fmal crack patterns 

Figure 4.2 Specimen STl, Crack Patterns. 
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the upper portion of the beam lost anchorage and the concrete compression zone began 
to spall (Fig. 4.2b ). 

4.1.2 Specimen PC!. Initially, the specimen was loaded to approximately llOk when 
a leak developed in the hydraulic loading system. The specimen was unloaded, the problem 
was corrected, and the specimen was loaded to failure. Load-deflection plots for both 
loadings are shown in Fig. 4.3. Difference in the load-deflection diagrams may have been 
influenced by a problem with deflection instrumentation in the second loading. 

200.-----~------~----~------~------r-----~ 

Test 2 

Yield In all · 
sUnups near clap -

I 
.- Yield In hortz . 
.:::L. 
"'-" 1 oo +----+-- clap relnf. 
"0 
0 
0 

_J 

0~-----+------~----_,-~---~----~----~ 
0 .1 .2 .3 .4 .5 .6 

End Displacement (in) 

Figure 4.3 Specimen PCI, Load-Deflection Plots . 

During the first loading on PCI, a re-entrant corner crack formed at a load of 30k. 
At 60k flexural cracking was observed and the comer crack extended well into the beam. 
During the second loading, a large diagonal crack located in the lower portion of the full 
depth section formed suddenly at a load of lOOk (Fig. 4.4a). Yielding in the first stirrup 
beyond the re-entrant comer also occurred at lOOk of load. The horizontal reinforcement 
within the dap began to yield at a load of 105k. As load was increased to 140k, yielding of 
the entire group of stirrups beyond the re-entrant comer was noted. At ultimate (160k), 
the upper portion of the beam began to separate in a manner similar that of Specimen 
STl (Fig. 4.4b). Deformation increased rapidly and crushing in the beam compression 
region was noted. 

4.1.3 Specimen MF. The load-deflection plot for this specimen is shown in Fig. 
4.5. The specimen remained uncracked until a load of approximately 25k at which a 
diagonal crack at the re-entrant corner formed. Yielding in the strap began at a load of 
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(a) At load of lOOk 

(b) Fiul crack patterns 

Figure 4.4 Specimen PCI, Crack Patterns. 
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85k. After yield was reached, cracking in the re-entrant corner increased. At lOOk (design 
load) very wide cracks were seen in the re-entrant corner region (Fig. 4.6a). Increasing the 
load to 105k resulted in yielding of the horizontal reinforcement in the dapped end and 
the vertical stirrup closest to the dapped end. At this load the load-deflection curve began 
to flatten rapidly. Diagonal cracking in the lower portion of the full-depth section 
developed. Failure occurred at about 135k due to crushing of the beam compression zone 
(Fig. 4.6b ). 

'- Concrete crushing 

I 
100 +------:;!"- '- Yielding In horlz. ---+-----------', 

I 
I 

bars In dap 

"»Strapyleldlng 

50+------------+-------~~~------~--~ 

I ..... _ .......... ! 
0 ~ 1 

End Deflection (in) 

Figure 4.5 Specimen MF, Load-Deflection Plot. 

1.5 

4.1.4 Specimen ST2 --Modified Strut-and-Tie. The load-deflection plot for this 
detail is shown in Fig. 4.7. Cracking first occurred at 30k. The first set of stirrups beyond 
the dap yielded at a load of 80k. Yield was reached in the horizontal reinforcement in the 
dap at 110k (Fig. 4.8a). Further increases in load resulted in the re-entrant corner crack 
becoming very large due to a loss of anchorage between the upper portion of the beam and 
the group stirrups located about 15 in. from the dapped end (Fig. 4.8b). Failure occurred 
at a load of 130k due to crushing of the compression zone of the beam. 

4.2 Comparison of Strength 

The capacity of the details is compared in Fig. 4.9. The figure indicates both 
calculated and measured capacities. Computed capacities (discussed in Chapter 3) were 
based on the actual amount of reinforcement used in the specimens. All of the specimens 
carried loads well in excess of computed capacities. The PCI detail developed an ultimate 
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(a) At load of lOOk 

(b) Final crack patterns 

Figure 4.6 Specimen MF- Crack Pattern. 



'. J 

59 

shear capacity 52 percent larger than predicted. Specimen STl (strut-and-tie) reached a load 
42 percent larger than computed. Specimens MF and ST2 (modified strut-and-tie) 
developed loads 21 and 27 percent higher than computed. It should be noted that in the 
PCI detail, additional stirrups were provided in the vicinity of the dap to prevent a diagonal 
tension failure in the full depth section. In computing the predicted failure load, it was 
assumed the additional stirrups would not contribute to the ultimate capacity of the 
dapped end. If only one of the additional stirrups was assumed to contribute to the vertical 
reinforcement provided for the dap, overload capacity would be only 21 percent. 

150' 

100 

50. 

--+ Yielding of hortz. 
+------Jli---+-- relnf.ln clap -+---------! 

--+ SUrrup yielding near clap 

--+ First cracking at corner 

om-~------4------------~----------·~ 
0 .5 1 1.5 

End Deflection (in.) 

Figure 4.7 Specimen ST2, Load-Deflection Plot 

The reinforcement for each detail is compared in Fig. 4.10. A direct comparison of 
reinforcement presents problems because of differences in design procedures. It was 
assumed that two sets of :fl: 3 stirrups (Fig. 3.3) are required for shear in the full depth 
section within the area in which vertical reinforcement is compared. For the strap in 
Specimen MF an adjustment was made to account for the skewed orientation of the strap 
and for the difference in yield stress. The strap area in the Menan/Furlong detail was 
converted into horizontal and vertical areas of reinforcement based on the sine and cosine 
of the strap angle. In addition, strap areas were decreased according to the ratio of strap 
yield stress to the yield stress of the deformed bar reinforcement. Thus, the comparison 
is based on all material having a yield stress of 60ksi. 

Comparing the horizontal reinforcement (Fig. 4.10a) indicates a substantial variation 
in required reinforcement areas between the details. PCI and MF required approximately 
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(a) At load of 110k 

(b) F'mal crack patterns 

Figure 4.8 · Specimen ST2 - Crack Pattern. 
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the same amount of horizontal reinforcement. However, a great deal more excess horizontal 
reinforcement was actually provided in PCI which may partially account for the greater 
capacity exhibited by this detail. STl required approximately 25% more horizontal 
reinforcement than PCI and 40% more than MF. STI required double the area of 
horizontal reinforcement compared with MF. 

The vertical reinforcement (Fig. 4.10b) required in MF is considerably smaller than 
the others. PCI and STI (modified strut-and-tie) required approximately 50% more 
reinforcement then MF. STl (strut-and-Tie) required a substantially larger area of vertical 
reinforcement. The area of reinforcement and shear capacity is not directly related as can 
be seen by the results in Fig. 4.9. 

200.,-----------------, rsJ Predicted 

.?> ·u 

150 

0 100 
0.. 
0 
0 ... 
0 
Cl.! 

ti 
50 

~ Actual 

~ Design Load (100 k) 

ST1 pCI MF ST2 

Figure 4.9 Comparison of Specimen Shear Capacities. 

4.3 Cracking 

In Fig. 4.11, the cracking load and the load at first yield are shown. Cracking loads 
are in the range of 20 to 30k for all specimens. First yield in the reinforcing bars in PCI and 
MF occurred at higher loads (around lOOk) than the other two specimens (about 80k). In 
MF the strap yielded earlier but f'y was low compared with the reinforcing bars. In both PCI 
and MF the vertical reinforcing bars were concentrated near the re-entrant comer. 
Concentrating the reinforcing seemed to distribute forces be~ter and delayed yielding. 

The test results indicated that control of the diagonal crack at the re-entrant comer 
is a primary concern for serviceability. Placing a large amount of vertical reinforcement 
close to the re-entrant comer seemed to arrest cracking somewhat more effectively than 
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Figure 4.10 Comparison of Reinforcement Areas. 
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distributed reinforcement. Cracking was controlled slightly better in Specimen PCI than 
in the others. 

100 
First Yield (bare only) 
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Figure 4.11 Comparison of Loads at Cracking and at Yield of Reinforcing Bars. 

4.4 Construction 

Another consideration in evaluating the details is ease of fabrication. Specimen MF 
was slightly more difficult to fabricate because of the effort involved in making the strap 
assembly and insuring its proper placement. The strap also created congestion in the 
dapped end region. The congestion could increase the effort involved in fabrication, 
particularly if prestressed reinforcement was utilized. The remaining details required 
approximately the same level of effort to fabricate. Specimen PCI was slightly easier to 
construct because the vertical reinforcement was concentrated in one area and allowed for 
easier access to other reinforcement. 

4.5 Evaluation of the Test Results 

4.5.1 Strut-and-Tie Models. The strut-and-tie model represents the internal force 
distribution as a system of struts and ties. A reasonable correlation between assumed and 
actual internal forces should exist. It is acknowledged that a design strut-and-tie model is 
chosen somewhat arbitrarily and that other viable force transfer mechanisms may actually 
develop. The test specimens developed ultimate loads substantially larger than predicted 
by the design models. Since the strut and tie represents a plastic mechanism, it is assumed 
that the forces are distributed in a well- defined manner. In the real structure the 
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mechanism develops gradually. Only after sufficient deformation has occurred will the 
internal forces reflect the assumed distribution. In this section, results from the 
experimental program are compared with the behavior of the strut-and-tie models. The 
ability of strut-and-tie models to be adapted to observed behavior is explored. 
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/ 

Figure 4.12 Specimen ST1, Design Model and Reinforcement. 

50 100 

Load (k) 
160 200 

Figure 4.13 Comparison of Measured and Calculated Vertical Tie Force for ST1. 

4.5.2 Specimen STJ. This detail was designed using the strut-and-tie model shown 
in Fig. 4.12. Details of the design were described in Section 3.2.2. In Fig. 4.13 the predicted 
and measured forces in the vertical tie adjacent to the dap are compared. Measured forces 
are determined from the strain gages applied to the outer legs of the first three stirrup 
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groups. To determine the stirrup forces it is assumed that the strains measured on the 
outer leg are the same as the strains on the inner legs. The predicted forces are scaled 
down to reflect the percentage of reinforcement for which strain measurements were 
available. The predicted force is indicated by the straight line and corresponds to 75 
percent of the total force indicated by the strut-and-tie model in the group of bars which 
make up the tie. The plot shows measured forces are significantly smaller than predicted 
forces at low loads when the specimen is largely uncracked. The forces correlate more 
closely after the formation of the diagonal crack at the re-entrant comer (30k load) and 
up to the design load (lOOk). 

100 

50 100 

Load (k) 

MEASURED (Al.L BARS) 

PREDICTED~ 

150 200 

Figure 4.14 Comparison of Measured and Calculated Upper Horizontal Tie Force, STl. 

Horizontal tie forces from the dapped end are compared in Fig. 4.14. The measured 
tie forces are shown both including and excluding the upper longitudinal reinforcement (top 
bars). After cracking occurs, measured values increase and follow predicted forces 
reasonably well. As the load increases beyond the lOOk design load, the lower layers of 
horizontal reinforcement reach yield. The upper layer of reinforcement (top bars) then 
begins to develop force. Below the lOOk load level the top reinforcement develops very 
little force. Above lOOk the top reinforcement develops substantial force and seems to 
participate in the mechanism of load transfer. 

A comparison of lower horizontal tie forces is shown in Fig. 4.15. Except at low load 
levels, the predicted forces compare well with the measured values. The reinforcement did 
not yield and thus force continued to increase after the design load of lOOk was reached. 
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Figure 4.15 Comparison of Measured and Calculated Lower Horizontal Tie Force, STl. 

The design model indicates that a second vertical tie will develop in the lower 
portion of the beam (see Fig. 4.12). The force in this tie should be equal to the reaction. 
As an indication of the forces developed in this region, a comparison of the force 
developed in the fifth stirrup group is shown in Fig. 4.16. As the figure shows, the force 
developed in the stirrup is quite small compared to the predicted values. It is likely that 
tension in the concrete carried much of the force and relieved the tie. 

While the forces in the elements of the design model compare relatively well in most 
locations to measured forces at the design load of lOOk, the excess capacity exhibited by 
the specimen is not accounted for directly. In attempting to reconcile this difference it is 
helpful to isolate portions of the structure by using the crack patterns. Figure 4.17 shows 
a trapezoidal free-body section taken along the boundary of the diagonal crack beginning 
at the re-entrant comer. Forces estimated from test results at the lOOk load (shown on Fig. 
4.17) were determined from strain gage readings if possible. If no strain gage readings were 
available for a particular bar, the strain levels were estimated from nearby gages. In the 
strut-and-tie mechanism, the first four stirrup groups should each resist a load of 25k at a 
lOOk applied load. Measured stirrup forces were highest in the stirrups closest to the 
re-entrant comer and were less away from the dap. Since the first four stirrup groups 
balanced only about 80 percent of the reaction, it is possible that (1) secondary force 
transfer mechanisms such as friction, aggregate interlock, concrete tensile strength and 
dowel action account for the additional force or (2) the tltie" could encompass more than 
four stirrups. This is plausible in that no clear division exists between ties and the definition 
of a tie boundary is somewhat arbitrary. The model in Fig. 4.17 is similar to the design 
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Figure 4.16 Comparison of Measured and Calculated Forces in Second Vertical Tie, STl. 

model. However, test results show the centroid of the stirrup forces to be further from the 
reaction and the horizontal force slightly less than predicted. Thus, the node (intersection 
of force resultants) formed by the vertical tie, diagonal strut and the horizontal strut is 
located higher in the beam than was assumed in the design model. 

10.3" 

- 73 
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2. I • 

l <FORCES IN K:IPSI 
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Figure 4.17 Analysis of Upper Portion of Dap at lOOk, STl. 

It should be noted that the calculated force in the fifth stirrup group shown in Fig. 
4.17 is 10.5k, which is much larger than the value in Fig. 4.16 at lOOk. The difference 
between forces in the lower end of the stirrup (Fig. 4.16) and the upper end (Fig. 4.17) can 
be attributed to the proximity of gages to cracks. Also, the other large difference in strains 
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in the same bar over the depth of the beam is an indication of the role of bond and 
anchorage in determining node behavior. 

As the load was increased above the lOOk level, redistribution of forces was evident. 
The stirrups near the re-entrant comer yielded and progressively more load was shifted 
away from the dap. Horizontal reinforcement in the lower portion of the dap yielded and 
the force in the top reinforcement increased. The increase in force in the upper horizontal 
reinforcement caused the centroid of the horizontal forces to shift upward. As the forces 
shifted upward, the intersection of diagonal compression and stirrup forces (the "node" 
region) moved past the point where the stirrups (vertical ties) were anchored and large 
horizontal cracks opened in this area (Fig. 4.2). 

To model the force mechanism away from the dap toward the applied load, the crack 
pattern shown in Fig. 4.18a can be considered. Considering the vertical forces alone, the 
most plausible strut-and-tie system is shown in Fig. 4.18b. It is likely that the crack pattern 
and truss mechanism away from the load point at the dapped end were influenced 
substantially by the reaction (load) on the beam at the top surface. Therefore, the idealized 
strut-and-tie model based only on forces at the dapped end is too simplistic. Also, if the 
horizontal forces from the dapped end are isolated, the strut-and-tie model shown in Fig. 
4.18c offers an alternative horizontal force system. The required force in the tie will be a 
function of the strut angle. While the models are reasonable, there is not enough 
information available to fully evaluate the elements in the model and to make direct 
comparison between the values shown in Fig. 4.15 and the "possible" forces given in Fig. 
4.18b for a slightly different truss arrangement than was used to predict the values given in 
Fig. 4.15. 

4.5.3 Specimen ST2. Design of this detail was based upon the strut-and-tie model 
shown in Fig. 4.19. Details of the design were given in Section 3.6. In Fig. 4.20, forces 
developed in the first vertical tie are compared to predicted forces. As strain measurements 
were available for 6 of the 8 bars in this tie, the comparison is based upon· 75 percent of 
the total predicted tie force. At low loads the measured forces follow the predicted loads 
fairly closely. As the load exceeds 50k, the measured forces become much greater than the 
predicted forces. The elements of this tie reach yield at a load of about 80k. The forces in 
the second vertical tie are compared in Fig. 4.21. The measured forces in the upper portion 
of the tie. remain very low up to a load of about lOOk after which they increase rapidly to 
reach yield at a load of about 130k. 

Forces developed near the dap in the upper horizontal tie are compared in Fig. 4.22. 
Comparison is made both including and excluding the top reinforcement as part of the 
horizontal tie. Throughout most of the load range, measured values were about 20k below 
predicted values. The top bars remained in compression until the load approached 130k 
where the bars force began to increase may have acted as part of the tie. Upper horizontal 
tie forces developed further from the dap are compared in Fig. 4.23. In this region very 
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Figure 4.19 Design Model and Reinforcement, S12. 
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Figure 4.20 Comparison of Measured and Calculated Force in First Vertical Tie, S12. 

little force was developed in the reinforcement until a load of 80k was reached. At 80k, a 
diagonal crack formed beginning at the bottom corner of the beam and extended upward. 
Near the design load of lOOk, measured forces compared reasonably well with predicted 
values. 

Comparison of lower horizontal tie forces are presented in Fig. 4.24 and 4.25. 
Forces near the bottom corner of the beam were low when this region was uncracked. At 
a load of 80k, a diagonal crack formed in this region, and the forces increased dramatically 
to values reasonably close to those predicted by the design model. The same general trend 
is indicated in Fig. 4.25 for measurements further from the dap. 
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Figure 4.21 Comparison of Measured and Calculated Force in Second Vertical Tie 
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Figure 4.22 Comparison of Measured and Calculated Upper Horizontal Tie Force (Near 
Dap), STI. 

Analyzing the upper portion of the dap by isolating a section along the diagonal 
re-entrant comer crack produces the free body diagram shown in Fig. 4.26. Estimates of 
the forces acting on this section at the lOOk load level are shown in Fig. 4.26a. Measured 
stirrup forces account for only 90 percent of the applied load. If the remaining vertical force 
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is assigned to the second tie, the force system may be characterized by the strut-and-tie 
model shown in Fig. 4.26b. This model is quite similar to the design model except that 
the angle of the diagonal compression strut is slightly steeper. This is consistent with values 
in Fig. 4.22 in which the measured force in the horizontal tie is consistently lower than that 
based on a 40 degree strut angle. Once again the values shown in Fig. 4.26b do not compar 
directly with the measured forces shown in Fig. 4.21 because the sections at which the values 
are considered are not the same. As cracking progresses, the force along any bar will be 
more uniform, but before that is the case the concrete will carry considerable tension. 
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Figure 4.23 Comparison of Measured and Calculated Upper Horizontal Tie Force, ST2. 

Figure 4.27 shows a strut-and-tie model of the upper portion of the dap in which the 
reaction is shifted to move the centroid of the horizontal compression force to a reasonable 
location. The error in representing the upper portion of Specimen S12 as a strut-and-tie 
system is relatively small. A shift in the actual center of load application, normal fabrication 
tolerances and the existence of other possible force transfer mechanisms could easily 
account for the changes needed to apply the model shown in Fig. 4.27b. 

4.5.4 Specimen PCL As discussed in Section 3.4, the design was based in part on 
strut-and-tie procedures. Specifically, the horizontal reinforcement in the dap and the 
stirrup group just beyond the interface were determined using a simple strut-and-tie model 
(see Fig. 3.12). A comparison of the forces developed in the stirrup group or vertical tie 
to forces predicted by the design model is shown in Fig. 4.28. The predicted force is scaled 
down to reflect the portion of stirrups (2/3) for which strain measurements were available. 
The measured forces follow the predicted values fairly closely up to the design load of 
lOOk. After this load, the stirrups yield and the measured force levels off. 
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Figure 4.24 Comparison of Measured and Calculated Lower Horizontal Tie Force, ST2. 
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Figure 425 Comparison of Measured and Calculated Lower Horizontal Tie Force, ST2. 
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Figure 4.26 Analysis of Upper Portion of Dap at lOOk, ST2. 
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Figure 4.27 "Shifted" Strut-and-Tie Model of Upper Portion of Dap, ST2. 
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Figure 4.29 Comparison of Measured and Calculated Horizontal Tie Force, Pa . 
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A portion of the horizontal reinforcement within the dap is also analyzed based on 
strut-and-tie action. It is assumed that the bottom row of horizontal reinforcement acts as 
a horizontal tie. Shown in Fig. 4.29 is a comparison of predicted and measured horizontal 
forces. Measured forces in the bottom layer of reinforcement alone and in all horizontal 
reinforcement from the dap are shown. The plot indicates that the force in the bottom row 
of reinforcement follows the forces predicted by the design model quite accurately up to 
yield. However, significant forces are also present in the horizontal "shear friction 
reinforcement" from the dapped end. 

Figure 4.30 shows forces in the free body diagram formed by isolating the upper 
portion of the dap along the diagonal re-entrant corner crack. A possible strut-and-tie 
representation of the internal forces shows that the majority of the vertical load is resisted 
by the main stirrup group as assumed in design. However, a small portion is also resisted 
by the adjacent stirrup. 
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(a) Estimated forces from test (b) Strut-and-tie model 

Figure 4.30 Analysis of Upper Portion of Dap at lOOk, PCI. 

A strut-and-tie model of the upper portion of Specimen PCI at lOOk is shown in Fig. 
4.30. The reaction was shifted 2.6 inches in order to force the center of the horizontal 
compression force to a reasonable location below the top surface of the beam. Because 
Specimen PCI was tested without the pivoting load head used in the tests of the other 
details, the center of load application shifted 1 to 1-1/2 inches during the course of the test 
as the specimen deformed. The additional shift in reaction to produce a rational 
strut-and-tie model, was attributed to the presence of additional forces due to friction, 
aggregate interlock and dowel action acting along the crack surface. The horizontal force 
in the upper horizontal tie is transferred through a diagonal compression strut and a second 
vertical tie in the lower corner of the full depth section (see Fig. 4.19). Given the 
reinforcement pattern used in Specimen PCI (Fig. 3.13), it seems unlikely that the force 
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transfer system shown in Fig. 4.12 could develop. The first vertical tie would need to 
include the main group of stirrups plus two additional stirrup groups. This would leave only 
two remaining stirrup groups which intersect the horizontal reinforcement extending from 
the dap. If these stirrups were assumed to constitute the "second" tie, this quantity of 
reinforcement could provide only 1/3 of the required capacity. It is interesting to note 
that, of the details discussed, the PCI Detail has the fewest stirrups. Yet, this detail 
developed the highest shear capacity. In addition, the force transferred in the horizontal 
dap reinforcement is greatest for this detail. This seems to indicate that the means of 
transfer of horizontal force from the dap reinforcement does not require a large number 
of stirrups beyond those needed to balance the vertical reaction. 
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Figure 4.31 Analysis of Upper Portion of Dap at lOOk, MF. 

4.5.5 Specimen MF. The design procedure is described in Sec. 3.5. In Fig. 4.31a 
and b, the free body diagram of the upper section of the dap used for design of the detail 
is compared to a similar diagram based on test results. At the design load of lOOk, these 
sections show reasonably good agreement between predicted and measured internal forces. 
The only major difference is that the stirrup forces away from the dap are much smaller 
than predicted. The strap is closer to the re-entrant comer and develops force at a faster 
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rate than the stirrups further away. This area can also be represented as a strut-and-tie 
model. In Fig. 4.31c two approaches to developing a strut-and-tie model are shown. In the 
first model it is assumed that forces transferred to the strap at the bearing plate. One 
compression strut transfers force directly to the strap while the other transfers force to the 
stirrups. A second method involves treating the strap in the same manner as the other 
reinforcement. Treating the strap as normal reinforcement is valid as long as the node 
which occurs on the strap is reasonably close to the bearing plate. In this case both 
approaches produce similar models. However, the model in which the strap is treated as 
normal reinforcement seems more rational as it is hard to accept two distinct diagonal 
compression struts in the relatively small dap. 

At the ultimate load of 135k, the measured internal force system is shown in Fig. 
4.32a and is represented by a strut-and-tie model in Fig. 4.32b. In this case the strap is 
treated as normal reinforcement as the node at the strap lies very close to the bearing plate 
on the strap. At the ultimate load the strut-and-tie representation moves so far beyond the 
physical dimensions of the beam that it cannot be modified easily by moving the reaction. 
It is likely that significant forces developed in the concrete to modify the horizontal forces 
needed for equilibrium of the compression struts. 
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(a) Estimated forces from test (b) Possible strut-and-tie model 

Figure 4.32 Analysis of Upper Portion of Dap at Ultimate, MF. 

4.6 Behavior of Stirrups 

Comparison of the strain levels near the center of the stirrups is presented for each 
of the details in Fig. 4.33 to 4.36. The strain in the stirrups nearest to the re-entrant comer 
of the beam were higher than those some distance away. For PCI (Fig. 4.35) in which a 
group of stirrups was placed near the dap, the strain is more uniform than in STl (Fig. 
4.33) which stirrups were distributed over a larger distance. The strain variation across the 
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Figure 4.33 Strain in Stirrups, STl. 

stirrup groups also provides some insight as to the definition of ties. For instance in 
Specimen PCI and ST2 (Fig. 4.34 and 4.35), groups of stirrups which have very nearly the 
same strain level and function like a single unit can be identified. In such cases, the stirrup 
groups behave like distinct ties. In the case of STl (Fig. 4.33), the stirrup strains vary widely 
which makes it difficult to characterize any group of stirrups as a distinct tie. 

Strain levels in the stirrups adjacent to the dap are compared in Fig. 4.37. The 
stirrups in Specimens PCI and MF developed significantly smaller strains than in the other 
specimens. Reinforcement concentrated close to the dap appears to be more efficient in 
developing forces. 

4. 7 Behavior ·or Horizontal Reinforcement at Corner of Dap 

Comparison of the strain in the bottom of reinforcement (just above the bottom of 
the dapped end) for all the details is presented in Fig. 4.38. Concentrating the horizontal 
reinforcement near the re-entrant comer seemed to have no effect on the relative strain 
levels in the horizontal reinforcement. In fact, the PCI detail in which horizontal 
reinforcement was most widely distributed showed the lowest strain levels in the bottom 
layer of reinforcement. 
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Figure 4.34 Strain in Stirrups, ST2. 
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Figure 4.35 Strain in Stirrups, PCI. 
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Figure 4.36 Strain in Stirrups, MF. 
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Figure 4.38 Comparison of Strains in Horizontal Dap Reinforcement. 
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Figure 4.39 Comparison of Strains in Beam Flexural Reinforcement. 
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4.8 Strains in Beam Reinforcement at Bottom of Beam. 

Strains developed in the lower horizontal reinforcement near the start of the hook 
are compared in Fig. 4.39. Strains were on the order of 25 to 35 percent of yield when the 
design load was reached. This is consistent with the force predicted by the design 
strut-and-tie model (Fig. 3.8) if it is assumed that both layers of reinforcement have equal 
strain levels. The strain level increased significantly as the load was increased past lOOk. 
It is possible that as the load was increased, the top layer which has a hooked anchorage 
resisted a larger portion of the load. 

The variation in strains along the lower longitudinal reinforcement in Specimen MF 
is shown in Fig. 4.40. Above an applied load of lOOk, there is a greater change in strain 
over the short distance between gages 10 and 11 over the longer distance between gages 11 
ad 12. This may be due to the influence of the strap which was located between gages 10 
and 11. The strains are consistent with strut-and-tie model principles which would indicate 
a jump in tension force in this region. 
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Figure 4.40 Strain Variation Along Beam Flexural Reinforcement, MF. 

4.9 Concrete Strains 

Embedment gages were utilized in an attempt to measure concrete strains. In 
general, the results from the gages were difficult to interpret because of the disturbed 
nature of the concrete. It appears that localized stress concentrations due to the presence 
of cracks near the gages produced widely varying strain measurements. Some qualitative 
results can be seen, however. For instance, Fig. 4.41 shows horizontal strain measurements 
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Figure 4.41 Concrete Strain Measurements, STl. 

taken in the upper portion of STl. The plot indicates that the gage is in compression up . 
to a load of 120k when the neutral axis presumably crossed the gage. The gage remained 
in tension up to a load of 135k and then went into compression. This is consistent with the 
discussion presented in Section 4.1.1. At 140k, the upper portion of the beam developed 
very large cracks which may have reduced its ability to carry compression force. The 
neutral axis may then have shifted down below the gage location and would explain 
compression readings at high loads. 

4.10 Suggestions for Implementing the Strut-and-Tie Model in a Dapped Beam. 

A design procedure for dapped beams based on the principles of the strut·and-tie 
model and was utilized in the design of STl. In general the performance of STl was found 
to be comparable to details designed using currently accepted procedures for dapped 
beams. However, the results of the experimental program provides insight into the selection 
of primary horizontal and vertical dap reinforcement (Fig. 4.42). Based on the performance 
of the PCI Detail the most efficient location for the vertical tie reinforcement is as close as 
possible to the interface between the dap and the full depth section. In addition, the vertical 
tie reinforcement should be placed in a closely spaced group. 

The primary horizontal reinforcement is based on the angle of the inclined 
compression strut, « . Obviously, selecting a steep angle reduces the required amount of 
horizontal reinforcement~ Based on force measurements at the design load (lOOk), the 
compression strut angles which developed in the specimens ranged between 45 and 55 
degrees and tended to increase as load was increased beyond lOOk. Earlier it was 
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suggested that the compression strut angle be limited to 60 degrees. Strut angles up to 60 
degrees seem reasonable based on test results. Using strut angles beyond 60 degrees is 
probably not advisable as the ratio of horizontal to vertical reinforcement areas becomes 
quite small. Also, in most cases, geometrical constraints would prevent the use of 
extremely steep strut angles. 
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Figure 4.42 Dapped End Design Model and Suggested Reinforcement Detailing. 

Another consideration in the selection of a strut angle is the location of node A 
shown in Fig. 4.42. In design of STl it was assumed that the compression strut intersected 
the centroid of the vertical tie midway between the top of the outer and inner stirrup legs 
(Fig. 3.9). This produced acceptable behavior well beyond the design load. However, near 
ultimate, the concrete compression zone near the top of the beam became unstable, 
presumably due to a loss of anchorage in the ties {stirrups). Selection of a strut angle which 
places node. A lower in the beam could be beneficial in the event of large overloads. The 
location of the node can be lowered by providing a larger area of horizontal dap 
reinforcement. 

The distribution of the horizontal dap reinforcement in the test specimens ranged 
from the relatively wide distribution in the PCI Detail to being concentrated in the bottom 
of the dap STI. Based upon the test results, it is difficult to determine whether any specific 
distribution of horizontal dap reinforcement is better. The PCI design procedure 
recommends distnbuting a portion of the horizontal reinforcement over the lower 
two-thirds of the dap based on test results<3• 20). 

Anchorage of horizontal reinforcement within the dap was provided by welding a 
portion of the reinforcement to a bearing plate at the bottom of the dap and through the 
use of continuous "hoops". This was found to be necessary as the horizontal reinforcement 
reached yield within the dap. In STl, anchorage was provided within the full-depth section, 
by extending the reinforcement past node Cat the top of the second vertical tie (Fig. 4.42). 
The extension was equal to one development length past the center of the node. Test 
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results indicate reinforcement beyond the center of node C (Fig. 4.42) 
significant force only when loads exceeded design loads. While less anchorage may 
been sufficient, the anchorage of the horizontal reinforcement in STl appeared to n"""".:..:~ 
some of the excess capacity exhibited in the test 

The beam flexural reinforcement used in the test specimens developed ... ~"' .......... ...a..l.u: 

forces near its intersection with the primary vertical reinforcement. The magnitude of th~ .. 
forces was consistent with that predicted by the strut-and-tie model. Using hooks on some · 
of the horizontal reinforcement in this region will help to provide sufficient anchorage for · · 
the flexural reinforcement. · 

The only inconsistency exhibited by the strut-and-tie models used in the design of 
STl and ST2 was the means of anchoring· the upper horizontal tie into the full depth 
section. In the design model, the primary horizontal reinforcement in the dap was anchored 
by the formation of a diagonal compression strut to the lower corner of the beam. This 
assumed force system required that a second vertical tie be placed as shown in Fig. 
The test results indicated that the primary vertical reinforcement alone was sufficient to · 
transfer forces from the dap to the full section. No additional vertical reinforcement other 
than standard shear reinforcement appeared necessary. This behavior is consistent with 
that assumed in the PCI and Menon/Furlong design procedure. 



CHAPTER 5 
TESTS OF ISOLATED NODES 

5.1 Introduction 

The purpose of this portion of the test program was to document the behavior of 
nodes in the strut-and-tie mode. Difficulties in applying the strut-and-tie model to the 
dapped beam details raised questions about implementation of the model. There was 
difficulty in determining the size of the nodes so that concrete stress could be checked. 
Further problems involved assessing the configuration of the compression field. Lastly, little 
information was available in determining the effect of differing compression strut angles on 
the various nodes. Compression - Tension - Tension (CIT) and Compression -
Compression- Tension (CCf) nodes were selected because they represent critical node 
types appearing often in structural members and are described in detail by Schlaich, Schafer, 
and Jennewein<15>. 

5.2 CIT Node - Test P1"9gram 

5.2.1 Description of Tests. Nine isolated CIT-node tests were co.nducted on two 
series of specimens. In one series, high strength concrete specimens were used while in the 
other series low strength concrete specimens were used. The design concrete strength for 
the specimens in the high strength series was 6000 psi -- the same strength as in the 
full-sized, dapped beam used for Specimen STl. Half of this strength, or 3000 psi, was 
chosen as the design concrete strength for the low strength series. It was thought that this 
would give a suitable range for investigating the influence of concrete strength on CIT-node 
behavior. One specimen in each series incorporated a reduced compression strut width for 
determining the allowable concrete stress at the node boundary and the configuration of the 
compression stress fields. To study the effect of lateral confinement, each series contained 
specimens with differing confining reinforcement details. Other. specimen variations 
included: (1) changing the anchorage detail for a high strength specimen; and (2) changing 
the angle of inclination of the compression strut for a low strength specimen. A replicate 
specimen was also tested to provide information about the repeatability of the testing 
procedure. The specimen size, location and type of instrumentation, method of fabrication, 
and testing procedure were similar for all the specimens. 

5.2.2 Specimen Design. The specimens were designed to duplicate as closely as 
possible the boundary conditions that existed in Specimen STl in the dapped beam test 
series. The placement and amount of steel were identical although differing anchorage 
details were used in some of the node specimens. The prototype and node specimens also 
had the same width. Proposals presented by Schlaich et a1.<15>, Schlaich and Schafer<18

), and 
Marti<14

) give some insight as to the dimensioning of nodes and were used in choosing the 
specimen size. 
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The dimensions of the node were governed by the layout of the original strut-and­
tie model developed for Specimen STl [shown in Fig. S.l(a)]. The corresponding placement 
of reinforcement is shown in Fig. S.l(b). The isolated CIT-node is shown in Fig. S.l(c). 
Tensile ties 1 and 2 are identified by their purpose in the full-sized, dapped beam and are 
designated as transverse and longitudinal ties, respectively. The requirement of applying 
tension to each tie demanded that the reinforcing steel protrude an appropriate amount so 
that it could be anchored to the loading system. Holes in the steel members for loading the 
specimens were drilled in a pattern corresponding to the pattern of the reinforcement. 
Identical reinforcement patterns were used for all CIT specimens . 
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(a) Strut-and-tie model for dapped beam (b) Placement of reinforcement 

(c) Isolated CIT-node 

Figure 5.1 CIT Nodes. 

The dimension of the node was governed by the stress field produced by tensile tie 
1. The boundaries of the stress field produced by the longitudinal steel in tensile tie 2 were 
chosen to extend from the bottom of the beam an equal distance away from the center of 
gravity of the longitudinal steel. The points of intersection of the two stress fields are 
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Figure 5.2 Determination of Node Boundaries. 
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labeled A and B as shown in Fig. 5.2a. The geometrical center of the CIT-node was 
considered to be the centroid of the two tension fields. A 45° dashed line corresponding to 
the inclination of the compression strut was drawn through the node's centroid. Equidistant 
lines parallel to the 45° inclined line were extended from A and B until the transverse tie 
boundary, marked by point C was reached. Thus, the width of the compression strut was 
determined and extended between the points C and D shown in Fig. 5.2b. 
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5.2.3 CIT -- Specimen Identification. Each CIT specimen was designated as 
follows: 

First letter: Concrete Strength 

H - High 
L · Low 

Second letter: Strut Width (Bearing Plate) 

F - Full (10.6 in.) width 
H - Approximately Half (4.0 in.) width 

Third and Fourth letters: Reinforcement and Strut Angle 

Suffix: 

SR Standard Reinforcing Detail-Confining transverse reinforcement hooked 
longitudinal steel, and 45° angle. 

NC - Non-Confining transverse reinforcement with 45° strut angle. 

AC - Angle Change 45° to 300 and stan¢1ard reinforcing detail 

SB - Straight Bar anchorage on the longitudinal steel with confining transverse 
reinforcement and 45° strut angle. 

A, B - Companion specimens (HFSR only) 

5.2.4 Specimen Details. Specimens HFSR-A and HFSR-B had reinforcement 
identical to Specimen STl and had similar concrete strengths. Specimen IFSR had the 
same reinforcement pattern as HFSR-A and HFSR-B but had a reduced concrete strength. 
Figure 5.3 shows the geometries for Specimens HFSR-A, HFSR-B, and IFSR. 

In two specimens, one with high strength concrete (HHSR) and one with low strength 
concrete (LHSR), reduced compressive strut widths were produced by decreasing the 
bearing area at the compression face of the specimen. The strut width was chosen so that 
the average compressive stress over the bearing area was equivalent to tc' in LHSR. The 
same strut width was used in Specimen HHSR for comparison. All other dimensions and 
steel placement were the same as HFSR-A, HFSR-B, and IFSR. Figure 5.4 shows the 
difference between the two bearing areas. 
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Figure 5.3 Geometry and Placement of Steel for Specimens HFSR-A, HFSR-B, and LFSR. 
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Figure 5.4 Bearing Surfaces Used for Isolated Tests. 

Each series contained specimens that were detailed with and without confining 
reinforcement to study the effect of lateral confining pressure on node behavior. Figure 
5.5(a) shows the confinement of the m-node which was provided by U-shaped hoops and 
90° hooks perpendicular to the longitudinal bars. In specimens LFNC and HFNC, the effect 
of lateral confinement was minimized by turning the transverse 900 hooks nearly parallel to 
the longitudinal bars as shown in Fig. 5.5(b ). Specimen HFSB was tested to determine the 
behavior of a CTT-node with a different anchorage detail for the longitudinal steeL 
Specimen HFSB is identical to HFSR except the 180° hook was removed from the top 
longitudinal steel as shown in Fig. 5.6 

Specimen LF AC was the only specimen in this study that was subjected to unequal 
forces in the tension ties. The purpose of the unequal force was to produce a different 
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compression strut angle. A 30° angle from the horizontal was chosen so the force in the 
longitudinal steel would be approximately 1.7 times the force in the transverse 
reinforcement. This angle would assure that the transverse steel would not reach its limiting 
capacity and the longitudinal steel would be highly stressed so that anchorage conditions 
would be more severe. Figure 5.7 shows the line of action of the compression strut force 
used in Specimen LF AC and all other node specimens. Specimen LF AC was identical in 
construction to Specimen LFSR (see Fig. 5.3). 
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Details for the test specimens and Specimen STl are summarized in Table 5.1. 

5.2.5 Materials. 

Concrete. All test specimens were cast with concrete mixes complying with Texas 
Highway Department Standard Specifications. This standard specifies a maximum 5·in. 
slump although actual slumps for different batches ranged from 3 to 6 inches. Concrete for 
Specimen HFSR·A and Specimen LFAC were mixed at the laboratory using a 6 cu. ft. drum 
type mixer. In both mixes Type 1 Portland cement with washed Colorado River sand as the 
fine aggregate was used. Coarse aggregate for specimen HFSR·A consisted of crushed 
limestone with 1/2·in. maximum aggregate size. Coarse aggregate for Specimen LFAC was 
crushed dolomitic limestone with a 5/8·in. maximum aggregate size. All other specimens 
were cast using commercially available ready mix concrete with Type 1 Portland cement, 
washed Colorado River sand and gravel with a maximum aggregate size of 3/4~in. 
Compression tests were also performed at time of testing and are given in Table 5.1. Split 
cylinder tests were conducted in order to determine the tensile strength of the concrete. 
Tests were conducted according to ASTM C496 with 1 in. wide x 1/8 in. thick birch plywood 
pads and a loading rate of 15,000 pounds per minute. Results of these tests are shown in 
Table 5.1. 

Reinforcing Steel. All node specimens used standard deformed reinforcement 
conforming to ASTM·A615. Grade 60 #3 bars used as transverse reinforcement in all the 
isolated CTT-nodes were produced in the same heat (fy = 68 ksi). Grade 60 # 5 bars used 
as longitudinal reinforcement in Specimen HFSR·A did not have a definite yield plateau 
and were not used in further tests. In subsequent tests #5 bars having a well-defined yield 
(fy = 60 ksi). 

Mechanical Connectors. To allow easy removal of the isolated CTT-node from the 
test setup and to equalize the stresses in the bars before testing, each reinforcing bar 
protruding from the specimen was fitted with a mechanical connector with a integral 
adjusting nut. An Erico LENTON© connector was used for this purpose. All bar ends were 
threaded with tapered threads at the Erico Products Inc., Cleveland, Ohio facility. The 
mechanical connector with adjusting nut was reused after each test. The mechanical 
connector could develop a bar stress of 85 ksi before the threads stripped. The limiting 
capacity of the threaded anchor was arbitrarily set at a bar stress of 75 ksi which assured the 
reinforcement would be well past yield when the test was concluded. Adjusting threads on 
the exterior of the mechanical connector were cut to a close tolerance and with suitable 
length to prevent stripping of the adjusting nut. 

5.26 Instrumentation. The specimens were instrumented with electrical resistance 
strain gages mounted to the longitudinal and transverse steel. Locations were chosen to give 
information about the behavior and the transfer of forces within the node. Gages in ST1 
and CTT node specimens were placed in identical locations although more bars in the node 
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Table 5.1 

Con f. 
Specimen t:· Strut Width Trans. 

(ksi) 
(in.) 

Reinf. 

Specimen ST l 6.3 N/A Yes 

HFSR-A 7.0 10.6 Yes 

HFSR-B 5.8 10.6 Yes 

HHSR 5.8 4.0 Yes 

HFSB 5.8 10.6 Yes 

HFNC 5.8 10.6 No 

LFSR 3.7 10.6 Yes 

LHSR 3.7 4.0 Yes 

LFNC 3.7 4.0 No 

LFAC 3.9 10.6 Yes 
· At tlme ot testrng 

_j 

Summary of Test Specimens 

Angle of #3 Bars #5 Bars 
Loading fy (ksi) fy (ksi) 

50" Design 66.8 60.5 

45" 66.8 59.6 

45° 66.8 59.6 

45° 66.8 59.6 

45" 66.8 59.6 

45" 66.8 59.6 

45° 66.8 59.6 

45" 66.8 59.6 

45" 66.8 59.6 

30" 66.8 59.6 

#5 Bar 
Anchorage 

Detail 

180" Hook 

180" Hook 

180" Hook 

180° Hook 

Straight Bar 

180° Hook 

180" Hook 

180" Hook 

180" Hook 

180° Hook 

Splitting 
Tensile 

Strength 
(psi) 

Not Tested 

440 

490 

490 

490 

490 

410 

410 

410 

390 
. 

\0 
Vl 
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specimen were instrumented. Gages mounted on protruding bars were used to obtain a 
uniform stress level prior to testing and to monitor bar stress levels during testing. 

Measurements. The specimen was loaded using. double acting center hole rams with 
hand operated pumps. Hydraulic pressure was used to monitor the applied force. 
Potentiometers monitored deflections during testing. A computerized data acquisition 
system was used to collect and record all test data. 

5.2.7 Specimen Fabrication. Formwork for all specimens was constructed of3/4-in. 
plywood reinforced with 2 in. x 4 in. studs at the corners. The protruding reinforcement · · 
passed through holes predrilled in two sides of the formwork. These sides were bolted, · 
together first to serve as a guide for placing the reinforcing steel. Figure 5.8 shows the 
assembled formwork and reinforcing cage for one specimen. 

Figure 5.8 Assembled Formwork and Reinforcing Cage. 

After casting the specimen and finishing the surface, the specimens were covered with 
wet burlap. The burlap was covered with a polypropylene plastic sheet to prevent 
evaporation. 

5.2.8 Test Setup. A concrete reaction block was constructed for the purpose of 
transferring the load from the compression face of the test specimen to the reaction floor 
and wall. The extension block was designed to be removable so different angles of 
inclination of the compression strut could be investigated. An elevation view of the concrete 
reaction block is presented in Fig. 5.9. 
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Figure 5.9 Elevation View of Concrete Reaction Block. 

The reaction block was bolted to the strong wall to resist the compressive forces 
developed during the tests. The test setup allowed direct tension loading of the protruding 
reinforcement in the horizontal and vertical directions. The tensile loading produced an 
equilibrating compression reaction on the bearing face. Space requirements and magnitude 
of loading did not permit insertion of tensile rams between the specimen and the strong wall 
and floor. Therefore, a loading system consisting of fabricated steel members and 
connecting rods was assembled to allow tensile loading of the specimen by compressive 
rams. Elevation and plan views of the complete loading system are. shown in Fig. 5 .10. 

The horizontal bearing beam and ram rested on a wooden carriage fitted with ball 
bearing rollers. The carriage rolled atop the concrete base block. The roller support 
allowed the bearing beam and ram to move horizontally without friction. A thin layer of 
hydrostone provided a uniform bearing surface between the specimen and test setup. With 
the specimen held firmly in place by clamps, all connecting rods and adjustable couplings 
were retightened by hand. Small adjustments were made at low stress levels by tightening 
or loosening the adjusting nuts on the mechanical connectors. Loads were applied in 
approximately 5 kip stages. Deflection vs. load and stress vs. load in both the vertical and 
horizontal directions were monitored. The plots gave a graphical representation of the 
behavior of the specimen and were used to detect a malfunction or instability in the setup. 
Cracks were marked at each load stage. Photographs were taken at varying load levels. 
Generally, the time interval between load stages was less than 10 minutes. All tests were 
concluded on the day they were started. The testing process usually took about 6 hours. 
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Complete details of the design, construction and test procedures for the err node tests are 
included in Ref. 21. 

5.3 CCT Node - Test Program 

5.3.1 Description of Tests. Ten specimens representing CCT nodes located at the 
support of the prototype dapped beam (Fig. 5.11) were tested. The dimensions and the 
shape of all the specimens were the same. The reinforcement layout was based on the 
dapped beam test specimen. However, a larger reinforcement area and angle of inclination 
of the compresion strut ( 60°) was used so that concrete crushing would control the mode of 
failure. The details of the test specimens is given in Table 5.2. The specimen notation used 
is as follows: 

First letter: Concrete Strength 

L Low 
H High 

Second letter: Bearing plate width 

F Full, 12 in. 
H Half, 6 in. 

Third letter: Confining reinforcement around tension tie 

T Yes, #3 at 4 in. 
0 No 

Suffix: Tension tie reinforcement 

First letter: 

R -
s -
H -

Replicate 
Straight 
Hooked 

Second letter: Distance to center of bottom layer of tension tie reinforcement 
(cover) 

S - Small, 1-IA in. 
L - Large, 3-13/16 in. 
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(a) Strut-and-tie model for dapped beam 

(b) Placement of reinforcement 
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(c) Isolated CCT Node 

Figure 5.11 CCf Nodes. 
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Table 5.2 Summary of Test Details, CCf-Nodes. 

Specimen fc { psi ) 

LFT 2340 

LFO 2470 

LHT 2490 

LHO 2600 

LFT-R 2610 

Specimen fc (psi) 

HFT 4860 

HFO-SS 5005 

HFO-HS 5015 

HFO-SL 5025 

HFO-HL 5025 

Bearing 
Plate 

Full 

Full 

Half 

Tension Tie 

Bars Layout 

3-#5,8-#6 ~ 

3-#5, 8-#6 ~;~) 

3-#5, 8-#6 'il--~) 

Half 3-#5, 8-#6 ~=~=~ 

Full 3-#5, 8-#6 g.l_.;J;) 

Bearing 
Plate 

Bars Layout 

Full 3-#5,8-#6 ~:!~) 
Full 6-#7 ~=:-~:) 

·-

Full 6-#7 &~~) 
Full 6-#7 ~~~-:-:) 

Full 6#7 ~~ ;;~~c;'J -::.:: -=--=-"/ 
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Five tests (LFT, HFT, LFO, LHT, LHO, LFT~R) were performed in order to 
evaluate the effect of the support size and the confinement condition on the compressive 
strength of the concrete. Specimens LFT, HFT, LFT-R were confined with #3 ties at 4" 
(Fig. 5.12b), while LFO and LHO (Fig. 5.12a) were not confined. In order to evaluate the 
effect of the support bearing size on the performance of the node, two loading plate widths 
were used. In LFT and LFO a full width support bearing (12 in.) was used (Fig. 5.12c) and 
in iliT and LHO, a half width support bearing plate (6 in.) was used. Specimens LFT and 
HFf were identical except for concrete strength. 

The effect of the tension tie reinforcement layout on node resistance was examined 
using HFO-SS, HFO-HS, HFO-SL, HFO-HL (Figs. 5.12d and e). In each case the total 
steel area was kept constant but the location of the reinforcement and the use of 180° hooks 
on the lower layer of bars provided a means of studying the anchorage conditions. In 
addition, two different values of cover from the bottom edge (bearing surface) of the 
specimen were considered. 

5.3.2 Materials. 

Concrete. The specimens were cast using ready mix concrete with Type I Portland 
cement, washed Colorado River sand and 3 /8-in. coarse aggregate for specimens with low 
strength concrete, and 3/4-in. for those with high strength concrete. Cylinders were tested 
at 7 days, 14 days and 28 days to obtain the strength versus time curve. Three cylinders 
were tested at each age. The concrete strength determined for the age at time of testing 
is shown in Table 5.2. 

Reinforcing Steel. AS1M-A615 Grade 60 deformed bars were used for all 
specimens. ACI 318 standard 1800 bends were used for the hooked bars. Tensile tests were 
performed on each group of bars to obtain the yield strength of the bars as follows: #3 -
71.3 ksi; #5 - 72.7 ksi; #6 - 64.8ksi; and, #7 - 71.7 ksi. 

5.3.3 Instrumentation. 

Strain Gages. The strains were monitored with strain gages mounted on the 
longitudinal bars and on transverse hoops. Gages were also mounted on the protruding 
longitudinal reinforcement 2.5 in. from the concrete face. 

Demec Gage Readings. Demec points were used to measure the surface strain. The 
points were placed in a pattern to provide a 2 in. gage length. The arrangement of points 
is shown in Fig. 5.13. The data for LFO and LHT indicated that the arrangement selected 
did not give principal strains. An arrangement providing strain rosettes was used for the 
remaining specimens to permit computing the principal strains. 

5.3.4 Specimen Fabrication. Because the small size of the specimen reduced the 
tolerances, special care was taken to maintain the angles and dimensions of the forms. A 

L 

,, 
I , 
L__J 



.J 

' 

' l _j 

'l 

LJ 

I 

I 
I 

2" l. T 
I I I I 
r----J----
00 0 0 

0 0 00 

0 0 

2t'it 

2!'.1 
1~" 

II I 
1" 1" 1y 4y 

(b) LFT, LFT-R, L.HT, HFT 

I 

I 
§mall Cover r 

(HFO-SS) 1----:---1 

Large Cover 
(HFO-SL} 2" 5" 2" 

I I I I 
2.2. • - - - ... - - - -

16 0 0 

1~·<stj 
0 0 0 0 

3-Pe "(H) L...--.f--....1 

(a) LFO, LHO 

14" (F) 
7"(H) 

12" (F) 
6" (H) 

(c) Bearing plate variation 

(d) HFO-SS, HFO-Sl (Straight bars) 

I 

I 
§mall Cover I 

(HFO-SS) 
J.arge Cover 

(HFO-SL) 
2" 5" 2" 

---- ----
0 I 0 

0 0 0 0 

2.!.. 
16 

1~(~ti 
3~ "(H) 

(e) HFO-HS, HFO-HL 

Figure 5.12 Reinforcement Details and Specimen Geometry- CCf Nodes 

103 



104 

.-c 
; \ 

,.JI( ltD 
;~ ~"'1 

If '--"" 2 E \ ,.,.,.3 2 1 At-lr ... \ 
4 '3 ,..< lt F 

4 --~ ~; 
5 _.:A", ...... 
~, :.-"' ..... 

,_-....-- ...... -_,..--. G 
I I I I I 

t-+-+--t--.H 
I I I l I 
fi.- .... -+_....,_J: I 
5 4 3 2 1 

(a) LHT and LFO 

(b) All Others 

All grids 2"x2" 

• 2" 

All grids 2"x2" 

3" 
r---t 

::-igure 5.13 Location of Points for Surface Strain Measurements. 



105 

Figure 5.14 Steel Cage and Formwork. 

form with reinforcement in place is shown in Fig. 5.14. The longitudinal reinforcement 
passed through a predrilled form. In specimens with transverse reinforcement, the hoops 
were placed after the longitudinal bars were positioned. After the concrete was cast, the 
specimens and the cylinders were covered with moist burlap to cure the concrete to reduce 
shrinkage effects. 

5.3.5 Test Setup and Procedure. The specimen was placed in a setup shown in Fig. 
5.15 .. Stiffeners welded to the web carried the load directly to the test machine. The top 
element of the setup consisted of welded steel plates (bolted to the support beam) which 
provided a bulkhead to anchor the protruding bars. 

The specimen was placed on the support beam and bars were passed through the 
predrilled plate. After horizontal and vertical alignments were checked, the bars were 
welded to the anchor plate on the bulkhead. Hydrostone (grout) was placed between the 
specimen and the bottom support plate to produce a uniform bearing surface. The support 
plate had a thickness of 1/2 in. A sheet of teflon was placed between the bottom support 
plate and the inclined support to reduce frictional forces. A thin layer of hydrostone was 
cast on the top part of the specimen to obtain a uniform loading surface. A sheet of teflon 
was placed on the hydrostone layer and a supporting plate was placed on top of the teflon. 
A sheet of teflon also was inserted between the bearing plate and the machine head. The 
support beam and the specimen in the machine were centered under the machine head. 
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Figure 5.15 Elevation of Test Setup. 

Hydrostone was used beneath the support beam to obtain uniform bearing surface between 
the test machine bed and the beam. The loading procedure followed for all specimens 
involved application of a compressive force to the top surface. Load was increased in 10 
kip increments until cracking. The load increment was then reduced to 5 kips until failure. 

Specimens LFO and HFO-HL did not perform well in the early stages of loading. 
The top layer of the reinforcing bars of LFO were in compression or had a low tensile force. 
When the load reached 275 kips, the specimen was unloaded. No misalignment could be 
found and the specimen was reloaded until failure. In HFO-HL, cracks at the top of the 
specimen were noted at an early stage. After unloading it was noticed that the bearing plate 
at the top of the specimen did not have a uniform contact surface. This was corrected by 
pouring a thin uniform layer of hydrostone between the plate and the specimen. The 
specimen was then reloaded until failure. Strain readings were recorded at every load stage. 
Surface strains were recorded at selected stages. Cracks were marked and maximum crack 
width was noted alongside the trace. Photographs of the cracks were taken at selected 
stages. Complete details of the tests and results are given in Ref. 25. 



CHAPTER 6 

TEST RESULTS- CTI NODES 

6.1 Interpretation of Test Results 

6.1.1 GeneraL To aid in the interpretation of test results, crack patterns showing 
the development of cracks for four faces of the specimens are presented in "unfolded" 
views. For damage occurring at failure, photographs are used to determine crack locations. 
The orientation of the node specimen during testing was 900 from that of Specimen STl. 
As shown in Fig. 6.1, layers of transverse reinforcement are parallel to the horizontal plane 
while the layers of longitudinal steel are oriented vertically. Throughout the following 
discussion, the layers of reinforcement located closest to the surface of the specimen are 
identified as the first layer of transverse or longitudinal reinforcement. Inset diagrams show 
the location of the strain gages and in some plots, the crack pattern on one face of the 
specimen is shown. 

s Layer 

jr"'\\ 2nd Layer -}-----
-

;; l ... 
~ ~ 

1ii i ... 

u 
l 

ll 3m Layor , -- •th Layer J -J. 

-·~ T = Transverse Force 

Note: T = L in all nodal specimens except 
LFAC where T = 0.58*L 

L = Longitudinal Force 

Figure 6.1 Node Specimen Force Designation. 

Average external bar strains based upon the applied tensile load were plotted in lieu 
of the measured strain readings from the exterior gages because the latter were somewhat 
inconsistent. The measured external bar strains were susceptible to bending effects and 
were influenced by specimen cracking. This is especially true of the external longitudinal 
gages. In Figure 6.2, strains for the external transverse bars in HFSB are fairly well 
grouped. In contrast, Fig. 6.3 shows that considerably different strain rates were indicated 
by external longitudinal gages. The second layer of bars, closest to the interior of the 
specimen, displayed higher strain rates than the first layer of bars. The average of the 
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Figure 6.3 External Longitudinal Bar Strains for Specimen HFSB. 

external strains for the first and second layers of longitudinal reinforcement are shown in 
Fig. 6.4. The average external strain produced by the applied longitudinal force is also 
shown in the figure. A divergence between the strain rates for the two layers of longitudinal 
reinforcement occurred after first cracking. The external reinforcement strain behavior 
exhibited by HFSB was generally typical of all the node specimens and appeared to be 
influenced by the location of major cracks. 
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The percentage of applied transverse or longitudinal force carried by the bars at a 
particular location along the bars gives further insight regarding tie behavior. For example, 
with 16 transverse bars in four layers, the bars in a layer should carry 4/16's or 25% of the 
external applied force if no stress were transferred to the concrete along the bar. The bar 
forces were most helpful in assessing the role of different internal force transfer 
mechanisms. At early load stages, concrete tensile strength and bond forces carried most 
of the internal forces. With higher loads, bar stresses between nodes were nearly uniform 
indicating that "strut-and-tie" action had developed. 

6.1.2 Comprehensive Description of Test Results for Specimen HFNC. Specimen 
HFNC was cast using high strength concrete, 1.' = 5780 psi. The transverse reinforcement 
provided minimal lateral confinement to the ftode. A 1800 hook was used to anchor the 
second layer of longitudinal reinforcement. The specimen had a strut width of 10.6 in. and 
a strut angle of 45°. Equal forces were applied in the transverse and longitudinal directions 
during the test. The specimen was loaded in 5k increments. At 71.3 k, well-defined cracks 
crossed the transverse and longitudinal bars. The specimen failed with spalling of the south 
cover over the transverse reinforcement hooks. The peak load of 132.5k corresponds to 
1.13Ty and 0.60~ where T and 1-x represent force at yield in the transverse and 
longitudinal reinforcement. The force in the compression strut was 132.5k (.[2) = 187.4k 
since the force in both ties was equal (132.5k). The bearing area was 10.6 x 12 in. = 127.2 
in2 so that the concrete stress at the bearing surface was 1470 psi or 0.25f. 1 when cover 
splitting occurred. Figure 6.5 and 6.6 show crack patterns and photographs o{the specimen. 

Some differences in strain for gages at similar locations in different bars are indicated 
in Fig. 6.7. The most significant variation was between gages TUl and THl. The strain at 
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Figure 6.5 Crack Patterns for Specimen HFNC. 

TUl was much higher than at TH1 after the load exceeded 95k. This behavior was 
exhibited in most tests and occurred when a second crack crossed the transverse reinforcing 
bars. Because bearing stresses developed at the bend and the bend opened slightly as 
illustrated in Fig. 6.8, strain at the gage located near the inside of the bend was increased 
because of the bending strains. 

The change in the strain in the transverse bars is shown in Fig. 6.9. At 52k, the 
cracking resulted in large increases in strain at locations TC and TD. At locations TA and 
TB, a second crack formed and led to large changes in the strains at 92k. Locations T A, 
TC, and TD reached yield before the specimen failed. The strain at TC is significantly 
higher than at 1D after cracking, and similarly, strain at TA is higher than at TB. 
Transverse reinforcement closest to the surface of the specimen is strained more than that 
at the interior. Cracks developed at the edge of the specimen and crossed the outer layers 
of steel first. 

Longitudinal bar strains are plotted in Fig. 6.10. Cracking at 56k resulted in a similar 
rapid increase of strains in all bars at LC. Additional cracking at higher loads caused a 
more gradual increase in strains at LA and lB. Diagonal tension cracks intersected the 
second layer (LA) of longitudinal bars at a greater distance from the free end than in the 
first layer of bars. The second layer (LA) was able to carry larger tensile force and could 
be the result of the greater efficiency of hooked anchorage. However, similar behavior was 
exhibited by Specimen HFSB where both layers of longitudinal reinforcement anchored with 
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Figure 6.8 Tensile Strains Resulting from Slip at 900 Bend. 

straight bars. If the strut-and-tie mechanism was fully developed, 100% of the load applied 
to the reinforcement in the node would be accounted for by the strain readings (measured 
stresses). In the transverse reinforcement, each layer should carry 1/4 of the applied load 
and in the longitudinal reinforcement 50%. Strut-and-tie action was well developed only 
when the tie reinforcement reached yield. At 50k, the concrete tensile strength was effective 
in carrying tension and the layers of reinforcement carried only a portion of the applied 
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Figure 6.9 Strain in Transverse Reinforcement, HFNC. 
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load. An increase in the bar force at TC, TD, and LC at 75k applied load produced first 
cracking. For the transverse reinforcement shown in Fig. 6.11, roughly 22% of the load at 
125k was carried by reinforcement layer at locations TA, TC, and TD. It was apparent that 
bond deterioration along the length of the bar resulted in high strain (and stresses) at those 
locations. 

For the longitudinal reinforcement (Fig. 6.12), about 25% of the load at 125k is 
carried by the layer of steel with a 180° hook. Gages at LC indicate that 82% of the 125k 
applied load was carried at that point. The longitudinal reinforcement did not yield. 

6.2 Summary of Behavior -- All Specimens 

6.2.1 GeneraL A summary of the test results at failure for all nine specimens is 
presented in Table 6.1. It is noted that three of the specimens were not loaded to failure 
because the rated capacity of the mechanical couplers used to anchor the reinforcement to 
the test setup was reached. Crack widths at various load stages are summarized in Table 
6.2. 
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Figure 6.11 Force in Transverse Reinforcement, HFNC. 

Figures and descriptions of individual tests are presented in this section as needed 
to make distinctions between the specimens and their behavior. Supplemental figures 
illustrating typical behavior patterns are presented in Ref. 21. In this section, the observed 
cracking and/or failure behavior of the specimens is emphasized. The specimens are 
grouped according to geometry and placement of steel in the following presentation of 
results. The results for Specimen HFNC which were described in detail in Sec. 6.1.2 will 
not be repeated in this section. 
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Table 6.1 
Summary of Node Specimen Test Results 

Bearing I Bearing Tmax Lmax 
Specimen Lmax Type of Failure 

Stress at Stress --(kips) Peak Load !/ Ty ~ (ksi) 

HFSR-A 127.4 None - Cap. of Setup 1.42 0.20 1.08 * 
HFSR-B 137.5 None - Cap. of Setup 1.53 0.26 1.17 0.62 

LFSR 117.4 Development - Trans. 1.31 0.35 1.00 0.53 

HFNC 132.5 Cover Splitting 1.47 0.25 1.13 0.60 

LFNC 117.8 Cover Splitting 1.31 0.35 1.00 0.53 

HHSR 139.0 None - Cap. of Setup 4.10 0.71 1.18 0.62 

LHSR 130.2 Strut Crushing 3.84 1.03 1.11 0.59 

HFSB 138.1 Gross Slip - Trans. 1.54 0.27 1.17 0.62 

LFAC 165.4 Development - Long. 3.19 0.81 0.82 0.74 

* Reinforcement did not have definite yield point. 
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Figure 6.12 Force in Longitudinal Reinforcement, HFNC. 
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I 11 0 kips (longltudlnaQ 

Transverse* 
Diagonal 

Specimen Tension* 

North South North 

HFSR-A 0.009 NMS DNF 

HFSR·B 0.003 0.003 0.002 

LFSR 0.005 0.010 0.005 

HFNC 0.007 0.007 NDF 

LFNC 0.009 0.007 0.005 

HHSR 0.005 0.009 0.005 

LHSR 0.005 0.009 0.009 

HFSB 0.005 0.009 DNF 

LFAC 0.003 0.003 DNF 

NOlES: 

All measurements are In inches 
DNF - Crack did not form 
NMS • Crack not measured 

South 

DNF 

0.001 

O.o10 

DNF 

0.010 

0.007 

0.016 

DNF 

DNF 

Longitudinal* 

North South 

0.016 NMS 

0.003 0.006 

0.007 0.010 

0.005 0.002 

0.009 0.013 

0.002 0.002 

0.003 0.007 

0.009 0.006 

0.010 0.013 

-

I 
Table 6.2 Crack Widths 

--·--·-·········~-

115 kips Qongitudinal) 

Diagonal 
Transverse Longitudinal 

Tension 

North South North South North South 

0.015 NMS DNF DNF 0.015 NMS 

0.005 0.008 0.003 0.002 0.003 0.009 

NMS NMS NMS NMS NMS NMS 

0.010 0.010 DNF DNF 0.009 0.005 

NMS NMS NMS NMS NMS NMS 

0.007 0.010 0.006 0.003 0.003 0.009 

0.016 0.013 O.o13 0.025 0.005 0.007 

0.007 0.016 0.002 DNF 0.010 0.009 

0.010 0.009 DNF DNF 0.020 0.016 

I 
Applied 
Load 
(kips) 

135 

125 

135 

125 

150 

-- --

~ 
~ 

"' 

Crack Widths at Noted Longitudinal Load 

Diagonal· 
Transverse Longitudinal _I Tension 

North South North South North South I 

0.040 0.050 0.005 0.005 0.007 O.o13 

0.020 0.016 DNF DNF 0.009 0.007 

0.040 0.040 0.010 0.010 0.030 0.030 

0.013 0.040 0.003 DNF 0.013 0.013 

0.010 0.013 DNF DNF 0.025 0.025 

* Indicates location of crack measurement; across transverse or longitudinal reinforcement, or along diagonal compression strut. 
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6.22 Specimen HFSR-A. The reinforcement in HFSR-A was identical to the 
CIT-node of the Specimen (STl). The transverse steel provided lateral confinement and 
a 180° hook anchored the second layer of longitudinal reinforcement. Concrete strength was 
7010 psi. The compression strut was 10.6 in. wide at an angle of 45° from the longitudinal 
tie. The geometry and placement of steel for Specimen HFSR-A were shown in Fig. 5.3. 
Specimen HFSR-A was subjected to a maximum tie force of 127.4k (1.08 Ty). The test was 
terminated to prevent overload of the mechanical connectors. Crack patterns are shown in 
Fig. 6.13. Strains in the transverse reinforcement are shown in Fig. 6.14. 

Transverse Reinforcement Gages • • 

Longitudinal Reinforcement Gages • I 

Longitudinal ! 

Figure 6.13 Crack Patterns, HFSR-A 

TOP 

s 

6.2.3 Specimen HFSR-B. Specimen HFSR-B (f. 1 = 5780 psi) was a replicate of 
Specimen HFSR-A. Lateral confinement was provided by the transverse reinforcement. 
The second layer of longitudinal reinforcement was anchored with a 180° hook. The 
specimen had a strut width of 10.6 in. and strut angle of 45° from the longitudinal tie. 

Specimen HFSR-B did not fail prior to conclusion of testing. The maximum force 
resisted by the specimen was 137.5k or 1.17 TY and 0.62 Iy Figure 6.15 shows that crack 
patterns for HFSR-B were quite similar to tliose of Specimen HFSR-A The measured 
crack widths for HFSR-B were much smaller than for HFSR-A (Table 6.2). More cracks 
appeared in HFSR-B which resulted in smaller crack widths. 
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Figure 6.14 Strain in Transverse Reinforcement Layers, FHSR-A 

6.24 Specimen LFSR. Specimen LFSR was fabricated with low strength concrete 
(f.' = 3720 psi). Reinforcement details were the same as in Specimen STl. The strut was 
10.6 in. wide and was 45° from the longitudinal tie. 

The outer layer of transverse reinforcement failed in anchorage at 117.4k (1.00 TY 
and 0.53 ~). The outer transverse U-shaped stirrups split the end cover as shown in Fig. 
6.16. Although the load was increased to 125k after cover splitting occurred, severe cracking 
and substantial redistribution of the transverse bar forces took place. Spalling was the result 
of radial pressure produced by bearing of the bend of the U against the concrete which split 
the cover. Bond cracks parallel to the transverse bars can be seen in Fig. 6.17. A failure 
plane developed when bond and diagonal tension cracks joined. There was a decrease in 
strain at gages TU2 and TH2 after the stirrup failed (Fig. 6.18). 

6.2.5 Specimen LFNC. For LFNC the transverse reinforcement was detailed to 
provide minimal lateral confinement. The compression strut was 10.6 in. wide at an angle 
of 45° from the longitudinal tie (f,/ = 3720 psi). A cover splitting failure of the transverse 
bars occurred at 117 .8k when the transverse bars split the side cover on the north and south 
faces (1.00 TY and 0.53 ~). Crack patterns are shown in Figs. 6.19 and 6.20. Bond cracks, 
parallel to tlie reinforcement, appeared when the development failure took place. 

6.26 Specimen HHSR. The compression strut width for HHSR was 4.0 in. (f/ = 
5780 psi). Otherwise it was identical to HFSR-B. Lateral confinement was provided by the 
transverse reinforcement and the second layer of longitudinal reinforcement was anchored 
with a 180° hook. Loading of HHSR was terminated at 139.0k (1.18TY and 0.62Ly). The 
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Figure 6.15 Crack Patterns, HFSR-B. 
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TOP 

nominal concrete stress at the bearing surface was 4010 psi or 0.71 1. 1
• Cracks generally 

were parallel to the 45° angle of the compression strut (Fig. 6.21). Str~n on transverse and 
longitudinal ties are plotted in Figs. 6.21 and 6.22. The strains at locations TC and LA were 
greater than the external strains. It is likely that local bending added to direct tensile 
strains. 

6.2. 7 Specimen LHSR.. In LHSR a reduced compression strut width of 4.0 in. was 
used (f/ = 3720 psi). At 130.2k (1.11 TY and 0.59 Ly), a crushing failure of the concrete 
strut occurred (Fig. 6.23). The nominal concrete stress at the bearing surface was 3840 psi 
or 1.03 f /. An indentation at the bearing surface can be distinguished in Fig. 6.23. 

6.2.8 Specimen HFSB. In HFSB, both layers of longitudinal steel consisted of 
straight bars. Concrete strength was 5780 psi. At 138.1k (1.17 TY and 0.62Ly) the specimen 
was no longer able to carry additional load. Cracks crossing the transverse reinforcement 
became quite wide. Additionally, cracks opened parallel to the transverse bars. In Fig. 
6.24, strains in the longitudinal steel are shown. Diagonal cracks intersected the layers of 
bars at different locations along the anchored length and changed the effective development 
length of the reinforcement (Fig. 6.25). In other tests, the hook served to hold together the 
comer of the node and crossed more transverse cracks than the straight bar. For the 
straight bar, the cracks opened wider and resulted in a deterioration of node strength. 



Figure 6.16 LFSR-Development Failure of Transverse Reinforcement (North and Top 
Faces). 
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Figure 6.17 Crack Patterns, LFSR. 
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6.29 Specimen LF A C. In LF AC (f. 1 = 3920 psi), lateral confinement was provided 
by the transverse reinforcement and a 180& hook was used to anchor the second layer of 
longitudinal steel. A strut angle of 30° from the longitudinal tie was induced by applying 
a longitudinal force (L) equal to 1.73 times the transverse force (T). 

In general, cracks followed the 30° resultant of the tie forces (Fig. 6.26). At 160k, 
spalling occurred on the north face due to bar slip along a failure plane that originated at 
the lower corner of the bearing surface and extended at a ± 300 angle through the centroid 
of the node. Neither the longitudinal or transverse ties were able to reach yield when the 
specimen failed at 165.4k (0.82TY and 0.74 ~). An anchorage failure of the longitudinal 
reinforcement was evidenced by slip along the failure plane and bulging of the north and 
south faces as the hooks caused splitting of the side faces. Cracking patterns indicated that 
the effective bearing surface was much less than 10.6 in. Because of the unbalanced loading 
in the transverse and longitudinal directions, a slight rotation of the specimen occurred. 
This produced a gap at the top face of the specimen and concentrated forces over the lower 
part of the bearing area. Through inspection of the cracks, it was estimated that the 
effective strut width was 5 in. 
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Figure 6.18 Strains in Transverse Reinforcement Bars, LFSR. 

When load in the transverse tie reached 96.3k, gages at locations T A, TB and TC 
indicated yielding (Fig. 6.27). It is likely that the transverse gages were strained additionally 
because of localized bending following failure of the longitudinal hook. 

Strains in the longitudinal reinforcement (Fig. 6.28) clearly indicate an anchorage 
failure. Gages LB3 and LB4 show a reduction in strain for loads above 14.0k. Force was 
redistributed to the second layer of hooked bars and yield was reached at L T3 and LT4. 
The longitudinal tie developed 0.74 Ly; hence an anchorage failure is indicated. 

6.3 Comparisons of Behavioral Patterns 

6.3.1 Crack Patterns. In Fig. 6.29 crack patterns for specimens of the same type 
have been superimposed. Three cases are considered: 

1. 45° strut angle, 10.6 in. strut width - ST1, HFSR-A, HFSR-B, LFSR, HFNC, 
LFNC, and HFSB). 

2. 45° strut angle, 4.0 in. strut width - HHSR and LHSR 

L. 



Figure 6.19 Cover Splitting Failure (North and End Faces), LFNC. 1--' 
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Figure 6.21 Strain in Transverse Reinforcement, HHSR. 
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Figure 6.23 Compression Strut Crushing Failure, LHSR. 
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Figure 6.27 Strain in Transverse Reinforcement, LFAC. 
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Figure 6.28 Strain in Longitudinal Reinforcement, LF AC. 

3. 30° strut angle, 10.6 in. strut width - LF AC 

Bold lines are drawn on the figure on the right to illustrate the general configuration 
of the compression fields in the different CTf-nodes. The compression fields radiate from 
the bearing surface at the theoretical strut angle. 

6.3.2 Strains. Variations in strain measurements between specimens were generally 
small and could be attributed to differences in cracking loads and crack locations (Figs. 6.31 
- 6.38). Significant variations in strain are identified as follows: 

1. Reinforcement in Specimen LF AC reached yield well before other specimens 
(Figs. 6.30, 6.31, 6.32). 

2. Reinforcement in Specimens HHSR and LHSR was strained more than other 
specimens (Figs. 6.32 - 6.34) due to the diagonal tension crack that formed 
when the strut width was only 4.0 in. 

3. Since the node in ST1 could not be isolated, it was not possible to determine 
directly the applied load as was done for the isolated nodes. As a result, the 
strains at high loads for the dapped beam Specimen ST1 were smaller than 
those in the node tests (Figs. 6.30, 6.31 and 6.32). 
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Superimposed crack patterns Lines of compression 

a) Recurring crack pattern and stress field for specimens with 45°-10.6 in. compression strut. 
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b) Recurring crack pattern and stress field for specimens with 45°-4 in. compression strut. 
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(c) Crack pattern and stress field for Specimen LFAC with 30°-10.6 in. compression strut. 
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Figure 6.29 Comparison of Crack Patterns. 
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Figure 6.30 Strains at Location TA. 
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Figure 6.31 Strains at Location TB. 
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4. The development failure of Specimen LFSR's first group of transverse bars 
is evident in Fig. 6.32. 
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Figure 6.32 Strains at Location TC. 

5. In Figs. 6.37 and 6.38, strains in the lateral reinforcement are shown. 
Specimens with low strength concrete exhibited much higher stress than 
specimens with high strength concrete where strains increased rapidly only 
after high load levels were imposed and concrete lateral strains were 
significant. 

A summary of the fraction of applied forces transmitted to the ties converging at the 
node are given in Tables 6.3 and 6.4 for loads near failure (115k and 125k). The percentage 
of total applied force carried selected gage locations is given for ties in Table 6.3 and for 
the longitudinal layers in Table 6.4. The same data was presented in the bar graphs in Figs. 
6.11 and 6.12 for Specimen HFNC. At locations TC and TD, the ratios are almost identical 
for all tests (0.20 to 0.25) while at TA and TB, which are further from the point where load 
is applied, there is a greater variation (0.13 to 0.25). For the longitudinal layers, there is 
considerable variation at locations lA and LB with the values in some cases exceeding 
100% (influence of local bending) and others as low as 30% of the applied load. At LC, 
the fraction of applied load ranged from about 0.75 to 1.0. 
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Figure 6.37 Strains in Bottom Leg of Transverse Tie at Location CA. 

140 

120 

-"' ~100 
~ 
, 
Ill 
0 ... 
• 
~ • > .. 
c • t. 

80 

60 

40 

20 

o~~~~~~~~pp~~~~ .. ~~~~~~~ 
·1 00 0 1 00 200 300 400 500 600 700 800 

Micros train ( IJ.E) 

Figure 6.38 Strains in Bottom Leg of Transverse Tie at Location CB. 

L-

L .. 

L 



Dapped Beam Specimen 

Specimen HFSR·A 
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Figure 6.39 Crack Pattern Comparison of Specimen HFSR-A and Dapped Beam 
Specimen, STl. 

Specimen 

Transverse Load .,....,. ____ .............................. . Confining Forces at 
Bearing Face of Specimen 

Longitudinal 
load 

Figure 6.40 Confining Forces Produced by Test Setup. 

6.4 Validity of Node Tests. 

The test results from the node specimens are only meaningful if they are 
representative of the behavior of a err-node in a dapped beam. The test results for the 
dapped beam test STl and comparable node specimens provide an opportunity to assess the 
validity of the node tests. The cracking patterns (Fig. 6.39) for STl and HFSR-Awere quite 
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similar. The same cracks generally appeared in both specimens at approximately the same 
load. One exception was the diagonal tension crack perpendicular to the center of the· .. 
bearing face in STl. It is likely that confinement at the bearing face prevented the 
formation of this crack in HFSR-A (shown in Fig. 6.40). 

Comparison of strains (Sec. 6.3.2) showed some differences in the transverse strains 
of STl and node specimens after the design strength was achieved. As previously 
mentioned, strains for the CTT -node transverse bars in STl did not increase after transverse 
steel yielded at the re-entrant corner. Since failure occurred in STl away from the 
CTT-node, additional forces were never transferred to the CTT-node at the lower comer 
of the dapped beam. In the node specimen, the transverse tie force could be increased 
through direct loading after the reinforcement yielded. Thus, transverse bar strains 
increased after the design strength of the specimen was achieved. While it is interesting to 
study the behavior of the node specimens after yielding of the transverse steel, it is unlikely 
that such strains would develop in an actual member. The deformation limit of the member 
would probably limit the amount of force that would be transferred to the CTT-node. In 
summary, the node specimen behavior was felt to be characteristic of behavior of the 
CIT-node of the full-sized, dapped beam. Correlations between the behavior of the two 
types of specimens were quite good, especially before yield of the transverse steel. 

t_ 
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Table 6.3 Ratio of Measured Force to Total Applied Force - Transverse 
Reinforcement 

At Location TA + ~~Location TB+ At Location TC+ At Location TD + 
Specimen 

115 kips 125 kips kips 125 kips 115 kips 125 kips I 115 kips 125 

HFSR-A 0.13 0.24 0.15 0.18 0.26 0.24 II 0.19 0.19 

HFSR-B 0.16 0.21 0.13 0.14 0.24 0.24 0.21 0.24 

LFSR 0.26 ... 0.22 . 0.22 ... 0.23 ... 

HFNC 0.17 0.22 0.11 0.13 0.26 0.24 0.19 0.20 

LFNC 0.21 ... 0.13 ... 0.25 ... 0.22 ... 

HHSR 0.20 0.24 0.21 0.23 0.26 0.24 0.24 0.24 

LHSR 0.22 0.24 0.21 0.24 0.26 0.24 0.22 0.23 

HFSB 0.26 0.24 0.16 0.22 0.19 0.21 0.21 0.24 

LFAC ... ... ... • • • • • 
verage 0.20 0.23 = 0.16 0.19 ,~ 0 1 0.22: 

Ratio of 
Measured 0.80 0.92 0.66 0.75 0.96 0.93 0.83 0.89 
to Applied 

+ Each set of ties (4 sets) receive 0.25 of applied load on transverse steel (See Fig. 6.11). 

"' Data not available 
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Table 6.4 Ratio of Measured to Total Applied Force - Longitudinal 
Reinforcement 

Specimen 
115 

HFSR-A 

HFSR-B 0.41 0.46 

LFSR 0.34 * 
HFNC 0.24 0.25 

LFNC 0.28 * 
HFSB 0.27 0.31 

0.30 0.33 

Ratio of 0.61 0.66 
Measured 
to 

l~l 0.55 0.59 

LHSR 0.69 0.75 

Average 0.62 0.67 

Ratio of 1.25 1.34 
Measured 
to Applied 

LF~l 0.31 0.34 
II 

Ratio of 0.63 0.68 
Measured 
to Applied 

* Data not available 

+ 50% of applied load at gage location LA, LB 

+ + 100% of applied load at gage location LC 

0.28 0.29 0.83 

0.30 0.0 1.00 

0.17 0.18 0.80 

0.29 0.0 0.86 

0.25 0.26 0.78 

0.24 0.23 0.87 

0.48 0.47 0.87 

0.30 0.32 0.71 

0.29 0.29 0.85 

0.29 0.30 0.78 

0.58 0.61 0.78 

22 0.23 0.76 

0.44 0.46 0.76 

0.0 

0.78 

0.85 

0.85 

0.73 

0.87 

0.80 

0.80 

0.75 

0.75 
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CHAPTER 7 
TEST RESULTS - CCT NODES 

7.1 General 

Selected data for each specimen are presented to show trends in behavior and to help 
explain differences in performance. The information presented includes: 

1. Longitudinal reinforcing bar stresses: The stresses in individual bars for each 
reinforcement layer are plotted against the applied load. The cumulative measured 
force in the bars, the computed force based on the load applied and the geometry 
of the specimen and the difference between measured and computed bar forces 
(attributed to friction in the reaction and loading surfaces) are compared. In some 
tests the bar strain readings were influenced by bending in the longitudinal bars 
caused by a mis-positioning of the bars in the forms, or by uneven bearing of the 
plate to which the bars were welded. Consequently, the bar stress distribution was 
not uniform. 

2. Concrete surface strain immediately preceding failure: Surface tensile and compressive 
strains provide an indication of the strain trajectory and of the compressive strut 
width. The precision of the readings using the Demec gages was not always 
satisfactory. A slight change in the alignment of the gage can result in a different 
reading. 

3. Crack pattern: Crack patterns provide an indication of the type of failure and of the 
effective strut width. The crack width can help in estimating the strain trajectory. 
The cracks on both side faces of the specimen were similar, thus only the cracks on 
one side will be shown. 

7.2 Individual Test Results 

Specimen LFT and LFT-R: The crack pattern and the appearance of LFT at failure 
clearly indicate that the specimen failed in compression at a load of 260 kips. The first 
crack appeared on the east side of the specimen at a load of 200 kips as shown in Figure 
7.1. At failure the specimen separated into three segments (Fig. 7.2). The poor concrete 
quality was apparent because the failure plane went through the paste and did not fracture 
the aggregate. It appeared that the loading plate thickness (1 in.) was inadequate and there 
was a concentration of stress over the central portion of the bearing area. LFT-R was a 
replicate of LFf and was tested to examine the possible role of loading plate thickness on 
failure. The plate thickness for LFT-R was 2 in. The crack pattern for LFT-R is shown in 
Figs. 7.3 and 7.4. Although the crack patterns were quite similar for both specimens, LFf-R 
failed at a load of about 340k. 
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Figure 7.1 Crack Pattern Prior to Failure, LFT. 

(a) East face (b) West face 

Figure 7.2 Crack Patterns After Failure, LFT. 
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Figure 7.3 Crack Pattern Prior to Failure, LFf-R. 
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Figure 7.4 Crack Patterns After Failure, LFf-R. 
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The stress distributions for LFr (Fig. 7.5a) in the longitudinal reinforcing bars were 

not uniform. The lower layer (A) had the highest stresses and the highest rate of increase. 

The stresses in the top layer were almost bi-linear. Figure 7.5b shows the bar forces in LFr. 
The difference between measured and computed values is attributed to friction between the 

specimen and the test fixtures (Fig. 5.15). The computed value is based on the node 

geometry and the applied force; bar force = applied force x cos 600. Even though teflon 

sheets were used, some friction was developed. Figure 7.6 shows similar curves for LFT-R. 
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Figure 7.5 Stresses and Total Force in Longitudinal Bars, LFT. 
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Figure 7.6 Stresses and Total Force in Longitudinal Bars, LFf-R. 
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The principal surface strains for LFf-R are shown in Fig. 7.7. The lines show the 
direction and magnitude of the strains. The longer the line from the midpoint (the location 
where measurements were taken) the greater the strain. The points between which the 



144 

Scale 
r005in{m.

1 
+ Less lhan .0002 In/ln. 

(a) Tensile Strain 

i 
'\----------1 

(b) Compressive Strain 

Figure 7.7 Principal Surface Strains, LFT-R. 

deformation was measured were 2 in. apart, when a crack crossed between the gage points, 
high tensile strains were measured across the crack location and compressive strains along 
the crack. The strain values show that the cracks were restrained in that part of the 
specimen which had transverse reinforcement (the region where the longitudinal bars were 
anchored). Surface strains for LFT are not shown because the arrangement of reference 
points was found to give unreliable results. 

Specimen LFO: No ties were placed in the anchorage zone for the longitudinal bars 
(tension tie). The first cracks that appeared on the specimen were compressive cracks that 
developed near the loading and reaction surface) at a load of 225 kips (Fig. 7 .8). The 
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Figure 7.8 Crack Pattern Prior to Failure, LFO. 
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specimen failed in anchorage at a 
load of 260 kips. The loss of cover 
over the bars is apparent in Fig. 7.9. 

Specimen LHT: UIT failed 
in compression at a load of 240 kips. 
The first crack appeared at a load of 
140 kips at the top loading surface. 
Figure 7.10 shows the crack pattern 
just before failure. 

Specimen LHO: UIO failed 
at a load of 240 kips. The first 
crack, which developed at a load of 
210 kips, started from the top part 
of the specimen at one edge of the 
loading plate (Fig. 7.11). At failure 
the first crack opened widely and 
extended through the specimen as 
can be seen in Figure 7.12. 

Specimen HFT: The 
reinforcement configuration was the 
same as in LFf but higher strength 
concrete was used. The specimen 
failed in anchorage at a load of 540 
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kips when splitting of the side cover Figure 7.9 Crack Pattern After Failure, LFO. 
occurred (Fig. 7.13). The first crack 
appeared at a load of 320 kips and started from the support surface. ------, 

0 0 0 0 

0 0 0 0 

0 0 0 

~~edt e. Nor~! 

Figure 7.10 Crack Pattern Prior to Failure, LHT. 
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Figure 7.11 Crack Patterns Prior to Failure, LHO. 

(a) East face (b) Top view 

Figure 7.12 Crack Patterns After Failure, lRO. 
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(b) North face 

Figure 7.13 Appearance After Failuret HFT. 

Specimen HFO-SS: The specimen failed in anchorage of the straight bars at a load 
of 450 kips by splitting of the side cover (Fig. 7.14). The first crack appeared at a load of 
300 kips at an angle of 65° with the reinforcement. Figure 7.15 indicates that load was 
evenly distributed among all the bars. The friction losses were low (about 6% at applied 
load). The surface strain (Fig. 7.16) shows that the line of action of the compressive force 
in the concrete is located closer to the south face. The load converges to the center at the 
top surface. 

Specimen HFO-HS: The bottom layer of bars terminated in hooks to improve 
anchorage. The first crack was located at 2.5 in. from the south face and developed at a 
load of 310 kips. A major crack appeared at a load of 340 kips and made an angle of 65° 
with the longitudinal reinforcement. Figure 7.17 shows the crack pattern. The specimen 
failed in anchorage at a load of 415 kips by splitting of the side cover. 

Specimen HFO-SL: The concrete cover between the bottom layer and the bearing 
plate was increased (compared with HFO-SS) to improve anchorage. The first crack 
appeared at a load of 300 kips. The specimen failed at a load of 470 kips by splitting of the 
side cover (Fig. 7.18). 
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(a) West face (b) East face 

Figure 7.14 Appearance After Failure, HFO-SS. 

Specimen HFO-HL: Cover over the layer of hooked bars was increased (compared 
with HFO-HS) to improve anchorage capacity. Uneven bearing of the loading plate caused 
cracks to form prematurely at a load of 200 kips. The specimen was unloaded and the plate 
was regrouted. The specimen was reloaded without further problems. Cracks formed again 
at a load of 310 kips. The specimen failed at a load of 435 kips by splitting of the side 
cover (Fig. 7.19). 

7.3 Summary of Results 

Failure modes and failure loads are summarized in Table 7.1 

With the exception of LFO, all the specimens cast with low strength concrete failed 
in compression. All specimens cast with high strength concrete and Specimen LFO failed 
suddenly in anchorage when cover spalled. 

The load distribution in the layers of bars making up the tension tie was not uniform. 
With the exception of the lowest layer of bars in HFf, none of the reinforcing bars yielded 
prior to failure of the specimen. Table 7.1 includes values for the measured total force in 
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Figure 7.15 Stresses and Force in Longitudinal Bars, HFO-SS. 

the tension tie based on strain gage readings. Even though the geometcy of the forces at 
the node was the same for all tests, friction losss (Figs. 7.5b, 7.6b and 7.15b) account for the 
differences between computed (failure load x cos 600) and measured values. 

In general, large surface tensile strains coincided with cracks locations, and 
compressive strains usually converged to the center of the bottom (reaction) surface which 
may indicate that even a 2-in. thick loading plate was not sufficient to ensure uniform 
bearing. 
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Figure 7.17 Appearance After Failure, HFO-HS. 
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Figure 7.18 Appearance After Failure, HFO-SL. 

It is difficult to compare the behavior of the CCI' -nodes with the CCI' node in the 
dapped beams. The specimens were designed to fail in either a tension or cmpression mode 
and similar nodes in the dapped beam tests did not reach failure. Nevertheless, it is 
possible to see similarities in the general crack patterns, particularly those that lie along the 
lines of compression in the diagonal direction. 
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(a) East face (b) West face 
Figure 7.19 Appearance After Failure, HFO-HL. 

Table 7.1 Failure Mode of CCT Test Specimens 
Specimen Failure Load Measured Total Failure Mode Comments 

(kips) Bar Force, Fm 

LFT 260 90 Compression Large shear crack at failure 

LFO 260 110 Anchorage 

LHT 240 110 Compression 

LHO 240 NA Compression 

LFT-R 350 110 Compression 

HFT 540 245 Anchorage Sudden failure 

HFO-SS 450 167 Anchorage Sudden failure 

HFO-HS 415 174 Anchorage Sudden failure 

HFO-SL 470 204 Anchorage Sudden failure 

HFO-HL 435 213 Anchorage Sudden failure 
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8.1 Introduction 

CHAPTER 8 
EVALUATION OF NODE TESTS 

Nodes are critical parts of the strut-and-tie model, yet they are not fully understood. 
The designer is generally able to adequately develop the overall strut-and-tie model for D­
and/or B-regions (Figs. 2.2 and 2.3) of a structure; however, design checks for nodes, 
especially those anchoring tensile ties, are unclear. Because the scope of the present study 
is limited to a narrow range of variables and a few tests, it is not possible to develop 
comprehensive design recommendations for nodes. Still, the node test results provide 
important information in an area where the strut-and-tie model is lacks definition. 
Therefore, in this chapter the test results will be used to: 1) verify proposed design 
guidelines where possible; 2) identify behavior patterns not considered by proposed design 
guidelines; and 3) provide a basis for further refinement of node design guidelines. 

An assessment of the node must be made during the final design. A conceptual 
system (strut-and-tie model) will have already been developed to represent in a simplified 
form the complex state of stress within the member. The designer must make two checks 
of the node which are normally based on the actual reinforcement layout selected. First, 
the concrete stress in the node must be checked to ensure that it does not exceed the 
effective concrete strength limit of fee = u J/. Second, the proper anchorage of tie 
reinforcement must be ensured. Further design iterations are not required if these 
conditions are satisfied. 

Figure 8.1 shows the similarities in design rationale for detailing a steel truss and for 
detailing a concrete member using the strut-and-tie model. After the members of the 
structural system are proportioned to carry the calculated forces, the nodes are detailed. 
Specifically, the nodes must transfer forces between elements. In the steel truss, bolts, 
welds, and possibly gusset plates are sized to safely transfer load between the members. In 
contrast, the node in a concrete member must rely on bond, anchorage, and other internal 
force transfer mechanisms to transfer strut and tie forces. 

8.2 C'IT Nodes 

8.2.1 Geometry of Compressive Stress Fields. After concrete cracks, tensile stresses 
which were carried by the concrete must be transferred to the reinforcing steel. The size 
and shape of the post-cracking compressive stress fields in the concrete are affected by the 
placement of reinforcement. For instance, the strut width is assumed to increase if multiple 
layers of tie reinforcement are usedC14• 15>. The strut angle of inclination must be based on 
the location of nodes and the width of the strut is in turn defined by the spacing and 
distribution of the tie reinforcement. 
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CTT -Node-Strut-and-Tie Model 

Strength of Members 

Adequacy of Connections 

Figure 8.1 Comparisons of Design Rational Used for Nodal Region of Strut-and-Tie 
Model and Joint of Steel Truss. 

After closely examining the reinforcement strains and the cracking patterns for the 
CIT specimens, estimates of the physical dimensions and configuration of the assumed 
Stress fields for several specimen geometries are illustrated in Fig. 8.2. The compressive 
stress field was assumed to act at an angle a (corresponding to the effective angle of 
loading). The width was conservatively defined by the intersections of the outer transverse 
and longitudinallayers of tie reinforcement. However, when hooked bars were present, this 
width was increased to consider the effect of the hooks as explained later. In addition, in 
those cases where the bearing surface was reduced, the width of the upper face of the 
compression field was reduced to that limiting width. 

The observed cracking patterns played an important role in estimating of strut width. 
The crack patterns showed that reinforcement layouts which included hooked bars tended 
to develop wider struts. The hooked bars developed bearing stresses at the bend. In the 
nodes with hooked bars, defining the width of the actual stress field by the point where the 
hook is tangent to the vertical bars appears to be a reasonable approach. 

It is important to observe that except for HHSR, lliSR, and LF AC the estimated 
stress field is narrower than the effective bearing surface provided at the face of the node. 
It is unlikely that uniform bearing stresses were produced across the entire 10.6 in. bearing 
face of the CIT specimens. The estimated widths of the assumed stress fields are shown 
in Fig. 8.2. Both estimated widths and full widths of the bearing surface will be used when 
making comparisons with effective concrete stress limits. 

L 
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Figure 8.2 

155 

(a) Specimen HFSR-B (b) Specimen LFNC 
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(c) Specimen HHSR (d) Specimen LHSR 
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(e) Specimen HFSB (f) Specimen LF AC 

Estimated Geometries of Compressive Stress Fields in Some CIT Node 
Specimens. 
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The configuration of the compression field is also of interest in this study. Bottle..;·· 
shaped struts may have lower effective concrete strength limits due to transverse tensile 
strains perpendicular to the axis of the strut. As illustrated in Fig. 8.2, it is estimated that 
the configuration of the stress field was prismatic for all specimens except HHSR, LHSR, 
and LFAC where fanned-shaped configurations are defined by the narrow effective width ·· 
of the bearing surface. 

Finally, the width of the compressive stress field may also affect development. It has 
been suggested that anchorage of the tie reinforcement begins where the transverse 
compression stress trajectories of the struts meet the bar(15). 

8.2.2 Effective Concrete Strength. The effective concrete strength limit was 
defmed as t, = u 1.' where u is an efficiency factor and t.' is the cylinder strength. A 
comparison of nodec test results with efficiency factors ( u ) re~ommended by several authors 
is made in Tables 8.1 and 8.2. When making comparison with effective concrete strength 
limits, the nominal widths of the bearing surface and used in Table 8.1. The estimated 
widths of the stress fields shown in Fig. 8.2 are used in Tables 8.2. Bearing stresses are 
normalized using the actual concrete strength. Since the estimated width was no different 
than the actual width for HHSR and LHSR, these specimens are not shown in Table 8.2. 
LFAC is also excluded since the adjusted bearing width was already included in Table 8.1. 

Test results for most nodes are inconclusive since crushing failures were not observed. 
Specimen LHSR was the only specimen that exhibited a crushing failure of the compressive 
strut. For lliSR (in italic type), the ratios of measured (normalized) stress to the 
recommended efficiency are greater than one. For that case, the recommended effective 
concrete strength limits are conservative. HHSR and LF AC both exhibited much higher 
strength than the recommended values. This is particularly important for HHSR since it 
had a small bearing surface (as did UISR) but did not reach a crushing failure at the low 
effective stresses recommended for design. It is more difficult to assess the importance of 
LF AC since the real bearing area is not clearly delineated. 

Specimens HHSR, LHSR and LF AC showed surprisingly high effective concrete 
strength considering that substantial cracking parallel to the compression struts was 
observed. Tensile stresses and subsequent cracking orthogonal to the compression strut are 
normally thought to reduce the effective concrete strength<26>. The high effective concrete 
strength may be due to 1) the reduced bearing surface of the strut; and 2) the volume of 
concrete which surrounded (confined) the relatively narrow strut. Cracks occurred at 
roughly the same loads in the node specimens and the prototype dapped beam, and suggest 
that confining mechanisms in the node specimens were much the same as those in the 
dapped beam. 

The recommended efficiency factor proposed by Schlaich et al. (15). underestimates 
the measured efficienfi of specimen lHSR by over 50%. Effective concrete strength limits 
proposed by Ramirez and Mitchell and Collins<11> are even more conservative. Applying 



Table 8.1 Comparison of Node Test Results with Suggested Efficiency Factors 

u - Based on Nominal Bearing Area 

Meos. 

Specimen 
Bearing 
Stress 

ic' 

R-A 0.20 

HFSR-B 0.26 

LFSR 0.35 

HFNC 0.25 

LFNC 0.35 

HHSR i 0.71 

LHSR3 I 1.03 

HFSB 0.27 

LFAC 0.814 

Recommended 
Measured 

Ramirez 

Rec.1 Meas.2 fRee. 

0.36 0.56 

0.39 0.66 

0.49 0.71 
I 

0.39 I 0.63 

0.49 0.71 

0.39 1.80 
l 0.49 2.09 

0.39 0.68 

0.48 2.07 

Experienced concrete strut crushing failure 
Based on 5-in. strut width 

Schlaich et al. 

Rec. Meas.fRec. 

0.68 0.29 

0.68 0.38 

0.68 0.51 

0.68 0.37 

0.68 0.51 

0.68 1.04 

0.68 1.51 

0.68 0.40 

0.68 1.48 

Mitchell & Collins 

Rec. Meas./Rec. 

0.54 0.37 

0.54 0.48 

0.54 0.65 

0.54 0.46 

0.54 0.65 = 0.54 1.32 

0.54 1.91 

0.54 0.50 

0.42 2.34 

Table 8.2 Comparison of Node Test Results with Suggested Efficiency Factors 

Meas. 

Specimen 
Comp. 
Stress --
1/ 

HFSR-A 0.29 

HFSR-B 0.38 

R 0.50 

HFNC 0.34 

LFNC 0.47 

B 0.49 

Recommended 
Measured 

Rec.1 

0.36 

0.39 

0.49 

0.39 

0.49 

0.39 

u • Based on Estimated Strut Width 

Ramirez Schlaich et al. Mitchell & Collins 

Meas.2 /Rec. Rec. Meas./Rec. Rec. Meas.fRec. 

I 0.81 0.68 0.43 0.54 0.54 

0.96 0.68 0.56 0.54 0.70 

1.02 0.68 0.74 0.54 ,93 

0.86 0.68 0.50 0.54 0.63 

0.95 0.68 0.69 0.54 0.87 

1.25 0.68 0.73 0.54 0.92 
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the recommendations of Ramirez and Mitchell and Collins to CIT-nodes seems to 
inappropriate since they were based on tests of continuous compression fields in beams 
shear panels. The state of stress in the isolated struts and nodes is quite different from that 
in continuous compression fields. The recommendations of Schlaich et al. (25) which 
differentiate between parallel and skew cracking may be more applicable. Models where 
the strut angle does not follow the elastic stress trajectories are penalized by lower effective 
concrete strength limits for the struts and nodes. 

8.23 ACI and AASHTO Provisions for Development. The test results showed that 
reinforcement details affected the ultimate strength of the node. Except for Specimen 
LFSR specimens without confinement (transverse reinforcement in the anchorage zone) 
failed before confined specimens. Specimen HFSB, which had a straight bar anchorage on 
the top or first layer of longitudinal reinforcement, was the only high strength specimen with 
confining transverse reinforcement that failed. 

Proponents of the strut-and-tie model state that ties should be suitably anchored at 
the node. One of the vital aspects of the anchorage check is the determination of the 
critical section at which anchorage starts. Unfortunately, the critical sections for ties 
anchored in CIT-nodes are not well defined in current proposals. Schlaich et a1.<15> 
propose that development of the reinforcement begins where the boundary of the 
compressive stress field intersects the axis of the bars. However, this has not been verified 
through physical tests. 

The development length Q
4 

is the shortest length in which the maximum bar stress.t: 
can be developed. The development length 1

4 
is measured from the critical section to the 

termination point of the bar. The format of ACI and AASHTO development length 
equations for straight or hooked deformed bars in tension may be used to determine the 
capacity of an anchorage detail based upon the provided development length (@4/i or @dlln ). 

For straight bars: 

but not less than @dn = 0.00032 * db *Is and in terms of bar stress, Is 
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but not greater than f. = Q• where Ab is the area of an anchored bar, with diameter 
db . a 0.032 * db 

The nominal development length equation for hooked bars in tension is stated in a 
similar form as follows 

0.016 * db X/, * W 
@dim = ---~_..;;. __ 

Vi: 
and rearranging in terms of bar stress, 

f.={~&)*(//:)*.! 
a 0.016db tlr 

where t is a modification factor of 0.8 for hooks enclosed vertically or horizontally within 
ties or stirrup-ties closely { < 3db ) spaced along the full development length Qdh • 

In both equations above the nominal length has been reduced from the design length 
by removing the factors which are included in Codes so that the bars develop yield well 
before an anchorage failure occurs. The ACI and AASIITO provisions are based on a 1.25 
factor. 

The maximum bar stress f. may be determined by: 1) dividing the applied tie force 
by the area of steel in the tie; or~) the external strain gage readings. Comparison between 
the calculated nominal development length and the observed behavior of the anchored bars 
in the CIT nodes is difficult. Several of the specimens did not fail through mechanisms 
involving anchorage. Secondly, development length requirements are not directly applicable 
to anchored U-stirrups. The U-stirrup is generally considered to be fully anchored when it 
is enclosed around a longitudinal bar. For these reasons, comparisons are not made 
between the test results and development provision for specimens where the transverse ties 
fully confined the longitudinal bars. 

In the unconfined specimens, LFNC and HFNC, code provisions would require 
hooked bars with less than 2-1/2 inches of side or bottom cover to be enclosed within ties 
or stirrup ties along their full development length to prevent splitting failure. In Specimens 
LFNC and HFNC, the ties were not enclosed and splitting failures occurred at 117.8 kips 
and 132.5 kips, respectively. Nonetheless, comparisons between the observed and predicted 
behavior in the unconfmed specimens are interesting. Comparisons between the calculated 
nominal development length (based on measured 1. ), cracking patterns, and the compressive 
stress field are shown in Fig. 8.3. The critical section is defined by the boundary of the 
assumed stress field following the proposal of Schlaich et. al. (15). 
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HFNC, f
8 

= 73.5 ksl LFNC, f8 = 66.9 ksi 

(a) Transverse reinforcement 

Hooked and straight longitudinal bars 
equally stressed at 44.5 ksi (average 
stress) 

Unequal longitudinal bar stresses 
52 ksi = hook and 36 ksi = straight bar 
(measured in individual bars) 

(b) longitudinal reinforcement in LFAC 

Figure 8.3 Evaluation of Anchorage Conditions. 
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In both HFNC and LFNC the critical section for the transverse reinforcement 
defined by the compressive strut intersects the first layer of transverse bars just before the 
nominal development length. The calculated nominal development length for HFNC is 

II _ 0.016 * 0.375 * 75300 _ e_ 9 • 
~dlin - - J. ln. 

J5.7.80 

The measured stress in this specimen was greater than yield indicating that the bars reached 
strain hardening. For the second layer of bars, the boundary of the actual stress field and 
starting point of development nearly coincide. The calculated nominal development length 
for the third and fourth layers of transverse bars lie within the stress field boundary. It 
would be expected that transverse bars in the unconfined specimens would experience a 
progressive failure. The first layer of bars would be most critical for development and 
would fail first. Unless the force could be redistributed to the remaining transverse 
reinforcement, the other layer of bars would fail sequentially. The major observed cracks 
are shown boldly in Fig. 8.3a. The major transverse crack occurred near the critical section 
as defined by the compressive field in both HFNC and LFNC. The cracks provide an 
indication that the assumed compression field is reasonable. 

Specimen LF AC was the only specimen in which a loss of anchorage for the 
longitudinal reinforcement produced a side splitting failure. Anchorage deteriorated along 
the first layer of straight bars and the forces were gradually redistributed to the second layer 
of hooked bars until an anchorage failure of both layers of reinforcement occurred. At 
ultimate, the average stress of the longitudinal reinforcement was 0.74 * t, (44.5 ksi); 
however, external strain gage readings showed the hooked bars were stressed niore than the 
straight bars. Average measured stresses from the external gages were 52 ksi for the hooked 
bars and 36 ksi for the straight bars. While the measured stresses are more likely to be 
correct, both values are shown in Fig. 8.3(b ). Major cracks and slip occurred along the 
failure plane which is shown boldly. The nominal development lengths for the hooked bars 
in LFAC is 

II - 0.016 * 0.625 * 52000 * 0.8 _ 6 6 • 
~dlin - - • ln . 

../392(} 

A factor of 0.8 is applied because the hooked bar is confined by the hoops which make up 
the tie in the orthogonal direction. For the straight bars, the nominal development length 
is 

f = 0.032 * 0.3.1 * 36000 = 'S.i in. 
dn ../3920 
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but •• ~ 0.00032 * 0.625 * 36000 = 7.2 in. (controls) 

The computed nominal development length for the layer of straight longitudinal bars 
extends past both the failure plane and the critical section defined by the compressive stress 
field and indicate a potential anchorage failure. For the hooked bars the computed 
development length and the failure plane nearly coincide but are well inside the boundary· 
of the stress field indicating sufficient anchorage length. 

An assessment of the capacity based on development length available using the 
boundary of the compression stress field is made in Table 8.3. The distance from the · 
critical section defined by the boundary of the compression field to the termination point 
of the tie reinforcement is used to calculate the capacity of each tie. The stress in layers 
of reinforcement with measured development lengths greater than necessary to develop 1, 
are based on the yield strength. The computed tie capacities for LFNC, HFNC, and LFAC 
are compared with measured loads at failure and show good agreement. In the other 
specimens, anchorage was not considered to be critical and values are not calculated in 
Table 8.3. Comprehensive design recommendations for development cannot be based on 
the test results from three node tests but it appears that, for these three tests, it is 
reasonable to define the critical section for development by the boundary of the 
compression field. 

8.2.4 Design Guidance for CIT-Nodes. 

Tie Anchorage Details. The tie anchorage detail is generally idealized as an end 
plate which distributes the tie force over the depth of the node. The end plate must be 
wide enough so that the stresses at the node face do not exceed the effective compressive 
stress. 

In a real element, the tie force may be anchored with a continuous reinforcement 
detail, such as the U loops shown in Fig. 8.4. The U's must also be distributed over a 
minimum area of concrete so the stress in the node does not exceed the effective concrete 
strength. Cook and Mitchen<27) suggest that the effective width be taken as the distance 
between the end layers of the tie's reinforcement (Fig. 8.5). The definition of the effective 
width of the U loop in the plane perpendicular to the U is also important. Cook and 
Mitchell assume that the concrete cover spalls to the centerline of the tie legs at the node. 
While such assumptions may be based on observed test results, adequate definition is 
lacking. If the tie reinforcement is placed unevenly, as shown in Fig. 8.6, or if only one layer 
is used, the effective concrete area cannot be clearly defined. Another consideration is the 
transverse reinforcement detail in wide members as shown in Fig. 8.7. Strut action will tend 
to concentrate forces at the bend; however, a portion of the force may deform the 
horizontal leg of the tie and cause splitting cracks if the center portion of the tie leg is 
unsupported by a cross tie. Based on test results, Leonhardt and Walther<28, 29) suggest that 
where large shear stresses exist in the member, the lateral spacing of stirrup legs parallel 
to the web width "b " should not exceed 7.5 in. Where the nominal shear stress is small, 

w 



Table 8.3 Specimen Exhibiting Anchorage Problems: 
on Available Development Lengths 

Specimen Available Dev. Length 

LFNC- #3 ties (transverse) 

1st Layer 4.5 

2nd Layer 6.51 

3rd Layer 8.51 

4th Layer 10.51 

Total Calc. Cap. 

Meas. Capacity 

Meas./Calc. 

HFNC- #3 ties (transverse) 

1st Layer 4.5 

2nd Layer 6.51 

3rd Layer 8.51 

4th Layer 10.51 

Total Calc. Cap. 

Meas. Capacity 

Meas./Calc. 

LFAC - #5 bars (longitudinal) 

Straight Bars 6.0 

Hooked Bars 9.51 

Total Calc. Cap. 

M eas. Capacity 

Meas./Calc. 

1 Length needed to develop ry is less than available length. 
2 Based upon fy. 
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Computed Strength Based 

Calculated Capacity 
(kips) 

20.1 

28.52 

28.52 

28.52 

105.5 

117.8 

1.12 

25.1 

28.52 

28.52 

28.52 

110.5 

132.5 

1.20 

55.8 

111.22 

167.0 

164.5 

0.98 
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Figure 8.4 Continuous Reinforcement Details for Anchoring Tensile Ties in CIT-Node. 

Effective Tie Widlh 
lor Closely Spaced 
Reinlorcemenl 

t 

Sparling may reduce 
effective widlh 
perpendicular lo the U 

Figure 8.5 Defining the Effective Width of Continuous Reinforcement Tie Anchors. 

the distance may be increased to 15 in. or more but should not exceed the effective depth 
"d" of the member. 

With end plates and continuous (hoop) reinforcement details, the tie force is 
transferred to the node through bearing. However, bearing is not developed in the same 
way for ties anchored with straight bars as in Fig. 8.8 where single layers of straight bars 

L 
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Deeign chedc.l we 
complicated by varying 
reinforcement layouts 

165 
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Figure 8.6 Design Complications Resulting from Uneven Placement of Reinforcement. 

Compressive forces produce 
bending in w.ide member wilh 
flexible reinforcement detail. 

Figure 8.7 Undesirable Effects Resulting from the Use of Continuous Reinforcement 
Details in Wide Members. 

anchor ties T 1 and T 2. The tie forces must be developed entirely through bond stresses 
which develop along the length of the straight bar. The development length for each layer 
of tie reinforcement is assumed to begin at the intersection point of the two ties. If 
insufficient development length is provided, the bar may pull out or a cover splitting failure 
may occur. If adequate development length is provided, the CIT-node will not fail until: 
1) the effective concrete strength is exceeded; or 2) tensile capacity of the anchorage detail 
is achieved. There has been little attention to the straight bar anchorage problem in the 
literature. Positive anchorage details (Fig. 8.9) must be designed so the tie force is 
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Assumed developmllld length 
begins at the lnterHcllon of 
two layera of reinforcement. 

Figure 8.8 Force Transfer in CIT-Node 
with Simple Reinforcement 
Layout. 

-::::::=======:::3-

Continuous Reinforcement Detail 

~==============~-

(a) Positive anchorage details 

distributed over a sufficient area to prevent 
the node from being overstressed. Straight 
bar anchorages without any transverse or 
confining reinforcement may not perform 
well once cracking or splitting along the bar 
starts. More research is needed to clarify 
development of bars in CIT nodes. 

Design Development Length at 
Nodes. End plates and continuous 
reinforcement details are fairly easy to 
evaluate. However such details are not 
always required nor are they always 
desirable because they create congestion 
during fabrication. End plates or 
continuous reinforcement details should be 
provided only if the transfer of strut-and-tie 
forces is so abrupt that sufficient bond and 
anchorage forces cannot be developed. 

Figure 8.9 Positive and Development Length Anchorage Details 
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Figure 8.10 Design Checks for Ties Anchored with Single and Multiple Layers of 
Reinforcement. 
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Figure 8.11 Bond Force Transfer Mech­
anism (From Ref. 30). 

A simple design situation is 
illustrated in Fig. 8.10 for a CIT-node with 
two intersecting layers of reinforcement. 
One set of ties (T 1) is continuous while the 
other (T :z) is made up of straight bars. The 
centroid of the CTI-node is located at the 
intersection point of the two ties. The node 
implies an abrupt change in the direction of 
the forces. However, in the concrete 
member the transfer of force between strut 
and tie members would occur more 
gradually by the mechanical locking of the 
lugs into the surrounding concrete (Fig. 
8.11). 

To evaluate the anchorage requirements for a CIT-Node where each tie is made up 
of multiple layers of reinforcement, the critical section is defined by the compression field. 
The geometry of a typical design situation is illustrated in Fig. 8.10(b). Anchorage would 
be considered adequate if the capacity of a layer in the tie based on the available 
development length exceeds the anticipated force in the layer. Generally the outermost 
layer will have the shortest available development length and may fail first. 

Generally, increasing the spacing of the transverse reinforcement will lessen the 
development requirements of the longitudinal tie; however, it may create problems with the 
strut-and-tie design model. For the dapped beam, increasing the spacing of the transverse 
reinforcement too much will lead to an inefficient design model that does not agree well 
with the elastic flow of forces. The tests of dapped beams discussed in Chapters 3 and 4 
indicated that strains for tie reinforcement are less uniform if the bars are more widely 
spaced. Figure 8.12 shows how the spacing of transverse reinforcement affects the overall 
design model. Increasing the width of the tie results in flat strut angles « . and a

2 
• It is 

seen that the forces in the vertical tension ties, T 1 and T2, are not affected by the change 
in the strut angle. In contrast, the forces in the horizontal ties, T 3 and T 4 are largely 
dependent on the strut angle. The most efficient model is one with steep strut angles to 
reduce the horizontal tie forces and the amount of tie reinforcement. It is apparent that the 
angle a

1 
is constrained by the geometry of the dapped beam. The distance "x" must be 

large enough to accommodate the placement of steel required for the tie T1. If the 
transverse reinforcement of tie T 1 is anchored with a continuous reinforcement detail, the 
reinforcement must be spread over a sufficient area to prevent crushing of the struts C1 and 
~· The anchorage requirements of the longitudinal reinforcement for tie T3 also must be 
assessed. 

Practical solutions for improving three dimensional confinement for the CIT-node 
in this study are shown in Fig. 8.13. The first and simplest detail to control splitting cracks 
of the end cover involves extending the longitudinal bars a short distance past the transverse 
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Figure 8.12 Consequence of Reinforcement Spacing in Dapped Beam. 
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hooks as shown in Fig. 8.13(a). A less economical detail involves the placement of extra 
hoop reinforcement as shown in Figs. 8.13(b) and 8.13( c). Confinement provided by hoops 
is beneficial to the performance of both the transverse and longitudinal steel. 

Cover is also needed to prevent splitting failures. The steel layout and corresponding 
isolated strut-and-tie model at the termination point of the straight longitudinal bars in the 
node specimens is presented in Fig. 8.14. The strut-and-tie model shows forces redirected 
at a point; however, sufficient bond stresses cannot develop at the free end of the 
horizontal bar to deviate the strut force. It is also noted that concrete cover may be 
somewhat effective in maintaining equilibrium of the system. Indeed, the actual force flow 
is much more complex and relies on bond stresses distributed over some distance and on 
the tensile strength of the concrete. The concrete cover acts as a tie and resists a portion 
of the horizontal strut force. Much more testing is needed to develop design 
recommendations for such complex force transfer mechanisms. 
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(b) 

(a) 

t 

_ Extension of Longitudinal 
Bar to Control Splitting 
Cracks at Back Cover 

(c) 

Supplemental Reinforcement to Prov~de Confinement 

Figure 8.13 Detailing the CIT-Node to Provide Three-Dimensional Confinement. 
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(a) Reinforcement at termination point of straight bars 

Tie 
Force 

t Compression 
Field 

(b) Detail of local force transfer 
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Figure 8.14 Force Transfer Mechanisms at Interaction of Straight Bars with Hoop 
Reinforcement. 
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8.3 CCT Nodes 

8.3.1 Geometry of Compressive Stress Fields. The function of the CCI' node is to 
provide for a transfer of forces between a tension tie and two compressive forces. For the 
tests in this program, the ccr node is at the point where the compressive forces from a 
reaction and an internal strut meet. The compressive stresses of the internal strut and the 
reaction bearing plate must remain below a safe level and the tie must be properly 
anchored. In designing or checking the node for these two parameters, the geometry of the 
node must be determined. Node geometry as suggested by Schlaich(l5) based on the strut 
angle ( p ), the edge of the bearing plate, and reinforcement configuration (which determines 
w3 is shown in Fig. 8.15(a). As a result of the other constraints, w1 may not be the entire 
width of the bearing plate and the center of the effective bearing width (line of action of 
the load C1) does not necessarily correspond to the center of the real support width. Such 
a condition may not satisfy equilibrium requirements. The use of a roller with a well~ 
defined line of action is a prime example of such a case. The geometry defined in Figure 
8.15b avoids the problem and gives approximately the same results. In this case, w3, p and 
the location of C1 determine the node geometry. Based on the geometry shown in Fig. 
8.15(b), effective dimensions of the specimens are given in Table 8.4 as a function of the 
location assumed for Cr 

c, 
w 

LAYERS 
c 

T B 

Figure 8.15 Node Effective Dimensions. 

8.3.2 Effective Concrete Stress. Four specimens (LFf, LHT, LHO, LFf-R) failed 
in compression. The applied load on the strut was measured, and the reaction force was 
calculated from equilibrium of forces at the node using the geometry defmed in Figure 
8.15(b ). The stresses and efficiency factors are summarized in Table 8.5 and were computed 
using the effective compressive width of the strut (w2) and reaction zone (w1). Although 
Specimen LFf had the same geometry and reinforcement layout as LFf-R, it failed at a 
lower load level because of the thickness of the loading plate (1 in. instead of 2 in.) that 
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Table 8.4 Node Dimensions 

Specimen wl w2 w3 Bar* Anchorage 
Hook in. in. in. Layer Length 

A 10.7 No 

LFT 8 10.6 7.4 B 12.1 No 

c 13.5 No 

A 6.7 No 

LHT,LHO 6 8.9 7.4 B 8.2 No 

c 9.5 No 

A 10.7 No 

LFO, LFT-R, HFT 10 12.4 7.4 B 12.2 No 

c 13.5 No 

A 10.72 No 
HFO-SS 10 11.2 5.1 

B 12.20 No 

A 10.72 No 
HFO-HS 10 11.2 5.1 

B 12.20 Yes 

B 12.20 No 
HFO-SL 10 12.2 7.1 

c 13.46 No 

B 12.20 Yes 
HFO-HL 10 12.2 7.1 

c 13.46 No 

*Layers defined in Fig. 8.15. 

J 
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caused a stress concentration in the center of the plate and reduced the effective strut width. 
Therefore, the effective widths w1 and w2 were reduced to 8 in. and 10.6 in. for calculating 
bearing stresses. 

It is interesting to compare the measured efficiency factors with those proposed by 
others. Based on tests of beam webs, Thiirlimann<16) proposed the following equation for 
the strut compressive strength: 

fu = 0.36// + 700 psi for fc' ~ 4800 psi (limit of test data) 

Collins and Mitchen<31) based their estimation of the efficiency factor u for a 
compression strut on an experimental study made on shear panels. They related the 
efficiency factor to the principal tension strain: 

where 

and 

I 
fce=ufc 

1 \) =----
0.8 + 170e1 

e + 0002 e = e + _x.;__ __ 
1 % tan2~ 

The principal compressive strain is assumed equal to 0.002. The bar strain (e ) is 
" conservatively taken as the yield strain. 

Based on an experimental study of web concrete strength Nielsen et al. (9) proposed 
the following equation for the efficiency factor: 

tc' [psi] 
u =0.7- ---

29000 

Schlaich et al. (15) proposed an efficiency factor based on the state of strain. In the 
case of a ccr node, the efficiency factor is: 

\) = 0.68 
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Table 8.5 Measured and Proposed Efficiency Factors for Concrete Stress 

LFf LHT LHO LFf-R 

Concrete Strength, f:, ksi 
2.34 2.49 2.60 2.61 

Measured Stress: 

fL Loading surface, ksi 2.03 2.24 2.24 2.32 

I 
fLffc 

0.86 0.90 0.86 0.89 

{ 11 , bearing (reaction) surface, ksi 2.34 2.90 2.90 2.49 

I 
f,ffc 

1.00 1.16 1.12 0.95 

Proposed Efficiency Factors for Struts: 

Thurlimann (16) 0.65 0.65 0.65 0.65 

Mitchell and Collins (32) 0.72 0.72 0.72 0.72 

Nielsen (9) 0.72 0.72 0.72 0.72 

Schlaich et al. (15) 0.68 0.68 0.68 0.68 

From the results shown in Table 8.5, the values were consistently higher than the 
efficiency factors proposed by different researchers. (It should be noted that efficiency 
factors based on other conditions {thin web, shear panel) may not be applicable to a ccr 
node at a beam support.) Specimen LFO was similar to Specimen LFT and LFT-R but did 
not have any transverse reinforcement around the tension tie. It failed in anchorage and 
illustrates the critical role of transverse reinforcement in increasing the bond anchorage 
capacity of the tie and permitting compressive fields to develop fully. The tests suggest that 
with a decrease in the loaded (and reaction) area, the efficiency factor increased. 

8.3.3 Anchorage of Tension Tie. Six specimens, (LFO, HFT, HFO-SS) experienced 
anchorage failures. All of the specimens failed before the bars yielded with the exception 
of Specimen HFT. The effective anchorage lengths of all bars were measured from the 
boundary of the effective node and were summarized in Table 8.4. The effective lengths 
were checked against AASHrO and ACI 318 requirements. Using nominal value fort, ( 60 
ksi), the required bar lengths are summarized in Table 8.6. The lengths which may g6vem 
tie capacity in tension are shown with an asterisk. Table 8.7 gives the measured (from Table 
7.1) versus computed failure load ratios. To illustrate the procedure used in developing the 
values in Tables 8.6 and 8.7, detailed computations for specimen HFTare described. The 
anchorage lengths (denoted t_) of layers~ B, and C of specimen HFT are 10.7, 12.2, and 
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Table 8.6 Specimens Failing in Anchorage: Available and Computed Anchorage 
Lengths 

Specimen Bar Layer Available @a t. or@& @a/ t .. 

LFO A 10.7 123 0.87 

B* 12.2 17.5 0.75* 

c 13.5 17.5 0.77 

HFr A 10.7 12.0 0.89 

B* 12.2 17.0 0.71* 

c 13.5 17.0 0.79 

HFO-SS A* 10.7 16.3 0.65* 

B 12.2 16.3 0.75 

HFO-HS A 10.7 11.9 0.90 

B* 12.2 16.3 0.73* 

HFO-SL B* 12.2 16.3 0.73* 

c 13.5 16.3 0.83 

HFO-HL B 12.2 11.9 1.03 

c• 13.5 16.3 0.83* 

• Layer controlling anchorage _ 

13.5 in., respectively. The nominal lengths (t , Sec. 8.2.3) required by AASHTO or ACI 318 
to develop yield (f, = 60 ksi) are 12.0, 17.0, ~nd 17.0 in. The ratios of available length(~) 
to nominal requir~d length (t ) to develop yield are then computed and are 0.89, 0.7 and 
0.79 for layer A, B, and C, respectively. Assuming that the bond strength is constant along 
the bar length, the bars of layer B will trigger an anchorage failure when the level of the 
stresses on the bars reach 0.71[, which is indicated by an asterisk in Table 8.6. The force 
in the tension tie corresponding to anchorage failure using AASHTO or ACI 318 for layer 
B is 0.71 (60 ksi) (3 x 0.31 in.2 + 8 x 0.44 in.2

) = 189k as shown in Table 8.7 and Fcooe/Fm 
= 189/245 = 0.77. 

The force to yield the tie in specimen HFT was computed assuming yield stresses in 
all bars. Since the specimen was reinforced with 8 #6 and 3 #5 bars, the bar force needed 
to develop yield is: 

F, = [ 8 ( .44 ) + 3 ( .31 ) ] * 60 = 267 kips 

c 
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The measured total bar force (F m) is expressed as a fraction of F and is reported 
in Table 8.7. For HFT, F IF = 0.92 1 

1ft 1 

Table 8.7 Comparison of Computed and Measured Force in Tension Tie 

Measured 
AASHTO or 

ACI 318 
Specimen F"' F1 F,.l F1 Fcode F Code IF,. 

(kips) (kips) 

I LFO Not reliable 'lfj7 ---- 200 ----
HFf 245 'lfj7 0.92 189 0.77 

HFO-SS 167 216 0.77 140 0.84 

HFO-HS 174 216 .80 157 0.90 

HFO-SL 204 216 0.94 157 0.76 

I HFO-HL 213 216 0.99 128 0.84 

From the values given in Table 8.7, changes in cover and bar geometry (hooked or 
straight bars) produced the following differences in performance: 

1) An increase in clear cover from 7 /8-in. (HFO-SS and HFO-HS) to 3 in. (HFO-SL 
and HFO-HL) increased the anchorage capacity by 22% in both cases. 

2) The addition of hooks to the lower layer of bars (HFO-HS and HFO-HL) resulted 
in a very small (4%) change in the capacity over that of the straight bars (HFO-SS 
and HFO-SL). 

The use of nominal development lengths in the AASHTO or ACI 318 format (Sec. 8.2.3) 
gave strengths that were about 80% of measured values. 
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9.1 Summary 

CHAPTER 9 
SUMMARY AND CONCLUSIONS 

The objective of the research described herein was to examine methods of detailing 
structural concrete. Most detailing practices are based on past experiences and judgement. 
Empirical design procedures have been developed for specific "problem" details. The ever 
increasing complexity of concrete structures creates numerous new and unusual details. It 
has become difficult to adapt old details to new situations. Research cannot be carried out 
to develop empirical design procedures to cover every detailing situation. A recently 
proposed method, the strut-and-tie model is the subject of this study. The model involves 
a few basic principles to cover a large range of design problems. While the literature 
contains considerable general information, there is a lack of test data to corroborate 
assumptions of the strut-and-tie model. To help verify strut-and-tie procedures, a dapped­
end beam detail was selected for testing. In addition, a series of tests was conducted on 
isolated nodes representing portions of the beam where strut and tie elements meet. 

Dapped Beam Tests. Three different procedures for the design of dapped 
beams were used. The strut-and-tie models and two empirically based methods, the PCI 
design procedure and the Menan/Furlong design procedure were studied. Four different 
dapped end details were tested. Two of the details were based on strut-and-tie models. The 
design model was varied to examine the ability of the strut-and-tie model to adapt to 
different reinforcement patterns. As a basis for comparison, two details were designed using 
empirical methods. 

Compression-Tension-Tension (CIT) Nodes. Portions of the strut and tie model 
dealing with nodes, especially those anchoring tensile ties, are not well defined, nor have 
they been subjected to comprehensive evaluation through tests. To develop an 
understanding of an isolated CTT-node, a laboratory investigation was implemented to verify 
current proposals, identify significant behavioral patterns of the CTT-node, and develop 
design guidelines. The dapped beam tests served as the prototype for the node tests. The 
nine isolated node specimens were designed and tested to duplicate, as closely as possible, 
boundary conditions that exist at a critical CTT-node in the dapped beams. Variables 
included concrete strength, lateral confinement provided by transverse reinforcement, 
anchorage details, and node geometry. 

Compression-Compression-Tension (CCT) Nodes. The CCT node was also 
isolated from the end reaction region of the prototype dapped beam. Ten specimens were 
tested in which concrete strength, size of bearing area, amount of transverse reinforcement, 
and longitudinal reinforcement configuration were varied. 
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9.2 Conclusions 

Based on the results of the tests on the dapped end details and on the isolated nodes, 
conclusions are presented with regard to overall behavior complex details, correlation of 
strut-and-tie models to observed behavior, general guidance for anchorage placement of 
reinforcement, and limits for concrete stress. 

9.2.1 Dapped Beam Tests. 

Overall Behavior. The overall behavior of specimens designed using strut-and-tie 
models was found to be comparable with details designed using current design standards. 
The ultimate capacity of details designed using the strut-and-tie models, as well as those 
designed using other approaches, exceeded the computed capacity substantially. A ductile 
failure mode in which the steel yielded before the concrete failed was exhibited by each of 
the specimens. The strut-and-tie design procedure required slightly more shear 
reinforcement compared to the other design procedures. The test results indicated that in 
some cases the ties provided were not needed and could have been reduced or omitted. 
However, this discrepancy is due to the fact that concrete carries tension (which is neglected 
in the strut-and-tie model). Unless some tension is assigned to the concrete, it is necessary 
to develop tension through the placement of ties. For design, it is not advisable to rely on 
concrete in tension in detailing of members. In the first strut-and-tie model detail (ST1), 
cracking was controlled at service loads as effectively as details designed using other design 
methods (PCI and Menon-Furlong). Slightly more cracking was exhibited by strut-and-tie 
model ST2. The additional cracking in ST2 was due to placement of vertical reinforcement 
farther away from the dap. 

Comparison of Strut-and-Tie Models to Observed Behavior. Internal force 
measurements at the design load (100 k) compared well to forces predicted by the design 
strut-and-tie models. The only major discrepancy between the design models and observed 
behavior is the means through which the horizontal force from the dap is transferred into 
the full depth section. 

As load was increased beyond the design load of 100 k, the distribution of internal 
forces changed. Strut-and-tie model representations of the upper portion of the daps based 
on measured forces at ultimate resulted in varying degrees of error. The source of this error 
is believed to be partly the result of the method of testing (large reaction on top surface of 
beam) and partly due to the presence of force transfer mechanisms (concrete in tension) not 
considered by the strut-and-tie model. 

Placement of Reinforcement. A comparison of the behavior of the dapped ends 
indicates that placing the main vertical reinforcement close (as in the PCI detail) to the 

l. 
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change in section was most efficient. In addition, grouping the reinforcement with as small L .. 1 

a spacing as possible appeared to offer the best performance. 
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Anchorage of Reinforcement. Anchorage requirements based on the strut-and-tie 
model were found to be conservative and resulted in applied loads well beyond design 
values. Proper anchorage of the horizontal reinforcement within the dap (bars welded to 
a bearing plate) and of the beam flexural reinforcement (use of hooks) was. found to be 
particularly important. 

Selection of Compression Strut Inclination. An increase in the angle of the 
compression strut reduced the amount of horizontal reinforcement at the node. In the 
dapped beam tests, the strut angles developed ranged between 45 and 55° and tended to 
increase as load increased. Strut angles up to 60° seem reasonable from the test results but 
higher angles are probably not reasonable because reinforcement areas for the tension tie 
at the node become quite small. It should also be noted that in the dapped beams the 
upper end of the compression strut in the dap ends in a node which is near the top of the 
beam. The steeper the strut angle, the higher is the node in the beam. Based on the test 
results it appeared that better performance (especially under large overloads) was obtained 
if the node lower in the beam. This can be done in design by reducing the strut angle and 
adding horizontal reinforcement at the bottom of the dap. 

The strut-and-tie models did lead to the provision of one strut and a node which was 
not observed in the tests. The model indicates a node is needed along the horizontal dap 
reinforcement at some distance from the restraint corner. There was no indication that the 
node actually developed to the extent that additional tie reinforcement was needed. It is 
likely that the tension in this area was carried by the concrete. 

9.2.2 CIT Nodes. While data was collected from a relatively small number of 
err tests, the unique nature of the isolated node specimens provides interesting insight into 
node behavior and design. · 

1) Specimens were generally able to reach the design strength which was governed by 
yielding of tie reinforcement. The ultimate strength of the err nodes ~as affected 
by concrete strength; however, internal force transfer mechanisms were more 
affected by the specimen geometry and placement of steel. 

2) In all the specimens, different layers of tie reinforcement were observed to strain at 
different rates. In the strut and tie model the reinforcement making up a single tie 
is normally assumed to be similarly strained. The reinforcement strains were affected 
by the location of major cracks. The longitudinal ties in some of the layers of 
reinforcement closest to the external surface were strained less. In these cases, the 
major cracks appeared to reduce the available development length enough to cause 
a deterioration in the tensile capacity of the tie. 

3) Correlations between the behavior of the node specimens and the prototype dapped 
beam specimen were quite good. This was evidenced by similar crack patterns and 
comparable reinforcement strains. 
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4) Evaluation of the strut-and-tie model in the light of the test results indicate that 

5) 

a) Cracks were generally parallel with the angle of the compression strut, 

b) The geometry of the strut is best defined by the strut angle and the point of 
intersection of the layers of tie reinforcement in both directions. 

c) Recommended effective concrete strength limits proposed by other authors 
were found to be conservative. 

d) Defining the critical section of the reinforcement by the boundaries of the 
compression fields appeared to produce reasonable estimates of the capacity 
of ties anchored through development of hooks or straight bars. 

The splitting failures that occurred in several specimens underscored the importance 
of detailing the CIT-node as a three-dimensional element. Reinforcement should 
be provided across all planes of weakness to control cracking. Confining 
reinforcement normal to planes of hooks and bends is especially important. 

9.2.3 CCT Nodes. The primary conclusions to be made on the basis of the CCf 
isolated node tests are: 

1) Two failure modes were observed for the CCf node specimens: anchorage failure 
and compressive failure. Anchorage failure was due to inadequate bar development 
length. The appearance of the specimen at failure and the crack pattern clearly 
indicated which mode controlled in each case. 

2) The primary element in designing a ccr node is the determination of inclination of 
compression struts. Tests of dapped beams designed using the strut and tie model 
approach indicated that the strut developed in the beam was oriented as assumed in 
the design calculations. For these tests an angle of 60° was selected. This is at the 
upper end of the range considered acceptable for design. 

3) Effective bearing areas based on theoretical models proposed by other researchers 
were generally·satisfactory for evaluating tie anchorage characteristics and effective 
compressive strength of the strut. 

4) The measured efficiency factor (the ratio of average compressive stresses on the strut 
to the concrete strength) for specimens which failed compression failure was found 
to be about 1.0. Efficiency factors proposed in the literature were found to be 
conservative for the specimens in this study. 

l ... 
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5) Transverse reinforcement restrained the cracks and prevented an anchorage failure. 
The capacity increased sufficiently in some tests to change the mode of failure from 
one involving anchorage to one in which the compression strut failed. 

6) The anchorage lengths for straight and hooked bars given in current Codes were 
found to be very conservative. The use of hooks did not substantially increase the 
capacity of the specimens. An increase in cover was found to improve anchorage 
capacity. 

9.3 Additional Comments 

The results of research described herein show that the strut-and-tie model is an 
acceptable design procedure for detailing structural concrete. The use of strut-and-tie 
models along with a knowledge of behavior derived from experimental research seems a 
good basis for developing efficient design procedures. The strut-and-tie model represents 
a rational approach which can be extended to detailing situations not covered by existing 
procedures. 

The results of this research alone cannot justify the use of strut-and-tie models. 
Further experimental verification on other types of details is necessary. In addition, 
guidelines on analysis and design of nodes, serviceability criteria, and tie layout need 
development. In order to develop comprehensive design criteria for nodes, future studies 
should include specimens with a number of different bar spacings and amounts of tie 
reinforcement. Test specimens with high percentages of reinforcement and narrow web 
widths are also suggested so that effective concrete strength limits could be evaluated more 
closely. The behavior of specimens with anchor plates and straight or hooked bars needs 
to be examined. In addition, the effect of strut orientation should be studied more closely, 
particularly the effects of skew cracks on the effective concrete strength of the compressive 
strut should be determined. The isolated node specimens used in this study provide much 
useful data but it is never possible to remove a portion of a structural element and isolate 
it in a manner that does not produce some change in boundary conditions. In spite of that, 
the node specimens offer a means of acquiring a large amount of data on detailing at a 
minimal cost. 
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