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ABSTRACT

Large-diameter steel pipes are often used for transmitting and distributing water, gas, and oil 
products from the source to the end user. These pipelines are mainly oriented by using pipe el-
bows due to their high flexibility along their routes. It is important to understand the mechani-
cal behavior of these critical infrastructure components to promote material sustainability. For 
this purpose, a rigorous 3D finite element model is employed to investigate the mechanical 
behavior of large-diameter pipe elbows with varying elbow angles such as 90°, 60°, and 30°. 
Moreover, geometrical and material nonlinearities capture the pipes’ ratcheting behavior even 
under pressurized and unpressurized scenarios. It is seen that the pipes with a larger elbow 
angle can endure a higher number of cycles before they reach their limit states. In addition, 
pipe elbows behave similarly to straight pipes as the elbow angle decreases and becomes more 
vulnerable to plastic deformations such as kink and buckling under bending loads.
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1. INTRODUCTION

Curved pipes, also often referred to as pipe bends or 
elbows, are critical infrastructure components used for 
orienting buried pipelines [1] along their route (Fig. 1). In 
addition, these components are also used in a wide range of 
applications, including critical piping of storage tanks [2], 
power plants [3], industrial facilities [4], and even offshore 
platforms [5-6]. When these critical components are sub-
jected to extreme events such as fault ruptures, lands, and 
repeated loadings, the pipeline network becomes highly 
vulnerable, resulting in service disruptions and economic 
losses. In addition to the failures of the pipelines, loss of 
containment of these storage tanks, power plants, and 

industrial facilities can be experienced due to the uplift 
effect under repeated loads at tank surfaces, tee connec-
tions, and nozzles. It can be hazardous to the environment 
and human health.

Due to the complexity of these pipeline networks, the 
stresses and deformations these systems undergo might be 
quite different from the conventional straight pipes due to 
their flexible characteristics. In case of severe loading con-
ditions, cross-sectional ovalization and ratcheting failures 
govern the bending capacity and failure modes that are 
directly associated with the ratio of (D/t) and (R/D) where 
the pipe diameter is D, the wall thickness is t, and the radius 
of elbow curvature is R.
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In the literature, most of the studies on pipe elbows are 
focused on variational D/t and R/D ratios. Much research 
[9-13] focused on D/t ratios ranging from 10 to 97. Among 
these studies, Sobel and Newman [9] tested a 90° seamless 
pipe elbow and verified the results using the finite element 
method considering large displacements and material 
nonlinearity. Suzuki and Nasu [10] studied a welded 90⁰ 
elbow component under in-plane bending loads. Another 
research study [11] employed a 90° pipe elbow with a 
bending curvature-to-diameter ratio of R/D = 3. A com-
prehensive research study [12] elaborated on the mechan-
ical behavior of 90° pipe elbows focused on failure modes 
depending on the effects of D/t ratio and internal pressure 
levels. The studies are lately evolved into promoting mate-
rial sustainability and life estimation for pipe elbows [13] to 
increase the fatigue life of pipe elbows.

Most of these studies address toe pipe elbows when 
used for industrial piping systems with relatively small 
pipe diameters. As for the large-diameter buried steel pipe-
lines, D/t and R/D ratios are expected to be higher due to 
the practicing devices for cleaning, inspection, dimension-
ing, and testing purposes [14]. In literature, the diameters 
of pipe elbows, which have been studied experimentally 
and numerically for the transmitting pipeline systems, 
remained limited in a range of 100 [15] to 400 mm [16] for 
a 90° elbow pipe.

Oil, gas, and especially water transmission pipelines are 
made of large-diameter steel pipes starting from 450 mm 
up to 2540 mm due to the high amounts of products to be 
transported. In this study, the geometrical parameters of a 
well-documented steel water transmission line [17-20] with 
a diameter of 2200 mm are chosen to reveal the mechanical 
behavior of large-diameter steel pipe elbows under cyclic 
loading. The main parameters to be investigated within this 
research study are the elbow angles (90°, 60°, and 30°) and 
internal pressure, py as per operating conditions reported 
in related documents [17]. The bending curvature-to-di-
ameter ratio, R/D, is chosen as five, which is the mode that 

allows proper pigging operations for the buried pipelines in 
practical applications.

Preliminary calibration studies are conducted based on 
a given experimental research study [4], as detailed in the 
following section. Geometrical and material assumptions 
are made in accorded reference. After verification studies, 
the results of the numerical studies are explained.

2. NUMERICAL SIMULATION

2.1. Finite Element Modeling
This study uses a finite element (FE) model by soft-

ware. Geometrical and material nonlinearities are taken 
into unconsidered predicting the post-buckling behavior 
and the failure modes. For this purpose, calibration stud-
ies were performed before this on previous experimental 
and numerical research work [4]. A 203 mm long SCH40 
pipe elbow with a diameter of D = 219.1 mm and a wall 
thickness of t = 8.18 mm was tested under cyclic loading 
with an elbow curvature radius of R = 305 mm. Steel pipe 
material was employed as P355N following EN 10216-3 
code corresponding to ANSI/API 5L X52 steel grade. The 
FE model consists of two straight parts with a length of 
5D connected to the pipe elbow by tie connection (Fig. 
2). Both pipe elbow and straight parts are C3D8R solid 
elements with equal wall thickness. A kinematic coupling 
algorithm specifies boundary conditions at the center 

    
Figure 1. (a) pipe elbow [7] used for; (b) routing of natural gas pipeline [8].

Figure 2. The radius of pipe curvature, R, and boundary 
conditions of a 90° elbow.
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of straight pipe ends with pinned and roller supports. A 
displacement boundary condition is defined on the right 
side as roller support (in-plane) with a cyclic loading 
protocol of 1.0 to 3.0 meters. For this purpose, numerical 
analyses were conducted using a low-cyclic loading pro-
cedure under a general static step after applying internal 
pressure.

The results were obtained for the pipe elbow under 3.2 
MPa operating pressure with ± 150 mm of loading ampli-
tude. The model captured the similar ratcheting behavior 
of the pipe elbow when a combined isotropic/kinematic 
hardening model was employed. The pipe deflection (Fig. 
3.a) was formed due to accumulated stresses at the elbow 
crown after 61 cycles. The hysteresis curve (Fig. 3.b) was 
obtained at the released end of the pipe constraint and 
verified with the related research work about material 
nonlinearity. The von-misses stress contours depict the 
yielded area, including failure of the pipe elbow due to 
repeated closing (Fig. 3.c) and opening (Fig. 3.d) forms 
under cyclic loading.

As for the mechanical behavior of a large-diameter 
water pipeline, Kullar water steel pipeline (D = 2200 mm) 
properties were investigated under three different cases of 
elbow angle, α such as 90°, 60°, and 30°. The steel grade 
utilized in this research study was chosen API 5L Grade 
B steel grade by the properties of the actual water pipe-
line [17]. Besides, the internal pressure py was taken at 1.0 

MPa, corresponding to the operating pressure specified 
in the reference. The R/D ratio is also chosen as 5 for the 
buried pipelines that allow proper pigging operations [14], 
whereas the pipe has an 18 mm thickness (D/t = 122).

2.2. Material Model
An inelastic material property, Armstrong-Frederic 

(AF) nonlinear kinematic hardening model, is defined 
through the ABAQUS material library that allows to cap-
ture Bauschinger effect and accumulated plastic strain 
(ratcheting effect) for metals subjected to cyclic loading 
[21]. The combined isotropic/kinematic hardening algo-
rithm introduces the concept of change in the center of 
yield surface for the metals under cyclic loading, allowing 
the main difference between yield and back stresses. The 
kinematic hardening component is given as:

 (1)

Where C stands for kinematic hardening modulus, γ is 
the decreasing rate due to increasing plastic strain,  And 
α is back stress. In addition, the equivalent plastic strain  
It also is defined as:

 (2)

Figure 3. (a) pipe deflection at elbow crown due to material plasticity (b) hysteresis curve (c) closing and (d) opening 
ovalization.
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Due to the lack of experimental data, the mechan-
ical properties of the water pipe are taken by the API 5L 
Grade B with a modulus of elasticity, E = 221.37 GPa, yield 
stress of σy = 293.27 MPa, and ultimate tensile strength of 
σu = 480.13 MPa as given in the reference study [22]. The 
relevant stress-strain curve is also integrated into the com-
bined isotropic/kinematic hardening model using data type 
aa s half cycle.

2.3. Performance Criteria of Steel Pipes 
According to the American Lifeline Alliance (ALA) 

guideline [23] tensile strain limit is 4% to maintain 
n pressure integrity of the pipe. Besides, the Pipeline 
Research Council International (PRCI) guideline [24] 
suggests limiting tensile strain to 2-4% for pressure 
integrity and 1-2% for normal operability. On the other 
hand, the compressive strain limit state, which corre-
sponds to the pressure loss, is reached when the plas-
tic strain rate is equal to 1.76 t/D in both guidelines. 
Moreover, Gresnigt [25] suggested a flattening parame-
ter, f, to clearly describe cross-sectional distortions as an 
ovalization limit state which is:

f = ΔD/D (3)

And it is assumed that the cross-sectional limit state is 
reached when the flattening parameter equals 0.15 (Fig. 4). 

3. NUMERICAL RESULTS

The mechanical behavior of steel pipe elbows is inves-
tigated for three different elbow angles, as given in Fig. 5. 
The hysteresis curves are obtained for each pipe elbow for 
the case of both pressurized and unpressurized under dif-
ferent ranges of lateral cyclic movements. And the results 

are discussed in terms of the performance mentioned above 
criteria and limit states.

3.1. 90° Pipe Elbow
For two cases, 1.0, 2.0, and 3.0 meters of cyclic load-

ing protocol are subjected to the 90° pipe elbow. As for 
the pressurized pipe elbow, it is seen that the compressive 
strain limit state was reached after 32 cycles with a plas-
tic strain value of 1.46% under 1.0 meters of lateral cyclic 
loading. When the pipe undergoes cyclic loading without 
having internal pressure, the pipe distortion and ovalization 
become more critical, and the limit state is reached due to 
the flattening parameter. However, there was no buckling 
formation for 2.0 and 3.0 meters of cyclic loading for 90° 
pipe elbows. The plastic formation zone was observed close 
to the elbow crown, especially on the intrados side of the 
pipe elbow (Fig. 6).

Besides, the limit plastic strain levels were reached under 
fewer cycles as the lateral displacement range increased. 
The hysteresis curves are given in Fig. 7 for both pressur-
ized and unpressurized cases under 1.0, 2.0, and 3.0 meters 
of cyclic loading.

3.2. 60° Pipe Elbow
According to the numerical result of the 60° pipe elbow, 

the limit plastic strain levels are reached at earlier stages 
(fewer cycles) compared to the 90° pipe elbow. It is seen 
that the plastic zone is shifted from the elbow flank to intra-
dos under 1.0 meters of cyclic loading (Fig. 8). Moreover, 
the more the pipe elbow angle decreases, the more the 
pipe system becomes vulnerable to kink or buckling effect 
under same repeated displacements. The hysteresis curves 
obtained for 60° pipe elbow are given in Fig. 9 below. The 
tensile strain limit state is reached at the 4th cycle with a 

Figure 4. Cross-sectional distortion-based ovalization.

Figure 5. a) 90°, b) 60° and c) 30° pipe elbows.

Figure 6. Plastic zone formation of 90° pipe elbow under 
1.0-meter cyclic loading.
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plastic strain value of 1.63%, and the flattening ratio is 
exceeded the critical value of 0.15. Similar to the 90° pipe 
elbow, the formation of plastic deformation is delayed 
under operating pressure. However, there was no sight of 
buckling formation under 1.0 and 2.0 meters of cyclic load-
ing but only under 3.0 meters of repeated loads.

3.3. 30° Pipe Elbow
As for the 30° pipe elbow, the pipe’s flexibility has 

remarkably reduced due to a decrease in the elbow angle, 
and yield strains were reached at the beginning of the 

  

  

  
Figure 7. Hysteresis curves for 90° pipe elbow.

Figure 8. Plastic zone formation of 60° pipe elbow under 
1.0-meter cyclic loading.
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loading protocol. It is seen that the pipe elbow behaves 
similarly to the straight pipes, where tensile and compres-
sion limit states are mainly governed. Due to high plastic 
strain values, only 1.0 meter of cyclic loading results were 
obtained for the 30° pipe elbow, where the buckling forma-
tion was observed as in Fig. 10. Also, the decrease in the 
number of cycles before the plastic strains were observed 
in Fig. 11.

  

  

  
Figure 9. Hysteresis curves for 60° pipe elbow.

Figure 10. Plastic zone of 30° pipe elbow under 1.0-meter 
cyclic loading.
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The numerical results have verified the relation between 
pipe elbow angle and flexibility which might become criti-
cal in providing the structural integrity of pipeline systems. 
It should be noted that the pipe elbows behave similarly to 
the straight pipes as the elbow angle decreases and become 
more vulnerable to plastic deformations. Moreover, the 
fatigue life of pipe elbows with a higher angle expands due 
to their higher tolerance for repeated loads before reaching 
limit state values.

The findings of this study can be applied to pipelines, 
pipe-tank connections and industrial facilities, power 
plants, and many other practical scenarios. However, the 
surrounding soil effect for buried pipelines should also be 
considered in predicting local strains, which might easily be 
affected by soil conditions (stiff and soft soil) and seismic 
hazard regions. Therefore, further study recommendations 
are provided in the conclusion section. 

4. CONCLUSION

Steel pipe elbows are critical infrastructure components 
for orienting pipelines along their routes. Promoting these 
systems’ fatigue life and material sustainability is important, 
which may result in large-scale economic losses and service 
disruptions due to seismically induced cyclic loadings. This 
study investigates the mechanical behavior of large-diame-
ter steel pipe elbows, which behaves differently from con-
ventional straight pipes due to the stresses and deformations 
they undergo based on their flexible characteristics. For this 
purpose, a 3D nonlinear finite element model is employed 
and calibrated before the numerical studies. Geometrical 
and material nonlinearities are considered for the numer-
ical models by adopting the Armstrong-Frederick plasticity 
model. Three types of pipe elbow, such as 90°, 60°, and 30°, 
are subjected to 1.0, 2.0, and 3.0 meters of low-cyclic load-
ing protocol for pressed and unpressurized cases.

The results revealed that the pipes with a larger elbow 
angle could undergo a ignores before reaching their limit 
states. In addition, steel pipe elbows with small angles 
behave similarly to straight pipes (with less flexibility under 

opening and closing bending loads) in terms of mechanical 
behavior, as tensile and compression limit states are mainly 
governed. Moreover, the vulnerability to plastic deforma-
tions, such as the formation of kink and buckling defor-
mations, is increased compared to pipe elbows with larger 
angles. Unpressurized pipe elbows were also found more 
vulnerable to pipe distortion and ovalization.

As for further studies, the mechanical behavior of steel 
pipe elbows can be elaborated on the surrounding soil con-
ditions by adopting soil-pipe interaction or equivalent soil 
springs for different types of soil (stiff and soft soil) and 
D/t ratios. Considering the distance between the fault line 
and pipelines supported with elbow components, local 
strain values, and pull-out forces can be elaborated. In addi-
tion, innovative and advanced materials, including geomet-
rically improved flexible joints, can improve the seismic 
performance of steel pipe elbows under severe ground 
motions.
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