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Executive Summary 

This report presents an investigation into the application of the Strut-and-Tie Method (STM) for the design 

and evaluation of reinforced concrete bridge bent caps in North Carolina. The study aims to address 

practical challenges associated with STM, enhance design and assessment consistency, and examine the 

performance of bent caps under both ultimate and service load conditions. The report includes a literature 

review on the use of STM for bridge structures, identifies bent cap typologies that are classified as deep 

beams and are well-suited for STM design and evaluation, develops a series of templates to support the 

design and evaluation process, summarizes an experimental program involving six large-scale deep beam 

specimens representative of North Carolina bent caps, and provides recommendations for the application 

of STM in bridge design and evaluation practice. 

Reinforced concrete bridge bent caps are structural elements that transfer loads from the superstructure to 

the substructure. Due to their short shear-span-to-depth ratios, most bent caps in North Carolina behave as 

deep beams. Traditional sectional design methods often result in conservative estimates of strength for deep 

beams. The AASHTO LRFD Bridge Design Specifications STM approach provides a more accurate 

representation of internal force flow and allows for more efficient designs. 

This study was undertaken with four primary goals: 

1. Review and summarize relevant literature and guidance for application of the STM to bridge bent caps. 

2. Develop STM templates for common bent cap typologies used in North Carolina. 

3. Experimentally evaluate the behavior of bent caps under different reinforcement and geometric 

conditions. 

4. Provide practical recommendations for the use of STM within NCDOTôs design and evaluation 

framework. 

Twelve common bent cap typologies were identified from NCDOT bridge projects and used to develop 

Excel-based STM templates. These templates guide engineers through the design process by defining 

geometry, inputting material properties, loads, performing force equilibrium calculations, checking nodal 

strength, and calculating required reinforcement. The templates align with AASHTO LRFD STM and can 

be integrated with current NCDOT tools such as RC-Pier and LEAP Bridge Concrete. 

In the design of bent caps using AASHTO LRFD based STM, the 0.30% minimum required reinforcement 

in both orthogonal directions allows the use of the larger nodal efficiency factors specified in AASHTO 

LRFD Table 5.8.2.5.3a-1. Most studies indicate this will give conservative designs under ultimate limit 

state conditions. This relatively large quantity of reinforcement will assist in crack control under service 

conditions. In members that are not heavily loaded in shear, the designer can reduce this quantity of 

distributed reinforcement and use the lower nodal efficiency factor (a value of 0.45) as described in the 

AASHTO LRFD STM provisions. While there is substantial research on the application of the STM under 

ultimate conditions, there is little research exploring the influence of different reinforcement ratios, and 

other member properties, on performance under service conditions.  

An experimental program was conducted to verify and validate the STM templates and to investigate how 

different transverse and horizontal reinforcement ratios influence the structural performance of bent caps 
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under both service and ultimate load conditions. Six large-scale specimens, representative of North Carolina 

bridge bent caps, were tested with transverse and horizontal reinforcement ratios of 0%, 0.13%, and 0.30%. 

These values were chosen to examine the behavior of members without distributed reinforcement, members 

with moderate quantities of distributed reinforcement, and members meeting the AASHTO minimum 

reinforcement for full nodal efficiency when using the STM. Instrumentation included full field-of-view 

digital image correlation (DIC), strain gauges, and displacement transducers, which provided detailed 

insights into displacement fields, strain fields and cracks throughout loading. 

The results demonstrated that the inclusion of transverse reinforcement significantly improves shear 

capacity compared to members without transverse and horizontal distributed reinforcement. Beams with 

0.13% reinforcement showed higher shear capacities over those without any reinforcement, and those with 

0.30% reinforcement exhibited similar capacities to specimens reinforced with 0.13% reinforcement. While 

the increase in ultimate strength, if any, between 0.13% and 0.30% reinforcement was relatively small, the 

member strengths were higher than those predicted by the STM. 

In addition to strength, transverse and horizontal reinforcement had a significant effect on crack control at 

service loads. Members without distributed reinforcement developed wider, localized shear cracks. In 

contrast, members with 0.13% reinforcement showed smaller, more distributed cracking, and those with 

0.30% reinforcement exhibited the most crack control. Increasing the reinforcement ratio reduced crack 

widths and improved the overall serviceability of the beams.  

The Manual for Bridge Element Inspection for reinforced concrete bent caps suggests crack widths as large 

as 0.0625 in. to 0.125 in. (1.6 mm to 3.2 mm) corresponds to "narrow to moderate" crack widths, resulting 

in a Condition State less than 3. Shear cracks in disturbed regions can become concerning at lower values. 

Additionally, other guidance documents suggest that crack widths near service loads should be limited to 

approximately 0.016 in. (0.40 mm). Based on the results of this study, a minimum quantity of distributed 

reinforcement in both orthogonal directions of approximately 0.13% to 0.30% is recommended to achieve 

this level of crack control performance. 

The tests also showed that geometric factors, such as the shear span-to-depth ratio, influence crack widths. 

Beams with shorter shear spans generally exhibited smaller crack widths for the same reinforcement levels, 

confirming that member specific geometry, such as shear span-to-depth ratio, influences crack widths at 

service and ultimate loads.  

Overall, the experimental results confirm that using a minimum of 0.13% transverse and horizonal 

reinforcement significantly enhances shear performance and crack control in deep beams. Increasing to 

0.30% distributed reinforcement provides additional benefit, particularly in terms of serviceability, and is 

recommended where crack control is of particular importance. It should be noted that as the shear span-to-

depth ratio, quantity of flexural reinforcement, concrete strength, concrete clear cover, reinforcement bar 

sizes and other member specific factors change, the minimum amount of distributed reinforcement to 

achieve the desired performance at service loads may also be affected.  

In evaluating existing members that may contain less than 0.30% distributed reinforcement, but more than 

zero distributed reinforcement, the results of this study indicate that it may be appropriate to use the nodal 

factors in AASHTO LRFD Table 5.8.2.5.3a-1, rather than using a value of 0.45. This could be considered 

in evaluating existing bent caps or bent caps that, for example, may have been designed using sectional 

methods and contain lower quantities of transverse reinforcement (approximately 0.13%).  



vii 

Table of Contents 

1 INTRODUCTION ................................................................................................................................ 1 

1.1 Layout of the Report .................................................................................................................... 4 

2 AASHTO BASED STRUT-AND-TIE DESIGN PROCESS ............................................................... 6 

2.1 Overall Assumptions for The Design of Bent Caps Using AASHTO LRFD Based STM .......... 6 

2.2 Topology of Struts and Ties ....................................................................................................... 10 

2.3 Equivalent Size of Bearings ...................................................................................................... 11 

2.4 Load Combinations ................................................................................................................... 11 

2.5 Load Cases ................................................................................................................................ 12 

2.6 Calculating Nodal Strength ....................................................................................................... 13 

2.7 Proportioning of Ties ................................................................................................................. 15 

3 DEVELOPMENT OF STRUT-AND-TIE TEMPLATES FOR BRIDGE BENT CAPS IN NORTH 

CAROLINA ................................................................................................................................................ 17 

3.1 Introduction to the STM Templates ........................................................................................... 17 

3.2 Example Template Development for A Two-Column Bent Cap ............................................... 26 

3.2.1 Equivalent Length of Bearings............................................................................................ 26 

3.2.2 Strut-And-Tie Model Typology Selection ........................................................................... 27 

3.2.3 Load Cases Considered for The Typology Selected ........................................................... 28 

3.2.4 Matrix-Based Solution of the Strut-and-Tie Model ............................................................ 28 

3.2.5 Summary of Forces for the 9 Load Cases Considered for Example ................................... 29 

3.2.6 Proportioning of Longitudinal Ties ..................................................................................... 30 

3.2.7 Calculation of Nodal Strengths ........................................................................................... 31 

3.3 Procedure for Using the STM Templates .................................................................................. 33 

3.3.1 Step 1: Material Properties .................................................................................................. 33 

3.3.2 Step 2: Geometric Parameters ............................................................................................. 34 

3.3.3 Step 3: Cross-Sectional Dimensions ................................................................................... 35 

3.3.4 Step 4: Reinforcement Details ............................................................................................ 35 

3.3.5 Step 5: Loads ....................................................................................................................... 36 



viii 

3.3.6 Step 6: Analysis Output ....................................................................................................... 36 

3.3.7 Step 7: Nodal Limits ........................................................................................................... 37 

3.3.8 Step 8: Angle Check ............................................................................................................ 39 

3.3.9 Step 9: Template Summary ................................................................................................. 40 

4 EXPERIMENTAL PROGRAM ......................................................................................................... 41 

4.1 Experimental Observations and Results .................................................................................... 47 

4.2 Experimental Observations of Crack Widths ............................................................................ 51 

4.3 DIC Analysis ............................................................................................................................. 58 

4.4 Summary of Experimental Observations ................................................................................... 61 

5 CONCLUSION AND RECOMMENDATIONS ................................................................................ 63 

5.1 Recommendations ..................................................................................................................... 65 

5.1.1 General Recommendations ................................................................................................. 65 

5.1.2 Strut-and-Tie Modelling and Recommended Assumptions ................................................ 66 

5.1.3 Minimum Reinforcement Requirement Recommendations ................................................ 68 

6 IMPLEMENTATION AND TECHNOLOGY TRANSFER PLAN ................................................... 69 

7 CITED REFERENCES ...................................................................................................................... 70 

A LITERATURE REVIEW ................................................................................................................... 73 

A.1 B and D Regions in Concrete Beams ........................................................................................ 73 

A.2 Deep Beams ï D Regions .......................................................................................................... 73 

A.3 The Strut-and-Tie Method ......................................................................................................... 76 

A.3.1 Description and theory of strut-and-tie methods ................................................................. 77 

A.3.2 Selecting the geometry and shape of the strut-and-tie model ............................................. 78 

A.4 Nodal Zones in Strut-and-Tie Models ....................................................................................... 79 

A.4.1 ACI 318 - Building Code Requirements for Structural Concrete and Commentary .......... 79 

A.4.2 CSA A23.3 - Design of Concrete Structures ....................................................................... 80 

A.4.3 AASHTO LFRD Bridge Design Specifications ................................................................. 81 

A.5 Strut Capacities .......................................................................................................................... 83 



ix 

A.5.1 ACI 318 - Building Code Requirements for Structural Concrete and Commentary .......... 87 

A.5.2 CSA A23.3 - Design of Concrete Structures ....................................................................... 87 

A.6 Texas Department of Transportation ï Experiments on Bent Caps ........................................... 90 

A.7 Minimum Reinforcement Requirements when using the Strut-And-Tie Method ..................... 92 

B DETAILED ANALYSIS OF A TWO-COLUMN BENT CAP: EXAMPLE AND SUMMARY OF 

NODAL STRENGTHS ............................................................................................................................... 94 

B.1 Summary of Forces on A Two Column Bent Cap for 9 Load Cases and a Dead Load Only Case

 94 

B.2 Summary of Nodal Efficiency Factors and Nodal Strengths ..................................................... 97 

C NONLINEAR FINITE ELEMENT ANALYSIS RESULTS FOR TYPICAL BENT CAP 

TYPOLOGIES ............................................................................................................................................ 98 

C.1 Comparison of Design Templates Against Non-Linear Finite Element Analysis .................... 106 

D Integrating Strut-and-Tie Templates into NCDOT Bridge Design Workflows ................................ 107 

E ADDITIONAL DETAILS OF THE EXPERIMENTAL PROGRAM ............................................. 111 

E.1 Material Properties .................................................................................................................. 115 

E.1.1 Concrete Properties ........................................................................................................... 115 

E.1.2 Steel Reinforcement Properties ......................................................................................... 115 

F STRAIN ANALYSIS AND CRACK PATTERNS AT FAILURE LOADS ..................................... 117 

F.1 Strain Analysis ......................................................................................................................... 117 

F.2 Crack Patterns .......................................................................................................................... 123 

G SUMMARY OF LITERATURE REVIEWED FOR THIS PROJECT ............................................ 131 

 

 

  



x 

List of Figures 

Figure 1-1: A typical four-column bent cap located in Wake County. .......................................................... 1 

Figure 1-2: Strut-and-tie model developed for a deep beam. ....................................................................... 2 

Figure 2-1: Example loads applied as point loads on a bent cap. ................................................................. 7 

Figure 2-2: Moments idealized as two-point loads separated by a distance within the column. .................. 7 

Figure 2-3: An illustration showing the ties and the centroids of the chords coincide. ................................ 8 

Figure 2-4: Portion of the strut-and-tie model and the depth of the centroid of a generic node. .................. 9 

Figure 2-5: Resultant compression force (C) formed by two struts (C1 and C2) acting at angles ɗ1 and ɗ2. 

The direction ɗ  is based on vector summation. ............................................................................................ 9 

Figure 2-6: Comparison of internal strut-and-tie forces when the number of panels is increased. ............. 10 

Figure 2-7: Bearings (skewed) converted to the equivalent square area (Ref: Project No. B-4499, Davidson 

County, Sheet No. S-5). .............................................................................................................................. 11 

Figure 2-8: Two Bearing areas combined as a single idealized square load (Technical report FHWA/TX-

12/5-5253-01-1). ......................................................................................................................................... 11 

Figure 2-9: Critical load cases, considering pattern loading for two column bent cap. .............................. 13 

Figure 2-10: a: Equivalent square area of circular Column. b: Load distribution in stepped supports and c: 

Load distribution from the plan (AASHTO Fig.5.6.5.2). ........................................................................... 14 

Figure 2-11: Summary of efficiency factors in AASHTO LRFD (AASHTO,2020). ................................. 15 

Figure 3-1: Strut-and-tie model of a beam. ................................................................................................. 18 

Figure 3-2: Two column bent cap - 4 loads asymmetric. ............................................................................ 20 

Figure 3-3: Two column bent cap - 5 loads symmetric. .............................................................................. 20 

Figure 3-4: Two column bent cap - 5 loads asymmetric 2. ......................................................................... 21 

Figure 3-5: Three column bent cap - 4 loads symmetric/asymmetric. ........................................................ 21 

Figure 3-6: Three column bent cap - 6 loads asymmetric 1. ....................................................................... 22 

Figure 3-7: Three column bent cap - 6 loads asymmetric 2. ....................................................................... 22 

Figure 3-8: Three column bent cap - 10 loads symmetric. ......................................................................... 23 



xi 

Figure 3-9: Three column bent cap - 10 loads asymmetric 1. ..................................................................... 23 

Figure 3-10: Three column bent cap - 10 loads asymmetric 2. ................................................................... 23 

Figure 3-11: Four column bent cap - 5 loads symmetric/asymmetric. ........................................................ 24 

Figure 3-12: Four column bent cap - 8 loads asymmetric 1. ...................................................................... 24 

Figure 3-13: Four column bent cap - 8 loads asymmetric 2. ...................................................................... 24 

Figure 3-14: Information and design workflow for use with strut-and-tie templates. ................................ 25 

Figure 3-15: Plan and elevation of two-column skew bent cap and section (Ref: Project No. B-4499, 

Davidson County, Sheet No. S-22). ............................................................................................................ 26 

Figure 3-16: Equivalent square cross section for columns. ........................................................................ 27 

Figure 3-17: The typology considered for Two-Column Skew Bent Cap and Section (Ref: Project No. B-

4499, Davidson County, Sheet No. S-22). .................................................................................................. 27 

Figure 3-18: Critical load cases, considering pattern loading for two column bent cap. ............................ 28 

Figure 3-19: Summary of element forces for all 9 load cases. .................................................................... 29 

Figure 3-20: Design tension forces. ............................................................................................................ 30 

Figure 3-21: Summary of reinforcement provided. .................................................................................... 31 

Figure 3-22: Nodal geometry (AASHTO 2020). ........................................................................................ 32 

Figure 3-23: Summary of strength of each face of node A. ........................................................................ 32 

Figure 3-24: Template example - Three column bent cap 10 loads symmetric. ......................................... 33 

Figure 3-25: Template material properties input table. ............................................................................... 34 

Figure 3-26: Geometric template inputs for horizontal distances. .............................................................. 34 

Figure 3-27: Template cross-sectional dimensions. .................................................................................... 35 

Figure 3-28: Template reinforcement detail input....................................................................................... 35 

Figure 3-29: Template load table input. ...................................................................................................... 36 

Figure 3-30: Analysis output ï no strut conflicts (tension vs compression). .............................................. 36 

Figure 3-31: Analysis output ï (example indication that a strut is in tension or tie in compression). ........ 37 

Figure 3-32: Nodal geometry (AASHTO 2020). ........................................................................................ 37 



xii 

Figure 3-33: Nodal limits ï example of successful node check. ................................................................. 38 

Figure 3-34: Nodal limits ï example of nodal limit exceeded. ................................................................... 39 

Figure 3-35: Example angle check table in template (Ok ï left, Not ok ï right). ....................................... 40 

Figure 3-36: Example template summary table. ......................................................................................... 40 

Figure 4-1: STC1 reinforcement details. ..................................................................................................... 42 

Figure 4-2: STC2 reinforcement details. ..................................................................................................... 43 

Figure 4-3: STC3 reinforcement details. ..................................................................................................... 43 

Figure 4-4: STC4 reinforcement details. ..................................................................................................... 43 

Figure 4-5: STC5 reinforcement details. ..................................................................................................... 44 

Figure 4-6: STC6 reinforcement details. ..................................................................................................... 44 

Figure 4-7: Experimental setup (specimen shape STC1-STC3 shown). ..................................................... 45 

Figure 4-8: Plan view of the DIC cameras and LED arrangement. ........................................................... 46 

Figure 4-9: Load versus mid span displacement response for STC1-STC3. .............................................. 47 

Figure 4-10: Load versus mid span displacement response for STC4-STC6. ............................................ 48 

Figure 4-11: Load vs strain at mid span, STC1-STC3. ............................................................................... 49 

Figure 4-12: Load vs strain at mid span, STC4-STC6. ............................................................................... 49 

Figure 4-13: Crack patterns observed in beams STC1-STC6 at approximately 60% of peak load. ........... 52 

Figure 4-14: Crack patterns observed in beams STC1-STC6 after failure. ................................................ 53 

Figure 4-15: Crack pattern of STC1 at last load stage. ............................................................................... 54 

Figure 4-16: Overlapping crack patterns for beams STC1, STC2, and STC3. ........................................... 54 

Figure 4-17: Overlapping crack patterns of beams STC4, STC5, and STC6. ............................................ 54 

Figure 4-18: Load vs crack width - STC1 -STC3. ...................................................................................... 56 

Figure 4-19: Load vs crack width - STC4-STC6. ....................................................................................... 56 

Figure 4-20: Load vs. Maximum Crack Width for specimens STC1-STC3 obtained using Digital Image 

Correlation (DIC). ....................................................................................................................................... 57 



xiii 

Figure 4-21:Load vs. Maximum Crack Width for specimens STC4-STC6 obtained using Digital Image 

Correlation (DIC). ....................................................................................................................................... 57 

Figure 4-22: Principal tensile strains (ⱦ1) and principal compressive strains (ⱦ2) of STC4 at peak load. ... 59 

Figure 4-23: Principal tensile strains (ⱦ1) and principal compressive strains (ⱦ2) of STC4 at service load 

(60% of peak load). ..................................................................................................................................... 59 

Figure 4-24: Principal tensile strains (ⱦ1) and principal compressive strains (ⱦ2) of STC5 at the peak load.

 .................................................................................................................................................................... 59 

Figure 4-25: Principal tensile strains (ⱦ1) and principal compressive strains (ⱦ2) of STC5 at service load 

(60% of peak load). ..................................................................................................................................... 60 

Figure 4-26: Principal tensile strains (ⱦ1) and principal compressive strains (ⱦ2) of STC6 at the peak load.

 .................................................................................................................................................................... 60 

Figure 4-27: Principal tensile strains (ⱦ1) and principal compressive strains (ⱦ2) of STC6 at service load 

(60% of peak load). ..................................................................................................................................... 60 

Figure 5-1: Design flow chart. .................................................................................................................... 67 

 

Figure A-1: a: Geometric discontinuity and b: Static/geometric discontinuities (ACI 318-19 Fig R23.1). 74 

Figure A-2: a: Application of deep beams: Transfer beam supporting columns and b: Application of deep 

beams: Transfer girder supporting Walls (Proestos, Palipana, Mihaylov 2021) ......................................... 74 

Figure A-3: a: Hammerhead pier cap and b: Measured crack shape in the pier cap (Trandafir, Palipana, 

Proestos, Mihaylov, 2022). ......................................................................................................................... 75 

Figure A-4: Bent cap of Marc Basnight Bridge, NC, and idealization of loads. ......................................... 75 

Figure A-5: a: Linear distribution of strains in a Bernoulliôs beam (Nawy 2006 Fig 6.13) and b: Nonlinear 

distribution of strains in a deep beam (Nawy 2006 Fig. 6.13). ................................................................... 76 

Figure A-6: Stress trajectories of a continuous beam under uniformly distributed load (Nawy 2006 Fig. 

6.15). ........................................................................................................................................................... 76 

Figure A-7: Effect of shear-span-to-depth ratio on the shear strength of the beam based upon Kaniôs 

experiments (1979). The picture is adopted from (Mitchel and Collins 1997). .......................................... 77 

Figure A-8: a: Strut-and-tie model of a deep beam without transverse reinforcement and b: Strut-and-tie 

model of a deep beam with transverse reinforcement (Qambar 2020). ...................................................... 78 

Figure A-9: Possible models of strut-and-tie designs (image adapted from Leonhardt & Walther 2005). . 79 



xiv 

Figure A-10: Two forces on the face AC can be resolved into one force as shown in the figure (ACI 

Committee 318 2019). ................................................................................................................................ 80 

Figure A-11: Determining the A1 and A2. Adapted from AASHTO (AASHTO 2020). ............................ 82 

Figure A-12: Efficiency factors (AASHTO 2020). ..................................................................................... 83 

Figure A-13: Prismatic and bottle shaped struts. ........................................................................................ 84 

Figure A-14: Compression fanning struts. .................................................................................................. 84 

Figure A-15: Defining interior struts, boundary struts, and nodal zones (ACI Committee 318 2019). ...... 85 

Figure A-16: Compression fanning struts idealization (CSA 2019). .......................................................... 85 

Figure A-17: UDL idealized as two-point loads acting at the quarter span (CSA 2019). ........................... 86 

Figure A-18:  Idealization of Uniformly Distributed Loads (UDLs) into Discrete Point Loads for Strut-and-

Tie Modeling (STM) in an Inverted-T Bent Cap (Martin and Sanders (2007). .......................................... 86 

Figure A-19: Influence of bar diameter, bearing, and anchorage conditions on selecting the cross-section of 

the strut (CSA 2019). .................................................................................................................................. 88 

Figure A-20: Crushing strength versus orientation of tensile reinforcement passing through the strut (Collins 

and Mitchell 1997). ..................................................................................................................................... 89 

Figure A-21: The UDL was applied with 30 jacks, each with a capacity of 10 kips (See Figure 2.21)...... 90 

Figure A-22: UDL arrangement using series of jacks adapted from (Brown, Sankovich, Bayrak, Jirsa, 

Breen, and Wood 2006)............................................................................................................................... 91 

Figure C-1: Plan and elevation of two-column skew bent cap and section (Ref: Project No. B-4499, 

Davidson County, Sheet No. S-22). ............................................................................................................ 99 

Figure C-2: Two column bent caps four loads: design template, topology and VecTor2 analysis. ........... 100 

Figure C-3: Three column bent caps four loads: design template, topology and VecTor2 analysis. ........ 101 

Figure C-4: Plan and elevation views of three-column bent cap (Ref: Project No. B-2506, Anson County, 

Sheet No. S-17). ........................................................................................................................................ 102 

Figure C-5: Three column bent Caps ten Loads: design template, topology and VecTor2 analysis. ........ 103 

Figure C-6: Plan and elevation of four column stepped bent cap (Ref: Project No. I-5700, Wake County, 

Sheet No. S1-23). ...................................................................................................................................... 104 

Figure C-7: Four column bent caps five loads: design template, topology and VecTor2 analysis. ........... 105 



xv 

Figure D-1: Bearing and girders geometry configuration (RC-Pier). ....................................................... 107 

Figure D-2: Loadsï Bearing and Cap Loads ............................................................................................ 108 

Figure D-3: RC ïPier output- load combinations. .................................................................................... 108 

Figure D-4: Sample RC-Pier output showing factored support reactions for Strength Group V, used to 

extract bearing loads for STM-based bent cap design. ............................................................................. 109 

Figure E-1: Plan view of the DIC cameras and LED arrangement. .......................................................... 111 

Figure E-2: Experimental setup STC1-STC3. .......................................................................................... 113 

Figure E-3: Experimental setup STC4-STC6. .......................................................................................... 114 

Figure E-4: Stress versus strain response of steel No. 4 steel coupons. .................................................... 116 

Figure E-5: Stress versus strain response of steel No. 10 steel coupons. .................................................. 116 

Figure F-1: Arrangement of strain gauges. ............................................................................................... 117 

Figure F-2: STC1: Load versus strain of strain gauges 1, 2, and 3. .......................................................... 118 

Figure F-3: STC1: Load versus strain of strain gauges 4 and 5. ............................................................... 118 

Figure F-4: STC2: Load versus strain of strain gauges 1, 2, and 3. .......................................................... 119 

Figure F-5: STC2: Load versus strain of strain gauges 4 and 5. ............................................................... 119 

Figure F-6: STC3: Load versus strain of strain gauges 1, 2, and 3. .......................................................... 120 

Figure F-7: STC4: Load versus strain of strain gauges 1, 2, and 3. .......................................................... 121 

Figure F-8: STC4: Load versus strain of strain gauges 4 and 5. ............................................................... 121 

Figure F-9: STC5: Load versus strain of strain gauges 1, 2, and 3. .......................................................... 122 

Figure F-10: STC5: Load versus strain of strain gauge 4. ........................................................................ 122 

Figure F-11: STC6: Load versus strain of strain gauges 1, 2, and 3. ........................................................ 123 

Figure F-12: Crack pattern of beam STC1 at failure load. ....................................................................... 124 

Figure F-13: Crack pattern of beam STC2 at failure load. ....................................................................... 125 

Figure F-14: Crack pattern of beam STC3 at failure load. ....................................................................... 126 

Figure F-15: Overlapping crack patterns of beams STC1, STC2, and STC3. .......................................... 126 



xvi 

Figure F-16: Crack Pattern of beam STC4 at failure load. ....................................................................... 127 

Figure F-17: Crack Pattern of beam STC5 at failure load. ....................................................................... 128 

Figure F-18: Crack pattern of beam STC6 at failure load. ....................................................................... 129 

Figure F-19: Overlapping crack patterns of beams STC4, STC5, and STC6. .......................................... 130 

 

  



xvii 

List of Tables 

Table 3-1: Summary of templates developed as a part of this study. .......................................................... 19 

Table 4-1: Summary of the dimensions, reinforcement ratios and material strengths of the experimental 

series. .......................................................................................................................................................... 42 

Table 4-2: Summary of STC1-STC6 peak shear strength and predictions from models. ........................... 51 

Table 4-3: Comparison of STM predictions and loads corresponding to the crack width of  0.016 in. (0.41 

mm) ............................................................................................................................................................. 58 

 

Table A.1: Efficiency factors for nodes with crack control reinforcement- Table 5.8.2.5.3a-1 AASHTO 

LFRD (2020). .............................................................................................................................................. 82 

Table A.2: Strut coefficient ɓs...................................................................................................................... 87 

Table A.3: Details of beams tested in Series I. adapted from (Brown, Sankovich, Bayrak, Jirsa, Breen, and 

Wood 2006). ................................................................................................................................................ 91 

Table A.4: Summary of shear failure loads of beams tested in Series I). .................................................... 91 

Table C.1: Design template and VecTor2 maximum load comparison. ...................................................... 98 

Table D.1: Step-by-step integration of the STM template into the standard bridge substructure design 

workflow. .................................................................................................................................................. 110 

Table E.1: Concrete cylinder strengths for STC1-STC6 measured on test day. ....................................... 115 

  



xviii 

Limitations and Public Notice 

This report was written for the North Carolina Department of Transportation for its use. The assumptions, 

drawings, calculations, and recommendations included in this report are applicable to the specific structures 

and conditions described in the report and may not be applicable or appropriate in other applications. It is 

expected that the North Carolina Department of Transportation will use engineering judgment to apply the 

contents of this report in its works.  

The public should be put on notice that the contents of this report is not a certified document and shall not 

to be used for construction. For the purposes of the public, this report is: ñPreliminary - Do not use for 

constructionò. 

  



xix 

Glossary  

Ac: Cross-sectional area of strut 

Acn: Effective cross-sectional area of the node 

face as specified in AASHTO LFRD. 

Acs: Effective cross-sectional area  

Asb: Area of bottom reinforcement  

Ast: Area of steel 

Av: Area of transverse reinforcement 

Ah: Total area of horizontal crack control 

reinforcement within spacing Sh 

D: Length between forces from columns in 

design templates 

Fu: Factored load 

Fy: Yield strength 

L#: Length of section in design templates 

P#: Point loads 

R#: Reaction force 

Sh: Spacing of horizontal crack control 

reinforcement 

Sv: Spacing of vertical crack control 

reinforcement 

ɓc: Strut/node confinement modification factor 

ks: Conversion factor for the efficiency of the face 

of a node abutting a strut 

lb: Length of bearing 

m: Confinement modification factor 

ɜ: Concrete efficiency factor 

 

 

:ʟ Resistance factor 

ha: Height of the back face of the node 

cʟ: Resistance factor for concrete  

ɟh: Horizontal reinforcement ratio  

ɟv: Transverse reinforcement ratio  

ɓs: Strut coefficient 

bw: web width 

bv: web width 

d: Effective depth 

dba: Diameter of bottom longitudinal bar 

dta: Diameter of top longitudinal bar 

dv: Diameter of transverse reinforcement 

:᷾ Strain 

u᷾: Strain at ultimate strength 

y᷾: Yield strain 

s᷾h: Strain hardening strain 

fôc: Concrete cylinder compressive strength 

fs: Allowable stress in steel under service load 

fu: Ultimate strength 

fy: Yield strength 

fce: Strength of concrete strut 

fcu: Limiting compressive stress 

fyl: Longitudinal reinforcement bars yield strength 

fyv: Vertical reinforcement bars yield strength 

h: Height of beam  

hSTM: Height of STM model  
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1 INTRODUCTION 

Bridges are integral to the highway network as they provide a mechanism to support roadways and rail 

systems. There are more than 617,000 bridges across the United States, and between $14.4 and $22.7 billion 

are spent annually on rehabilitating the bridges (ASCEôs Report Card for Americaôs Infrastructure 2025). 

Bridges are composed of various structural components. Among these, bent caps transmit loads from the 

superstructure to the substructure. The superstructure generally consists of decks and girders. Load is 

transferred to the substructure through the bent caps to the columns or piers, and then to the pile caps or 

spread footings. The bent caps are typically constructed from reinforced concrete and often support the 

superstructure through bearings on top of the bent caps. The loads applied to the bent caps from the 

supported girders can be idealized as point loads. Bent caps are typically supported by closely spaced 

columns, leading to small shear span to depth ratios (a/d) ratios (less than 2.5). As a result, most bent caps 

are classified as deep beams (disturbed regions) rather than slender beams (beam regions). Figure 1-1 shows 

a typical four-column bent cap, where the shear span-to-depth (a/d) ratio is approximately 0.85. This ratio 

varies slightly from span to span but all the shear spans in this bent cap would be classified as a deep beam 

or disturbed region.  

 

Figure 1-1: A typical four-column bent cap located in Wake County. 

Reinforced concrete deep beams are defined by their small shear-span-to-depth ratios (a/d ratios). The 

response of deep beams is governed by strut action rather than beam action. This strut action is characterized 
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by direct compression that connects the loading and supporting elements. In these scenarios, plane sections 

do not remain plane and the strain distribution through the depth of the member is non-linear. The shear 

strength of deep beams where the shear span to depth ratio is less than about 2 or 2.5, is often much higher 

than what would be predicted by sectional methods. Since reinforced concrete bridge bent caps are often in 

this category of deep beams, if these members are designed using traditional sectional analysis methods, it 

can result in the structure being overly conservative in shear. This can result in congested transverse 

reinforcement arrangements. The AASHTO LRFD Bridge Design Specifications 9th Edition (AASHTO 

LRFD) allows the use of strut-and-tie procedures for the design of these members (AASHTO 2020). The 

application of strut-and-tie procedures can result in more efficient structural designs that also better 

represent the load-carrying mechanisms of the members.  

The Strut-and-Tie Method (STM) is a powerful tool used in the design and assessment of reinforced 

concrete disturbed regions, such as bridge bent caps. It is used to model the internal flow of forces and 

determine if the structure is capable of transmitting these loads through compression struts and tension ties. 

Figure 1-2 depicts a strut-and-tie model developed for a deep beam carrying a point load. 

 

Figure 1-2: Strut-and-tie model developed for a deep beam. 

The application of STM in practice can present several challenges. Developing strut-and-tie models and 

determining the geometry of struts and ties, particularly in complex scenarios, can be difficult. Additionally, 

different engineers may arrive at different plausible models thereby raising the question of which model is 

most appropriate. Multiple different models can present challenges in checking the calculations and of other 

engineers. Another challenge in the STM is the consideration of multiple load combinations. This includes 

different combinations of live and dead loading (among other load combinations) that can arise from 

different load conditions. This poses a challenge when using the STM, because different strut-and-tie 

models may need to be developed for each loading scenario. Envelopes of load, generally, cannot be used 

with the STM since individual loading scenarios that satisfy equilibrium need to be considered 

independently. Additionally, each load combination may affect the strut-and-tie geometry differently, 

requiring a unique strut-and-tie model for each combination. Another challenge in using strut-and-tie 

models is the consistency of assumptions regarding load path from supported and supporting elements. For 

example, if in the structural analyses, it is assumed that the columns or piers supporting bent caps transmit 

moment, this must be consistently applied in strut-and-tie models being developed. Another common 

consideration needed is how to address the use of STM in scenarios with indeterminate bent caps supported 
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by more than two supports. Thus, when using the strut-and-tie model, it can be important to consider the 

moment transmitted at the bent cap and column interface, as this moment affects the distribution of forces 

and the layout of the strut-and-tie model. Not addressing this moment transfer can lead to inconsistent load 

path assumptions for the design of the piers and columns and the bent caps. Another practical challenge 

that can arise relates to minimum reinforcement requirements. The AASHTO LRFD Bridge Design 

Specifications requires a minimum reinforcement ratio (0.30%) for the use of certain strut-and-tie model 

assumptions. In some scenarios this quantity may be higher than lightly transverse reinforced members 

designed with sectional design procedures. Additionally, the STM is a tool for the design and assessment 

of members in ultimate load conditions. The STM does not provide insight on the performance of structures 

under serviceability conditions.  

This research and report address some of these challenges in applying the STM for reinforced concrete 

bridge bent caps in North Carolina. First this report provides a literature review focused on the use of STM 

models for bridge bent cap components. The literature review is also used to support typical assumptions 

made in developing strut-and-tie models.  

Second, as previously introduced the STM provides significant flexibility in being able to design and 

evaluate complex structures under any loading condition, near supports or complex disturbed regions. 

While this flexibility and generality is powerful, it poses the challenge that it can make designs difficult to 

check or can give different models that provide different levels of conservatism. To address this challenge, 

this research and report shows the development of spreadsheet-based templates that can be used for 

common bent cap typologies identified in North Carolina. These templates help users select a suitable strut 

and tie model from a set of available options based on the structureôs geometry and loading conditions. 

Once an appropriate typology is selected, a corresponding set of struts, ties, and nodes is defined to represent 

the internal flow of forces. Key parameters such as structural dimensions, material strengths, support and 

bearing dimensions, and applied loads are then input into the template. Using the method of joints, the 

internal forces within each member are determined based on static equilibrium. Once the model is analyzed, 

the suitability of the selected strut-and-tie model is verified through nodal checks as described in the 

AASHTO LRFD Bridge Design Specifications provisions. The required longitudinal and transverse 

reinforcement is then determined based on the selected model, the forces in the ties and reinforcement bar 

size selected. The development and application of these templates are based on a series of assumptions that 

provide more consistency in how the design or evaluation of a particular bent cap is conducted. It also 

provides the conceptual basis upon which other templates and models can be developed. Section 3 of this 

report discusses the process used to developed the strut-and-tie templates introduced. 

As previously noted, the STM was developed and is typically applied to addresses designs under ultimate 

conditions for flexure and shear. Strut-and-tie models are limited in their ability to predict structural 

performance under service loads. While STM ensures the safety of a structure under ultimate conditions, it 

does not address serviceability issues, such as crack widths, that can affect a memberôs long-term durability 

and aesthetic appearance. Therefore, as a part of this study, the minimum reinforcement quantities are 

investigated through an experimental program, in part to address serviceability considerations. The 

investigation also provides a basis to examine the performance of members that may contain less than the 

minimum reinforcement. Section 4 provides a detailed discussion of the experimental program developed 

to investigate the behavior of representative beams under serviceability and ultimate loading conditions. 

The study examines the effects of different reinforcement ratios and shear span-to-depth ratios, to 



4 

investigate their influence on cracking, deflections, and overall structural performance throughout loading. 

Six large-scale experiments, representative of North Carolina bridge bent cap conditions were conducted. 

The shear span-to-depth (a/d) ratios were selected to reflect the those commonly found in bent caps used 

by the North Carolina Department of Transportation (NCDOT). The specimens were constructed with 

varying transverse reinforcement ratios: 0%, 0.13%, and 0.30%. These values were chosen to represent 

three scenarios, the unreinforced condition (used as a baseline and lower bound), a transverse reinforcement 

ratio that is associated with lightly reinforced members identified as a value that is used by the NCDOT in 

existing bent caps, and the AASHTO-recommended minimum reinforcement limit required to use strut-

and-tie efficiency factors without reduction. The specimens were instrumented with a three-dimensional 

Digital Image Correlation (DIC) equipment used to measure the full displacement field of the specimens 

throughout loading. This was also supplemented with data collected from an OptoTrack system that uses 

infrared light emitting diodes (LEDs) to monitor the three-dimensional displacement field at discrete 

locations. Conventional strain gauges and displacement transducers were also used to measure the response 

of the specimens. These results were used to evaluate the performance of the members throughout loading 

at service and ultimate conditions.  

 

1.1 Layout of the Report 

Section 1 introduces the Strut-and-Tie Method (STM) and its application for the design and evaluation of 

reinforced concrete bent caps. It outlines the fundamental principles of STM, its advantages over traditional 

design methods, and the challenges associated with its implementation. For brevity, a comprehensive 

literature review as it relates to the design of bridge bent caps that includes an in-depth discussion on the 

STM, including theoretical background, additional design considerations, and existing research, is provided 

in Appendix A. 

Section 2 presents the approach by which the STM is applied to bridge bent caps in North Carolina 

consistent with the AASHTO LRFD Bridge Design Specifications provisions. It outlines the steps involved 

in developing and applying the proposed STM templates, including fundamental assumptions, nodal 

checks, design of tie reinforcement and other relevant simplifications.  

Section 3 discusses the development of the templates which use the STM for the design or evaluation of 

reinforced concrete bent caps. The section also discusses how these templates fit into the existing NCDOT 

design process and workflow. Additionally, this section discusses how the templates align with AASHTO 

LRFD design provisions and provides a description of various assumptions used in the proposed methods. 

A detailed example of a two-column bent cap is provided to illustrate the step-by-step application of the 

templates for design. A comprehensive summary of the templates is also provided in this section.  

Section 4 discusses the results and observations from the experimental program. The section outlines the 

variables of the experimental series and describes their significance in the context of this study on the design 

of bent caps using the STM. For brevity, the most important results and observations are discussed in this 

section with additional information provided in Appendix E and Appendix F. Appendix E provides 

additional information on the experiment setup and specimens. Appendix F provides a detailed summary 

of photos of the experiments, crack width diagrams, and crack patterns observed. 
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Section 5 summarizes the recommendations and conclusions of the study based on the development of the 

typologies, the experiments and modeling conducted. The section discusses assumptions made in the 

development of the strut-and-tie models, a summary of conclusions from the experimental series, 

recommendations on the quantity of minimum reinforcement and a discussion of how the STM fits within 

the NCDOT processes and workflow. The section provides a discussion of results in the context of service 

and ultimate conditions.   

Appendix A presents a detailed literature review related to the strut-and-tie design and evaluation of bridge 

bent caps, including a discussion of the STM using various design codes and methods, summaries of related 

experimental programs, and a discussion of assumptions or approaches adopted by other Departments of 

Transportations or found in guidance documents.  

Appendix B provides a detailed example for a two-column bent cap, including sample calculations for 

various loading scenarios, a summary of nodal checks and the tie reinforcement design. 

Appendix C presents sample designs obtained from sample templates and compares the designs with 

analyses of nonlinear finite element models.  

Appendix D provides additional details on how the strut-and-tie design and evaluation process can be used 

in conjunction with RC-Pier and LEAP Bridge Concrete. 

Appendix E provides additional details of the experimental program, including the experimental setup, 

instrumentation arrangement, material properties, and additional details of the specimens. 

Appendix F provides additional data obtained from the experimental series. The appendix summarizes 

measurements from strain gauges and summarizes photographs and crack patterns observed at the peak 

load. 

Appendix G summarizes a list of related references reviewed and determined to be relevant to this study 

but not directly referenced elsewhere. 
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2 AASHTO BASED STRUT-AND-TIE DESIGN PROCESS 

In this chapter, the Strut-and-Tie Method (STM) based on AASHTO LRFD Bridge Design Specifications 

9th Edition are discussed in the context of bridge bent caps in North Carolina. The STM process begins by 

identifying nodes, which are the connection points where struts (compression elements) and ties (tension 

elements) meet. Next, a truss model is developed to represent the internal force flow within the structure. 

The forces in struts and ties are then determined from equilibrium. From the forces in the struts and ties, 

the stresses in the nodes are checked and the quantity of reinforcement in the ties can be determined. This 

section provides an overview of this process and the assumptions in the development of strut-and-tie models 

for bridge bent caps.  

 

2.1 Overall Assumptions for The Design of Bent Caps Using 

AASHTO LRFD Based STM 

Step 1: Initial Load Analysis and Calculating Reactions 

As the first step, the factored loads for a particular load case and load arrangement are applied to the bent 

cap at the bearing locations as point loads (see example in Figure 2-1). The designer should consider how 

the flow of forces are assumed to pass through the bent cap into the supporting members. That is, if a linear 

structural analysis has been conducted for the bent cap and includes moment transfer to piers or columns, 

this should be considered in the strut-and-model and analysis. The applied loads and reactions from the 

linear structural analysis of the bent cap beam model will be used as inputs to the strut-and-tie model. For 

structures that are statically determinate a linear model for the bent cap would be trivial, but in many cases 

the bent cap has multiple column or pier reactions and is statically indeterminate. Therefore, in these cases 

a linear model of the bent cap can be used to determine the reactions from the applied loads for a particular 

load case. It should be noted that in general when using strut-and-tie methods for statically indeterminate 

structures, any reasonable distribution of the reactions can be used, a linear analysis is not required. 

However, since for this study, the discussion is on bent caps, consistency should be maintained with the 

design of the superstructure and supporting elements, thus the reactions as determined from a linear elastic 

beam analysis of the bent cap is recommended.  

One advantage of strut-and-tie methods are that they are compatible with any reasonable assumed load path, 

if equilibrium is satisfied. That is, if a designer has decided on how the applied loads on the bearings will 

flow through the bent cap, the strut-and-tie model can be arranged to accommodate this.  
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Figure 2-1: Example loads applied as point loads on a bent cap. 

Figure 2-2 shows how the strut-and-tie models developed can be arranged to accommodate moment transfer 

into the columns or piers. The moment and axial load that is determined from a structural analysis will be 

converted to two-point loads separated by a distance. If there is no moment transmitted into the supporting 

elements each of the two vertical reactions will be equal. The two-point loads will be separated by a 

characteristic distance approximating the flexural lever arm in the supporting member.  

 

 

Figure 2-2: Moments idealized as two-point loads separated by a distance within the column. 

It is important to note that the location and geometry of these applied forces must align with the resultant 

force acting on the bearing plate. Since the support reactions are prorated based on tributary areas and the 

effective bearing length (lb) may vary across different supports, the point of action of each force should be 

centered over its assigned portion of the plate. The engineer must ensure that the assumed strut-and-tie 

geometry correctly reflects these centroids of bearing to maintain force equilibrium and compatibility. 

Therefore, the input geometry should be carefully checked and adjusted so that the resultant force direction 

and location are consistent with the distribution of loads on the support plates. 

Step 2: Developing an Appropriate Strut-and-Tie Model 

The first step in developing the strut-and-tie model for a particular bent cap beam involves positioning the 

top and bottom chords at the appropriate locations. The diagonal compressive elements (struts) and vertical 

tension elements (ties) are added based on the assumed internal load path. In North Carolina, bent caps 

often have more than two columns and may contain overhangs which means that in many cases there can 

be both positive and negative moments along the bent cap and over the columns. Therefore, almost all the 

bent caps have both top and bottom longitudinal reinforcement. Even in scenarios where there are only two 
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supporting elements, the overhangs often create negative moments, and thus, the bent cap would require 

top reinforcement. The centroids of the compression and tension chords should coincide to avoid the need 

to build complex strut-and-tie models that redirect the chord forces. When a chord is under compression on 

both sides of a node, such as in the region between two compression-dominated members, the location of 

the chord centroid is governed by the geometry of the node (back face of the node). In this case, the 

compressed concrete or member profile around the node determines the effective centroid. On the other 

hand, when the chord is under tension on both sides of the node, such as in a continuous beam passing over 

a column, the centroid of the chord coincides with the centroid of the flexural tension reinforcement, which 

carries the tensile force through the node. Ensuring that these centroids align in both tension and 

compression helps maintain consistent force paths and avoid the need to develop more complex strut-and-

tie models to move the centroid of the chord forces up or down in the section (see Figure 2-3). 

 

Figure 2-3: An illustration showing the ties and the centroids of the chords coincide. 

In scenarios where the top or bottom chords switch from tension to compression, it is convenient to model 

the chord as straight so that additional, local modifications, to the strut-and-tie model are not needed to 

deviate the compression strut from the location of the tension tie. Thus, for simplicity it is suggested that 

the location of the top and bottom chords be selected and remain constant over the length of the member. 

This may mean accommodating the location of the compression strut or tension tie in the model so that they 

coincide. See Figure 2-3.  

Figure 2-4 presents a schematic cross-section used to define the input parameters for the strut-and-tie model 

as required in the AASHTO LRFD Bridge Design Specifications. This figure illustrates the key geometric 

dimensions involved in modeling the internal flow of forces through concrete elements. These geometric 

inputs are derived based on the physical layout of the structure, such as the position and width of load 

bearings and supports. 

The dimension hSTM represents the total height of the STM region. The dimension ha refers to the height of 

the node under bearing or support area. The horizontal distance lb denotes the length which refers to the 
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tributary length of the applied load that contributes to a specific node. The applied load is often spread over 

a wider area (such as a bearing pad or load plate), and each node in the STM only receives the portion of 

that load which lies within its zone of influence.  

These values determine the location and angle (ɗs) of the strut, which affects how efficiently compressive 

forces are transferred through the concrete. From trigonometric relationships, the dimensions of the nodes 

are calculated as shown in Figure 2-4. These are used in conducting nodal capacity checks. 

 

Figure 2-4: Portion of the strut-and-tie model and the depth of the centroid of a generic node. 

In strut-and-tie modeling when multiple compressive struts converge at a single face of a node, such as at 

a bearing or support region (see Figure 2-5), it becomes necessary to determine the resultant compression 

force and its direction. This is particularly important in regions where more than two struts merge, as the 

concrete must be able to sustain the combined effect of these forces.  

 

Figure 2-5: Resultant compression force (C) formed by two struts (C1 and C2) acting at angles ɗ1 and ɗ2. 

The direction ɗ is based on vector summation. 
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Figure 2-5 illustrates the procedure used to calculate the resultant compression force (C) and its angle (ɗ) 

when two compressive forces (C1 and C2) act at angles ɗ1 and ɗ2, respectively, relative to the horizontal. 

Each individual compression force is first resolved into its horizontal and vertical components using basic 

trigonometric relationships. The total horizontal and vertical components of the resultant force C are found 

by summing the corresponding components of C1 and C2. The magnitude of the resultant compression force 

is then calculated and the angle of the resultant force, denoted ɗ, is determined.  

This method aligns with the approach described in the AASHTO LRFD Bridge Design Specifications 

Commentary, where a general situation involving non-symmetric struts is simplified by resolving forces 

into resultants on each side of the node, see C5.8.2.2-4 (AASHTO 2020). There, the load is statically divided 

and attributed to the center of tributary areas for each CCC node, illustrating how resultant forces help in 

simplifying complex nodes. 

 

2.2 Topology of Struts and Ties 

As discussed earlier, in the strut-and-tie method, the concrete carries compression (struts), and the 

reinforcement carries tension (ties). Figure 2-6 illustrates a typical strut-and-tie model where transverse 

reinforcement is in tension and diagonal struts are in compression. The figure also illustrates the ñpanelò (a 

term commonly used to describe each part of the truss model separated by vertical ties). The typology, 

shown in Figure 2-6(a) has three panels in the shear span, whereas Figure 2-6(b) has only one panel to carry 

the shear on the left of the applied load. Generally, when the number of panels increases, the compression 

force on the diagonal struts will reduce. However, the requirement for transverse reinforcement will 

increase. As shown in Figure 2-6(a), in order to carry a shear force of 57.1 kips with 3 panels, the struts 

have to carry a load of 80.8 kips, and transverse reinforcement has to carry 57.1 kips, whereas the same 

shear force is carried with just one panel where the strut carries 180.7 kips, and zero force in the vertical 

member, see Figure 2-6(b). Unnecessarily increasing the number of panels will result in inefficient strut-

and-tie models (congested transverse reinforcement) and a model that does not agree with the flow of 

internal forces. Additionally, AASHTO LRFD limits the angle between any strut and tie entering the same 

node to be no less than 25 degrees and therefore also puts an effective limit on the number of panels within 

a geometry (AASHTO LRFD 5.8.2.2.). 

 

Figure 2-6: Comparison of internal strut-and-tie forces when the number of panels is increased. 
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2.3 Equivalent Size of Bearings 

Torsion can be considerable if the superstructure spans (girders) from both sides of the bent cap are unequal 

or in certain loading scenarios. In these cases, a strut-and-tie model of a tributary portion of the width of 

the bent cap can be conducted in proportion to the corresponding bearing.  

When torsion is not significant, the two bearings can be idealized as one single bearing of square shape. 

Figure 2-7 shows the conversion of two skewed bearings into one idealized square-shaped bearing. Figure 

2-8 shows an example of the idealization of two bearings into a square-shaped bearing. 

 

Figure 2-7: Bearings (skewed) converted to the equivalent square area (Ref: Project No. B-4499, 

Davidson County, Sheet No. S-5). 

 

 

Figure 2-8: Two Bearing areas combined as a single idealized square load (Technical report FHWA/TX-

12/5-5253-01-1). 

 

2.4 Load Combinations 

A load combination occurs when multiple types of loads act simultaneously on a structure. A given bent 

cap may be subject to numerous load combinations, and the total number of combinations to be considered 

is often quite large. However, not all combinations are critical for design. As discussed in Section 2.5, 

vehicular live loads typically introduce some of the most significant and distinct load cases. Table 3.4.1.1 

of the AASHTO LRFD 9th Edition summarizes the common critical load combinations used in bridge 
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design. While multiple strength limit states are examined in design, the strut-and-tie method provides a 

method for evaluation of the bent cap ability to resist ultimate loads. The Strength I load combination is the 

primary load combination for evaluating the resistance of structural members under full live load conditions 

without wind effects. A load factor of 1.75 is applied to the live load for this load combination. It should 

also be noted that strut-and-tie methods require the evaluation to occur on a set of loads and reactions that 

are in equilibrium. Envelope values cannot be used in strut-and-tie models. When using strut-and-tie 

methods, each load condition should be checked and the maximum reinforcement required in any load 

combination should be provided.  

 

2.5 Load Cases 

One of the objectives of this research study is to develop strut-and-tie models for typical typologies of bent 

caps. The layout of the strut-and-tie models depends on the loading arrangements. Therefore, as a part of 

developing the strut-and-tie templates and typologies, vehicular pattern loading was considered in order to 

prepare reasonable templates and typologies. As a representative case study, a two-column bent cap 

supporting four traffic lanes is discussed below. This bent cap, shown in Figure 2-7 is based on a bent cap 

from the Davidson County - Project No. B-4499, Sheet No. S-22 structure. It was chosen due to the unique 

challenges it presents in typology classification, particularly its geometric asymmetry and overhangs. 

Following initial analyses, nine load cases were identified as possibly critical for this simplified example, 

they are illustrated in Figure 2-9. In general design situations software will be employed to determine the 

loading combinations on the structure. For example, at present, the NCDOT uses the LEAP Bridge Concrete 

software to consider different load cases and provides the loads which are then applied on the bent caps 

using the RC-Pier software. 

It is important to note that in general, when using strut-and-tie templates described in this research report 

and study, the loads for each load case can be obtained from LEAP Bridge Concrete Reactions can then be 

determined using RC-Pier software or another method to carry out an elastic analysis of the bent cap beam 

for the specific load case. These reactions, along with the loads from LEAD Bridge software, are input into 

the strut-and-tie model. The reactions must be calculated separately for each load case to ensure that 

equilibrium is satisfied for each case. As previously described, envelope values should not be used. 

Appendix D describes how the STM templates can be integrated into existing bridge substructure 

workflows, using tools such as RC-Pier and LEAP Bridge Concrete. This approach leverages widely used 

tools like RC-Pier and LEAP Bridge Concrete to transition from traditional sectional design methods to 

STM-based templates that utilize factored loads as direct inputs. 
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Figure 2-9: Critical load cases, considering pattern loading for two column bent cap. 

 

2.6 Calculating Nodal Strength 

Nodes are points where at least three forces intersect in a strut-and-tie model. Equilibrium must be enforced 

at the nodes. Nodes can be divided into 4 main categories: CCC, CCT, CTT and TTT, where C stands for 

compression, and T stands for tension. In the analysis of forces in the strut-and-tie model, the nodes are 

assumed to be pinned joints. Each node has geometry of intersecting struts and/or ties. For nodal faces in 

compression, if the factored force applied at any face of the node is greater than the strength at the face of 

the node, that implies that the strut-and-tie model cannot carry the loads. A different model needs to be 

attempted, the size of the loading or supporting elements needs to be modified, the member geometry needs 

to be revised, or the material properties need to be revised. The process of checking nodal capacity is 

explained in Section 3.2.7. The limiting compressive stresses (fcu) at the face of the node are defined in 

AASHTO LRFD (AASHTO 2020), as shown in Figure (2-1) below. 

Ὢ άϽὺϽὪᴂ   (2-1) 

Where: 

fcu= limiting compressive stress. 

m = confinement modification factor. 

fôc = compressive strength used in the design. 
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Step 1: Calculating Confinement Modification Factor 

The confinement modification factor is used to account for the vertical stress distribution, where the 

bearings or supports are smaller than that of the structural members. The increased strength can be assumed 

for all the faces of the node. When there are drops (i.e., changing of the width along the load path) in the 

bent caps, see Figure 2-10(a), the load distribution should be calculated as shown in Figure 2-10(b) and 

Figure 2-10(c). 

 

Figure 2-10: a: Equivalent square area of circular Column. b: Load distribution in stepped supports and 

c: Load distribution from the plan (AASHTO Fig.5.6.5.2). 

Step 2: Calculating Concrete Efficiency Factor (ɜ) 

In strut-and-tie modelling, the efficiency factor is used to take into account the lower strength of struts 

relative to the uniaxial strength of the concrete. When concrete compressive fields co-exist with 

perpendicular strain fields, the maximum compressive stress that can be achieved is lower than the uniaxial 

concrete strength. This is called compression softening (Vecchio and Collins, 1986). While some codes 

explicitly calculate this effect based on the tensile strain in the ties, in AASHTO LRFD constant limits are 

used based on the node type. The concrete efficiency factor (5.8.2.5.3a AASHTO) depends on the type of 

node and the face of the node under consideration. Figure 2-11 summarizes the concrete efficiency factor 

and how it varies on each face. The images are extracted from AASHTO Table 5.8.2.5.3b and Figure 

C5.8.2.5.3a-1. 

As outlined in Article 5.8.2.6 (AASHTO LRFD), these efficiency factors are applicable only if crack control 

reinforcement is provided. AASHTO LRFD Article 5.8.2.6, indicates crack control reinforcement should 

be provided in an orthogonal grid. The minimum spacing of the reinforcement should be a minimum of 

(d/4 or 12 in.). The quantity of vertical and horizontal crack control reinforcement should be at least 0.30% 

as shown in Equation (2-2). When these minimum limits are not provided AASHTO LRFD suggests that 

an efficiency factor of 0.45 be used.  

 

Ȣ
πȢππσ ὥὲὨ 

Ȣ
πȢππσ   (2-2) 
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Where:  

Av = Total area of vertical crack control reinforcement within spacing sv (in2).  

bw= Width of memberôs web (in). 

sv, sh = Spacing of vertical and horizontal crack control reinforcement, respectively (in).  

Ah = Total area of horizontal crack control reinforcement within spacing sh (in2). 

 

Figure 2-11: Summary of efficiency factors in AASHTO LRFD (AASHTO,2020). 

 

2.7 Proportioning of Ties 

The proportioning of ties is addressed in Clause 5.8.2.4 of the AASHTO LRFD Bridge Design 

Specifications, 9th Edition. The nominal resistance of tie is taken as given in equation (2-3) and the factored 

resistance is given in equation (2-4). 

ὖ ὪȢὃ ὃ ȢὪ Ὢ      (2-3) 

 

ὖ  ɲὖ      (2-4) 
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Where: 

fy = Yield strength of non prestressed longitudinal reinforcement (ksi). 

Ast = Total area of non-prestressed longitudinal reinforcement (in2) 

Aps = Area of prestressing steel (in2). 

fpe = Effective stress in prestressing steel (ksi). 

 ʟ= Reduction Factor 

 

The required amount of steel reinforcement to resist the factored load is given by the Equation (2-5) below: 

ὃ
ᶮ
   (2-5) 

 

Where: 

Ast = Required amount of steel (in2) 

Fu = Factored Load (ksi) 

Fy = Yield Strength (ksi) 

 ʟ= Reduction Factor 

 

It should be noted that AASHTO LRFD provisions apply only to components with reinforcement having a 

yield strength of less than 75.0 ksi and normal-weight concrete with a compressive strength below 15.0 ksi. 

These limits should be considered when determining the efficiency factor and inputting material strength 

values in design templates. 
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3 DEVELOPMENT OF STRUT-AND-TIE TEMPLATES 

FOR BRIDGE BENT CAPS IN NORTH CAROLINA 

This section summarizes the development of strut-and-tie design and evaluation templates for bridge bent 

caps in North Carolina.  

In collaboration with NCDOT personnel, typical bent cap typologies were identified. For these typical 

typologies identified, templates were developed to be able to carry out the design or evaluation of the bent 

caps using the methods consistent with the AASHTO LRFD described in the previous section. 

For this study and research report, bent caps are divided into multiple typologies based on the number of 

columns or supporting elements. Based on drawings provided by the NCDOT (including project No. B-

4499-Davidson County, project No. B-2506-Anson County, Project No. I-5700-Wake County, Project No. 

B-5406-Forsyth County, Project No. U-2810B-Cumberland County), the shear span to depth ratio of the 

bent cap shear spans are found to vary between 0.75-1.97. This indicates that the members can be considered 

deep beams in most cases identified. The bent caps identified in the state of North Carolina are typically 

rectangular in shape.  

This section presents the design of a two-column bent cap to familiarize the readers with the implementation 

of the strut-and-tie modeling procedure and to demonstrate the information and data workflow needed for 

strut-and-tie design or evaluation. Columns with more than two columns are encountered routinely and the 

general guidance provided here can also be extended to the other scenarios. Additional templates with 

multiple columns or supporting elements are also shown. This section provides a complete example of a 

two-column bent cap considering several possible load cases and step-by-step calculations for nodal 

geometries. Additional and related information can also be found in Appendix B and Appendix C. 

 

3.1 Introduction to the STM Templates  

Figure 3-1 illustrates a typical strut-and-tie model where dashed lines represent compression struts and solid 

lines represent tension ties. When the overall geometry of a particular strut-and-tie model, loading 

conditions and support conditions are similar, a template can be developed to model the structure. That is, 

when bent cap geometries and loading arrangements are sufficiently similar, a single model template can 

be developed.  
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Figure 3-1: Strut-and-tie model of a beam. 

The templates developed for this study are developed in Excel spreadsheets. However, it is expected that it 

will be more appropriate for simple computer programs to be developed through the internal NCDOT 

implementation process for use in their calculations. To use the templates, the first step involves selecting 

the appropriate strut-and-tie typology from a set based on specific loading and supporting conditions. 

Namely, the number of applied loads to the bent cap and the number of supporting elements. Key 

parameters, including structural dimensions, material strengths, support dimensions, bearing dimensions, 

and magnitude of the factored loads, are then input into the template. The method of joints is used to solve 

the forces in the selected typology. For indeterminate structures, the known reactions from elastic analyses 

are used to solve the system of equations and are the assumed distribution of the loads for the strut-and-tie 

model. Once the forces in the struts and ties are determined, the ability for the structure to transmit the 

applied loads is assessed by conducting nodal checks for each node in accordance with the AASHTO LRFD 

provisions. Finally, the reinforcement required for the tension ties is proportioned. The templates then 

determine the required longitudinal and transverse reinforcement. 

Through collaborations with the NCDOT personnel, 12 bent cap typologies were identified as common in 

North Carolina and appropriate for the development of templates. Table 3-1 summarizes the templates 

developed as a part of this study. Figure 3-8, Figure 3-9 and Figure 3-10 illustrate representative examples 

of the nomenclature used to categorize various loading and support configurations: namely, ñ10 Loads 

Symmetricò, ñ10 Loads Asymmetric 1ò, and ñ10 Loads Asymmetric 2ò, respectively. 

The designation ñ10 Loads Symmetricò refers to a structural configuration comprising three columns, ten 

vertically applied loads, and a strut arrangement that is symmetric with respect to the midspan of the beam. 

In contrast, ñ10 Loads Asymmetric 1ò and ñ10 Loads Asymmetric 2ò represent configurations that also 

contain ten loads and three columns, but feature strut layouts that are asymmetric. These asymmetric strut-

and-tie models are needed in scenarios when the loading is not symmetric. It is important to note that the 

asymmetric strut-and-tie models can be reflected or mirrored about the beamôs centerline to represent load 

asymmetries occurring from the opposite side. This allows the same model to be used for different 

asymmetric loading conditions without creating entirely new configurations. 
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The naming convention is designed to convey information regarding the number of applied loads, the 

presence or absence of symmetry in the structural layout, and the number of columns or supporting elements 

used.  

All of the typologies summarized in Table 3-1 are illustrated in Figure 3-2 through Figure 3-13. These 

figures provide a visual reference for the various structural templates considered in this study, allowing for 

identification and comparison based on the established naming scheme. 

It should be noted that in some cases models with additional panels between bearing or supports may be 

desired. In these cases, additional templates can be developed or templates with an artificially higher 

number of bearings or supports can be used with the bearing or support load set to zero. This will effectively 

provide a model with additional panels between the actual bearings, if such a model is needed. Alternatively 

additional models can be developed and deployed using the same principles, as needed. Some zero force 

elements are included for numerical stability.  

Table 3-1: Summary of templates developed as a part of this study. 

Template # 
Number of Columns or 

Supporting Elements 
Template Name and Description 

1 2 4 Loads Symmetric/Asymmetric 

2 2 5 Loads Symmetric  

3 2 5 Loads Asymmetric 2 

4 3 4 Loads Symmetric/Asymmetric 

5 3 6 Loads Asymmetric 1 

6 3 6 Loads Asymmetric 2 

7 3 10 Loads Symmetric 

8 3 10 Loads Asymmetric 1 

9 3 10 Loads Asymmetric 2 

10 4 5 Loads Symmetric/Asymmetric 

11 4 8 Loads Asymmetric 1 

12 4 8 Loads Asymmetric 2 

The design flowchart presented in Figure 3-14 outlines the step-by-step procedure that could be used for 

incorporating the strut-and-tie templates into the bent cap design process currently used by the North 

Carolina Department of Transportation (NCDOT). This flowchart illustrates how the template-based 

methodology generally fits within the broader design workflow. It also should be noted that the templates 

can be used to evaluate existing designs conducted by others or in evaluating the safety of existing 

structures. Appendix D contains more information on the STM in the context of NCDOT workflows. 

The process shown in Figure 3-14 begins with the calculation of factored loads, typically performed using 

RC-Pier software, followed by the determination of preliminary bent cap dimensions. Then, an appropriate 

template is selected from a predefined set of configurations based on the number of supports, the nature of 

the applied loads, and the strut-and-tie arrangement. The loads, geometric conditions, material properties, 

including the concrete compressive strength and the yield stress of reinforcing steel, and other details are 

input into the appropriate template.  
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Figure 3-2: Two column bent cap - 4 loads asymmetric. 

 

Figure 3-3: Two column bent cap - 5 loads symmetric. 
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Figure 3-4: Two column bent cap - 5 loads asymmetric 2. 

 

 

 

Figure 3-5: Three column bent cap - 4 loads symmetric/asymmetric. 
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Figure 3-6: Three column bent cap - 6 loads asymmetric 1. 

 

Figure 3-7: Three column bent cap - 6 loads asymmetric 2. 
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Figure 3-8: Three column bent cap - 10 loads symmetric. 

 

Figure 3-9: Three column bent cap - 10 loads asymmetric 1. 

 

Figure 3-10: Three column bent cap - 10 loads asymmetric 2. 
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Figure 3-11: Four column bent cap - 5 loads symmetric/asymmetric. 

 

Figure 3-12: Four column bent cap - 8 loads asymmetric 1. 

 

Figure 3-13: Four column bent cap - 8 loads asymmetric 2. 
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Figure 3-14: Information and design workflow for use with strut-and-tie templates.  

Once the information in the specific template is populated, the template uses the provided information to 

conduct an analysis of the truss forces, checks on the nodal strengths and provides the quantity of tie 

reinforcement needed. These checks are consistent with the AASHTO LRFD specifications for strut-and-

tie procedures. These include nodal strength checks to confirm that all strut-and-node regions possess 

adequate capacity, as well as angle checks to verify that the orientation of compression struts satisfies the 

minimum geometric requirements indicated in AASHTO LRFD. Based on the input information provided 

the quantity of reinforcement is proportioned.  

The flowchart shown in Figure 3-14 also provides guidance on how to proceed in cases where a particular 

check is not satisfied, such as revising the geometry, altering the reinforcement layout, or selecting a 

different template. Overall, the flowchart serves as both a procedural guide and a decision-making 

framework that supports iterative refinement in scenarios that are initially not satisfactory.  

It also should be noted that other templates can be developed based on the templates already provided. That 

is, the fundamental application of the STM will remain the same and only the solving of the strut-and-tie 

model truss will change. Therefore, as the implementation of these methods occurs, it is expected that other 

typologies can be extrapolated from the set of 12 introduced as a part of this study. It is also expected that 

the 12 templates presented in his study represent a large range of different geometric scenarios that can 
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arise in general and thus provide a wide breadth of examples that can be used as a starting point for other 

designs. It should also be noted that in some cases loads of zero can be applied to accommodate similar 

loading arrangements and therefore use the templates provided for similar but not identical scenarios.  

Section 3.2 provides a detailed example of the template development for a two-column bent cap. This 

example is representative of the development of the templates in this study.  

 

3.2 Example Template Development for A Two-Column Bent Cap 

The strut-and-tie design process is demonstrated for a two-column skew bent cap which was identified in 

Project No. B-4499 in Davidson County (see Figure 3-15). The shear span to depth ratio of the bent cap is 

1.97. The bent cap configuration can be idealized as 4-point loads (from 4 pairs of girders being supported) 

with two supports (columns). The following subsections describe the assumptions and steps used in the 

development of the associated template, it should be noted that to use the template directly is more 

straightforward than its development. The assumed loads for this example are simplified from what would 

otherwise come from a complete structural analysis of the super and substructure and is described in Section 

3.2.3. The proportioning of tie reinforcement and nodal strength checks are discussed. Section 3.3 then 

provides a summary of using the templates once developed with example values.  

 

Figure 3-15: Plan and elevation of two-column skew bent cap and section (Ref: Project No. B-4499, 

Davidson County, Sheet No. S-22). 

 

3.2.1 Equivalent Length of Bearings 

When bearings or supporting elements are not rectangular in shape, an equivalent rectangular area should 

be used. For example, since the columns are often circular in shape, the circular shape should be converted 
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into an equivalent rectangular shape in order to simplify the calculations. This approach is adapted from the 

methodology presented in the Strut-and-Tie Model Design Examples for Bridge Structures (Frosch et al., 

2012). Figure 3-16 shows how a circular cross-section is converted into an equivalent square shape. This is 

conducted on an equivalent area basis. For example, if the diameter of the column considered is 3 ft (36 in), 

the equivalent dimension of the square is 31.9 in.  

 

Figure 3-16: Equivalent square cross section for columns. 

3.2.2 Strut-And-Tie Model Typology Selection 

Two-column bent caps can have a higher number possible strut-and-tie model configurations compared to 

other members because the geometry allows for different arrangements of struts-and-ties to fit in the shear 

span space. Additionally, different load combinations can significantly change the typology of the strut-

and-tie model. This is not always the case and in scenarios where there are many supported girders and 

supports, the number of possible typologies may actually decrease since there is less space and freedom to 

change the typology layout. The two-bent-column typology considered is shown in 

Figure 3-17. The tie EJ is a zero-force member under the applied loading, as determined by the equilibrium 

of the strut-and-tie model. However, in practice, reinforcement is typically provided along this tie due to 

symmetry considerations and to satisfy the minimum transverse reinforcement requirements specified by 

design codes.  

 

Figure 3-17: The typology considered for Two-Column Skew Bent Cap and Section (Ref: Project No. B-

4499, Davidson County, Sheet No. S-22). 
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3.2.3 Load Cases Considered for The Typology Selected 

The strut-and-tie design process is demonstrated for a two-column skew bent cap from Project No. B-4499 

in Davidson County. For demonstration purposes, a dead load of 200 kips and live loads totaling 400 kips 

were assumed. Based on these loads, nine load cases were generated as discussed in section 2.5. The load 

cases were analyzed following the methodology outlined in Section 3.2.4 and the analysis results are 

summarized in section 3.2.5. The Figure 3-18 illustrates the pattern loading of the live loads considered. 

 

Figure 3-18: Critical load cases, considering pattern loading for two column bent cap. 

 

3.2.4 Matrix-Based Solution of the Strut-and-Tie Model 

To solve the truss that makes up the strut-and-tie model generated by the template a matrix-based approach 

is adopted using the method of joints. Each node has two degrees of freedom, one in the horizontal direction 

and one in the vertical direction. This results in a global equilibrium matrix of size 2nĬ2n, where n is the 

total number of nodes. The system is often statically indeterminate. To address this, the template prompts 

the user to provide appropriate reaction forces to make the system determinate. These reactions can be 

obtained from a beam (stick) model or from any other elastic analysis of the bent cap under the specific 

load case being considered. Once the system is determinate, the internal forces in the struts and ties are 

calculated by solving the global system of equations. Individual load cases need to be provided that each 

satisfy equilibrium, rather than envelope values.  

A typical approach to solve indeterminate trusses, is using stiffness method, however this requires 

assumptions regarding the structural stiffness of compression and tension members. It has been shown that 

using the stiffness method to solve for indeterminate strut-and-tie truss models is not generally appropriate. 

This study does not recommend that approach.  
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Theoretically, for indeterminate structures designed with strut-and-tie, since a lower bound approach is 

assumed, any load distribution that satisfies equilibrium can be used. Since the NCDOT uses a linear elastic 

software to determine the distribution of loads in the bent caps and supporting elements, this is the load 

distribution assumed for the templates discussed and is the procedure recommended as a part of this study. 

That is, for determinate and indeterminate structures, the distribution of forces determined from elastic 

analysis should be used, including moments in the supporting element. Since the assumed load path often 

includes the moments transferred to columns, they should be included in the strut-and-tie model to ensure 

consistent load path assumptions. These moments from the linear analysis are also used.  

It should be noted that a significant part of the template development is in developing and checking the 

equations to solve for the internal forces in the truss elements. As the NCDOT develops its own templates 

and procedures, this could be accomplished with typical structural engineering software or a computer 

program. It should be emphasized that the solution should not rely on the stiffness of the truss elements and 

the use of the reactions from the elastic analysis should be used to effectively make the internal truss 

statically determinate. If this procedure is conducted in this manner the development of strut-and-tie models 

becomes a rapid exercise, after which the nodal checks and proportioning of tie reinforcement would be 

conducted as outlined for all other nodes in the existing templates and specified in AASHTO LRFD.  

 

3.2.5 Summary of Forces for the 9 Load Cases Considered for Example 

As discussed in Section 3.2 a two-column bent cap with four lanes (Ref: Project No. B-4499, Davidson 

County, Sheet No. S-22) was considered for the case study. After initial analysis, 9 load cases were 

considered of importance for this analysis and example. The strut-and-tie model was analyzed for all nine 

cases and summarized below in Figure 3-19. 

 

Figure 3-19: Summary of element forces for all 9 load cases. 
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3.2.6 Proportioning of Longitudinal Ties 

While it is possible to adjust the longitudinal reinforcement based on the changes in forces along each 

tension tie, it is also possible to simply maintain a consistent reinforcement area throughout the length of 

the member. Figure 3-20 illustrates the design tension forces acting on both the top and bottom chords, as 

well as the transverse tie forces. As previously discussed, it is assumed that the centroid of the compression 

chord coincides with the centroid of the tension ties for the top and bottom chords in scenarios over supports 

where the chord force changes from tension to compression. This simplifying assumption ensures complex 

redirection of the compression struts and ties is not needed. More complex models could be developed if 

needed by the designer. It also should be noted that one approach to increasing the strength of the model 

limited by nodal strength, particularly when one or more faces are insufficient to withstand the compression 

forces, is to increase the depth of the reinforcement centroid. By doing so, the depth of the nodes is 

increased, thereby improving their capacity to carry the compression forces. 

 

Figure 3-20: Design tension forces. 

The transverse reinforcement ties represent the centroid of the reinforcement within the panel under 

consideration. The total reinforcement area provided is then distributed throughout the panel, ensuring the 

appropriate amount of reinforcement and spacing while adhering to the minimum reinforcement 

requirements. See AASHTO LRFD (AASHTO 2020). 

The nominal resistance of tie is discussed in clause 5.8.24 AASHTO LFRD (9th edition) as shown in 

Equation (3-1). 

ὖ ὪϽὃ ὃ Ὢ Ὢ   (3-1) 

The required amount of steel reinforcement to resist the factored load is given by the Equation (3-2) below: 

ὃ
Ͻɲ
   (3-2) 

 



31 

Where: 

Ast = Required amount of steel (in2) 

Fu = Factored Load (ksi) 

Fy = Yield Strength (ksi) 

 ʟ= Reduction Factor 

 

Figure 3-21 provides a summary of the quantity of reinforcement provided in the example being considered. 

These minimum quantities of reinforcement to resist the applied loads, for the given strut-and-tie model 

should then be appropriately provided, placed and detailed.  

 

Figure 3-21: Summary of reinforcement provided. 

 

3.2.7 Calculation of Nodal Strengths 

As shown in Equation (2-1) in Section 2.6, the nodal strength is a product of the confinement modification 

factor, concrete efficiency factor, and concrete strength. The confinement modification and concrete 

efficiency factors were discussed in Section 2.5. For this example, the concrete strength is taken as 3.0 ksi. 

Nodal geometries in the strut-and-tie model are governed by the requirements outlined in Clause 5.8.2.2 of 
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the AASHTO LRFD Bridge Design Specifications (9th Edition). This section provides guidance on the 

classification of nodes based on the types of forces acting on them (CCC, CCT, and CTT) and specifies the 

minimum nodal dimensions and stress limits to ensure adequate anchorage and load transfer within the 

strut-and-tie model. The summary of nodal geometries is illustrated in Figure 3-22 below. 

 

Figure 3-22: Nodal geometry (AASHTO 2020). 

The nodal strength of each face of node A is calculated as shown in Figure 3-23 below. 

 

Figure 3-23: Summary of strength of each face of node A. 

Similarly, the efficiency factors and nodal strength of other nodes are summarized in Appendix B. Nodal 

strength checks must be completed for all the nodes and load cases (see Appendix B). The strength of a face 

of the node is given by Equation (3-3). Some nodes can be eliminated considering symmetry or very low 

forces or stresses. Appendix B summarizes the nodal geometry of each node. Forces on each face of the 

node (for all 9 load cases) are also summarized in Appendix B. 

ὖ Ὢ Ͻὃ    (3-3) 

The factored resistance (Pr) can be calculated is given by Equation (3-4). 

ὖ ‰Ͻὖ   (3-4) 

Where ◖ = Resistance factor for compression in strut-and-tie models specified in AASHTO LFRD code 

(AASHTO 2020) Article 5.5.4.2 and has a value of 0.7. 



33 

The amount of applied force compared to the available capacity is expressed in percentage terms as a 

utilization factor. The calculations of nodal strengths and utilization factors for this example are provided 

in Appendix B.  

 

3.3 Procedure for Using the STM Templates 

In this section, the use of templates is illustrated through an example of a three-column bent cap (Ref: 

Project No. B-2506, Anson County, Sheet No. S-17). For demonstration purposes, an incorrect template 

was intentionally selected to highlight how specific features and behaviors of the template are presented. 

After selecting a template, all the information to complete the analysis are input into the template. The 

following subsections provide the instructions and an example of how to use the template based on the 

example below in Figure 3-24. 

 

Figure 3-24: Template example - Three column bent cap 10 loads symmetric. 

 

3.3.1 Step 1: Material Properties 

Input all of the material properties such as the concrete strength fôc (ksi), longitudinal reinforcement bars 

yield strength fyl (ksi), the vertical reinforcement bars yield strength fy (ksi), and the density of concrete 

(pcf) in the Material Parameters section shown in Figure 3-25. 
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c 

 

Figure 3-25: Template material properties input table. 

 

3.3.2 Step 2: Geometric Parameters 

The length of each division in feet and inches as shown in Figure 3-26 are then input into the template. 

Each section is labeled from L1, L2, ..., Ln-1, Ln as shown in Figure 3-24. The user should also input D1, 

D2,é.Dn-1, Dn which is the distance between the two reaction forces within one column. This distance 

represents the flexural lever arm in the supporting element and input at the judgement of the engineer. A 

simplifying approximation such as, 7/8d or similar elastic or cracked elastic assumption for the flexural 

lever arm can be used. The column is divided in half and each reaction force is applied at the center of each 

half of the supporting element.

 

Figure 3-26: Geometric template inputs for horizontal distances. 
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3.3.3 Step 3: Cross-Sectional Dimensions 

Figure 3-27 shows the template variables and input information related to the cross-sectional geometry of 

the member, such as the cover, height of the beam (h), height of the back face of the node (ha), effective 

depth (d), height of the strut-and-tie model (hSTM), width of the bent cap, and the width and length of the 

load and support bearings.

 

Figure 3-27: Template cross-sectional dimensions. 

*Note: ha may be different for top and bottom nodes. The ha values should be changed accordingly in the 

nodal checks see Figure 3-33. 

 

3.3.4 Step 4: Reinforcement Details 

The reinforcement details entered in the table shown in Figure 3-28 are intended solely for cross-checking 

and comparative purposes. These inputs do not influence the structural analysis or the final output of the 

template. The template will calculate the total reinforcement area for each category and determine the 

required reinforcement for ties. Final decisions regarding the reinforcement arrangement are at the 

discretion of the engineer and may vary depending on design preferences and project requirements. 

 

Figure 3-28: Template reinforcement detail input. 
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3.3.5 Step 5: Loads 

The factored loads (P) for a particular loading case. By inputting the load and a subset of the reactions, the 

truss is effectively made determinate. Although, in some cases, a reaction may be assumed or imposed by 

the engineer, in most cases the reactions can be calculated using an elastic analysis of the bent cap. Figure 

3-29 shows example load values and an input for the variable R4, a known reaction. 

 

Figure 3-29: Template load table input. 

3.3.6 Step 6: Analysis Output 

Once the forces, material properties and geometry have been input, the template will calculate the force 

(kips) in each member of the truss and the other reaction forces as shown in Figure 3-30. If a tie member is 

in tension, the required reinforcement in in2 will be calculated. If a diagonal strut is in tension, this is not 

permitted and the template will highlight the member(s), to identify the problematic scenario. An example 

is shown in Figure 3-31. 

 

Figure 3-30: Analysis output ï no strut conflicts (tension vs compression).
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c 

 

Figure 3-31: Analysis output ï (example indication that a strut is in tension or tie in compression). 

 

3.3.7 Step 7: Nodal Limits 

Each node requires the following information to conduct the strength checks outlined in AASHTO LRFD: 

the type of node (CCC, CCT, or CTT), the forces on the node, the height of the back face of the node (ha), 

and the width and length (lb) of the bearing at that node.  

In the templates as a part of this study, nodal dimensions are calculated in accordance with the requirements 

of the AASHTO LRFD Bridge Design Specifications 9th Edition. AASHTO provides limits on the 

maximum compressive stress that can be applied on nodal faces, expressed as a fraction of the concrete 

compressive strength (f óc) to ensure these limits are not exceeded, the required bearing area is determined 

by dividing the resultant compressive force by the corresponding stress. For nodes containing ties, the 

height of the back face of the node (ha) is typically dimensioned as twice the distance from the reinforcement 

to the exterior face of the concrete member (Figure 3-32). In scenarios where compression struts define the 

value ha, such as shown in Figure 3-32 estimates of the value for ha, can be determined from the flexural 

compression zone size. Additionally, as previously discussed so that the compression and tension chords 

align, in scenarios where the chord changes from tension to compression, the location of the flexural tension 

reinforcement can be used so as not to complicate the geometry of the strut-and-tie model where the member 

chords switch from tension to compression.  

 

 

Figure 3-32: Nodal geometry (AASHTO 2020). 
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Please note that the back face height of the top and bottom nodes may differ and could vary between nodes, 

the user should ensure the correct dimension is entered for each node. If a node does not exceed the nodal 

limits, the word ñOkò will appear in green on the large upper-right square, as shown in Figure 3-33. If the 

node exceeds the nodal limits, the words ñNodal Failureò will appear in red, as shown in Figure 3-34, and 

the failure faceôs cell will also be highlighted in red. Multiple faces can fail simultaneously. 

 

 

Figure 3-33: Nodal limits ï example of successful node check. 
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Figure 3-34: Nodal limits ï example of nodal limit exceeded. 

 

3.3.8 Step 8: Angle Check 

AASHTO LRFD indicates that the angle between a strut and a tie should not be less than 25 degrees. The 

template checks the angles of the struts-and-ties given the geometry. At the bottom of the table, an indication 

is provided if the angles meet the requirement. If all angles are satisfactory, the word ñOkò will appear in 

green. If any angle is less than 25 degrees, the words ñNot Okò will appear in red. This is illustrated in 

Figure 3-35. 
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Figure 3-35: Example angle check table in template (Ok ï left, Not ok ï right). 

 

3.3.9 Step 9: Template Summary 

At the top of each template, there is a summary section that indicates whether the Nodal Strength Check, 

Angle Check, or Strut Check (Template Check) has passed or failed. An example summary can be seen in 

Figure 3-36. 

 

Figure 3-36: Example template summary table. 
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4 EXPERIMENTAL PROGRAM 

A detailed survey of existing bent cap designs in the state of North Carolina was conducted in collaboration 

with the North Carolina Department of Transportation (NCDOT). The survey provided insights into the 

design parameters commonly used and typical practices. Based on the analysis of the available drawings, 

parameters such as shear span-to-depth (a/d) ratios, reinforcement ratios, and the heights of the bent caps 

were identified. The experimental program was designed to explore certain variables as representative 

portions of bent caps used. All members were designed to be limited by nodal strength rather than tie 

yielding. This is because members that are flexure critical (tie yielding) are more straightforward to predict 

using analytical models whereas members that are governed by nodal crushing (shear failures) are more 

challenging to reliably predict. The experiments in the series consisted of six beams labeled STC1 to STC6 

The series of six shear critical deep beam tests were conducted at the Constructed Facilities Laboratory at 

North Carolina State University. The beams measured 20 ft. long, 4.5 ft. deep (STC1 through STC3) and 

14 ft. long, 4 ft. deep (STC4 through STC6). Specimens STC1 through STC3 were 14 in. wide and STC4 

through STC6 measured 12 in. wide. The specimens contained nine-headed No.10 bars for the bottom 

longitudinal reinforcement, resulting in a longitudinal reinforcement ratio of 1.75% for STC1 to STC3 and 

1.57% for STC4 to STC6.  

The transverse reinforcement consisted of No. 4 bars bent into two-legged stirrups. Both the longitudinal 

and transverse reinforcement were fabricated from the same grade of steel. Coupon tests conducted on three 

samples of each reinforcement type yielded average measured yield strengths of 65.0 ksi for the longitudinal 

bars (fy,t) and 62.5 ksi for the transverse bars (fy,w). The horizontal distribution reinforcement exhibited a 

yield strength of 62.5 ksi (fy,d). The concrete compressive strength (fǋc), determined from 4 in. Ĭ 8 in. 

cylinders tested on the day of specimen testing, ranged from 4.82 ksi to 5.58 ksi. 

Two shear-span-to-depth ratios are explored ranging between approximately 1 and 2. STC1 to STC3 have 

a shear-span-to-depth ratio of 1.810 and STC4 to STC6 have a shear-span-to-depth ratio of 1.180. These 

shear-span-to-depth ratios represent a common range observed in bent caps. It also provides experimental 

data for a range of compression strut angles. The height of the bent caps was kept as large as possible and 

to avoid significant influence from size effect when compared to large bent caps that may be used in 

practice.  

The study explored three different reinforcement configurations to examine the influence of different 

transverse and longitudinal reinforcement quantities had on the ultimate and service performance of the 

members. Some of the bent caps in North Carolina were identified to have a transverse reinforcement ratio 

of approximately 0.13%, this corresponds approximately to the minimum, transverse reinforcement 

required using sectional methods. Specimens STC2 and STC5 contain 0.13% transverse and longitudinal 

reinforcement to explore the performance of the members in the context of the strut-and-tie method. STC1 

and STC4 contained 0.30% transverse and longitudinal reinforcement to examine how utilizing the 

minimum reinforcement required to utilize the unpenalized nodal factors in the STM has on the 

performance at service and ultimate conditions. 

Additionally, STC3 and STC6 investigates the effects of zero transverse reinforcement on the response of 

the bent caps. Members containing less than the 0.30% minimum reinforcement can be designed and 
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evaluated using the AASHTO LRFD STM but with reduced nodal factors. Specimens without any 

distributed reinforcement were tested to compare the crack widths and structural performance with those 

that included 0.30% and 0.13% reinforcement. These comparisons help evaluate the influence of 

reinforcement on service and ultimate behavior. This is particularly important since the AASHTO LRFD, 

and STM in general, lack guidance on how designs will perform under service loads. While deflections are 

typically not a concern for deep members, the members can crack at service. Ensuring the designs have 

controlled crack widths at service that are acceptable by the transportation authority for durability, rating, 

maintenance and aesthetic purposes is important. Additionally, very few experiments in the literature report 

multiple different crack widths throughout loading, thus, making this experimental series important for this 

study. Table 4-1 summarizes the dimensions, reinforcement ratios and the material properties of the 

experimental series. 

Table 4-1: Summary of the dimensions, reinforcement ratios and material strengths of the experimental 

series. 

Summary of Experiments 

Specimen 
Length 

(ft.) 

Span 

(2a) (ft.) 

Height 

(ft.) 

Width 

(in.) 
d a/d 

ɟ and ɟ                    

(%) 

ɟl 

(%) 

fôc 

(ksi) 

fy,w 

(ksi) 

fy,t 

(ksi) 

STC 1 20.0 14.0 4.50 14.0 46.4 1.810 0.30 1.75 4.93 62.5 65.0 

STC 2 20.0 14.0 4.50 14.0 46.4 1.810 0.13 1.75 5.14 62.5 65.0 

STC 3 20.0 14.0 4.50 14.0 46.4 1.810 0.00 1.75 5.46 62.5 65.0 

STC 4 14.0 8.00 4.00 12.0 46.4 1.180 0.30 1.57 4.82 62.5 65.0 

STC 5 14.0 8.00 4.00 12.0 46.4 1.180 0.13 1.57 5.21 62.5 65.0 

STC 6 14.0 8.00 4.00 12.0 46.4 1.180 0.00 1.57 5.58 62.5 65.0 

The geometric and reinforcement details for the STC series of tests are presented in Figure 4-1 through 

Figure 4-6. Figure 4-1 through Figure 4-3 illustrate the dimensions and reinforcement ratios for beams 

STC1, STC2, and STC3, while Figure 4-4 through Figure 4-6 provide the corresponding details for beams 

STC4, STC5, and STC6. These figures provide an overview of the experimental setup, highlighting the 

variation in reinforcement ratios and beam dimensions across the test specimens. 

 

Figure 4-1: STC1 reinforcement details. 
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Figure 4-2: STC2 reinforcement details. 

 

Figure 4-3: STC3 reinforcement details. 

 

Figure 4-4: STC4 reinforcement details. 
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Figure 4-5: STC5 reinforcement details. 

 

Figure 4-6: STC6 reinforcement details. 

All six specimens were point loaded in the center of the span and simply supported. The support plates 

measured 12 in. x 14 in. x 2 in. (STC1 through STC3) and 12 in. x 12 in. x 2 in. (STC4 through STC6) and 

rested on roller supports. The loading plate measured 16 in. x 14 in. x 3 in. for STC1 through STC3, and 16 

in. x 12 in. x 3 in. for STC4 through STC6. Hydro-Stone was used between the loading plate and the beam 

to ensure the load was evenly distributed on the top surface of the beam. A spherical bearing was used 

between the actuator head and the spreader beam to ensure that moments were not transmitted through the 

actuator. Figure 4-7 shows the experimental setup, where the beams were monotonically loaded until 

failure. 
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Figure 4-7: Experimental setup (specimen shape STC1-STC3 shown). 
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Strain gauges were included along some of the longitudinal and transverse reinforcement. See Appendix F 

for details. A displacement transducer was used to measure the vertical displacement of the midspan of the 

bottom of the beam with respect to the strong floor.  

Understanding the internal force transfer mechanisms in deep beams, particularly the development of struts 

and nodal zones is challenging due to the complex, non-linear strain distributions and localized cracking 

that occur under loading. Traditional measurement techniques, such as strain gauges and linear transducers, 

provide data only at discrete points and often do not capture the full extent and evolution of these behaviors 

across the entire beam. Consequently, it becomes difficult to observe and quantify the member response. 

To address these limitations, this study employed Digital Image Correlation (DIC), which enables the full 

field of view deformation field response of the surface of the specimens throughout loading. These 

deformation fields can also be used to determine local strains on the surface of the test specimens. DIC is a 

non-contact optical technique that uses pairs of cameras to monitor how a speckle pattern surface changes 

throughout loading. The deformation fields can also be used to determine crack kinematics, crack widths 

and crack slips, at multiple locations along multiple cracks throughout loading.  

To obtain high-resolution, full field-of-view deformation data, the entire surface of the west face of the 

beam was monitored with the three-dimensional DIC system. Maintaining an approximate resolution of 2 

pixels/mm, three stereo-systems (north system, middle system, and south system) with two 12.3 MP 

cameras in each system, were used (shown in Figure 4-8). The data from the three systems were combined 

using a proprietary multi-view registration algorithm. A speckle pattern with speckles measuring 

approximately 2.5 mm in diameter was applied to the specimens. This arrangement resulted in 3-5 pixels 

per speckle. The speckle pattern was applied so the beam had approximately 50% black-white contrast. 

 

Figure 4-8: Plan view of the DIC cameras and LED arrangement. 
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The east face of the beam was instrumented with a 9 in. x 9 in. a grid of 138 infrared Light-Emitting Diode 

(LED) targets arranged in 6 rows and 23 columns. The three-dimensional position of the infrared targets 

was measured with OptoTrack cameras. This data was used to verify and validate the DIC deformation field 

data obtained. 

4.1 Experimental Observations and Results 

For all six members in the STC series, initial loading of the specimens resulted in flexural cracks at the 

bottom of the beam near mid-span. As the load increased, flexural cracks widened, and shear cracks formed 

between the support plate and near the edge of the loading plate. As loading continued, shear cracks 

extended and widened significantly, with all beams ultimately failing in shear. No splitting cracks were 

observed at the bottom of the specimens up to and at the last load stage.  

A string potentiometer was attached to the center of the beam to measure the vertical displacement of the 

beam as the load was applied. The loadïdisplacement responses of specimens STC1, STC2, and STC3 are 

presented in Figure 4-9 . This figure compares the response of the three members with different quantities 

of distributed orthogonal reinforcement for the members in the series with an a/d ratio of 1.810. The applied 

load (kips) is plotted against the mid-span displacement (in.).  

 

Figure 4-9: Load versus mid span displacement response for STC1-STC3. 
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Similarly, a string potentiometer was attached to the center of the beam to measure the vertical displacement 

of the beam as the load was applied. The loadïdisplacement responses of specimens STC4-STC6 are 

presented in Figure 4-10. This figure compares the response of the three members with different quantities 

of distributed orthogonal reinforcement for the members in the series with an a/d ratio of 1.188. The applied 

load (kips) is plotted against the mid-span displacement (in.).  

 

Figure 4-10: Load versus mid span displacement response for STC4-STC6. 

Strain gauges were installed along the longitudinal reinforcement at two locations: at the mid-span and at 

the center of the shear span. Additionally, strain gauges were mounted at the mid-height of the beam within 

the shear span on transvers bars to monitor vertical strain development. Figure 4-11 presents the load versus 

mid-span strain response for specimens STC1-STC3, while Figure 4-12 shows the corresponding results 

for specimens STC4-STC6. Additional data and detailed results are provided in Appendix F. For a given 

strain at the mid-span, the corresponding load was observed to increase with the amount of transverse 

reinforcement provided in the beams. This trend highlights the role of transverse reinforcement in 

improving shear resistance and overall load-carrying capacity. It also indicates that the transverse 

reinforcement provided is engaged and providing crack control. As observed in Figure 4-11 and Figure 

4-12, strain levels increase when the transverse and horizontal distribution reinforcement are reduced. 

For a given strain at the mid-span, the corresponding load was observed to increase with the amount of 

orthogonal distributed reinforcement provided in the beams. This trend highlights the role of transverse 

reinforcement in improving shear resistance and overall load-carrying capacity. Additionally, beams with 

smaller span-to-depth (a/d) ratios exhibited lower strain levels under a given load compared to those with 

larger a/d ratios. 
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Figure 4-11: Load vs strain at mid span, STC1-STC3. 

 

Figure 4-12: Load vs strain at mid span, STC4-STC6. 
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In this study, the failure loads of six deep beam specimens were predicted using two advanced modeling 

approaches in addition to strut-and-tie modeling approaches: the Two-Parameter Kinematic Theory (2PKT) 

and VecTor2, a nonlinear finite element program. The models were developed to examine their ability to 

predict the response of members so that the techniques can be used to verify and validate the template 

designs and to comment on aspects of the member response not investigated in the experimental program. 

See Appendix C. The predicted values were compared with experimental results. 

The 2PKT model, developed by Mihaylov et al. (2013), is a kinematics-based analytical approach in which 

the shear behavior of reinforced concrete beams is described using two degrees of freedom: the average 

strain in the longitudinal reinforcement and the vertical displacement of the critical loading zone. The shear 

span is idealized as consisting of a rigid body above the critical crack and a crack fanning zone beneath it. 

The overall response is governed by equilibrium, kinematic conditions and constitutive relationships that 

define the contributions from shear carried in the uncracked zone near the loading plates, aggregate 

interlock, transverse reinforcement, and dowel action. This model has been verified and validated against 

experimental results and has been shown to effectively capture the key mechanisms that contribute to shear 

strength in disturbed regions. 

The VecTor2 program is a nonlinear finite element analysis tool based on the Modified Compression Field 

Theory (MCFT) (Vecchio and Collins 1986) and the Disturbed Stress Field Model (Vecchio 2000). In this 

method, the behavior of cracked reinforced concrete is modeled by considering smeared, rotating cracks, 

compatibility and constitutive relationships. Effects such as tension stiffening, aggregate interlock, 

compression softening, and shear slip along cracks are incorporated through advanced constitutive models. 

The program allows for simulation of reinforced concrete behavior under load, including complex stress 

and strain distributions that arise in disturbed regions. VecTor2 has been successfully used in the analytical 

modeling of deep beams, as demonstrated in the study by Palipana and Proestos (2024), which evaluated 

shear-critical deep beams with high-strength headed shear reinforcement. 

These predictions were also compared with those obtained using the AASHTO STM, both with and without 

applying the minimum reinforcement limitations. A summary of the predicted and actual failure loads, along 

with the associated predictions, is provided in Table 4-2. The nonlinear finite element program VecTor2 

demonstrated the best predictive ability for the peak load, with a mean test-to-predicted shear capacity ratio 

of 1.03 and a coefficient of variation of 9%. Similarly, the 2PKT model predicted shear capacity with a 

mean test-to-predicted ratio of 1.33 and a coefficient of variation of 9%. In comparison, the strut-and-tie 

model gave a mean test-to-predicted ratio of 1.54 with a higher coefficient of variation of 16.9%. While all 

three methods were capable of capturing the overall response of the representative bent caps, VecTor2 

provided the most accurate and consistent predictions among the approaches evaluated. 
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Table 4-2: Summary of STC1-STC6 peak shear strength and predictions from models. 

Specimen 

Predictions 

Exp. Load 

(kips) 

 

Test Load/ 

Prediction 

2PKT 

Test Load/ 

Prediction 

STM 

(AASHTO) 

Test Load/ 

Prediction 

(VecTor2) 

2PKT 

(kips) 

STM 

AASHTO 

(kips) 

VecTor2 

(kips) 

STC1 549 510 645 612 1.11 1.20 0.95 

STC2 434 365 616 625 1.44 1.71 1.02 

STC3 349 365 498 471 1.35 1.29 0.95 

STC4 577 511 652 757 1.31 1.48 1.16 

STC5 501 368 618 683 1.36 1.86 1.10 

STC6 450 368 607 633 1.41 1.72 1.04 

 Average 1.33 1.54 1.04 

CoV 0.09 0.169 0.09 

 

4.2 Experimental Observations of Crack Widths 

Periodically throughout the test the loading was paused and reduced by approximately 10-15%. The cracks 

on one side of each test specimen were marked, measured and photographed. Crack measurements were 

obtained using crack comparator gauges and were nominally measured on a grid aligned with the LED 

targets.  

Figure 4-13 shows the development and evolution of crack patterns for all six specimens (STC1 - STC6) at 

different loading stages. For each specimen, the cracking behavior was captured at approximately 60ï70% 

of the peak load and again after failure. This represents approximately the service load on the specimens, if 

the specimenôs actual capacity and design capacity matched. As can be seen at this load level, shear cracks 

are observed in all specimens. Members with more transverse reinforcement have more distributed cracking 

whereas members without distributed reinforcement show fewer, larger cracks. It should be noted that the 

load applied to each member in Figure 4-13 differs. For example, the peak load for members without 

distributed reinforcement is lower than companion members with 0.30% reinforcement.  

Figure 4-14 illustrates the crack patterns observed at the failure load for all six specimens (STC1 - STC6). 

These images capture the final stage of cracking behavior, reflecting the structural response at ultimate 

capacity. As shown, all specimens exhibit prominent shear cracking, with the severity and distribution of 

cracks varying based on the amount of distributed reinforcement. Specimens with higher transverse 

reinforcement ratios display a more distributed crack pattern, indicating enhanced crack control. In contrast, 

specimens without transverse reinforcement show fewer but more pronounced and wider cracks. It is 

important to note that the peak load applied to each specimen differs. For instance, specimens lacking 

transverse reinforcement reached lower ultimate loads compared to their counterparts reinforced with 

0.30% distributed reinforcement. 



52 

 

 

Figure 4-13: Crack patterns observed in beams STC1-STC6 at approximately 60% of peak load. 
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Figure 4-14: Crack patterns observed in beams STC1-STC6 after failure. 

The crack patterns obtained for each specimen were digitized and are shown in Figure 4-15 through Figure 

4-17. The critical cracks that lead to failure of the specimen are indicated in red. The critical crack is 

typically defined as the crack that extends from the inner edge of the support plate to near the edge of the 

loading plate and has the largest crack widths. In some cases, particularly those with at least minimum 

transverse reinforcement and members that have horizontal distributed reinforcement, multiple shear cracks 

with different widths can make it difficult to identify which crack is critical before failure. 

Figure 4-15 shows the crack pattern determined for STC1. To compare the influence of shear reinforcement 

on crack patterns, Figure 4-16 shows the caparison of crack diagrams for STC1, STC2, and STC3. These 

three specimens contained the same longitudinal reinforcement (ɟl) quantities. As can be seen, the crack 
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patterns, the crack shapes, and the crack locations were similar. However, the number of cracks decreases 

as the transverse reinforcement is increased. Crack patterns of all six beams can be found in Appendix F. 

 

Figure 4-15: Crack pattern of STC1 at last load stage. 

 

Figure 4-16: Overlapping crack patterns for beams STC1, STC2, and STC3. 

Figure 4-17 presents the crack patterns observed in beams STC4, STC5, and STC6. These beams have a 

shear-span-to-depth (a/d) ratio of 1.18, which is significantly lower than that of beams STC1 to STC3.  

 

Figure 4-17: Overlapping crack patterns of beams STC4, STC5, and STC6. 

In AASHTO LRFD Clause 5.6.7 of the Bridge Design Specifications, a crack width limit of 0.017 inches 

(0.43 mm) is referenced, particularly for Exposure category I (AASHTO 2020). Additionally, the American 

Concrete Institute (ACI) 224R-1 (2007) suggests a typical threshold limit for service-level cracking to be 

approximately 0.4 mm (0.016 in.). 




























































































































































