
ABSTRACT 

NIFONG, MATTHEW. Uncertainty of Threaded Piping Subjected to Monotonic Loading. 
(Under the direction of Dr. Vernon C. Matzen). 

 
 

Small bore piping in fire sprinkler systems can be modeled using Euler-Bernoulli beam 

elements for the straight pipe segments, non-linear rotational springs for the exposed 

threaded regions where the pipes enter fittings, and linear rotational springs elements for the 

fittings. Because of the nature of the threading and assembly processes there is more 

uncertainty in the behavior of the threaded region than in the straight pipes. Experimental and 

analytical studies have been conducted in the past on the threaded behavior, but they have not 

focused on these uncertainties. In the study described in this paper twenty-five monotonic 

tests were conducted to assess the realistic influences on the threaded behavior of variations 

in pipe size, pipe manufacturer, joint type, thread exposure, and speed of loading that may 

occur in practice. Twenty-three of these tests were on 1-inch specimens, and the remaining 

two on 2-inch specimens. Each specimen consisted of a fitting (mostly tees, some elbows) 

and a straight pipe section. The fitting was fixed and a load was applied at the end of the 

straight pipe, thereby causing a moment loading at the pipe-fitting interface. During loading, 

the specimen was pressurized in accordance with NFPA 13 (NFPA 13). Moment-rotation 

data were monitored up to ultimate load at each joint interface, and load-displacement data 

were monitored at the loaded end of the pipe. A Ramberg-Osgood (Ramberg and Osgood, 

1943) rotational spring model was used to represent the moment-rotation behavior. 

Conclusions from this study showed the following: 

• Behavior of the straight pipe sections remained linear or mostly linear in all tests. 



• Virtually all of the nonlinear behavior occurred in the exposed threaded region. 

• Pipe manufacturer and number of exposed threads on the threaded joint resulted in 

the most uncertainty in behavior.  

• Loading rate and fitting type had little effect on thread behavior. 

• The fittings themselves can be modeled using linear rotational springs. 

•  2-inch specimens exhibited the expected increase in moment capacity, with similar 

rotational behavior compared to 1-inch specimens of the same manufacturer.  

• The Ramberg-Osgood rotational spring model was able to represent the behavior of 

the threaded regions of the pipe. 

• A structural model consisting of an elastic Euler-Bernoulli beam element for the pipe, 

a Ramberg-Osgood spring model for the threaded region, and a linear rotational 

spring element for the fittings was able to represent the behavior of a representative 

segment of a piping system. 
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NOTATION OF THESIS 

The following is a description of the notation for abbreviations, terms, and references 

referred to throughout this thesis for clarification and understanding of terminology: 

 

• NPS: Nominal Pipe Size (NPS) is the common US terminology for pipe sizes, and 

gives the nominal outside diameter, not the actual diameter. In the rest of the paper, 

pipe sizes will be referred to directly as nominal pipe sizes, e.g. 1-inch. 

 

• NPT: National Pipe Thread (NPT) is the common US terminology for the standard of 

tapered threads used on fittings and threaded pipes, e. g. fire sprinkler systems are an 

area that uses NPT standards. 

 

• Fitting: Metal connector with female NPT pipe threads that join segments of pipes. 

 

• Joint: The region where the male threads on a pipe segment intersect the fitting face. 

 

• Exposed Threads: The threads on the end of the pipe that are still showing once the 

pipe is tightened into the fitting. 

 

• Yield Point: First point at which the initial linear stiffness of the data varies, and non-

linear deformation begins to occur. 

 



 xiv 

• Ultimate Point: Point at which the data reaches the maximum load capacity. 

 

• Rupture Point: Point at which the pipe completely fails, when the circumferential 

crack develops (leaking occurs), load capacity has significantly decreased, and testing 

is terminated. 

 

• Pull: to tighten a fitting to the end of a pipe segment by screwing the fitting onto the 

male threads of the pipe end. 

 

 

 

 

 

 

 

 

 

 

 



 1 

1. Introduction 

Structural engineering is often thought of as the design or evaluation of the primary 

load carrying components of buildings, bridges, aircraft, etc. Equally important, however, is 

the design or evaluation of non-structural components such as, for buildings, non-load 

bearing walls and suspended ceilings, as well as electrical systems, heating, air, and other 

mechanical systems that must function effectively for the normal and emergency operation of 

the facility. In recent years a larger focus of research efforts has been devoted to modeling 

the structural behavior of these non-structural components of facilities during earthquakes.  

One commonly overlooked non-structural component is the fire sprinkler systems – the topic 

of this thesis.   

Failure of any non-structural component could lead to physical injuries, profound 

negative financial effects, and possible shutdown of important structures during and 

following an earthquake. In 1971 for example, after the San Fernando earthquake, it was 

reported that four of eleven medical facilities in the area had to be shut down because of 

damage to non-structural components (Wasilewski 1998). Furthermore, records from the 

1994 Northridge earthquake indicate that approximately 85% of the $7.4 billion damages 

was attributed to non-structural systems failing during that event (Kircher 2003). 

Specifically, the failure of the fire sprinkler system during this earthquake was given as the 

primary cause for shutting down the Mount Olive View Hospital in 1994 (Ayres and Phillips 

1998). With the possibility of non-structural system failures having such devastating effects 
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in the event of an earthquake, research must continue to establish and refine a performance-

based design approach for these non-structural components. 

In order to model fire sprinkler piping systems, basic structural analysis methods are 

applied. Establishment of linear stiffness, yield point, ultimate, and rupture must be 

established for each component of the piping system in order to effectively analyze the 

structural behavior the entire piping systems. The types of connections in fire sprinkler 

systems are threaded for small bore piping (less than 2 or 3 inches [50.8 or 76.2 mm] in 

diameter), and grooved for larger piping. Components in threaded piping systems include 

straight pipe segments, the threaded region of the pipe, and a variety of fittings that the 

threads of the pipe are tightened into for use of the sprinkler system.   

The focus of this thesis will be on the behavior of small bore threaded fire sprinkler 

piping, specifically the creation of data that can be used in a fragility analysis that, in turn, 

can lead to the development of performance-based design criteria. While research efforts 

have been conducted within the National Earthquake Hazards Reduction Program (NEHRP), 

the Network for Earthquake Engineering Simulation (NEES), and the Marginal Cost-

Effectiveness Ratio (MCER) Program to understand the fragility of non-structural systems 

well enough to create performance based design criteria, additional research is needed to 

determine the fragility of threaded connections by examining the uncertainties associated 

with threaded joint behavior. By understanding these uncertainties, current modeling 

practices can be improved for more accurate designs and analysis of future systems. 

The remainder of this document establishes the background of the threaded fire 

sprinkler research for modeling and the experimental identification of the uncertainties of 
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threaded behavior. An experimental plan of research will be defined, along with a description 

of the experimental setup. Section 7 will provide the experimental results for the stress-strain 

relationship of the piping used, fitting behavioral results, and threaded behavioral results. 

These results will then be used to create models of the test specimens. Finally, the results are 

summarized and conclusions drawn to provide knowledge about the uncertainty of threaded 

joint behavior. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 4 

2. Background 

The codes and standards that define the manufacture and use of fire sprinkler piping 

are the following: ANSI/ASME B1.20.1, ANSI/ASME B16.3, ASTM A135, ASTM A536, 

ASTM A795, and NFPA 13 (National Fire Protection Association).  

The standard for National Pipe Threads (NPT) is established in ANSI/ASME 

B1.20.1.  Threads on pipe ends and fittings (elbows, tees, reducers, etc.) are created so that, 

as the pipe (the pin) is tightened into the joint or fitting (the box) with Teflon tape or pipe 

joint compound, a watertight joint is formed. Figure 1 gives an illustration of the tapering 

along with the necessary dimensions established in ANSI/ASME B1.20.1. Key components 

of this standard are (1) that the tapered thread angle is 1° 47’, (2) the thread angle is 60°, (3) 

the roots of the threads are truncated, and (4) the crests are flat. The thread pitch is measured 

in threads per inch. Refer to Table 1 and Table 2 for the corresponding dimensioning of the 

Nominal Pipe Size (NPS) 1-inch and 2-inch pipes1. An important note from the code is that 

the dimensions in the tables are specified to a greater level of significance for less field 

variations. 

Within the fire sprinkler industry one of the common types of fittings used is the 

ductile iron fitting. These fittings are threaded in accordance to ANSI/ASME B1.20.1, 

dimensioned in accordance to ANSI/ASME B16.3, with specifications of properties 

                                                 
1 Nominal Pipe Size (NPS) is the common US terminology for pipe sizes, and gives the 
nominal outside diameter, not the actual diameter. In the rest of the paper, pipe sizes will be 
referred to directly as nominal pipe sizes, e.g. 1-inch. 
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established in ASTM 536. The dimensioning of the ductile iron fittings and specifications of 

properties is variable depending upon the fitting size and grade of steel used. 

 

 

 

Figure 1: NPT Dimensioning ANSI/ASME B1.20.1 
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Table 1: NPT Dimensioning Part 1 

Nominal 

Pipe 

Size (in)  

O.D. of 

Pipe: D 

(in) 

[mm] 

Thickness 

of Pipe 

(in)    

[mm] 

Thread

s/in. 

(n) 

Pitch of 

Thread (P) 

Pitch Diam. At 

Beginning of External 

Thread: E0 (in) [mm] 

 

 

 

 

1 

1.315 

[33.4] 

0.133 

[3.38] 11.5 0.08696 1.21363 [30.826] 

 

2 

2.375 

[60.3] 

0.154 

[3.92] 11.5 0.08696 2.26902 [57.633] 
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Table 2: NPT Dimensioning Part 2 

Nominal 

Pipe Size 

(in) 

Hand-tight Engagement Effective Thread, External 

Length (L1) 
Diam: E1 

(in)    

[mm] 

Length (L2) 

Diam: 

E2 

(in) 

[mm]  
Threads 

(in)    

[mm]   
Threads 

(in) 

[mm] 

1 

0.4 

[10.2] 4.6 

1.23863 

[31.461] 

0.6828 

[17.343] 7.85 

1.2563 

[31.91] 

2 

0.436 

[11.1] 5.01 

2.29627 

[58.325] 

0.7565 

[19.215] 8.7 

2.3163 

[58.83] 

 

  

Pipes used in this study were manufactured according to ASTM A135 and A795 

standards. ASTM A135 is the standard specification for electric-resistance-welded steel pipe, 

and ASTM A795 is the standard specification for black and hot-dipped zinc-coated welded 

and seamless pipe for fire protection use. The A135 standard gives a minimum tensile 

strength of 48 ksi [330 MPa] and a minimum yield strength of 30 ksi [205 MPa] for Grade A 

steels, and 60 ksi [415 MPa] and 35 ksi [240 MPa] as the corresponding values for Grade B 

steels. Furthermore, for A135 and A795 pipes the cross-sectional requirements specify that 

the outside diameter shall not vary by more than ±1% from the nominal specified diameter, 



 8 

and the minimum wall thickness at any point shall not be more than 12.5% lower than the 

nominal wall thickness. Finally, A795 specifies that the nominal outside diameter and 

thickness for 1-inch pipe are 1.315 in [33.4 mm] and 0.133 in [3.38 mm], respectively; while 

the corresponding values for 2-inch pipe are 2.375 in [60.3 mm] and 0.154 in [3.91 mm]. 

According to NFPA 13, the standard for installation of fire sprinkler systems, a 

threaded piping system must be able to withstand a hydrostatic pressure test of 200 psi    

[1.38 MPa] upon installation without any leaking or reduction of pressure (NFPA, 2013). 

NFPA 13 has numerous additional standards on setup requirements depending upon 

occupancy, space, and type of system, but the hydrostatic test is the only requirement 

applicable to the current research. It is important to note that there is not a standard or code 

requirement on the tightness of the joint, only that the joint can withstand the 200 psi      

[1.38 MPa] hydrostatic test. This point is addressed later under the discussion of best 

professional practices. 

Experimental and analytical studies on threaded fire sprinkler joints have been 

conducted by Antaki (Antaki and Guzy, 1998; Gutierrez and Antaki, 2012), Tian (Tian, 

2012), Ju (Ju, 2011), Ryu (Ryu, 2011), and Tadinada (Tadinada, 2012). A summary of their 

studies and modeling approaches is given below. 

The experimental studies by Antaki and Guzy published in 1998 and by Antaki and 

Gutierrez in 2012 involved various coupling types including threaded joints (Antaki and 

Guzy, 1998; Gutierrez and Antaki, 2012). In both experimental studies, four monotonic tests 
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were conducted on 2-inch schedule 40 threaded joints subjected to 4 four-point bending. The 

joint was located in the center of a 6 foot [1.829 meter] simply supported span with the load 

points at 1/3 and 2/3 of the span. For both experimental studies, three of the 2-inch tests 

failed by rupture of the first exposed valley thread, and one of the tests failed by stripping of 

the threads. From the studies in 1998 it was stated that the nominal stress in bending, M/Z, 

ranged from 60 to 67 ksi [413 to 462 MPa] at rupture. The displacements of the crosshead for 

four-point bending during these tests varied between 2 inches [50.8 mm] and 2.75 inches 

[69.9 mm] at rupture (Antaki and Guzy, 1998). The tests published by Gutierrez and Antaki 

in 2012 displayed similar results to the studies conducted in 1998. The nominal stress in 

bending appeared to range between 60 to 67 ksi [413 to 462 MPa] at rupture once again, 

while displacements of the crosshead for four-point bending varied between 1.95 inches 

[49.5 mm] and 3.25 inches [82.6 mm] at rupture (Gutierrez and Antaki, 2012). 

Tian conducted numerous experiments at the University at Buffalo for his doctoral 

studies (Tian, 2012). Testing included CPVC pipes with cement joints and black iron pipe 

with both grooved and threaded connections. Pipe sizes of the threaded specimens tested 

were 6-, 4-, 2-, 1-, and ¾-inch. Each pipe size was tested four times total, which included one 

monotonic test and three cyclic tests. The test setup involved tee-fittings monitored for 

moment-rotation data with a displacement-controlled actuator pressing against the outlet of 

the fitting. The test setup was symmetrical with straight run pipe segments on each side of 

the tee-fitting as well as the branch pipe; the two run pipes were attached to couplers on the 
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far ends of the runs to allow for small rotations. Figure 2 and Figure 3 show the test setup 

(Tian, 2012). 

 

 

Figure 2: Tian 2012: Test Setup 
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Figure 3: Tian 2012: Test Setup 

Monotonic quasi-static tests were conducted at a rate of 0.01 in/sec [0.254 mm/sec], 

while cyclic tests were conducted following a quasi-static protocol defined in Tian’s 

dissertation (Tian, 2012). Within the dissertation, it was stated that the ¾- and 1-inch pipes 

were the only ones to undergo rupture of the connection at the first exposed valley (the first 

root of the pipe thread that was outside of the fitting). The failure mode for larger pipe sizes 

was slippage of mating threads. The monotonic test on the 1-inch pipe produced an ultimate 

moment of approximately 7,700 lb-in [870 N-m] and a corresponding pipe rotation of 0.07 

radians on both sides of the joint. Rupture occurred at 0.0725 radians for the left side of the 

joint, but the right side of the joint didn’t rupture until it reached 0.12 radians. From the 

monotonic test on 2-inch pipe, results showed that the ultimate moment was just over 20,000 

lb-in [2260 N-m] and the corresponding rotation was 0.06 radians on the left side and 0.0425 
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radians on the right side. Rupture occurred at 0.08 radians for the left side, but the right side 

had not yet ruptured when the test was terminated.  

 In 2011, Ju (Ju, 2011) modeled both cyclic and monotonic behavior of threaded 

piping and compared his results to the experimental studies of Tian (Tian, 2012). Ju’s 

modeling approach involved straight pipe segments, which could be modeled using Euler-

Bernoulli beam elements (which would deform elastically) interconnected with nonlinear 

rotational spring elements of zero length. The modeling software, OpenSees (Mazzoni et al., 

2006) was used to model the effect of the tee-fittings, treating the threaded regions as 

rotational springs for the purposes of modeling. The experimental moment-rotation data of 

the joints were taken from Tian’s work, through the NEES project report (Tian, 2012), for the 

structural behavior of the threads in the program. The OpenSees theoretical models were then 

compared to the experimental results, with good success for each individual test. Ju reported 

that his analytical model yielded good results for the threaded behavior for both cyclic and 

monotonic loading. The comparisons between the theoretical and experimental were based 

on individual tests and did not include a study of the variable behavior of the threaded 

system. 

Tadinada expanded upon Ju’s work by incorporating a Bayesian approach  (Tadinada, 

2012). Tadinada showed that his approach could successful predict the convergence of the 

posterior fragility curve for a hospital piping system based upon limited time history data. 

His approach provides the knowledge to assess and conduct the adequate number of non-

linear time history analyses until convergence. While Tadinada was successful in creating the 



 13 

median fragility curves for the hospital piping system, Tadinada’s data were based on time 

history data from the past research efforts by Ju (Ju, 2011), and therefore contributed to the 

modeling of a piping system, rather than focusing on a specific component of a threaded 

piping system.  

Ryu tested six schedule 40, black iron, 1-inch pipes (Ryu, 2011). Each test setup 

consisted of a pipe, approximately 24 inches long [609.6 mm], threaded into a flange that 

was then bolted to a steel reaction table. The free end of the specimen had an end cap so that 

the pipe could be pressurized for leak detection. Strain gages were mounted in the axial 

direction at the midpoints of the pipes and four LVDTs mounted at various heights were used 

to monitor the lateral displacements. For each specimen, the capped end was subjected to a 

displacement-controlled load until failure. The force versus strain data of the pipes were 

linear and virtually identical to each other illustrating that the pipe itself, at least at the 

location of the strain gage, behaved linearly throughout all tests even through there was 

significant inelastic deformation in the threaded region. Inelastic data were only provided for 

test six, and it was stated that there were slight inconsistencies of the inelastic displacement 

data with one of the possibilities being ovalization of the pipe. The ultimate force for test six 

was 210 lbs [934 N] with corresponding moment at the joint of 4750 lb-in [536.7 N*m]. In 

addition, the maximum displacement at the pipe cap was 0.93 inches [23.6 mm], and a 

rotation of 0.03 radians at the threaded region.  

Ryu’s objective was to model piping systems subjected to seismic excitations and he 

used the same modeling approach as Ju and Tadinada, i.e. straight Euler-Bernoulli pipe 
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segments interconnected with nonlinear rotational spring elements of zero length. He chose 

the Ramberg-Osgood Model (Ramberg and Osgood, 1943) to describe the moment-rotation 

relationship - a model that can describe both the linear and nonlinear behavior through the 

idealization of a rotational spring.  

Ryu’s implementation of the Ramberg-Osgood model took the following form:  

𝜃 = 𝑀
𝑘

+ 𝛼 𝑀𝑦𝑖𝑒𝑙𝑑

𝑘
� 𝑀
𝑀𝑦𝑖𝑒𝑙𝑑

�
𝛽

           (1) 

where k, α, and β are parameters (Myield can also be a parameter if desired). Ryu observed 

that the squared errors were more sensitive to β than to α (Ryu, 2011). Numerical values of 

the parameters were obtained by minimizing the sum of the squared differences between the 

measured and calculated responses using the Solver routine in Microsoft Excel (Microsoft 

Excel, 2010). 

 The various works described above confirm that, (1) for threaded piping loaded into 

the nonlinear region, the nonlinearity takes place in a very localized region, primarily in the 

first thread valley that is exposed outside of a fitting, and (2) a mathematical model with 

linear Euler-Bernoulli straight pipe elements and isolated Ramberg-Osgood rotational spring 

models provides a good representation of the piping system behavior, at least for monotonic 

behavior. 

 What the cited references do not provide is an understanding of the variations that can 

occur in actual fire sprinkler installations. This paper will describe a study in which these 



 15 

variations are investigated. To this end, several local fire sprinkler firms were approached 

and asked to share their best practices. The following is a summary of their responses: 

• Nominal pipe sizes smaller than 2-inch typically use threaded connections while pipe 

sizes larger than 2-inch typically are grooved (although there may be instances where 

this two-inch threshold is violated).  

• There are no standards on how tight a threaded joint should be; only that it withstands 

the hydrostatic test upon installation. 

•  Threading of the pipes is virtually always done by machine at the shop, and the 

attachment of the fitting to one end of each pipe is done in the shop using the 

threading machine, although the operator controls the amount of makeup (the total 

engagement length of the pipe to fitting connection), leading to possible variation in 

number of threads cut as well as number of threads exposed following assembly of 

the pipe and fitting. 

• Common wear on threading machines causes variability in the dimensioning of the 

thread standards that is established in ANSI/ASME B1.20.1. 

• Piping systems are field assembled manually by experienced pipefitters. Since there is 

a manual component in tightening these field joints, additional variation in joint 

tightness may occur. 

The results of the research programs described above illustrate that a simplified 

mathematical model of piping systems in which linearly-elastic piping elements 

interconnected with linear or nonlinear rotational spring models can represent quite well the 
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piping system behavior. Discussions with professional fire sprinkler fabricators and 

installers, however, resulted in the conclusion that variations can occur in the structural 

behavior aspects of these piping systems. What appears to be missing from the literature to 

date is a systematic evaluation of the variations that can occur, and the effect of these 

variations. This paper describes a first step in this direction, to quantify the uncertainties 

associated with threaded piping behavior. 
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3. Objective 

The objective of the research described in this paper is to quantify the uncertainty of 

threaded joint behavior based on differences in pipe material and geometry, thread exposure, 

and speed of monotonic loading by collecting the moment-rotation data from the threaded 

region of a variety of specimens. The quantification of these uncertainties will provide 

valuable knowledge that can be incorporated in future modeling and design practices. This 

investigation will include two different pipe sizes and two types of fittings. 

Furthermore, this research will examine ASTM standards to determine whether or not 

the specimens used in this experimental testing program provide sufficient experimental data 

to encompass the full range of dimensions and properties that can occur in the field upon 

assembly of a threaded piping system. This study will investigate inconsistencies in results 

among previous piping studies and suggest that they are due to the absence of knowledge on 

the variations of threaded behavior at the component level, which can occur within a 

threaded piping assembly. The knowledge gained through this study will provide an 

understanding of possible variations that influence the threaded behavior, in order to create 

more accurate models of piping systems. 
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4. Experimental Plan of Research 

It was not clear at the outset of this research how much variation there would be 

between the results from multiple tests on specimens of the same pipe size, schedule, 

manufacturer, and fitting type. Previous experimental studies summarized in the background 

section tested a variety of specimens, but did not focus on the uncertainty of a test specimen 

tested under identical controlled scenarios. To investigate the uncertainty of results, a 

research program at North Carolina State University was set up to conduct several tests on 

identical pipe-fitting specimens. As the testing progressed, however, it turned out that there 

were unanticipated variations in the threading process itself as well as in the assembly of pipe 

to component, and that pipes from different manufacturers had somewhat different 

dimensions and material properties. Furthermore, the loading speed was thought to have 

some effect on the results. The initial plan was to test six 1-, 1 ¼-, 1 ½-, and 2-inch 

specimens to quantify the variations between pipe sizes. Beginning with the 1-inch 

specimens, testing revealed greater variations of results for a given pipe size than initially 

expected. Therefore the research plan was modified to focus on one 1-inch pipe size, mainly, 

to understand the reasons for variation within that size, and then perform a smaller number of 

tests on 2-inch pipe to find out how pipe size might affect the results.  Although the ultimate 

objective is to understand the behavior of piping systems subjected to seismic loading, all 

testing in this program was quasi-static monotonic loading as this is the first step in 

understanding cyclic behavior. This paper summarizes the results and draws conclusions 

about the leading contributors to the uncertainty of results in these monotonic tests. 
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Twenty-five tests were performed on 1- and 2-inch schedule-40 fire sprinkler piping, 

using a test setup described in the following section. Twenty-three 1-inch specimens were 

tested with a variety of thread and loading scenarios. Two different pipe manufacturers were 

used for the 1-inch pipes - they will be denoted as Manufacturer A and Manufacturer B. Two 

2-inch specimens were tested using pipes from Manufacturer B. For reasons that will be 

discussed in later chapters, the number of threads exposed just outside the tee or elbow fitting 

was a critical factor in the behavior and hence those areas were carefully examined for each 

specimen. The number of exposed threads fell into two categories: 1) four to five threads 

exposed and 2) two to three threads exposed. It is important to note that the number of 

exposed threads includes both vanishing threads and fully developed threads. The same 

manufacturer was used for both the tee and the 90° elbow fittings, as they were both ductile 

iron. Loading of the pipe, which occurred at the free end of the pipe in this NC State study, 

was either 0.01 in/sec [0.254 mm/sec] or 0.05 in/sec [1.27 mm/sec]. For a detailed table of 

the testing matrix of the tested scenarios, see Table 3 for the 1-inch test specimens and Table 

4 for the 2-inch test specimens, where the test identifier column is in the form of: 

manufacturer-fitting type-range of exposed threads-speed of loading. An example of the test 

identifier is the following: The first test specimen from Manufacturer A, using a tee fitting, 

with four to five threads exposed, at a loading rate of 0.01 (in/sec) [.254 mm/sec], and the 

first test specimen tested for a given scenario would be written as A-T-45-0.01-1. Table 3 

and Table 4 outline the tested scenarios for this research study. Each tested scenario is 

described in the following tables, with multiple test specimens categorized by the 

manufacturer, fitting type, number of exposed threads, and speed of loading for a given 
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scenario. By testing a given scenario multiple times, this research study was able to account 

for the uncertainty of the behavior when the variables of manufacturer, fitting type, number 

of exposed threads, and speed of loading are controlled. 

 

 

Table 3: 1-Inch Testing Matrix 

1-Inch Tests Research Outline 

Scenario Test Identifier Manufacturer Fitting 
Type 

Number of 
Threads 
Exposed 

Speed of 
Loading in/sec 

[mm/sec] 

1 

B-T-45-0.01-1 B Tee 4 to 5 0.01 [0.254] 
B-T-45-0.01-2 B Tee 4 to 5 0.01 [0.254] 
B-T-45-0.01-3 B Tee 4 to 5 0.01 [0.254] 
B-T-45-0.01-4 B Tee 4 to 5 0.01 [0.254] 

2 

B-T-23-0.01-1 B Tee 2 to 3 0.01 [0.254] 
B-T-23-0.01-2 B Tee 2 to 3 0.01 [0.254] 
B-T-23-0.01-3 B Tee 2 to 3 0.01 [0.254] 
B-T-23-0.01-4 B Tee 2 to 3 0.01 [0.254] 

3 
B-T-23-0.05-1 B Tee 2 to 3 0.05 [1.27] 
B-T-23-0.05-2 B Tee 2 to 3 0.05 [1.27] 
B-T-23-0.05-3 B Tee 2 to 3 0.05 [1.27] 

4 
A-T-45-0.05-1 A Tee 4 to 5 0.05 [1.27] 
A-T-45-0.05-2 A Tee 4 to 5 0.05 [1.27] 
A-T-45-0.05-3 A Tee 4 to 5 0.05 [1.27] 

5 A-T-45-0.01-1 A Tee 4 to 5 0.01 [0.254] 
A-T-45-0.01-2 A Tee 4 to 5 0.01 [0.254] 

6 

A-E-45-0.01-1 A Elbow 4 to 5 0.01 [0.254] 
B-E-45-0.01-1 B Elbow 4 to 5 0.01 [0.254] 
A-E-45-0.01-2 A Elbow 4 to 5 0.01 [0.254] 
A-E-45-0.01-3 A Elbow 4 to 5 0.01 [0.254] 
A-E-45-0.01-4 A Elbow 4 to 5 0.01 [0.254] 
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Table 4: 2-Inch Testing Matrix 

2-Inch Tests Research Outline 

Scenario Test Identifier Manufacturer Fitting 
Type 

Number of 
Threads 
Exposed 

Speed of 
Loading 
in/sec 

[mm/sec] 

1 B-T-45-0.01-1 B Tee 4 to 5 0.01 [0.254] 
B-T-56-0.01-2 B Tee 5 to 6 0.01 [0.254] 
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5. Experimental Setup 

Previous fire sprinkler piping research conducted at NC State University (Ryu, 2012) 

used specimens that were threaded and assembled in the University’s machine shop. In the 

current research program, the threaded and assembled specimens were generously provided 

by Associated Fire Protection in Clayton, North Carolina to ensure that industry standards 

were adhered to.  

Associated Fire Protection used two different pipe manufacturers for comparison 

purposes of the research. Each of the manufacturers were schedule 40 and were fabricated to 

ASTM A135 and A795 standards. Only one fitting manufacturer was used during testing. 

The fittings were ductile-iron grade 65-45-12 fittings fabricated to ANSI/ASME B1.20.1 for 

the thread dimensions, ANSI/ASME B16.3 for the fitting dimensions, and ASTM A536 for 

the strength requirements. A keynote for the fitting manufacturer is that the fittings should be 

tightened at least three turns beyond hand tight, but no more than four turns as damage could 

occur to the pipe threads. 

At Associated Fire Protection, each pipe was cut to a length of 2 feet and then 

threaded on both ends using a commercial threading machine. They then pulled (tightened) 

the fitting, either tee or elbow, onto one end of the pipe after placing joint compound onto the 

pipe where the joint was being pulled. For the tee-fitting, the pipe was attached to one of the 

run sides. The threading of the pipe ends yielded a hand tight makeup of approximately 3 full 

turns, and wrench tightening using the threading machine for the remainder of the turns. 

Because there is not an industry standard on the tightness of the joints, it is not uncommon to 
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find some variability of the tightness of the joints. As mentioned earlier, NFPA 13 specifies 

only that the fire sprinkler system must withstand a hydrostatic test with water in the system 

at 200 psi, with no leaking or loss of pressure (NFPA 13).  

Over the course of the research, three different operators at Associated Fire Protection 

were used to thread the pipe and attach the tee or elbow. This result, although unplanned, 

replicated variations that might be found in practice. Specimens used in the study fell into 

two categories: 1) those that had 4 to 5 exposed threads beyond joint interface and 2) those 

that had 2 to 3 exposed threads beyond joint interface. Also, as stated earlier, the pipes were 

from two different suppliers. Figure 4 shows one of the tee-fitting test specimens that was 

prepared by Associated Fire Protection. 
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Figure 4: Associated Fire Protection Tee-fitting Test Specimen 

 

At NC State University, an end cap was pulled onto the opposite end of the pipe to 

complete the tee  (or elbow) test specimen.  

The test configuration used by Tian at Buffalo (Tian, 2012), shown in Figure 2 and 

Figure 3, used a symmetrical specimen with load carrying run pipes attached to both sides of 

the tee-fitting. If the behavior is perfectly symmetrical, the relative rotations at the joints on 

each side will be identical but as often happens in practice, perfect symmetry was not 

achieved, and Tian’s specimen did not always behave symmetrically.  
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In the current study, the fitting itself was restrained while the free end of the pipe was 

displaced. This was accomplished by pulling a stiff fixed plate base fixture onto the outlet 

portion of the tee-fitting or elbow. Two base plate fixtures were fabricated, one of which  had 

a male threaded cylinder to 1-inch dimensions and one to 2-inch dimensions. Each base plate 

fixture was machined from a solid piece of stainless steel, machined to have a cylinder 

protruding from a square thick base. Pipe threads were then cut into this cylinder creating, in 

effect, an extremely rigid male pipe end. A fitting could be pulled onto this faux pipe end to 

create a nearly rigid connection, and the square base plate could be securely bolted to a rigid 

work surface. The base plate fixture is the red fixture bolted to the table in the following 

figures. A pressure gage and water input valve were pulled onto the non-load carrying run 

side of the tee-fitting, and in the case of the elbow fitting the gage-water assembly was pulled 

onto the free end of the pipe. During each test the specimen was subjected to city water 

pressure, which varies between 70 and 71 psi in Raleigh, North Carolina. There was no 

leaking of the joints prior to failure in any of the test specimens.  

The fixed plate base fixture was then bolted to a steel reaction table so that the pipe 

was horizontal to the table. A steel collar was attached to the free end of the pipe adjacent to 

the end cap. This collar had short quarter-inch diameter steel rods welded to the two sides 

and acted as a pinned load point during the testing. The center of the collar was placed 22 ¼ 

inches [565.2 mm] from the joint face in each specimen. The loading actuator assembly was 

then placed vertically over the collar and was operated by an electric DC motor with a 

controller to adjust the speed of loading (measured in inches per second). The rigid loading 

assembly includes the actuator and a load cell, with a pin mechanism at the top support of the 
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assembly to allow for small angular translations of the loading assembly that occurred during 

to the testing. A six-inch spring loaded LVDT was mounted directly below the load point at 

the free end of the pipe to record the displacements. Figure 5 shows the loadcell actuator 

assembly attached to free end of the pipe with the LVDT needle coming up through the 

reaction table. The DC motor and screw actuator are above the load cell and this loading 

fixture is pinned to a rigid overhead support.  

 

 

Figure 5: Load Assembly Setup 
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The response quantity of primary interest was the relative rotation of the pipe-tee 

fitting interface, i.e. the short region of exposed threads. To obtain this relative rotation, a 

digital camera recorded the movement of circular targets that had been attached to the pipe 

and tee (or elbow) fitting. Post processing software was then used to determine displacement 

and relative rotation data. The camera was a Basler A504K with Nikon DS Nikkor 18-55mm 

lens, and the vision software was from National Instruments. With this software, it is possible 

to record the X and Y positions for each of the circular targets within 0.0001 inches [0.00254 

mm] for any specified time sequence within 0.004 seconds. Two of these circular targets 

were attached to each so-called test strip, and then the test strips were attached to the pipe 

and the tee-fitting as shown in Figure 6. The displacements of the targets on these test strips 

allow the determination of the relative rotation of the joint. Figure 7 shows the test strip 

arrangement for the elbow specimens.  

Each dot was monitored for each test strip during testing, so that rotations of the test 

locations could be calculated. Test Strip A was centered at the base of the fitting adjacent to 

the point of fixture. Test Strip B was centered at the right face of the fitting regardless of 

fitting type. Test Strip C was centered at the edge of the threads on the pipe where the threads 

terminated, along the neutral axis of the pipe. Test Strip D was centered at the left face of the 

tee-fitting for verification of rigid body movement. Rotations were calculated for each test 

strip based upon the change in X and Y locations of the two circular targets on a test strip. 

Appendix-A illustrates this procedure using Test Strip B as an example. For Test Strip A, 

which is horizontal, the only change would be interchanging X and Y measurements. If strips 

were placed at any angle other than vertical or horizontal, similar equations could be derived.  
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The relative rotations of the fittings was calculated by subtracting the rotation of Test 

Strip A from Test Strip B. Furthermore, the relative rotations of the exposed threads was 

calculated by subtracting the rotation of Test Strip B from Test Strip C. In summary, 

experimental rotational results in the corresponding section were calculated in the following 

manner established in equations (2) and (3).  

 

𝜃𝐹𝑖𝑡𝑡𝑖𝑛𝑔 = 𝜃𝑇𝑒𝑠𝑡 𝑆𝑡𝑟𝑖𝑝 𝐵 − 𝜃𝑇𝑒𝑠𝑡 𝑆𝑡𝑟𝑖𝑝 𝐴     (2) 

 

𝜃𝑇ℎ𝑟𝑒𝑎𝑑𝑠 = 𝜃𝑇𝑒𝑠𝑡 𝑆𝑡𝑟𝑖𝑝 𝐶 − 𝜃𝑇𝑒𝑠𝑡 𝑆𝑡𝑟𝑖𝑝 𝐵     (3) 
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Figure 6: Tee-Fitting Test Strip Locations for Data 
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Figure 7: Elbow Fitting Test Strip Locations for Data 

 

Figure 8 shows a schematic of the entire tee-fitting setup, and Figure 9 shows a photo 

of the setup. Figure 10 and Figure 11 show the corresponding figures for the elbow-fitting 

test setup. 

Test Strip A 

Test Strip B Test Strip C 
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Figure 8: Tee-Fitting Test Setup Illustration 

 

 

 

Figure 9: Tee-Fitting Test Setup 
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Figure 10: Elbow-Fitting Test Setup Illustration 

 

 

 

Figure 11: Elbow-Fitting Test Setup 
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6. Test Procedure 

Tests were conducted at two different loading rates - 0.01 in/sec and 0.05 in/sec for 

both types of piping. Tian’s tests were conducted at 0.01 in/sec (Tian, 2012), and for 

comparison purposes some tests were run at this same rate. The higher loading rate of 0.05 

in/sec was used to determine if there were any rate dependences, although it is recognized 

that earthquake loading would be substantially higher than even this higher rate. Once again, 

Table 3 and Table 4, provide a detailed breakdown of the scenarios that will be investigated 

during experimentation. For each test specimen an elastic test and plastic test was run by 

recording photos, load values, and voltage values every 5 seconds. In each elastic test, the 

specimen was loaded to 100 pounds and then unloaded. When all systems were shown to 

work properly, the specimen was loaded monotonically to failure, which was determined by 

cracking of the first exposed valley adjacent to the fitting and consequent loss of water 

pressure.  
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7. Results  

The tests described above were conducted in the Structural Behavior Measurements 

Laboratory in the Department of Civil, Construction, and Environmental Engineering 

Department at N C State University. The following is a summary of the results for each of 

the component tests and include dimensional measurements, stress-strain data, moment-

rotation data for the fittings themselves and for the threaded region, and finally load 

displacement results for the entire specimen. Following this results section will be the 

modeling section using the results from this experimental study leading to a better 

understanding of how the variations of pipe elements, thread behavior, and joint behavior are 

accounted for in structural analysis of piping systems. 

 

7.1 Test Specimen Cross-Sectional Measurements 

 Cross-sectional measurements of the outside diameter and thickness were performed 

for each specimen in accordance to ASTM A370 standard (ASTM A370). A total of twenty 

measurements each for the outside diameter and the wall thickness were performed for each 

specimen. This yielded the average outside and inside diameter dimensions for moment of 

inertia calculations. Table 5 contains the average outside diameter, inside diameter, and 

moment of inertia for each of the 1-inch test specimens. Table 6 contains the same 

information for the 2-inch specimens. 
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Table 5: 1-Inch Cross-Sectional Dimensions 

1-Inch Cross-Sectional Dimensions 

Test Identifier 
Outside 

Diameter  
Inside 

Diameter  Moment of Inertia  

(in) (mm) (in) (mm) (in^4) (mm^4) 
B-T-45-0.01-1 1.322 33.57 1.063 27.01 0.08706 36240 
B-T-45-0.01-2 1.322 33.57 1.062 26.97 0.08737 36370 
B-T-45-0.01-3 1.321 33.57 1.062 26.98 0.08724 36310 
B-T-45-0.01-4 1.321 33.56 1.064 27.02 0.08672 36090 
B-T-23-0.01-1 1.315 33.40 1.056 26.83 0.08732 36340 
B-T-23-0.01-2 1.315 33.40 1.056 26.83 0.08719 36290 
B-T-23-0.01-3 1.317 33.45 1.060 26.92 0.08565 35650 
B-T-23-0.01-4 1.317 33.46 1.061 26.95 0.08567 35660 
B-T-23-0.05-1 1.316 33.42 1.059 26.91 0.08570 35670 
B-T-23-0.05-2 1.318 33.48 1.061 26.94 0.08565 35650 
B-T-23-0.05-3 1.317 33.46 1.060 26.93 0.08534 35520 
A-T-45-0.05-1 1.318 33.48 1.084 27.53 0.08609 35830 
A-T-45-0.05-2 1.317 33.45 1.081 27.46 0.08585 35740 
A-T-45-0.05-3 1.317 33.45 1.082 27.48 0.08052 33520 
A-T-45-0.01-1 1.316 33.43 1.081 27.46 0.08047 33490 
A-T-45-0.01-2 1.317 33.44 1.081 27.46 0.08043 33480 
A-E-45-0.01-1 1.317 33.45 1.082 27.49 0.08023 33400 
B-E-45-0.01-1 1.321 33.55 1.063 27.00 0.08037 33450 
A-E-45-0.01-2 1.319 33.50 1.085 27.55 0.08026 33410 
A-E-45-0.01-3 1.319 33.50 1.085 27.55 0.08671 36090 
A-E-45-0.01-4 1.317 33.45 1.082 27.48 0.08064 33570 
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Table 6: 2-Inch Cross-Sectional Dimensions 

2-Inch Cross-Sectional Dimensions 

Test Identifier 
Outside 

Diameter  
Inside 

Diameter  Moment of Inertia  

(in) (mm) (in) (mm) (in^4) (mm^4) 
B-T-45-0.01-1 2.372 60.261 2.074 52.670 0.6476 269500 
B-T-56-0.01-2 2.373 60.275 2.076 52.731 0.6449 268400 

 

 

7.2 Stress-Strain Relationship of Pipe Manufacturers 

 Stress versus strain data for each of the pipe manufacturers was obtained by 

performing tensile tests on three pipes from each manufacturer. The tensile specimens were 

1-inch pipe, 22 inches [558.8 mm] long with solid metal rods inserted into each end of the 

pipe to keep the pipe from collapsing when tightened in the grips of the tensile machine. 

These full size pipe specimens were tested in accordance with ASTM A370 standard 

A2.2.1.1 (ASTM A370). See Figure 12 for an illustrative example of the setup. Test 

specimens were measured for the cross-sectional area according to ASTM A370 standard 

A2.2.1.3 prior to testing. The gauge length for each test specimen was two inches [50.8 mm] 

according to A370 standard A2.2.1.2 The tensile tests were displacement controlled at a rate 

of 0.01 in/sec [.254 mm/sec], which is consistent with the displacement controls of Tian 

(Tian, 2012). Recorded test results included the axial load and the corresponding strain from 

the two-inch extensometer. Results for the specimens from a given manufacturer were 



 37 

consistent with each other, while the results between manufacturers varied somewhat. Table 

7 and Table 8 show the tensile data for each specimen tested. Table 9 shows the average 

tensile results of each manufacturer in English and SI units correspondingly. It was found 

that results for each manufacturer significantly surpassed the ASTM standards A135 and 

A795 for yield and ultimate tensile strengths. It is important to note that the tensile specimens 

did not always rupture within the extensometer gage length (as indicated in the tables below 

by an asterisk), and therefore the corresponding strain at ultimate cannot be accurately 

established. The strain values at the ultimate point are much lower than expected, perhaps 

because the rupture point was outside the gage length or because of work hardening when 

when flat plates were bent to form the pipe. Appendix-B contains the graphs of the stress-

strain data for the material used by Manufacturer A and Manufacturer B. 
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Figure 12: Tensile Testing Illustration of Setup 

 

 

Table 7: Tensile Results Manufacturer A 

Tensile Results for Manufacturer A 
Modulus of 

Elasticity (ksi) 
[MPa] 

Yield Stress 
(ksi) [MPa] 

Ultimate 
Stress (ksi) 

[MPa] 

Strain at 
Ultimate 

Stress 
29,900 [206,200] 53.5 [369] 60.6 [418] 0.0127* 
29,100 [200,600] 50.4 [347] 60.8 [419] 0.0124* 
29,000 [200,000] 53.3 [367] 60.9 [420] 0.0126* 
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Table 8: Tensile Results Manufacturer B 

Tensile Results for Manufacturer B 
Modulus of 

Elasticity (ksi) 
[MPa] 

Yield Stress 
(ksi) [MPa] 

Ultimate 
Stress (ksi) 

[MPa] 

Strain at 
Ultimate 

Stress 
29,800 [205,500] 65.0 [448] 70.4 [485] 0.0390* 
29,400 [202,700] 66.6 [459] 70.4 [485] 0.0430 
29,900 [206,200] 67.2 [463] 71.1 [490] 0.0404* 

 

 

Table 9: Average Tensile Results 

Average Tensile Results 

Manufacturer 
Modulus of 

Elasticity (ksi) 
[MPa] 

Yield Stress 
(ksi) [MPa] 

Ultimate 
Stress (ksi) 

[MPa] 

Strain at 
Ultimate 

Stress 
A  29,500 [203,400]  52.4 [361] 60.8 [419] 0.0126 
B  29,700 [204,800]  66.2 [456] 70.6 [487] 0.0408 

 

 

7.3 Fitting Results 

 As mentioned earlier, the two fittings were ductile-iron and were supplied by the 

same manufacturer. Loading and rotations of each of the fitting faces were recorded 

throughout testing. Relative rotational data of the fittings was obtained by calculating the 

differences between the rotations of the fitting face connected to the fixture and the fitting 

face where the threaded region of interest interconnects, established in equation (2). The 

corresponding moment was obtained by multiplying the measured loads by the linear 
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distance from the load to the center of the fitting. Figure 13 is the graph of the moment-

rotation data for all of the 1-inch tee-fittings tested. The results of the tests show significant 

scatter, and the cause of the scatter is thought to be caused by the fact that the camera 

precision of 0.0001 is too large to accurately detect displacements in the ten-thousandth 

range. Relative rotations are based upon the difference in the rotations at the corresponding 

test locations, and therefore the number of significant numbers for the resulting relative 

rotations is quite small. Nonetheless, the trend of the data seems to indicate mostly linear 

behavior, which was expected since the stresses are so low. 

Table 10 contains the linear stiffness, kθ-joint, of each 1-inch tee-fitting’s stiffness 

found by using the slope feature in Microsoft Excel 2010. Figure 14 is the graph of the 

moment-rotation data for all of the 1-inch elbow-fittings tested. Table 11 contains the linear 

stiffness, kθ-joint, of each 1-inch elbow-fitting’s stiffness. Figure 15 is the graph of the 

moment-rotation data for all of the 2-inch tee-fittings tested. Table 12 contains the linear 

stiffness, kθ-joint, of each 2-inch tee-fitting’s stiffness. 
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Figure 13: 1-Inch Tee-Fitting Moment-Rotation Results 
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Table 10: 1-Inch Tee-Fitting Linear Stiffnesses 

1-Inch Tee Fitting Behavior 

Ductile-Iron Fitting 
Type 

Rotational Spring 
Constant: kθ-Fitting 

(lb-in/rad) [N*m/rad] 
B-T-45-0.01-1 1,250,000 [142,000] 
B-T-45-0.01-2 1,290,000 [146,000] 
B-T-45-0.01-3 1,770,000 [200,000] 
B-T-45-0.01-4 1,480,000 [167,000] 
B-T-23-0.01-1 1,300,000 [147,000] 
B-T-23-0.01-2 1,400,000 [158,000] 
B-T-23-0.01-3 1,270,000 [143,000] 
B-T-23-0.01-4 1,190,000 [135,000] 
B-T-23-0.05-1 1,250,000 [142,000] 
B-T-23-0.05-2 1,130,000 [128,000] 
B-T-23-0.05-3 1,070,000 [121,000] 
A-T-45-0.05-1 1,340,000 [152,000] 
A-T-45-0.05-2 1,380,000 [155,000] 
A-T-45-0.05-3 1,310,000 [149,000] 
A-T-45-0.01-1 1,720,000 [142,000] 
A-T-45-0.01-2 1,210,000 [136,000] 
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Figure 14: 1-Inch Elbow Fitting Moment-Rotation Results 
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Figure 15: 2-Inch Tee-Fitting Moment-Rotation Results 
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7.4 Thread Results 

 Relative rotational behavior of the threaded region was obtained using the same 

approach as for the fittings. Relative rotation of the exposed threads is established in equation 

3 for the experimental approach. The moment of the threaded region was the product of the 

length of the moment arm from the point load to the face of the fitting. Because failure 

always occurred at the closest exposed valley to the fitting face, the moment arm was 

measured to that point. As will be seen, results vary quite significantly, predominately 

depending upon the manufacturer and the number of exposed threads.  

Experimental results revealed the variations of the behavior and provided an 

understanding of the most influential factors. Figure 16 is a graph of the complete set of 

moment-rotation data for the 1-inch testing through rupture, Table 13 provides the 1-inch 

moment-rotation yield point data, and Table 14 provides a summary of the 1-inch moment-

rotation data for the ultimate and rupture values. Figure 17 is a graph of the complete set of 

moment-rotation data for the 2-inch testing through rupture. Table 15 provides the 2-inch 

moment-rotation yield point data, while Table 16 provides a summary of the 2-inch testing at 

ultimate and rupture values. 

Appendix-C contains a description of the seal welded specimens B-T-45-0.01-5 and 

B-T-45-0.01-6, along with an explanation of research purpose for seal welding. Appendix-D 

contains condensed moment-rotation data for each of the tests referred to in this study. 
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Figure 16: 1-Inch Moment-Rotation Results 
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Table 13: 1-Inch Yield Point Test Data 
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Table 14: 1-Inch Ultimate and Rupture Test Data 

1-Inch Data for Ultimate and Rupture 

Test Identifier 

Ultimate  Rupture 

Moment lb-in 
[N*m] 

Rotation 
(rad) 

Moment lb-in 
[N*m] Rotation (rad) 

B-T-45-0.01-1 5605 [633.2] 0.0188 2932 [331.3] 0.0470 
B-T-45-0.01-2 5978 [675.4] 0.0182 2840 [320.9] 0.0455 
B-T-45-0.01-3 6481 [732.3] 0.0171 2453 [277.2] 0.0545 
B-T-45-0.01-4 6120 [691.5] 0.0219 2768 [312.7] 0.0578 
B-T-23-0.01-1 7070 [798.8] 0.0158 3150 [355.9] 0.0508 
B-T-23-0.01-2 7314 [826.4] 0.0188 3253 [367.5] 0.0588 
B-T-23-0.01-3 6784 [766.5] 0.0180 2532 [286.1] 0.0553 
B-T-23-0.01-4 7064 [798.1] 0.0292 3821 [431.7] 0.0579 
B-T-23-0.05-1 6896 [779.1] 0.0285 2480 [280.2] 0.0703 
B-T-23-0.05-2 7009 [791.9] 0.0188 3154 [356.4] 0.0571 
B-T-23-0.05-3 6840 [772.8] 0.0297 2874 [324.7] 0.0761 
A-T-45-0.05-1 4846 [547.5] 0.0237 2421 [273.5] 0.0502 
A-T-45-0.05-2 4916 [555.4] 0.0238 2413 [272.6] 0.0514 
A-T-45-0.05-3 5111 [577.5] 0.0394 2508 [283.4] 0.0699 
A-T-45-0.01-1 4545 [513.5] 0.0283 2459 [277.8] 0.0519 
A-T-45-0.01-2 4781 [540.2] 0.0236 2311 [261.1] 0.0533 
A-E-45-0.01-1 4683 [529.1] 0.0298 2327 [262.9] 0.0607 
B-E-45-0.01-2 6472 [731.2] 0.0231 2748 [310.5] 0.0584 
A-E-45-0.01-3 4434 [501.0] 0.0185 1644 [185.7] 0.0441 
A-E-45-0.01-4 4243 [479.4] 0.0257 2274 [256.9] 0.0535 
A-E-45-0.01-5 4510 [509.6] 0.0268 1976 [223.3] 0.0542 
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Figure 17: 2-Inch Moment-Rotation Data 
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Table 15: 2-Inch Yield Point Test Data 

 

 

 

Table 16: 2-Inch Ultimate and Rupture Test Data 

2-Inch Data for Ultimate and Rupture 

Test Identifier 

Ultimate  Rupture 

Moment lb-in 
[N*m] 

Rotation 
(rad) 

Moment lb-in 
[N*m] 

Rotation 
(rad) 

B-T-45-0.01 27,260 [3080] 0.0381 7,865 [888.6] 0.0750 
B-T-56-0.01 24,380 [2755] 0.0268 9,062 [1024] 0.0691 

 

 

A close examination of the curves in Figure 16 shows that, whereas there is variation 

in the results, consistency can be observed when considering results from similar test 

scenarios. For example, all of the results for the tests on specimens with pipe from 

Manufacturer B attached to a tee-fitting with 4 to 5 threads exposed and a loading rate of 

0.01 in/sec (B-T-45-0.01) are all quite similar – see Figure 18. Each of the distinct scenarios 

will be shown and discussed separately in the following section on modeling.  
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Figure 18: Scenario #1 Moment-Rotation Data 
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comparison between the experimental and theoretical data of this study. The following is a 

figure of the force-displacement data through rupture for Scenario #1: B-T-45-0.01 that will 

later be modeled, Figure 19: 

 

 

 

Figure 19: Scenario #1: B-T-45-0.01 Experimental Force-Displacement 
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7.6 Failure Descriptions 

During the course of testing 1 and 2-inch pipes, three different types of failure 

occurred.  Two types occurred in 1-inch testing, while two types of failure occurred during 

the 2-inch testing - one of the failure mechanisms was the same for both 1 and 2-inch testing. 

There was no leaking around the threads prior to complete failure of the threads for any of 

the tests, i.e. the first leakage occurred at rupture in all tests. 

The most common type of failure was a circumferential crack in the first exposed 

thread valley on the tensile side of the pipe - it developed as follows: as the bending moment 

increased into the plastic region, the tensile side of the pipe at the valley of the first exposed 

thread begins to neck until a crack develops through the entire thickness. At that point the 

water spews from the crack, and water pressure begins to rapidly decrease. Figure 20 shows 

the common 1-inch failure on the tensile side. Figure 21 shows the compression side of this 

same 1-inch specimen, but instead of necking, bulging occurred at the first exposed valley. 

Figure 22 shows the failure through a vertical cross-sectional cutout of a 1-inch specimen, 

where the tensile side is on the right side of the picture and the compressive side is on the left 

side. Figure 23 shows this failure through a cross-sectional cutout of a 2-inch specimen, 

along the neutral axis. 
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Figure 20: Common 1-Inch Failure Tensile Side 
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Figure 21: Common 1-Inch Failure Compressive Side 
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Figure 22: 1-Inch Cross-Sectional Cutout of Compression and Tension Side 
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Figure 23: 2-Inch Tensile vs. Compressive Failure 

 

A second type of failure occurred in two of the 1-inch tests. It involved a similar 

circumferential crack that developed in the first exposed valley on the tensile side of the pipe, 

but then skipped across a developed thread and continued to crack the next adjacent valley as 

the crack propagated from the upper face to the neutral axis. As before, the tensile side 

necked prior to crack propagation, and the compressive side bulged as the bending moment 

induced plastic deformation. Figure 24 shows a cross-sectional cutout along the neutral axis 

where the tensile side experienced crack translation from a valley to the next adjacent valley 

across a thread. 
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Figure 24: 1-Inch Failure Crack Translation across Thread 

 

Both of the above failures occurred in 1-inch pipes. It is important to note that there is no 

apparent distortion of the fitting or any thread damage within the mated threads of the tee or 

elbow fitting. Furthermore, the failure of the threads is very localized in the immediate cross-

section adjacent to the joint-thread interface, as is evident in Figure 20, Figure 21, Figure 22, 

Figure 23, and Figure 24. Furthermore, it was observed that, for all pipes tested, the 

circumferential pressure of the joint on the threads of the pipe caused the pipe to compress 

inward as the threads mated during the fabrication tightening process. Commonly for 1-inch 

specimens the inside diameter would be compressed by an average of 0.01 inches [0.254 

mm] on the inside diameter. Circumferential stresses are induced in the region of interest and 

they will need to be quantified in future studies to provide a complete picture of the state of 
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stress on the threaded region. An approximation of the circumferential strain is 

approximately ∆D/Dorig (assuming the thin wall approximation is valid). For the 1-inch 

specimens, this yields an approximate value of 0.009 for the circumferential strain due to 

tightening of the joint. This is just beyond the yield point for both manufacturers. Without 

knowing the strains in the transverse direction, it’s not clear how we could calculate the 

longitudinal stress. 

Finally, the second 2-inch test experienced a failure where the threads degraded and 

the pipe began to rotate out of the joint as the threads began to fail (the male and female 

threads slid past one another). The cross-sectional thickness showed no tensile or 

compressive failures, but the threads showed visible degradation, as the male and female 

threads of the joint and threaded pipe disconnected due to the loading on the specimen. 

Figure 25 shows the top tensile face of the 2-inch specimen with the thread overriding. The 

threads at the top of the specimen are visibly misaligned while the threads at the neutral axis 

remain in place, as seen in Figure 26. By closely viewing Figure 25 and Figure 26 one can 

see that more threads are exposed on the inside of the joint on the tensile side of the pipe, 

compared with the neutral axis, which is evidence of the pipe rotating within the joint.  

Figure 27 shows the damage induced onto the threads on the tensile side of the specimen due 

to the threads overriding one another.  
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Figure 25: 2-Inch Slippage and Overriding of Threads 



 61 

 

Figure 26: 2-Inch Slippage photo at Neutral Axis 
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Figure 27: 2-Inch Thread Damage due to Slippage 
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8. Modeling of Experimental Data 

8.1 Modeling of Linear Behavior of Fittings 

Since the relative behavior of the fitting was linear, the fitting can be modeled as a 

linear rotational spring. The following is the equation for the moment of a fitting using the 

rotational spring constant, kθ-Fitting, in units of lb-in/radians [N*m/radians]; MFitting is the 

yielding moment with the units of lb-in [N*m], and the corresponding rotation, θFitting, in 

radians: 

                 𝑀𝐹𝑖𝑡𝑡𝑖𝑛𝑔 = 𝑘𝜃−𝐹𝑖𝑡𝑡𝑖𝑛𝑔 ∗ 𝜃𝐹𝑖𝑡𝑡𝑖𝑛𝑔                     (4) 

The rotational spring constant for the fitting, kθ-Fitting, was relatively consistent to the level 

of accuracy of the testing equipment, for the each specific fitting type tested, considering the 

miniscule rotations that the fittings underwent. For the 1-inch specimens tee-fittings had a 

rotational spring constant on average of 1,340,000 lb-in/rad [151,000 N*m/rad], and elbow-

fittings had a constant of 839,000 lb-in/rad [94,800 N*m/rad]. Tee-fittings for the 2-inch 

specimens had a rotational spring constant of 1,940,000 lb-in/rad [219,000 N*m/rad].  

Fittings from other manufacturers might have different rotational properties but this study did 

not investigate that possibility. The results for the rotational spring constants for each of the 

fitting types are summarized in Table 17 as the averages for the stiffnesses for each fitting 

type tested. 
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Table 17: Fitting Rotational Spring Constants 

Fitting Behavior 

Ductile-Iron Fitting 

Type 

Rotational Spring Constant:     

kθ-Fitting (lb-in/rad) [N*m/rad] 

Tee-Fitting 1-Inch 1,340,000 [151,000] 

Elbow-Fitting 1-Inch 839,000 [94,800] 

Tee-Fitting 2-inch 1,940,000 [219,000] 

 

 

 

8.2 Modeling of Non-Linear Behavior of Threads 

The moment- relative rotation behavior of the threaded region for each tested scenario 

was modeled using a four-parameter Ramberg-Osgood equation to represent the behavior up 

to the ultimate moment. The following form of the Ramberg-Osgood model was used in this 

study, as it was by Ryu (Ryu, 2012): 

        𝜃𝑇ℎ𝑟𝑒𝑎𝑑 =
𝑀

𝑘𝑇ℎ𝑟𝑒𝑎𝑑
+ 𝛼

𝑀𝑦𝑖𝑒𝑙𝑑

𝑘𝑇ℎ𝑟𝑒𝑎𝑑
�

𝑀
𝑀𝑦𝑖𝑒𝑙𝑑

�
𝛽

       (5) 

where θThread is the relative rotation in the threaded region, measured in radians;  kThread, is the 

stiffness of the threaded region in units of lb-in/radians [N*m/radians]; Myield is the yielding 

moment with the units of lb-in [N*m]; and α and β are dimensionless parameters.  
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 For the modeling approach in a given scenario, each of the four parameters was 

established based upon the following systematic approach. The elastic portion of the 

moment-rotation behavior was analyzed to find the corresponding stiffness of the threads, 

kThread, using the Microsoft EXCEL Solver routine on the elastic region of data. Since the 

stiffness of the threads was relatively consistent for the given pipe size, the stiffness of the 

threads was modeled using a single value for each pipe size by using Microsoft EXCEL 

solver routine on the entire set of elastic 1-inch moment-rotation experimental data to find 

kThread. The yielding moment, MYield, was established as the first point where the data from a 

given scenario began to vary from the initial stiffness. The yield point varies from scenario to 

scenario because of differences in number of threads exposed, manufacturer, and so on. 

Finally, with the parameters kThread and MYield established, the parameters α and β were 

obtained using the Solver routine in Microsoft EXCEL on the complete set of data for a 

given scenario through the ultimate point. 

 

8.2.1 1-Inch Specimens 

 By applying the above approach to the modeling of experimental data, the following 

figures described in Table 18 were created to display the experimental data tested for each 

given 1-inch scenario with the Ramberg-Osgood Model established through the data. It is 

important to remember that each scenario includes multiple test specimens of similar 

characteristics that are outlined in Table 3. Table 19 is a summary of the four parameters 

used for the Ramberg-Osgood Model for each of the scenarios on 1-inch specimens. 
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Table 18: 1-Inch Experimental and Theoretical Figure Outline 

1-Inch Experimental and Theoretical Graphs 
Scenario # Type of Scenario Figure # 

1 B-T-45-0.01 Figure 28 
2 B-T-23-0.01 Figure 29 
3 B-T-23-0.05 Figure 30 
4 A-T-45-0.05 Figure 31 
5 A-T-45-0.01 Figure 32 
6 A-E-45-0.01 Figure 33 

 

 

 

 

Figure 28: Scenario #1 Experimental and Theoretical 
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Figure 29: Scenario #2 Experimental and Theoretical 

0

1000

2000

3000

4000

5000

6000

7000

8000

0 0.01 0.02 0.03 0.04

M
om

en
t (

lb
-in

) 

Rotation (rad) 

Scenario #2: B-T-23-0.01 Moment vs. 
Rotation Experimental and Theoretical  

Ramberg-Osgood Model

Experimental B-T-23-
0.01



 68 

 

Figure 30: Scenario #3 Experimental and Theoretical 
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Figure 31: Scenario #4 Experimental and Theoretical 
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Figure 32: Scenario #5 Experimental and Theoretical 
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Figure 33: Scenario #6 Experimental and Theoretical 
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Table 19: 1-Inch Ramberg-Osgood Model Parameter 

1-Inch Ramberg-Osgood Parameters 

Scenario kThread lb-in/rad 
[N*m/rad] 

Yield Moment 
lb-in [N*m] α β 

#1: B-T-45-0.01 1110000 [125400] 5000 [564.9] 0.300 9.0 
#2: B-T-23-0.01 1110000 [125400] 5800 [655.3] 0.300 10.50 
#3: B-T-23-0.05 1110000 [125400] 5800 [655.3] 0.300 13.36 
#4: A-T-45-0.05 1110000 [125400] 4300 [485.8] 0.350 18.15 
#5: A-T-45-0.01 1110000 [125400] 4200 [474.5] 0.350 22.00 
#6: A-E-45-0.01 1110000 [125400] 3900 [440.6] 0.350 16.50 

  

 

For all of the 1-inch tested scenarios, because the stiffness of the threaded region was 

essentially the same for all specimens, a single thread stiffness value was calculated using 

data from all of the tests. The result was kThread=1,110,000 lb-in/rad [125,400 N*m/rad]. The 

yielding moment varied according to pipe manufacturer and number of exposed threads 

varied. For 1-inch scenarios, it was observed that the parameter α remained quite consistent 

at a value of about 0.3 for Manufacturer B and 0.35 for Manufacturer A. The β parameter 

varied more for each of the scenarios as the yielding plateau varied for the different 

scenarios.  

While there were some scenarios for which the Ramberg-Osgood model didn’t 

provide the ideal representation of the 1-inch data, there were others where it was very 

successful in modeling the behavior. Overall, this model provided a reasonable 
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representation of the threaded region behavior and it will be used in the remainder of the 

paper to draw conclusions about the uncertainties associated with the various test scenarios. 

 

8.2.2  2-Inch Specimens 

 The following figures display the experimental data tested for each given 2-inch test 

with the Ramberg-Osgood Model established through the data, to create a theoretical profile 

on the experimental behavior. Figure 34 displays the experimental behavior and the model 

for Test #1: B-T-45-0.01 and Test #2: B-T-56-0.01, and Table 20 is a summary of the four 

parameters used for the Ramberg-Osgood Model for each of the tests on 2-inch specimens. 
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Figure 34: 2-Inch Experimental and Theoretical 

 

 

Table 20: 2-Inch Ramberg-Osgood Parameters 

2-Inch Ramberg-Osgood Parameters 

Test Number kThread lb-in/rad 
[N*m/rad] 

Yield Moment 
lb-in [N*m] α β 

#1: B-T-45-0.01 6,151,500 [695026.2] 22,250 [2513.9] 0.047 24.73 
#2: B-T-56-0.01 4,964,700 [560935.8] 20,000 [2259.7] 0.065 21.72 
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For the 2-inch tests, the stiffness of the threads was found on average to be kThread= 

5,560,000 lb-in/rad [628,196 N*m/rad] using the same approach as the 1-inch specimens. 

The stiffness of the threads for specimen B-T-56-0.01 was less than the stiffness of B-T-45-

0.01, as seen in Table 20, which makes sense as the failure of specimen B-T-56-0.01 is due 

to slippage of threads. Once again the yielding moment varied quite largely as the number of 

exposed threads varied between the two tests. For the 2-inch tests, it was found that average 

α was around 0.055 and β was around 23.2. The Ramberg-Osgood rotational model seemed 

to accurately illustrate the behavior of the 2-inch moment-rotation data. 

 

8.3 Conclusions from Model 

When drawing conclusions about the test results, it is convenient to first consider the 

scatter in the data for a given scenario. As shown above, the scatter is acceptably small 

meaning that the experiments are quite repeatable; thus, the Ramberg-Osgood curves alone, 

i.e. without the test data shown, are used to draw conclusions about the effect of differences 

in number of threads exposed, the pipe manufacturers, etc. 

 

8.3.1  1-Inch Specimens 

The Ramberg-Osgood models for the various scenarios of the 1-inch moment-rotation 

data are shown in the following three figures. Figure 35 shows curves for all of the 1-inch 

tested scenarios modeled. Figure 36 graphically focuses on Manufacturer A, while Figure 37 
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focuses on Manufacturer B. For reference, Table 19 contains the parameters used for the 1-

inch modeling of the experimental moment-rotation data using the Ramberg-Osgood 

rotational model: 

 

 

 

Figure 35: 1-Inch Scenarios with Ramberg-Osgood Model 
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Figure 36: 1-Inch Manufacturer A Ramberg-Osgood Models 
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Figure 37: 1-Inch Manufacturer B Ramberg-Osgood Models 
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strength of Manufacturer A was 15% smaller than that of Manufacturer B as shown in 

the tensile tests. These differences led to a difference in ductility for the two 

manufacturers as the pipe from Manufacturer A rotated approximately 20% more 

than the one from Manufacturer B. The results could have been even lower if the 

manufacturer had used the smallest outside diameter, thickness, and minimum 

strength properties allowed by ASTM. 

• The number of exposed threads varied for Manufacturer B and resulted in a 10% 

decrease in ultimate moment as the number of threads exposed increased from 2 to 3, 

up to 4 to 5. 

• The speed of loading seemed to have little influence when undergoing monotonic 

loading at the slow rates used in this study.  

• The elbow-fittings tested displayed the lowest moment-rotation results, but was still 

within 7.5% of the ultimate moment of the tee-joint results for Manufacturer A. 
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8.3.2  2-Inch Specimens 

Figure 38 graphically shows all of the 2-inch tests modeled with Ramberg Osgood 

with parameters given in Table 20, shown previously. 

 

 

  

Figure 38: 2-Inch Ramberg-Osgood Models 

 

0

5000

10000

15000

20000

25000

30000

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045

M
om

en
t (

lb
-in

) 

Rotation (rad) 

2-Inch Ramberg-Osgood: Moment vs. 
Rotation 

B-T-45-0.01
B-T-56-0.01



 81 

From the results of the Ramberg-Osgood modeling for the 2-inch specimens it is 

noticeable that the specimen B-T-56-0.01 is approximately 10% weaker than B-T-45-0.01, 

and it reaches a rotation at ultimate that is approximately 10% smaller. Upon examination, it 

is reasoned that the additional exposed threads is the reason for test being less stiff and 

failing at the lower values, as the failure mechanism of test on B-T-56-0.01 was stripping of 

the threads, rather than circumferential cracking of the pipe. Since the specimen failed by 

stripping of the threads, the cross-section of the pipe was less stiff and not able to reach its 

fullest capacity. 

 

8.4 Modeling of Force-Displacement 

The modeling approach for force-displacement behavior of the specimen involves a 

straight pipe segment interconnected with a nonlinear rotational spring element of zero length 

representing the threaded region and a rigid link connected to a linear rotational spring 

element of zero length representing the tee (or elbow) fittings. The assumption that the 

threaded region can be represented by a zero-length rotational spring seems justifiable 

because the length of the exposed threaded region is quite small compared to the length of 

the pipe in this experiment and, in practice, it would be very small compared to the pipes 

attached to it. Figure 39 is an illustrative example of the theoretical approach to modeling the 

force-displacement behavior of the fitting, thread, and pipe elements. 
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Figure 39: Force-Displacement Theoretical Illustration 

 

The machined base structure was essentially rigid compared to the specimen, but any 

small displacement that did occur at the intersection of the fitting and the base plate could be 

accommodated in the model. What was done instead was to subtract the displacement of the 

fitting-base plate interface from other measured displacements to isolate the behavior of the 

rest of the specimen, effectively making the bottom part of the fitting a rigid support. The 

following equation is the basic mathematical model used to calculate the displacement of the 

free end of the pipe: 

Δ𝑓𝑟𝑒𝑒−𝑒𝑛𝑑 = Δ𝐵𝑒𝑛𝑑𝑖𝑛𝑔 + 𝜃𝑇ℎ𝑟𝑒𝑎𝑑 ∗ 𝐿 + 𝜃𝐹𝑖𝑡𝑡𝑖𝑛𝑔 ∗ (𝐿 + 𝐿𝐹𝑖𝑡𝑡𝑖𝑛𝑔)     (6) 

where  

• ∆Bending is the contribution to the overall displacement from the bending of the pipe, 

• θThread is the relative rotation of the threaded regions, obtained from the Ramberg-

Osgood model, 
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• L is the length of the moment arm from the point load to the edge of the fitting 

(location of failure)  

• θFitting is the relative rotation of the fitting itself as it deforms, and 

• Lfitting is the length from the edge of the fitting to the center of the fitting. 

The maximum stress in the pipe during a test was σBending=42 ksi [289.6 MPa]. Since 

this is 25% lower than the yield point of Manufacturer A, the one with the lowest yield point, 

the pipe is assumed to behave elastically in all tests. The following equation for a 

displacement of a cantilever beam of length, L, to a point load, P (Craig, 2009) could 

therefore be used to calculate the bending displacement: 

Δ𝐵𝑒𝑛𝑑𝑖𝑛𝑔 =
𝑃𝐿3

3𝐸𝐼
     (7) 

 For analysis purposes the Ramberg-Osgood model equation (5), defines the 

theoretical rotation of the threads, θThread, where M=PL and the parameters kTheta, MYield, α, 

and β are as described earlier.  

The relative rotation of the fitting, represented by a linear rotational spring, is given 

by the following equation: 

𝜃𝐹𝑖𝑡𝑡𝑖𝑛𝑔 =
𝑀𝐹𝑖𝑡𝑡𝑖𝑛𝑔

𝑘𝜃−𝑓𝑖𝑡𝑡𝑖𝑛𝑔
     (8) 

where MFitting is the induced moment which is the product of the point load and the length 

from the load to the center of the fitting, P*(L+LFitting). 

 Substituting the above into equation (9) gives the following: 

Δ𝑓𝑟𝑒𝑒−𝑒𝑛𝑑 =
𝑃𝐿3

3𝐸𝐼
+ �

𝑃𝐿
𝑘𝑇ℎ𝑟𝑒𝑎𝑑

+ 𝛼
𝑀𝑦𝑖𝑒𝑙𝑑

𝑘𝑇ℎ𝑟𝑒𝑎𝑑
�

𝑃𝐿
𝑀𝑦𝑖𝑒𝑙𝑑

�
𝛽

� 𝐿 +
𝑃(𝐿 + 𝐿𝐹𝑖𝑡𝑡𝑖𝑛𝑔)2

𝑘𝜃−𝑓𝑖𝑡𝑡𝑖𝑛𝑔
     (9) 
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 To illustrate this force displacement analysis, the first test scenario, B-T-45-0.01, will 

be analyzed using the above approach and compared to the experimental force displacement 

data. The Ramberg-Osgood parameters for the theoretical moment-rotation data of the 

threads for this experiment are as outlined in Table 21 and the rotational spring constant for 

the fitting, 𝑘𝜃−𝑓𝑖𝑡𝑡𝑖𝑛𝑔, is given in Table 22, i.e. they were obtained using the moment-rotation 

data for the fitting and the threaded region. Figure 40 is the graph showing the predicted 

(Theoretical) displacements for the given loads superimposed over the measured 

experimental data. The results are shown only up to the ultimate load since the Ramberg-

Osgood model cannot represent unloading behavior.  

 

 

Table 21: Ramberg-Osgood Parameters for Scenario #1 Analysis 

1-Inch Ramberg-Osgood Parameters for Force-Displacement Analysis 

Scenario kThread lb-in/rad 
[N*m/rad] 

Yield Moment 
lb-in [N*m] α β 

#1: B-T-45-0.01 1110000 [125400] 5000 [564.9] 0.300 9.0 
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Table 22: Fitting Parameter for Force-Displacement Analysis 

Fitting Behavior for Force Displacement Analysis 

Ductile-Iron Fitting Type 
Rotational Spring Constant: kθ-Fitting 

(lb-in/rad) [N*m/rad] 

Tee-Fitting 1-Inch 1,340,000 [151,000] 

 

 

 

 

Figure 40: Force-Displacement Analysis of Scenario #1 
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9. Comparison  

9.1 Comparison to Previous Works 

Table 23 gives the 1-inch comparison of the results from Ryu (Ryu, 2011), Tian 

(Tian, 2012), and the present study. Table 24 gives the 2-inch comparison of results from 

Tian and the present study. It is difficult to draw specific conclusions about the comparison 

with Tian’s work since little is known about the details of the specimens he used and, as 

shown in this study, there can be significant variation in pipe properties and fabrication 

techniques. In order to confidently compare the moment results one would have to know the 

stress-strain relations and the cross-sectional measurements for each experimental study. 

One reason for differences in the rotational data may be variations in the distance 

over which rotations are measured for each study (i.e. the separation between test strips in 

this study and between potentiometer frames in Tian’s study). Appendix-E goes through a 

simple cantilever example to calculate the differences in rotation due to variation in the 

distance that the rotational measurements are calculated over. This experimental study 

typically measured relative rotations for the threads over distance of 0.6875 inches [17.46 

mm]. Tian used a frame of potentiometers on the tensile and compressive sides of the threads 

to measure relative rotations (Tian, 2012). While the exact distance over which the 

potentiometers measured was not found in (Tian, 2012), it appears as though this distance is 

greater than the distance 0.6875 inches used in this study. This may help explain why Tian’s 

experimental rotations were greater than the experimental rotations of Ryu in 2011, and the 

results of this study. Finally, this exposes the need for a more systematic approach across all 
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studies to experimentally measure the relative rotations of the threads and fittings, as 

variances in the distance over which the rotations are measured directly effects the rotational 

results. 

 

Table 23: Comparison of 1-Inch Results 

Comparison of 1-Inch Results 

Researcher 
Yield 

Moment lb-
in [N*m] 

Rotation 
at Yield 

(rad) 

Ultimate 
Moment 

lb-in 
[N*m] 

Rotation 
at 

Ultimate 
(rad) 

Moment at 
Rupture lb-
in [N*m] 

Rotation 
at 

Rupture 
(rad) 

Ryu, 2011 3700 [418] 0.0032 4600 [520] 0.03 N/A N/A 
Tian, 2012 6200 [700] 0.008 7,700 [870] 0.07 5000 [565] 0.0725 

Nifong, 2014 4833 [546] 0.0044 5,816 [657] 0.0253 2755 [311] 0.0570 
 

 

Table 24: Comparison of 2-Inch Results 

Comparison of 2-Inch Results 

Researcher 
Yield 

Moment lb-
in [N*m] 

Rotation 
at Yield 

(rad) 

Ultimate 
Moment 

lb-in 
[N*m] 

Rotation 
at 

Ultimate 
(rad) 

Moment 
at Rupture 

lb-in 
[N*m] 

Rotation 
at 

Rupture 
(rad) 

Tian, 2012 13,000 
[1500] 0.008 20,000 

[2260]  0.0425 15,000 
[1700] 0.08 

Nifong, 2014 
21,130 
[2390] 0.0038 

25,820 
[2920] 0.0324 

8,464 
[956] 0.0721 
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The comparison with Ryu’s work is somewhat more meaningful since more is known 

about his specimens. He also used the Ramberg-Osgood rotational model to illustrate the 

thread behavior and he calculated an α of 0.232 and β of 13.590. The results of Ryu’s studies 

are summarized in Table 23. The main conclusion that can be drawn from comparing Ryu 

studies and the results of this study is that each of the parameters are slightly smaller for 

Ryu’s studies. This is reasonable as the average thickness of the pipe in the studies of Ryu is 

0.1146 in [2.91 mm] which is less than the average thickness of this study. Furthermore, the 

strength of the pipes could be less in the studies of Ryu, although that information is not 

provided. A summary of the results from Ryu’s studies can be found in the following Table 

25. 

 

 

Table 25: Summary of Results Ryu 2011 for Comparison 

Ryu, 2011: 1-Inch Ramberg-Osgood Parameters 

kTheory lb-in/rad 
[N*m/rad] 

Yield Moment 
lb-in [N*m] 

Ultimate 
Moment    

lb-in [N*m] 

Rotation at 
Ultimate 

(rad) 
α β 

1,146,000 [129,500] 3700 [418] 4600 [520] 0.003 0.232 13.59 
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9.2 ASTM Comparison of Results 

 Table 26 summarizes the geometric and material properties of the 1-inch pipes used 

in this study as well as the nominal and minimum values allowed by ASTM. 

 

Table 26: 1-Inch Summary of ASTM Comparison 

  OD (in) t (in) 
Moment of 

Inertia 
(in^4) 

Yield stress (ksi) Tensile Stress (ksi) 

Grade A Grade B Grade A Grade B 
Nominal 1.315 0.133 0.0873 

    ASTM min 1.302 0.116 0.0769 30 35 48 60 
Man. A 1.317 0.117 0.0805 52.5   60.8   
Man.B 1.319 0.129 0.0862   66.3   70.6 

 

  

From this table it may be concluded that a manufacturer could fabricate a pipe that is 

closer to the minimum standards allowed, which would thus be weaker than the pipes 

examined in this study. Because these standards only establish minimum strengths, it is 

possible that there could be pipes fabricated that are stronger than the results of this study.  

 Furthermore, this table illustrates that between the two manufacturers the differences 

in behavior can be attributed to the differences of material strengths and cross-sectional 

measurements. For example, there was a 8.5% difference between the average moment of 

inertia for each manufacturer, largely due to the fact that the thickness of the pipe from 

Manufacturer A was thinner than that of Manufacturer B. The strength of pipes from 

Manufacturer B were approximately 15% greater than the pipes from Manufacturer A. 
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10. Summary  

     Thread behavior of fire sprinkler schedule 40 piping is dependent upon, but not 

limited to pipe material and dimensions, thread exposure, and speed of loading, as well as 

pipe size and fitting type as illustrated in this experimental study. The observations of this 

study are as follows: 

• Pipe size influences the moment capacity significantly, as expected, while the 

rotational capacity decreases slightly with the increasing of pipe sizes. 

• Manufacturers use different allowable piping dimensions and materials, affecting the 

results by nearly 25%. The differences in results between the two manufacturers of 

this study can be attributed to an approximate 8.5% difference in cross-sectional 

measurements and an approximate 15% difference in material strengths of the pipes 

between manufacturers. 

• Pipe material strengths and cross-sectional measurements could be smaller for other 

pipe manufacturers that were not tested in this study as ASTM standards allow for 

standards lower than the results of this study. 

• The number of exposed threads affected the results significantly, with a moment 

capacity of the specimens with two to three exposed threads 10 to 15% stronger than 

specimens with four to five exposed threads. 

• Fitting type (tee vs. elbow) had little effect on the moment-rotational behavior of the 

threaded region. 
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• Rate of monotonic loading exhibited little to no effect on the moment rotation 

behavior of the threaded region. 

• Stiffness of the threaded region under elastic loading was virtually identical for each 

of the variations. 

• All 1-inch specimens failed due to development of circumferential cracking at the 

first exposed valley thread, while 2-inch specimens failed either by this mechanism, 

or by slippage of the threads. 

• Nonlinear rotational springs, represented by the Ramberg-Osgood equation, were 

quite effective in modeling the moment-rotation behavior of the threaded regions 

through ultimate values. 

• Linear rotational springs can be used to model the fitting behavior as the rotational 

behavior of the fittings is relatively elastic.  

• Focus on the distance over which relative rotations are measured for the exposed 

thread deformation and fitting deformation must be established as variations in the 

distance can have large effects on the experimental rotational data.  

 

Through this study of threaded fitting behavior, the rotational stiffness of the 1-inch 

tee fitting, 1-inch elbow fitting, and 2-inch tee fitting were calculated, and it was observed 

that all fittings deformed elastically during loading. It is interesting to note that the rotational 

stiffness of the fittings, kθ-Fitting established in this experimental data of this study appear to 

be less stiff than the rotational stiffnesses of the threads, kThreads. The explanation is that the 
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distances between the test-strip locations on the fitting were greater than the distance 

between the test location adjacent to the threads and the fitting. Therefore, the relative 

rotation of the fitting was greater, thus causing the stiffness to be smaller for the fitting.  

 When testing the pipes from the two manufacturers for their tensile properties, it was 

evident that the test specimens elongated in nearly an elastic-perfectly plastic manner for 

each manufacturer, and the results were quite consistent to one another. The two 

manufacturers compared used separate grades of steel, which were grade A and grade B. 

Each of the manufacturers exceeded the tensile standards of ASTM A135 and A795 by at 

least 17%. More tensile testing should occur on full size pipe specimens to accurately 

establish the stress-strain relations through the ultimate point of loading, as the failure of the 

tensile testing did not always occur within the extensometer during this study. 

 Examination of the ASTM standards exposes the fact that, while the specimens in this 

experimental study had some variation in material properties and dimensions, the standards 

allow for even greater variations in dimensions and material properties and there is the 

distinct possibility for pipes to be fabricated more closely to minimum standards, which 

would thus lead to weaker thread behavior of the system. Manufacturer A brushed the limits 

on the minimum thickness for 1-inch schedule 40 piping, while Manufacturer B closely 

followed the nominal dimensions. 
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11. Conclusion 

In this paper, threaded fire sprinkler piping connections were examined to investigate 

the uncertainty in the thread behavior under monotonic loading. Multiple tests were run on a 

variety of specimens organized into unique scenarios of possible field variations. The 

objective of quantifying the variability of threaded joint behavior based on differences in 

pipe size, pipe manufacturer, fitting type, thread exposure, and speed of loading by collecting 

the moment-rotation data was achieved. Through the use of the Ramberg-Osgood rotational 

spring model (Ramberg and Osgood 1943) the nonlinear behavior of the specific scenarios 

could be modeled for the basis of comparison. From this experimental study it must be 

concluded that variations in pipe size, pipe cross-sectional measurements, pipe material 

strength, and thread exposure caused the results to vary the most during testing. Logically 

pipe size increased the moment capacity as the size of the pipe increased. This study showed 

that variations of pipes from manufacturers and the number of exposed threads can have 

profound effects on the threaded behavior of the joints.  

 The modeling of the experimental data by using linear pipe segments, the Ramberg-

Osgood rotational spring model for the threads, along with the linear rotational model for the 

fitting proved to be very useful in comparing the experimental and theoretical force-

displacement behavior. This theoretical modeling application is thought to provide the 

accuracy needed for future modeling applications. 

 Additional research involving the full range of fitting manufacturers and fitting types 

would be useful in order to gain a full understanding of the variation in fitting behavior. 
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Malleable iron fittings are used in the fire sprinkler industry, in addition to the ductile iron 

fittings used in this study, and studies should be performed on them, also. In addition, similar 

studies should more broadly examine the effects of varying pipe sizes sequentially, focusing 

on the influence of the number of exposed threads. This study should also investigate the 

relationship between pipe size and slippage of the threads as a failure mechanism. During the 

examination of the cross-sectional cuts through the joints and pipes, it was evident that the 

pipe is compressed circumferentially as it is pulled into the fitting. Future work could be 

done to determine the state of stress within the pipe, both longitudinally and 

circumferentially, before and after the tightening process to understand the state of stress 

prior to loading within the piping system. By understanding the state of stress at the first 

exposed thread on the pipe, one might be able to perform a plastic analysis to match the 

actual moment-rotation behavior of the threads. This future work should lead into a deeper 

understanding of the monotonic behavior of the threaded piping joints in a piping system and 

hence be able to quantify the uncertainties that might be expected. The next step would be to 

extend the concepts embodied in this study to an investigation of cyclic behavior. 
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Appendix-A: Rotation Calculation Example- Test Strip B  

 

 

Figure 41: Test Strip B Rotation Example 

 

𝜃𝑇𝑒𝑠𝑡 𝑆𝑡𝑟𝑖𝑝 𝐵 = 𝑠𝑖𝑛−1 �
∆𝑋2 − ∆𝑋1

𝑑
�     (10) 

𝜃𝑇𝑒𝑠𝑡 𝑆𝑡𝑟𝑖𝑝 𝐵 ≈ �
∆𝑋2 − ∆𝑋1

𝑑
�      (11) 

 

 

 

 

 

 

 

d= 4 in. 

Target #1 

Target #2 
  ΔX2 

  ΔY2 

  ΔY1 

  ΔX1 

*Note: All dot locations are 

measured to the center of the dots 
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Appendix-B: Tensile Stress-Strain Graphs 

 

 

Figure 42: Manufacture A Stress-Strain 
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Figure 43: Manufacturer B Stress-Strain 

 

The graphical results above show one set of test specimen results from each pipe 

manufacturer. For a given pipe manufacturer results were very similar to one another, and 

therefore only one graph of each pipe manufacturer is shown in the Appendix. None of the 

tensile tests for the pipes from Manufacturer A failed within the gage length of the 

extensometer. One of the tensile tests for the pipes from Manufacturer B failed within the 

gage length of the extensometer with the displayed results above. For consistency, the strains 

are shown to 0.015 for both graphs so that the differences in material behavior can be more 

easily compared between manufacturers. 
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Appendix-C: Welding of Joint Interface 

During the experimental process a question arose about how much movement 

occurred between the threads of the fitting and the threads of the pipe. This miniscule 

movement is smaller than the precision of most instrumentation available (even most strain 

gages) and therefore another method was sought out to gain this understanding. The idea 

arose to seal weld the interface between the fitting and the pipe to create a joint interface that 

is as “fixed” as one can possibly create in reality. It should be noted that welding of pipe-

fitting connections is not allowed in the industry. Bruce (Bruce, 1983) published a small 

article in the Welding Journal, blatantly stating that seal welding causes the joint to be 

weaker due to the increase in shrinkage cracks as stress concentrations increase due to the 

confinement of the fitting and pipe interaction. ASTM A135 does state that defects in the 

pipe wall may be welded, provided that the defect does not exceed one third of the specified 

thickness (ASTM A135). Any leakage of the pipes must be repaired by completely removing 

the leaking segment and properly reconnecting the pipe through a sequence of pipe segments 

and fittings. 

 While welding of fittings does not occur in the threaded pipe industry, it was tried 

here to obtain a direct experimental method to determine the threaded influence due to the 

interaction between the male and female threads, as the welding would alleviate any 

possibilities of relative movement between those threads. The joint interface was welded on 

two 1-inch specimens, and the specimens were tested under the exact same conditions as the 

unwelded 1-inch specimens using the same pipe manufacturer, tee-fitting manufacturer, four 
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to five threads exposed, and at 0.01 in/sec [0.254 mm/sec] loading rate. The following graph 

displays the moment-rotational modeled results of the welded and unwelded specimens. 

 

 

 

Figure 44: Weld vs. Non-Welded Moment-Rotation  
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 From the above results it is apparent that the welding of the joint interface made the 

joint weaker in terms of strength, while allowing greater rotation. These results indicate the 

possibility that the welding caused the pipe threads to anneal during the welding/cooling 

process, and thus the test specimens behaved more ductile.  

 The following figure is a picture of a tested fitting that has been seal welded to the 

threads of the pipe: 

 

 

 

 

Figure 45: Welded Tee-Fitting 

 

 



 104 

Appendix-D: Moment-Rotation Data 

 

Scenario #1: B-T-45-0.01 Moment-Rotation Data 

Test 1: B-T-45-0.01                  
Experimental Data  

Test 2: B-T-45-0.01                  
Experimental Data 

 Moment Rotation 
 

Moment Rotation 
(lb-in) (N*m) (rad) 

 
(lb-in) (N*m) (rad) 

0.0 0.0 0.0000 
 

0.0 0.0 0.0000 
4825.1 545.2 0.0058 

 
5209.6 588.6 0.0069 

5119.7 578.4 0.0073 
 

5362.5 605.9 0.0083 
5398.5 609.9 0.0102 

 
5645.8 637.9 0.0095 

5567.1 629.0 0.0139 
 

5825.7 658.2 0.0121 
5603.1 633.1 0.0203 

 
5978.6 675.5 0.0182 

5490.7 620.4 0.0246 
 

5904.4 667.1 0.0207 
5157.9 582.8 0.0314 

 
5852.7 661.3 0.0238 

4251.8 480.4 0.0405 
 

5043.2 569.8 0.0378 
2932.0 331.3 0.0470 

 
2839.8 320.9 0.0455 

       
       Test 3: B-T-45-0.01                  

Experimental Data  
Test 4: B-T-45-0.01                  
Experimental Data 

 Moment Rotation 
 

Moment Rotation 
(lb-in) (N*m) (rad) 

 
(lb-in) (N*m) (rad) 

0.0 0.0 0.0000 
 

0.0 0.0 0.0000 
5357.9 605.4 0.0044 

 
5242.1 592.3 0.0051 

5712.5 645.4 0.0069 
 

5442.4 614.9 0.0066 
6207.5 701.3 0.0094 

 
5871.8 663.4 0.0106 

6359.1 718.5 0.0119 
 

6065.4 685.3 0.0155 
6481.7 732.3 0.0171 

 
6121.0 691.6 0.0219 

6234.2 704.4 0.0279 
 

6040.9 682.5 0.0276 
5150.6 581.9 0.0406 

 
5711.6 645.3 0.0355 

3190.7 360.5 0.0514 
 

4630.2 523.1 0.0480 
2452.7 277.1 0.0545 

 
2767.9 312.7 0.0578 
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Scenario #2: B-T-23-0.01 Moment-Rotation Data 

Test 1: B-T-23-0.01                  
Experimental Data  

Test 2: B-T-23-0.01                  
Experimental Data 

 Moment Rotation 
 

Moment Rotation 
(lb-in) (N*m) (rad) 

 
(lb-in) (N*m) (rad) 

0.0 0.0 0.0000 
 

0.0 0.0 0.0000 
5809.0 656.3 0.0048 

 
5647.5 638.1 0.0043 

6193.5 699.8 0.0060 
 

6011.0 679.2 0.0062 
6761.5 763.9 0.0085 

 
6789.6 767.1 0.0086 

6926.9 782.6 0.0104 
 

7180.0 811.2 0.0128 
7070.0 798.8 0.0158 

 
7314.6 826.4 0.0188 

6969.4 787.4 0.0258 
 

7242.8 818.3 0.0255 
6587.1 744.2 0.0327 

 
6632.5 749.4 0.0355 

5786.6 653.8 0.0495 
 

6098.5 689.0 0.0402 
3150.4 356.0 0.0508 

 
3253.4 367.6 0.0588 

       
       Test 3: B-T-23-0.01                  

Experimental Data  
Test 4: B-T-23-0.01                  
Experimental Data 

 Moment Rotation 
 

Moment Rotation 
(lb-in) (N*m) (rad) 

 
(lb-in) (N*m) (rad) 

0.0 0.0 0.0000 
 

0.0 0.0 0.0000 
5556.8 627.8 0.0053 

 
5528.6 624.6 0.0064 

5895.1 666.1 0.0069 
 

5840.3 659.9 0.0078 
6381.3 721.0 0.0090 

 
6523.8 737.1 0.0124 

6542.6 739.2 0.0104 
 

6951.3 785.4 0.0205 
6784.6 766.6 0.0180 

 
7064.9 798.2 0.0292 

6374.6 720.2 0.0293 
 

6897.9 779.4 0.0375 
6047.4 683.3 0.0332 

 
6298.9 711.7 0.0491 

3712.7 419.5 0.0489 
 

4762.6 538.1 0.0590 
2531.9 286.1 0.0553 

 
3820.8 431.7 0.0579 
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Scenario #3: B-T-23-0.05 Moment-Rotation Data 

Test 1: B-T-23-0.05                  
Experimental Data  

Test 2: B-T-23-0.05                  
Experimental Data 

 Moment Rotation 
 

Moment Rotation 
(lb-in) (N*m) (rad) 

 
(lb-in) (N*m) (rad) 

0.0 0.0 0.0000 
 

0.0 0.0 0.0000 
5805.0 655.9 0.0058 

 
6038.6 682.3 0.0048 

6126.8 692.2 0.0072 
 

6384.8 721.4 0.0063 
6657.8 752.2 0.0144 

 
6816.9 770.2 0.0100 

6799.5 768.2 0.0199 
 

6932.3 783.2 0.0134 
6896.3 779.2 0.0285 

 
7009.2 791.9 0.0188 

6637.5 749.9 0.0405 
 

6792.0 767.4 0.0293 
5706.0 644.7 0.0545 

 
6538.6 738.8 0.0335 

3762.0 425.0 0.0623 
 

5228.6 590.8 0.0470 
3123.0 352.9 0.0678 

 
3144.9 355.3 0.0575 

       
       Test 3: B-T-23-0.05                  

Experimental Data     
    Moment Rotation 
    (lb-in) (N*m) (rad) 
    0.0 0.0 0.0000 
    5841.8 660.0 0.0068 
    6261.0 707.4 0.0096 
    6664.5 753.0 0.0161 
    6807.2 769.1 0.0252 
    6840.7 772.9 0.0297 
    6675.7 754.3 0.0399 
    5750.4 649.7 0.0535 
    3438.2 388.5 0.0712 
    2874.1 324.7 0.0761 
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Scenario #4: A-T-45-0.05 Moment-Rotation Data 

Test 1: A-T-45-0.05                  
Experimental Data  

Test 2: A-T-45-0.05                  
Experimental Data 

 Moment Rotation 
 

Moment Rotation 
(lb-in) (N*m) (rad) 

 
(lb-in) (N*m) (rad) 

0.0 0.0 0.0000 
 

0.0 0.0 0.0000 
4060.4 458.8 0.0046 

 
4101.1 463.4 0.0055 

4223.4 477.2 0.0054 
 

4280.6 483.6 0.0063 
4712.5 532.4 0.0116 

 
4692.7 530.2 0.0104 

4807.2 543.1 0.0160 
 

4845.6 547.5 0.0164 
4846.9 547.6 0.0237 

 
4916.5 555.5 0.0238 

4776.4 539.7 0.0288 
 

4794.6 541.7 0.0326 
4507.6 509.3 0.0347 

 
4471.1 505.2 0.0391 

4064.8 459.3 0.0395 
 

2725.2 307.9 0.0511 
2421.2 273.6 0.0502 

 
2412.8 272.6 0.0514 

       
       Test 3: A-T-45-0.05                  

Experimental Data     
    Moment Rotation 
    (lb-in) (N*m) (rad) 
    0.0 0.0 0.0000 
    4038.6 456.3 0.0037 
    4219.3 476.7 0.0044 
    4779.3 540.0 0.0096 
    4989.1 563.7 0.0229 
    5111.8 577.6 0.0394 
    4971.2 561.7 0.0474 
    4255.0 480.7 0.0571 
    3186.2 360.0 0.0639 
    2507.9 283.4 0.0699 
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Scenario #5: A-T-45-0.01 Moment-Rotation 

Test 1: A-T-45-0.01                  
Experimental Data  

Test 2: A-T-45-0.01                  
Experimental Data 

 Moment Rotation 
 

Moment Rotation 
(lb-in) (N*m) (rad) 

 
(lb-in) (N*m) (rad) 

0.0 0.0 0.0000 
 

0.0 0.0 0.0000 
3597.8 406.5 0.0040 

 
4130.9 466.7 0.0044 

4009.5 453.0 0.0071 
 

4500.8 508.5 0.0083 
4454.5 503.3 0.0173 

 
4681.3 528.9 0.0137 

4492.3 507.6 0.0212 
 

4739.2 535.5 0.0180 
4545.7 513.6 0.0283 

 
4781.6 540.2 0.0236 

4423.3 499.8 0.0371 
 

4694.7 530.4 0.0312 
4171.9 471.4 0.0424 

 
4516.4 510.3 0.0367 

3609.0 407.8 0.0515 
 

3429.1 387.4 0.0478 
2458.6 277.8 0.0519 

 
2310.6 261.1 0.0533 
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Scenario #6: A-E-45-0.01 Moment-Rotation Data 

Test 1: A-E-45-0.01                  
Experimental Data  

Test 2: A-E-45-0.01                  
Experimental Data 

 Moment Rotation 
 

Moment Rotation 
(lb-in) (N*m) (rad) 

 
(lb-in) (N*m) (rad) 

0.0 0.0 0.0000 
 

0.0 0.0 0.0000 
4098.8 463.1 0.0051 

 
4098.5 463.1 0.0074 

4397.8 496.9 0.0089 
 

4300.9 485.9 0.0103 
4594.1 519.1 0.0180 

 
4396.6 496.7 0.0150 

4647.7 525.1 0.0233 
 

4414.4 498.8 0.0157 
4683.4 529.2 0.0298 

 
4434.4 501.0 0.0185 

4529.4 511.8 0.0402 
 

4383.3 495.2 0.0226 
4145.7 468.4 0.0482 

 
4176.3 471.9 0.0281 

3692.7 417.2 0.0538 
 

3219.6 363.8 0.0368 
2327.2 262.9 0.0607 

 
1644.3 185.8 0.0441 

       
       Test 3: A-E-45-0.01                  

Experimental Data  
Test 4: A-E-45-0.01                  
Experimental Data 

 Moment Rotation 
 

Moment Rotation 
(lb-in) (N*m) (rad) 

 
(lb-in) (N*m) (rad) 

0.0 0.0 0.0000 
 

0.0 0.0 0.0000 
3911.6 441.9 0.0057 

 
3867.1 436.9 0.0043 

3987.2 450.5 0.0069 
 

4194.1 473.9 0.0068 
4134.1 467.1 0.0110 

 
4260.9 481.4 0.0081 

4205.3 475.1 0.0166 
 

4318.7 488.0 0.0088 
4234.2 478.4 0.0277 

 
4510.1 509.6 0.0268 

4109.6 464.3 0.0356 
 

4274.2 482.9 0.0374 
4051.7 457.8 0.0378 

 
3869.3 437.2 0.0438 

3075.0 347.4 0.0505 
 

3248.5 367.0 0.0494 
2274.0 256.9 0.0535 

 
1975.8 223.2 0.0542 
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2-Inch Moment-Rotation Data 

Test 1: B-T-45-0.01                  
Experimental Data  

Test 2: B-T-56-0.01                  
Experimental Data 

 Moment Rotation 
 

Moment Rotation 
(lb-in) (N*m) (rad) 

 
(lb-in) (N*m) (rad) 

0.0 0.0 0.0000 
 

0.0 0.0 0.0000 
21007.6 2373.5 0.0025 

 
21303.1 2406.9 0.0059 

23011.8 2600.0 0.0042 
 

22296.8 2519.2 0.0083 
24412.8 2758.3 0.0064 

 
23038.8 2603.0 0.0107 

25076.4 2833.3 0.0080 
 

24152.9 2728.9 0.0177 
26068.5 2945.3 0.0121 

 
24380.1 2754.6 0.0268 

27259.4 3079.9 0.0381 
 

24110.5 2724.1 0.0336 
26698.5 3016.5 0.0474 

 
23912.2 2701.7 0.0381 

25699.8 2903.7 0.0524 
 

23074.5 2607.1 0.0473 
11672.4 1318.8 0.0778 

 
9061.8 1023.8 0.0691 

7865.0 888.6 0.0750 
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Appendix-E: Relative Rotation Between Two Points 

 

Figure 46: Relative Rotation Cantilever Illustration 

The equation for the slope at any point x along the cantilever is obtained using the Euler-

Bernoulli beam theory by integrating the moment curvature equation twice and using the 

appropriate boundary conditions: 

𝜃(𝑥) = �
𝑃
𝐸𝐼
� �
𝑥2

2
− 𝐿 ∗ 𝑥�         (𝑟𝑎𝑑)     (12) 

Find the rotation of the cross-section at locations A and B: 

𝜃𝐴 = 𝜃(𝑥𝐴) = �
𝑃
𝐸𝐼
� �
𝑥𝐴2

2
− 𝐿 ∗ 𝑥𝐴� 

𝜃𝐵 = 𝜃(𝑥𝐴 + 𝛥) = �
𝑃
𝐸𝐼
� �

(𝑥𝐴 + 𝛥)2

2
− 𝐿 ∗ (𝑥𝐴 + 𝛥)� 

Therefore based upon the above calculations, the following simplified equation calculates the 

relative rotation between locations B and A.  

 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝜃𝐵−𝐴 = 𝜃𝐵 − 𝜃𝐴 = �
−𝑃
2𝐸𝐼

� (∆)(2𝐿 − 2𝑥𝐴 − ∆)     (13) 

P 

A B 

XA 

L 

Variables:      

P, E, I, and L 

L= 24 in. 

XA= 1 in. 
 Δ 
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The following is an example illustrating how the separation between target strips affects the 

relative rotation: 

 

1) L= 24 inches, XA= 1 inch, and Δ= 1 inch: 

 

 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝜃𝐵−𝐴 = �
−𝑃
2𝐸𝐼

� (1)(2 ∗ 24 − 2 ∗ 1 − 1) = −22.5 �
𝑃
𝐸𝐼
� 

2) Now let Δ= 2 inches with everything else the same: 

 

 𝑅𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝜃𝐵−𝐴 = �
−𝑃
2𝐸𝐼

� (2)(2 ∗ 24 − 2 ∗ 1 − 2) = −44 �
𝑃
𝐸𝐼
� 

The differences in the relative rotation between points B and A due to varying the separation 

distance, Δ, by 1 inch in the above examples directly illustrates how the separation distance 

between points of measurement in rotation can drastically influence the relative rotation 

between the points of interest. 
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