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EXECUTIVE SUMMARY 

Objective 

The objective of this project was to develop methodologies and/or guidance on how to estimate 

the capacity of the U-bolt connections specified in the Iowa Department of Transportation’s 

(DOT’s) steel overhead sign truss (SOST) design standards. 

Problem Statement 

The true load capacities of the U-bolt connections used to support the overhead signs are not 

known, because the bolts are used in ways that do not match the available manufacturer data or 

the way that manufacturers intended the bolts be used.  

Although the Iowa DOT Office of Bridges and Structures is unaware of any U-bolt connection 

failures since the SOST standards were released in 2011, the load capacities of the U-bolt 

connections are not known. 

Background 

The current Iowa DOT SOST design standards utilize U-bolt connections to anchor a four-chord 

horizontal space truss to support columns at each end of the space truss. The SOST standards 

also utilize U-bolt connections to attach vertical sign-support members to the front-top and front-

bottom chords of the space truss.  

The SOST U-bolt dimensional and material properties are substantially the same as those used in 

the earlier STeel OverHead (STOH) sign truss design standards, which were utilized from about 

1970–2011. It is reassuring that the current type of U-bolt connections appear to have performed 

satisfactorily for more than 40 years. However, there is a growing safety concern due to an ever-

increasing need for the Iowa DOT’s overhead sign trusses to support larger signs by trusses with 

even greater span lengths. 

Research Description 

A comprehensive literature search on the utilization of and modeling of U-bolt connections was 

conducted for this project, which helped in confirming the research approach.  

Using the current Iowa DOT SOST design standards and actual loading conditions, three 

laboratory tests were conducted on the following two types of critical U-bolt connections that 

were identified and selected: 

 Type-A U-bolt connection used to anchor the bottom chords of the horizontal space truss to 

supporting columns at each end of the space truss  
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 Type-B U-bolt connection used to attach vertical sign support members to the front-top and 

front-bottom chords of the space truss 

To simulate the critical load conditions applied on the two types of connections, two Type-A U-

bolt connection specimens and one Type-B U-bolt connection specimen were designed with the 

material and geometric properties used in the SOST design standards. The specimens were 

fabricated, instrumented, and tested in the Iowa State University Structural Engineering Research 

Laboratory. 

A numerical modeling program was developed to assist in understanding the actual behaviors 

and failure modes of the U-bolt connections. To further interpret the test results and provide a 

valid analytical tool for the parametric study to be conducted, finite element models (FEMs) 

were developed for the specimens.  

The results from the FEMs were compared against the load test results to validate the modeling 

approach. The calibrated models were then used in the parametric study that was performed to 

understand the behavior of the U-bolt connections with different material properties and subject 

to various loading conditions.  

Given that the laboratory tests on the specimens were conducted and the model calibration was 

performed based on the most frequently used 3/4-in. diameter U-bolt, the parametric study was 

also performed for the 3/4-in. diameter U-bolt connection. The parametric study was used to 

calculate the yield and ultimate capacities of both specimen types (with various material 

properties and load directions).  

Finally, based on the experimental and numerical results, interaction diagrams were developed 

for designers and engineers to use in capacity estimation of their U-bolt connections under 

different loading conditions. 

Key Findings 

Literature Review Leading to Research Approach 

 A comprehensive search of available literature indicated few research investigations on the 

capacity of U-bolt connection in civil engineering. However, related research was found in 

the fields of mechanical and vehicle engineering. 

 Through the literature review, the researchers found that developing an FEM associated and 

calibrated with laboratory tests is the most commonly used approach to study the behavior of 

bolt-joined connections/U-bolt assemblies.  



 

xiii 

 The determination of the element type is a matter of computation time and computer capacity 

as related to model size. If enough computer time is available, the model with the solid 

element and surface contact element was found to provide the most accurate results. 

 It was also found that model accuracy is sensitive to the definition of the contact behavior. It 

is essential to correctly model the contact interaction. 

 Many approaches could be used to assign the preload (created by torque) to the FEM, 

including applying thermal strain on the shank or washers, or assigning an initial 

displacement onto the bottom of the bolt. 

Research Results 

 The results from both laboratory tests and analytical solutions indicate that different failure 

modes occur when the loading is in different directions.  

 The results from the analytical study show a relatively low yield capacity, but indicate that 

the details have good ductility before reaching failure. 

 The parametric study results indicate that the thread region is the most vulnerable location 

and that most of the failures start from that region. 

Implementation Readiness and Benefits 

This research helped to understand the structural behavior and stress distribution of the U-bolt 

connections used on the Iowa DOT’s overhead sign structures subject to various loading 

conditions. The research results will benefit the Iowa DOT and other state DOTs that utilize 

similar U-bolt connections in overhead sign support structures. 

This research resulted in interaction diagrams that Iowa DOT bridge designers and construction 

engineers, as well as other bridge owners, consultants, and contractors, can use for overhead sign 

support structures. The interaction diagrams were created for U-bolt connection capacity 

estimation under different loading conditions. Engineers can find the capacities by inputting the 

material type and load resultant direction. 

Recommendations for Future Research 

The research summarized in the final report represents a major step toward developing a better 

understanding of the behavior and design of U-bolt connections. However, several questions 

remain that could be answered by conducting additional research, as follows: 
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 Additional laboratory tests should be performed on high-strength U-bolts with loading 

directions of 135° and 180°, because the failure locations predicted by the FEM analyses 

with high-strength U-bolts are different from those captured in the laboratory tests. 

 More experimental and analytical work should be conducted with various loading directions 

(e.g., 30°, 60°, 120°, and 150°) to study structural behavior subject to various loading 

directions. 

 Given that almost all of the material types appear to have low yield capacity, the fatigue 

performance of the U-bolt connection should be investigated to understand the impact of 

repeated loads near the yield load. Additional laboratory tests are recommended to study the 

fatigue performance of the U-bolt connections. 

 Given that both experimental and analytical work were conducted on the 3/4-in. diameter U-

bolt, further research is recommended on U-bolt connections with other sizes to obtain the 

relationship between the U-bolt size and connection capacity. 
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CHAPTER 1. INTRODUCTION 

1.1 Problem Statement 

The true load capacities of the U-bolt connections used in the Iowa Department of 

Transportation’s (DOT’s) steel overhead sign trusses are not known because the bolts are used in 

ways that do not match the available manufacturer data or the way that manufacturers intended 

the bolts be used. Although these U-bolt connections appear to have performed satisfactorily in 

the past, there has been a growing safety concern in recent years because of the need for 

overhead sign trusses to support larger signs by trusses with greater span lengths. 

As indicated by the Iowa DOT Office of Bridges and Structures, it is imperative to determine if 

the U-bolt connections have adequate strength to safely perform in current overhead sign support 

structures, as well as in future ones that will need to resist even greater loads. For example, it is 

likely that an upcoming highway signing project for the I-35/I-80/IA 141 interchange 

reconstruction in Urbandale will require two custom overhead sign trusses that must support 

loads at the limits of the current Iowa DOT standard design. To ensure that these special trusses 

can safely support the required loads, it will be necessary to know if the U-bolt connections have 

sufficient strength. 

1.2 Background  

The current Iowa DOT steel overhead sign truss (SOST) design standards utilize U-bolt 

connections to anchor a four-chord horizontal space truss to support columns at each end of the 

space truss. The SOST standards also utilize U-bolt connections to attach vertical sign-support 

members to the front-top and front-bottom chords of the space truss. Although the Office of 

Bridges and Structures is unaware of any U-bolt connection failures since the SOST standards 

were released in 2011, the load capacities of the U-bolt connections are not known. 

The SOST U-bolt dimensional and material properties are substantially the same as those used in 

the earlier STeel OverHead (STOH) sign truss design standards, which were utilized from about 

1970–2011. It is reassuring that the current type of U-bolt connections appear to have performed 

satisfactorily for more than 40 years. However, there is a concern due to an ever-increasing need 

for the Iowa DOT’s overhead sign trusses to support larger signs by trusses with even greater 

span lengths. It is possible that the actual design loads may already exceed (or may soon exceed) 

the capacities for the current type of U-bolt connections. 

In 2015, the Office of Bridges and Structures and the Bridge Engineering Center at Iowa State 

University conducted a literature search to determine if any acceptable U-bolt capacity 

information was available in the form of load test data, computer modeling (i.e., finite element 

model) results, or verified engineering formulas. When no useful information was found, The 

Office of Bridges and Structures distributed a questionnaire pertaining to U-bolt capacities to 

state DOTs through the American Association of State Highway and Transportation Officials 

(AASHTO) Subcommittee on Bridges and Structures. Fourteen state DOTs responded to the 
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questionnaire, confirming that little U-bolt load capacity research or theoretical design has been 

done. 

1.3 Objective 

The objective of this project was to develop methodologies and/or guidance on how to estimate 

the capacity of the U-bolt connections specified in the SOST design standards. To achieve the 

goal, an experimental program was conducted to load test U-bolt connections of the same 

dimensional and material properties used in the actual SOST design standards.  

A numerical modeling program was developed to assist in understanding the actual behaviors 

and failure modes of the U-bolt connections; these numerical models were validated against the 

load test data. Based on the experimental and numerical results, interaction diagrams were 

developed for the purpose of estimating the capacities of the U-bolt connections. 

1.4 Research Plan 

Five tasks were conducted to meet the objective of the project: 

Task 1 – Technical advisory committee (TAC) establishment 

Task 2 – Experimental program 

Task 3 – Development and validation of finite element models (FEMs) 

Task 4 – Parametric studies and interaction diagram development 

Task 5 – Final report and tech transfer (t2) summary development 

These tasks were performed in close communication with the TAC. 

1.5 Products 

The following products were prepared: 

 Quarterly progress reports to the TAC 

 Outline of final report (copy to the TAC and to the Iowa DOT Research Engineer) 

 Draft final report 

 Final report  

 T2 
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CHAPTER 2. LITERATURE REVIEW 

2.1 U-bolt Connection 

A comprehensive search of available literature indicated few research investigations on the 

capacity of U-bolt connection in civil engineering. However, related research was found in the 

fields of mechanical and vehicle engineering. 

Diamantoudis and Apostolopoulas (2002) developed an FEM on a U-bolt system that was 

designed to secure a plate to a truck fame member (see Figure 1).  

 
Diamantoudis and Apostolopoulas 2002 

Figure 1. Finite element modeling of U-bolt assembly 

The objective of this research was to investigate the stress distribution on the U-bolt and C 

channel, and to determine whether the maximum stress exceeded a certain stress limitation. The 

results indicated that the maximum stress on the U-bolt occurs on the shank of the U-bolt, and 

the C channel experienced the highest bending stress at the bottom corner.  

Kirby and Charniga (2005) created an FEM of a U-bolt system that used to clamp a leaf spring 

pack, axle seat, and lower bracket to the axle tube (see Figure 2).  
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Kirby and Charniga 2005, Copyright © 2005 SAE International, from Shetty 2006 

Figure 2. FEM of U-bolted leaf spring assembly 

The goal of the research was to address noise concerns by investigating the stresses in the leaf 

spring when it was subject to twisting. The analytical results were output and compared to the 

experimentally measured results on the axle seat.  

Shetty (2006) investigated the load capacity and stress distribution on a suspension component in 

the onboard weighing system of off-highway log trucks. The suspension component of interest 

consisted of a trunnion saddle, a U-bolt, and a leaf spring (see Figure 3).  

 
Shetty 2006 

Figure 3. FEM of U-bolt connection 

During the research, laboratory tests were conducted to collect strain data from the suspension 

components of the off-highway log tractor. The suspension system specimen was installed into a 

log truck and loaded with the weight of a slip-on water tank. An FEM was developed using 

ANSYS software to determine the locations on the U-bolt surface that would provide the largest 

strain. The results indicated that the top of the curved portion of the U-bolt showed the maximum 

strain and was recommended as a preferred position for a future monitoring project.  
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2.2 Finite Element Modeling (FEM) 

In the literature, the finite element method is the most common approach utilized (typically in 

combination with laboratory tests) to study the stress distribution on U-bolt assemblies of 

interest. However, different modeling approaches were adopted by the various researchers with 

the consideration of differences in their research objectives, efficiency in computation time, and 

model size capacity of the computer, etc. 

For example, in the models developed by Diamantoudis and Apostolopoulas (2002) and Kirby 

and Charniga (2005), the U-bolt shank and curve were modeled using a two-dimensional (2D) 

beam element, and the other components were modeled using a three-dimensional (3D) solid 

element. However, Shetty (2006) created the whole U-bolt assembly using only 3D quadratic 

tetrahedral solid elements. On the model developed by Shetty (2006) the contact behaviors 

between the U-bolt and leaf spring block, and between the leaf spring block and trunnion saddle 

were modeled using surface-to-surface contact elements. The preload due to the fastening torque 

was simulated by assigning an appropriate coefficient of thermal expansion and specifying a 

temperature change on the shank of the U-bolt. 

Although research conducted on U-bolt connections is sparse, studies on normal steel bolts are 

quite abundant. The modeling technique commonly used for normal bolts can provide valuable 

reference to the finite element modeling of the U-bolt connection. For example, McCarthy and 

McCarthy (2005) and McCarthy et al. (2005) developed a 3D FEM to study the effects of bolt-

hole clearance on the mechanical behavior of bolted composite joints. Nonlinear FEMs 

consisting of the bolt, two plates, a nut, and washers (as shown in Figure 4) were developed on a 

single-bolt, single-lap connection to evaluate the modeling techniques.  

 
McCarthy et al. 2005, Copyright © 2004 Elsevier Ltd. All rights reserved. Used with permission from Elsevier. 

Figure 4. FEM of bolt connection 

The analytical results were compared against experimental results to determine the various 

parameters of the material properties and the contact mechanism. The preload was applied by 

assigning an orthotropic thermal expansion coefficient to the washer (allowing the thermal 

expansion/contraction only in the direction parallel to the longitudinal axial of bolt) and applying 

a positive temperature change onto the washer.  
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Ju et al. (2005) created a 3D elasto-plastic FEM to study the structural behavior of a butt-type 

steel bolted joint. Both bearing-type and slip-critical type connections were modeled using 3D 

solid elements for the bolt and plate. Contact elements were used to model the interface. The 

boundary conditions and locations of the contact elements are shown in Figure 5.  

 
Ju et al. 2005, Copyright © 2003 Elsevier Ltd. All rights reserved. Used with permission from Elsevier. 

Figure 5. Boundary conditions and contact surfaces 

To account for the shear force being transferred from the plate directly to the bolt, a contact 

element was assigned at the vertical interface between the bolt and the plate. The preload was 

modeled by applying an initial displacement at Point A in Figure 5. 

Kim et al. (2007) performed finite element analysis on a large marine diesel engine utilizing 

ANSYS software. To determine the best modeling technique for the bolted joint structure, four 

types of joint models, including a solid bolt model, a coupled model, a spider bolt model, and a 

no-bolt model, were developed and evaluated (see Figure 6).  

 
Kim et al. 2007, Copyright © 2006 Elsevier Inc. All rights reserved. Used with permission from Elsevier. 

Figure 6. Small-scale FEM of bolt connection 
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The preload due to the fastening torque was modeled using thermal strain, and a surface-to-

surface contact element was used at the interface between the head/nut and the flanges. The 

results indicated that the solid bolt model, which meshes the U-bolt shank and curve with the 3D 

solid element, provided the most accurate stress distribution on the U-bolt when compared with 

the experimental results.  

2.3 Summary  

Based on the results of the literature review, the researchers found that developing an FEM 

associated and calibrated with laboratory tests is the most commonly used approach to study the 

behavior of bolt-joined connections. The determination of the element type is a matter of 

computation time and computer capacity as related to model size. If enough computer time is 

available, the model with the solid element and surface contact element was found to provide the 

most accurate results.  

It was also found that model accuracy is sensitive to the definition of the contact behavior. It is 

essential to correctly model the contact interaction. Many approaches could be used to assign the 

preload (created by torque) to the FEM, including applying thermal strain on the shank or 

washers, or assigning an initial displacement onto the bottom of the bolt. 
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CHAPTER 3. LABORATORY TESTS 

The objective of the laboratory testing conducted in this work was to monitor the structural 

behavior of the U-bolt, capture the failure mode when the bolt is subject to loading in different 

directions, and provide data for the calibration of the FEM.  

Per the current Iowa DOT SOST design standards and actual loading conditions, two types of 

critical U-bolt connections were identified and selected for experimental evaluation: the Type-A 

U-bolt connection used to anchor the bottom chords of the horizontal space truss to supporting 

columns at each end of the space truss and the Type-B U-bolt connection used to attach vertical 

sign support members to the front-top and front-bottom chords of the space truss.  

To simulate the critical load conditions applied on the two types of connections, two Type-A U-

bolt connection specimens and one Type-B U-bolt connection specimen were fabricated, 

instrumented, and tested in the Iowa State University Structural Engineering Research 

Laboratory.  

3.1 Type-A Specimens 

3.1.1 Specimen Description 

The specimens were designed with the material and geometric properties used in the actual 

SOST design standards. As shown in Figure 7 and Figure 8, the Type-A specimens consisted of a 

W-shaped steel beam, a saddle assembly, a steel pipe with two steel plates, and the U-bolt 

components. 
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(a) Specimen views and profiles 

 
(b) Saddle views and profiles 

 
(c) U-bolt details 

Figure 7. Type-A U-bolt specimen design 
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Figure 8. Type-A specimens 

The material designation and properties for each component are shown in Table 1.  
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Table 1. Material types for laboratory tested specimen 

Part Steel Grade* 
Yield Strength  

(ksi) 

Ultimate Strength  

(ksi) 

Initial Young’s  

Modulus (ksi) 

U-bolt A36 36 65 29,000 

Pipe A53-B 35 60 29,000 

Saddle A572-50 50 65 29,000 

Load plate A36 36 65 29,000 

W-shaped beam A992 50 65 29,000 

Angle A36 36 65 29,000 

 

*Although multiple types of steel with different yield and ultimate strength are being used for the 

U-bolt on actual SOST designs in Iowa, the tests used A36 steel for the experimental study and 

calibration of the FEM. The performance of other types of steel were evaluated during the 

analytical parametric study.  

3.1.2 Loading Configuration 

Two Type-A connection specimens were fabricated and tested. One of the Type-A connection 

specimens was loaded in the horizontal direction as shown in Figure 9-a, and the other one was 

loaded in the vertical direction as shown in Figure 9-b.  
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(a) Force parallel to the W-shaped beam (horizontal loading) 

 

 

 
(b) Force perpendicular to the W-shaped beam (vertical loading) 

Figure 9. Load configurations on Type-A connection specimens 

The loads were applied on the plates welded to the pipe—simulating the loading mechanism in 

actual field installations (see Figure 10).  
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(a) Type-A specimen subjected to horizontal load 

 
(b) Type-A specimen subjected to vertical load 

Figure 10. Type-A specimen setup before testing 
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Before the application of the horizontal and vertical loads, a preload was applied by fastening the 

U-bolt utilizing a 1-ft long (approximate) wrench with the full effort of a human. The full effort 

of this person was tested using a net loading cell and resulted in about 30 lbf. The total torque 

applied on each shank was about 30 lbf ft.  

3.1.3 Instrumentation 

For both tests on the Type-A specimens, the instrumentation plan was the same, as shown in 

Figure 11.  
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(a) Straight foil strain gages 

 
(b) Rosette foil strain gages 

 
(c) Displacement transducers 

Figure 11. Instrumentation on Type-A specimen  

Ten uniaxial foil strain gages and four rosette gages were installed on each specimen. To 

measure the strain change along the axis of the U-bolt, five uniaxial foil gages were installed on 

each U-bolt (shown in Figure 11-a) with three at the curved part and two on the shanks at about 

1.5 in. above the top surface of the saddle. The four rosette gages were installed at the sides of 
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the saddle to measure the strain on the surface in multiple directions. In addition, two 

displacement transducers were used to measure the displacement change as shown in Figure 11-

c. The displacement transducers were placed at the two ends of the pipe and were used to 

measure the displacement change in the loading directions. 

The labels were designated so that, A and B denote specimen type, H and V denote the loading 

direction in horizontal and vertical directions, respectively, and DS denotes the displacement 

transducers.  

On the Type-A specimen, AH-1 to AH-10 and AV-1 to AV-10 are the straight foil strain gage 

attached on the U-bolt with AH-1 to AH-5 and AV-1 to AV-5 on the U-bolt near the loading 

side, and AH-6 to AH-10 and AV-6 to AV-10 on the other U-bolt.  

The four rosette strain gages were designated from AH-11 to AH-14, and AV-11 to AV-14. AH-

11, AH-12, AV-11 and AV-12 were placed near the loading side, and AH-13, AH-14, AV-13 

and AV-14 were placed on the other side. 

3.1.4 Test Results 

Type-A Specimen Subject to Horizontal Loading 

During the application of the preload, the strain change on the U-bolt was measured using the 

uniaxial foil strain gages attached along the axis of the U-bolt. Figure 12 shows the strain 

induced by the preload.  

 

Figure 12. U-bolt strain due to preload (Type-A, horizontal loading)  

The strain gages AH-3 and AH-8 attached on the top of the U-bolt captured the maximum strain 

in tension at about 1,250 to 1,750 microstrain. The other gages showed strain in compression due 

to the bending effect.  
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The specimen was then loaded subject to the horizontal load until failure with an ultimate 

capacity of 36 kips. The specimen broke in a shear-type failure of the U-bolt shanks (on the 

loading side) induced by the relative displacement between the saddle and the top flange of the 

W-shaped beam (see Figure 13). 

 

Figure 13. Shear failure on the U-bolt shanks (Type-A, horizontal loading) 

Figure 14 shows the force vs. displacement curves from the testing.  

Shear failure 
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Figure 14. Load vs. displacement curves (Type-A, horizontal loading) 

Due to the short extension length of the stringer in DS-1, the data beyond 30 kips was not able to 

be captured from DS-1. DS-2 kept functioning until the end of the test. Figure 15 shows the 

strain change along the axis of the U-bolt vs. the applied load.  

 

Figure 15. U-bolt strain due to horizontal load (Type-A, horizontal loading) 

Figure 16 shows the strain data measured from the rosette gages attached on the sides of the 

saddle.  
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(a) AH11                                                                   (b) AH12 

 
(a) AH13                                                                   (b) AH14 

Figure 16. Strain from rosette strain gage (Type-A, horizontal loading) 

It is obvious that, compared to the strains on the U-bolt, the surface stains on the saddle are very 

small even at the ultimate loading stage. 

Type-A Specimen Subject to Vertical Loading 

The second Type-A specimen was preloaded following the same approach used on the first 

Type-A specimen and then loaded in the vertical direction. Figure 17 shows the strain change on 

the U-bolt induced by the preload. 
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Figure 17. U-bolt strain due to preload (Type-A, vertical loading)  

The data shows similar behaviors as those shown in the previous Figure 12 and that the strains 

on the top of the curved part are in tension with a maximum magnitude of about 1,750 

microstrain, while the others are in compression. 

During the vertical load test, both U-bolts were tested separately since the test on one U-bolt did 

not induce any significant loading on the other one. Figure 18 shows the failure modes for the 

two vertical loading tests.  
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(a) Pull-out failure (First test)                      (b) Tension failure (Second test) 

Figure 18. Failure Model (Type-A, vertical loading) 

In the first test, only one nut was used to fasten each U-bolt leg, and this test resulted in a pull-

out failure when the load reached 25 kips. Because of this, the second test was set up utilizing 

two 3/4 in. nuts on each shank. The U-bolt broke with a tension failure at a thin cross-section 

(with a design diameter of 0.63 in. and a cross-sectional area of 0.31 in2) in the thread region 

when the loading was 24 kips. The results indicated that the ultimate load in the first test is very 

close to the tensile capacity of the U-bolt, although the pull-out failure occurred right before that. 

Figure 19 shows the load versus displacement data.  

Pull-out failure 
Tension failure 

Mechanical cut 
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Figure 19. Load vs. displacement curves (Type-A, vertical loading) 

Figure 20 and Figure 21 show the strain data measured from U-bolt and saddle, respectively.  

 

Figure 20. U-bolt strain due to vertical load (Type-A, vertical loading) 
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(a) AV11                                                                   (b) AV12 

 
(a) AV13                                                                   (b) AV14 

Figure 21. Strain from rosette strain gage (Type-A, vertical loading) 

It can be seen from Figure 20 that AV-1 and AV-5, which were placed at the shank of the U-bolt 

and very close to the failure location, experienced a significantly large strain when loading 

reached about 18 kips and then lost function because of the functional measurement range of the 

gage (10,000 microstrain). All of the data shown in Figure 17, Figure 19, Figure 20, and Figure 

21 were captured from the first vertical load test. In the second vertical load test, only the 

ultimate capacity was measured. 

3.2 Type-B Specimen  

3.2.1 Specimen Description 

As shown in Figure 22 and Figure 23, the Type-B specimen consisted of an angle, a steel pipe, 

two steel plates, and the U-bolt components.  
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(a) Specimen views and profiles 

 
(b) U-bolt details 

Figure 22. Type-B U-bolt specimen 

 

Figure 23. Type-B specimen  
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The material type for each component was shown previously in Table 1. The angle was 

fabricated using A36 steel and the other components were manufactured utilizing the same 

materials as those used for the Type-A specimen.  

3.2.2 Loading Configuration 

The Type-B specimen was first loaded with the preload in the same way as the Type-A 

specimens, and then loaded with the horizontal load as shown in Figure 24 and Figure 25.  

 

Figure 24. Type-B specimen: force parallel to the angel (horizontal loading)  

 

Figure 25. Type-B specimen setup before testing 

The horizontal load was evenly applied on the two plates simultaneously.  

P 

P/2 P/2 
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3.2.3 Instrumentation 

Figure 26 shows the instrumentation plan on the Type-B specimen.  

 
(a) Straight foil strain gages 

 
(b) Displacement transducers 

Figure 26. Instrumentation on Type-B specimen  

Five uniaxial foil strain gages were attached along the axis of the U-bolt on the exterior side as 

shown in Figure 26-a. Two displacement transducers were used to measure the displacement in 

the horizontal direction as shown in Figure 26-b. 

3.2.4 Test Results 

Figure 27 shows the strain measured on the U-bolt induced by the preload.  
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Figure 27. U-bolt strain due to preload (Type-B, horizontal loading) 

Similar to the Type-A specimens, the maximum strain occurred at the top of the curved part of 

the U-bolt with a magnitude of about 1,250 microstrain. Subject to the horizontal load, the U-bolt 

on the Type-B specimen failed in the threaded region on the front leg (near the loading plate) 

with a shear failure as shown in Figure 28.  

 

Figure 28. Shear failure on the U-bolt shanks (Type-B, horizontal loading) 

The total ultimate load carried by the specimen was about 35 kips.  

Figure 29 shows load versus displacement curves for the Type-B specimen subject to the load.  
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Figure 29. Load vs. displacement curves (Type-B, horizontal loading) 

It can be seen that, before the load reached 18 kips, the specimen was loaded symmetrically, but, 

after that, a small difference in the displacement between the two ends of the pipe appeared.  

Figure 30 shows the strain change on the U-bolt versus the loading.  

 

Figure 30. U-bolt strain due to horizontal load (Type-B, horizontal loading) 

The strain gage BH-5 was installed on the front shank near the ultimate failure point. It can be 

seen that, when the load was about 10 kips, a significant plastic deformation occurred in that 

area. After that, the gage lost function because of range limitations (10,000 microstrain). 
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CHAPTER 4. MODEL DEVELOPMENT AND VALIDATION  

To further interpret the test results and provide a valid analytical tool for the parametric study 

conducted in the next step, FEMs were developed for the specimens. The results from the FEMs 

were compared against the test results to validate the modeling approach.  

4.1 Model Development  

4.1.1 Type-A Specimen 

A 3D nonlinear FEM was developed using the commercially available software ANSYS. All 

steel parts were modeled using Solid185 elements. Table 2 lists the material properties for each 

component.  

Table 2. FEM details 

 

Steel  

Grade 

Element  

Type 

Yield Strength  

(ksi) 

Ultimate  

Strength (ksi) 

Initial Young’s  

Modulus (ksi) 

Specimen  

Type 

U-bolt  A36 Solid185 36 65 29,000 Type-A & -B 

Pipe A53-B Solid185 35 60 29,000 Type-A & -B 

Saddle  A572-50 Solid185 50 65 29,000 Type-A 

Load plate A36 Solid185 36 65 29,000 Type-A & -B 

W-shaped  

beam  
A992 Solid185 50 65 29,000 Type-A 

Angle A36 Solid185 36 65 29,000 Type-B 

U-bolt  

(calibrated) 
A36 Solid185 60 100 29,000 Type-A & -B 

Pipe/U-bolt  

interface 
 

Surface Contact  

Element 
   Type-A & -B 

Saddle/pipe  

interface 
 

Surface Contact  

Element 
   Type-A 

Pipe/angle  

interface 
 

Surface Contact  

Element 
   Type-B 

Saddle/beam  

interface 
 

Surface Contact  

Element 
   Type-A 

Nuts and beam  

interface 
 

Surface Contact  

Element 
   Type-A & -B 

Shank and side of  

saddle and top  

flange of beam 

 
Surface Contact  

Element 
   Type-A & -B 

 

Since the FEM is a highly nonlinear model with large deformation, the true stress-strain curve, 

which was converted based on the engineering stress-strain relation, was input into the model. 

The engineering stress and strain that were in the engineering software application neglect the 

necking effect, were established with an initial Young’s modulus of 29,000 ksi and a peak 

strength strain of 0.2 for each component. The true stress and strain, which consider the necking 

effect, were calculated using equation (1) and equation (2).  
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Ɛtrue = ln(1 + Ɛengineering) (1) 

σtrue = σengineering × (1 + σengineering) (2) 

where, ɛtrue is the true strain; ɛengineering is the engineering strain; σtrue is the true stress and 

σengineering is the engineering stress. Figure 31 shows both engineering and true stress-strain 

curves for each component. 

 

Figure 31. Engineering and true stress-strain data 

Surface contact element pairs Conta173/Targe170 were used to model the interaction between 

the U-bolt and pipe, saddle and pipe, saddle and beam, nuts and beam, shank and sides of the 

saddle, and top flange of the W-shaped beam. The contact properties were defined with a steel-

to-steel friction coefficient of 0.75 and 0 cohesion. Since the W-shaped beam was tied-down on 

the ground with high pressure during the test (see previous Figure 10) and resulted in high 

friction resistance between the bottom flange of the W-shaped beam and the ground, the bottom 

flange of the W-shaped beam was fixed on the FEM. The preload was applied onto the 

nut/washer elements in the same way as that used by McCarthy and McCarthy (2005) and 

McCarthy et al. (2005), and the horizontal/vertical loads were applied on the plate (welded on 

the pipe) gradually, until failure. Figure 33 shows the FEM of the Type-A specimen. 
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Figure 32. FEM of Type-A specimen 

4.1.2 Type-B Specimen 

The Type-B model was developed in the same manner as the Type-A model. The stress strain 

curve for the angle was shown previously in Figure 31. Figure 33 shows the FEM of the Type-B 

specimen.  

 

Figure 33. FEM of Type-B specimen 

4.2 Model Validation  

4.2.1 U-Bolt Steel fy = 36 ksi, fu = 60 ksi 

The model was first analyzed with the standard material properties of fy = 36 ksi and fu = 60 ksi 

for A36 steel. However, the analytical results showed a difference when compared to the 

experimental results. Figure 34 compares the force vs. displacement curves on the Type-A 

specimen subject to the vertical load.  
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Figure 34. Model validation with load vs. displacement curves (Type-A, vertical loading) 

It is apparent that the experimental results indicated a system yield point at about 18 kips, but the 

FEM results showed a system yield point when load was about 10 kips.  

Table 3 compares the ultimate capacities between the analytical and experimental results. 

Table 3. Ultimate capacity comparisons 

Specimen Loading 

Ultimate Capacity  

(Test) 

Ultimate Capacity  

(FEM) Difference 

Type-A Horizontal 38 kips 20 kips 47% 

Type-A Vertical 24 kips 15 kips 38% 

Type-B Horizontal 35 kips 20 kips 42% 

 

For the Type-A specimen subjected to the vertical loading and the Type-B specimen under 

horizontal loading, the failure on the tested specimens occurred in the thread region at the thin 

cross-section (with an area of about 0.31 in2), while the FEM did not include the thread and had a 

consistent cross-section area of about 0.44 in2. To account for the thin cross-section at the thread 

region, failure was identified when stress at the thread achieved a ratio of 0.31 ÷ 0.44 × fu. The 

corresponding strain was used to find the failure loading. For the two Type-A specimens and the 

Type-B specimen, the FEM resulted in an ultimate capacity of 38% to 47% lower than the test 

results. 

4.2.2 U-Bolt Steel fy = 70 ksi, fu = 110 ksi 

Because of the significant difference between the experimental and analytical results as 

discussed in Section 4.2.1, the stress-strain curve for the U-bolt was calibrated to fy = 70 ksi and 

fu = 110 ksi with the stress-strain curve as shown in Figure 35.  
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Figure 35. Stress-strain data for the U-bolt on the calibrated model 

Table 4 compares the ultimate capacities from the calibrated model against the experimental 

results for each test.  

Table 4. Ultimate capacity comparisons (calibrated model) 

Specimen Loading 

Ultimate Capacity  

(Test) 

Ultimate Capacity  

(FEM) Difference 

Type-A  Horizontal 38 kips 36 kips 5% 

Type-A Vertical 24 kips 26 kips 8% 

Type-B Horizontal 35 kips 34 kips 2% 

 

The two Type-A specimens and the Type-B specimen show a small difference of 2% to 8%.  

Figure 36 shows the von Mises strain distribution on the U-bolt after preload.  

0

30

60

90

120

150

0 0.05 0.1 0.15 0.2

St
re

ss
 (

ks
i.

)

Strain

Ubolt_Calibrated (Engineering)

U bolt_Calibrated (True)



 

34 

 

 

 

Figure 36. von Mises strain on the U-bolt after preload 

The maximum strain after preload occurs at the interface between the U-bolt and pipe with a 

stress concentration resulting in a strain of about 0.0024. Figure 37 shows the von Mises strain 

distribution on the U-bolt at the ultimate stage with an exaggerated deformed shape.  
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(a) Type-A specimen subject to horizontal loading 

 
(b) Type-A specimen subject to vertical loading 

 
(c) Type-B specimen subject to horizontal loading 

 

Figure 37. von Mises strain on the U-bolt at ultimate stage 
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Although Figure 37-b, shows the maximum strain occurs at the shank (above the thread region), 

a detailed observation indicates that the thread region (blocked by the nuts) achieved a stress 

equal to 0.31 ÷ 0.44 × fu before the shank reached yielding.  

Figure 38 through Figure 41, Figure 42 through Figure 45 and Figure 46 through Figure 48, 

shown under the next subsection headings, compare the experimental results to the analytical 

results (before yielding) from the calibrated models with fy = 70 ksi and fu = 110 ksi for the three 

specimens, respectively.  

For all three models, the preload was applied by assigning a thermal expansion coefficient, and 

the temperature on the nut/washer element was continually increased until the strain at each gage 

location showed reasonable consistency with the experimental data. In general, the analytical 

results showed good agreement with the experimental results and the modeling approach appears 

valid for the parametric study, which is described in the next chapter. 

Type-A Specimen Subject to Horizontal Loading 

 

Figure 38. Model validation by U-bolt strain due to preload (Type-A, horizontal loading)  
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Figure 39. Model validation by load vs. displacement curves (Type-A, horizontal loading) 

0

10,000

20,000

30,000

40,000

-5 -4 -3 -2 -1 0 1 2 3

Lo
ad

 (
lb

)

Displacement (in)

DS1 (Loading side)
DS2
DS1 (Loading side)
DS2



 

38 

 
(a) Gage AH-1 to AH-5 

 
(b) Gage AH-6 to AH-10 

Figure 40. Model validation by U-bolt strain due to horizontal load (Type-A, horizontal 

loading) 
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(a) AH11                                                                   (b) AH12 

 
(a) AH13                                                                   (b) AH14 

Figure 41. Model validation by strain from rosette strain gage (Type-A, horizontal loading) 
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Type-A Specimen Subject to Vertical Loading 

 

Figure 42. Model validation by U-bolt strain due to preload (Type-A, vertical loading)  

 

Figure 43. Model validation by load vs. displacement curves (Type-A, vertical loading) 
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(a) Gage AH-1 to AH-5 

 
(b) Gage AH-6 to AH-10 

Figure 44. Model validation by U-bolt strain due to vertical load (Type-A, vertical loading) 
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(a) AV11                                                                   (b) AV12 

  
(a) AV13                                                                   (b) AV14 

Figure 45. Model validation by strain from rosette strain gage (Type-A, vertical loading) 
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Type-B Specimen Subject to Horizontal Loading 

 

Figure 46. Model validation by U-bolt strain due to preload (Type-B, horizontal loading)  

 

Figure 47. Model validation by load vs. displacement curves (Type-B, horizontal loading) 
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Figure 48. Model validation by U-bolt strain due to horizontal load (Type-B, horizontal 

loading) 
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CHAPTER 5. PARAMETRIC STUDY  

The parametric study was performed to understand the behavior of the U-bolt connections with 

different material properties and subject to various loading conditions. Given that the laboratory 

tests on the specimens were conducted and the model calibration was performed based on the 

most frequently used 3/4-in. diameter U-bolt, the parametric study was also performed for the 

3/4-in. diameter U-bolt connection. 

According to the Iowa DOT Standard Specifications for Highway and Bridge Construction 

Article 4187.01, C, 2 (with last revised 4/16/2019 at 

https://www.iowadot.gov/erl/current/GS/content/4187.htm), both galvanized steel U-bolts of 

various grades and stainless steel U-bolts of various grades are allowed for the U-bolt 

connections. Table 5 lists all of the types of steel that are allowed for the 3/4-in. diameter U-bolt.  

Table 5. Materials of interest 

Steel Grade 

Diameter 

(in.) 

Yield  

Strength  

(ksi) 

Ultimate  

Strength  

(ksi) 

Stainless  

Steel 

ASTM A320, Class 1, Grade B8/B8A All 30 75 

ASTM A320, Class 2, Grade B8 3/4 and under 100 125 

ASTM F593,  

Group 1, Alloy  

304/304L 

Condition A 1/4 to 1-1/2 30 75 

Condition CW2 3/4 to 1-1/2 45 85 

ASTM F593,  

Group 2, Alloy  

316/316L 

Condition A 1/4 to 1-1/2 30 75 

Condition CW2 3/4 to 1-1/2 45 85 

ASTM F593,  

Group 3, Alloy  

321/347 

Condition A 1/4 to 1-1/2 30 75 

Condition CW2 3/4 to 1-1/2 45 85 

Galvanized  

Steel 

ASTM A499, Type 1 1/2 to 1 92 120 

ASTM A307, Grade B 1/4 to 4 Not given 60 

ASTM F1554, Grade 36 1/4 to 4 36 58 

ASTM F1554, Grade 55 1/4 to 4 55 75 

Initial Young’s Modulus of 29,000 ksi for all 

During the parametric study, all of the steel grades highlighted in yellow in Table 5 were studied 

The ASTM A307, Grade B (fu = 60 ksi) galvanized steel, whose yield strength is not defined, 

was not studied. The effects of these material properties were studied by modifying the 

constitutive models of the materials in the FEM, while the geometric properties of the FEM were 

kept the same. Figure 49 plots the stress-strain curves for the each type of material that was 

studied during the parametric study. 

https://www.iowadot.gov/erl/current/GS/content/4187.htm
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(a) Stainless steel 

 
(b) Galvanized steel 

Figure 49. Stress-strain curves of the materials studied during parametric study 

The true stress-strain curve was converted based on the engineering stress-strain (shown in 

Figure 49), which was established with an initial Young’s modulus of 29,000 ksi and a peak 

strength strain of 0.2 (fu < 100 ksi) and 0.1 (fu > 100 ksi).  

Additionally, the orientation of the loading relative to the beam was studied analytically to 

understand the behaviors of the specimens under those loading conditions. Figure 50 shows the 

loading directions relative to the vertical direction for the Type-A specimens.  
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Figure 50. Parametric study loading directions relative to the vertical direction for the 

Type-A specimens 

The Type-B specimen used the same method to designate the loading directions. 

During the parametric study, one FEM was developed for each specimen type with a certain 

material property and loading direction, and analyzed with the nonlinear material and geometric 

properties. In total, 60 analyses were performed. Similar to the calibrated model, a preload was 

applied to the model until the U-bolt achieved a strain similar to that measured during testing. 

Then, the model was gradually loaded until failure occurred.  

To gain an understanding of the structural behavior of both U-bolt connection types, both yield 

capacity and ultimate capacity results were output and are listed in Table 6.  
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Table 6. Parametric study results 

Material Type Stage of Interest 
Type-A Specimen Type-B Specimen 

0° 45° 90° 135° 180° 0° 45° 90° 135° 180° 

Stainless 

Steel 

fy=30 ksi 

fu=75 ksi 

Yield 
Capacity (kips) <1 <1 <1 <1 <1 8.5 1 1.5 1.5 3 

Location Thread Thread Shank Thread Thread Thread Thread Thread Thread Angle 

Ultimate 
Capacity (kips) 18 15 24 19 23 41 12 29 17 14 

Location Thread Thread Shank Thread Thread Thread Thread Thread Thread Angle 

fy=45 ksi 

fu=85 ksi 

Yield 
Capacity (kips) 1 <1 1 <1 2 11.5 2 2.5 2 3 

Location Thread Thread Shank Thread Thread Thread Thread Thread Thread Angle 

Ultimate 
Capacity (kips) 20 17 27 22 24 48 12 30 19 14 

Location Thread Thread Shank Thread Pipe Thread Thread Thread Angle Angle 

fy=100 ksi 

fu=125 ksi 

Yield 
Capacity (kips) 6 2.5 5.5 4 9 23 5 7 6.5 3 

Location Thread Thread Shank Thread Thread Thread Thread Thread Thread Angle 

Ultimate 
Capacity (kips) 30 25 40 32 24 48 16 45 19 14 

Location Thread Thread Shank Pipe Pipe Thread Thread Thread Angle Angle 

Galvanized 

Steel 

fy=36 ksi 

fu=58 ksi 

Yield 
Capacity (kips) 1 <1 <1 <1 1 11 2 2 2 3 

Location Thread Thread Shank Thread Thread Thread Thread Thread Thread Angle 

Ultimate 
Capacity (kips) 15 12 20 17 20 39 10 22 16 14 

Location Thread Thread Shank Thread Thread Thread Thread Thread Thread Angle 

fy=55 ksi 

fu=75 ksi 

Yield 
Capacity (kips) 3 1 2 1 3 14 2 4 3 3 

Location Thread Thread Shank Thread Thread Thread Thread Thread Thread Angle 

Ultimate 
Capacity (kips) 19 15 25 21 24 44 12 29 19 14 

Location Thread Thread Shank Thread Pipe Thread Thread Thread Angle Angle 

fy=92 ksi 

fu=120 ksi 

Yield 
Capacity (kips) 5.5 2 4 3 8 21 4 6 5.5 3 

Location Thread Thread Shank Thread Thread Thread Thread Thread Thread Angle 

Ultimate 
Capacity (kips) 28 24 39 32 24 48 16 42 19 14 

Location Thread Thread Shank Pipe Pipe Thread Thread Thread Angle Angle 
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To find the location that first achieved the yield or ultimate strain, small load steps were used in 

the analysis, and the results from each load step were carefully observed at the critical locations 

including U-bolt shank, thread, pipe, and angle. The yield or ultimate stage was identified when 

the strain at the critical location initially achieved the value corresponding to the yield or 

ultimate strength. Note that the yield or ultimate strengths at the thread region were reduced by a 

ratio of 0.31 ÷ 0.44 to account for the thin cross-section at the thread region on the actual 

specimen.  

The critical locations are shown previously in Figure 37-a and -b at the shank and thread for the 

Type-A model and in Figure 37-c at the thread for the Type-B model. Figure 51 and Figure 52 

show the critical location (red) at the pipe and angle respectively.  

 

Figure 51. Critical location on pipe (Type-A) 
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Figure 52. Critical location at the angle (Type-B) 

Note that, for the Type-B model subject to 180° loading, the load was carried by the angle 

without inducing any stress on the U-bolt. 

The results shown previously in Table 6 show a relatively low yield capacity but high ultimate 

capacity, which indicates a good ductility before reaching failure. It also could be concluded that 

the thread region is the most vulnerable location, as most of the failures start in that region.  

Interaction diagrams were created based on these data, as discussed in the next chapter. 
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CHAPTER 6. INTERACTION DIAGRAMS 

The interaction diagrams shown in Figure 53 and Figure 54 were developed based on the results 

from the parametric study (previous Table 6).  

 
(a) Yield capacity of Type-A specimen 

 
(b) Ultimate capacity of Type-A specimen 

Figure 53. Interaction diagram for Type-A specimen 
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(a) Yield capacity of Type-B specimen 

 
(b) Ultimate capacity of Type-B specimen 

Figure 54. Interaction diagram for Type-B specimen 

The interaction diagrams were created for the estimation of the capacity of the U-bolt 

connections under different loading conditions without the need to conduct any load testing or 

numerical simulations. By using Figure 53 and Figure 54, a designer can easily find the 

capacities by inputting the material type and load resultant direction. To use the interaction 

diagrams in this chapter, the following limitations should be considered: 

 The capacities presented in the interaction diagrams are only for the 3/4-in. diameter U-bolt 

on the specific connection structure (Type-A or Type-B). 
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 The laboratory tests were performed with loading directions of only 0° and 90° for Type-A 

specimens and 90° for the Type-B specimen. The results for other loading directions were 

obtained from the analytical study. 

 The capacities for the loading directions with exceptions of 0°, 45°, 90°, 135°, and 180° were 

interpolated from the analytical results at those five loading directions. The actual capacities 

may vary.  

 The capacities were calculated on a system basis, not just the U-bolt. For example, under 

certain conditions, the Type-B system first yielded or achieved the ultimate strength on the 

pipe or angle, not the U-bolt. The replacement of accessory parts, such as the angle or pipe, 

may change the system capacity. 
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CHAPTER 7. SUMMARY, CONCLUSIONS AND FUTURE RESEARCH DIRECTIONS 

7.1 Summary 

A comprehensive literature search on the utilization of and modeling of U-bolt connections was 

conducted for this research project. Three laboratory tests were conducted on two types of 

specimens. The data collected from the tests were analyzed and then used to calibrate various 

FEMs. The calibrated models were then used in the parametric study to calculate the yield and 

ultimate capacities of both specimen types with various material properties and load directions. 

Finally, interaction diagrams were developed for capacity estimation the of the U-bolt 

connections. 

7.2 Conclusions 

A few conclusions can be summarized from different phases of this work as follows: 

 Not many research investigations on the capacity of U-bolt connection have been conducted 

in the field of civil engineering. In addition, most manufacturers of U-bolts do not intend for 

them to be used in the ways currently detailed. 

 The results from both laboratory tests and analytical solutions indicate that different failure 

modes occur when the loading is in different directions.  

 The results from the analytical study show a relatively low yield capacity, but indicate that 

the details have good ductility before reaching failure. 

 The parametric study results indicate that the thread region is the most vulnerable location 

and that most of the failures start from that region. 

7.3 Future Research Directions 

The research summarized in this report represents a major step toward developing a better 

understanding of the behavior and design of U-bolt connections. However, several questions 

remain that could be answered by conducting additional research, as follows:  

 Additional laboratory tests should be performed on high-strength U-bolts with loading 

directions of 135° and 180°, because the failure locations predicted by the FEM analyses 

with high-strength U-bolts are different from those captured in the laboratory tests.  

 More experimental and analytical work should be conducted with various loading directions 

(e.g., 30°, 60°, 120°, and 150°) to study structural behavior subject to various loading 

directions.  
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 Given that almost all of the material types appear to have low yield capacity, the fatigue 

performance of the U-bolt connection should be investigated to understand the impact of 

repeated loads near the yield load. Additional laboratory tests are recommended to study the 

fatigue performance of the U-bolt connections. 

 Given that both experimental and analytical work were conducted on the 3/4-in. diameter U-

bolt, further research is recommended on U-bolt connections with other sizes to obtain the 

relationship between the U-bolt size and connection capacity. 
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