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Abstract 
 
   Determination of allowable pressure, which is one of the important criteria to evaluate the acceptability of pipe bends with 
shape irregularities, is complex as the analytical solution of the problem involves solution of complex differential equations. 
Artificial Neural Network (ANN) is used in this paper to determine the allowable pressure ratio for pipe bends with varied range 
of ovality and thinning/thickening, pipe ratio and bend ratio. A set of numerical data of pipe bends with shape irregularities 
obtained from ANSYS analysis is used in ANN to obtain a mathematical relationship between various design parameters of pipe 
bends namely pipe diameter, wall thickness, bend radius, ovality, thinning/thickening and the internal pressure load. The ANN 
result is in close agreement with the numerical output obtained from ANSYS.                
 
Keywords: Pipe bends, Pipe ratio, Bend ratio, Ovality, Thinning, Optimum finite element mesh, Artificial neural network 
 
1. Introduction 
 
   Pipe bends are used extensively in power plants to convey fluids and to change the direction of the fluids flowing inside the 
pipes. Bending of pipes with circular cross section is of considerable importance in the manufacture of boilers and the construction 
of pipe lines. Although the selection of a pipe bend manufacturing process for a specific case is influenced by several factors the 
most frequent methods of bending of pipes are bending with a mandrel and without a mandrel. During forming process of pipe 
bends, the outer fibre of the pipe bends thin down, which leads to a phenomenon known as thinning. The pipe bends also become 
oval due to manufacturing process (Patel et al, 2004). The pipe bends with ovality and thinning (shape irregularities) are subject to 
higher stresses. The ovality and thinning beyond a certain level will impair the safe operation of the pipe bends and the 
components to which they are attached. The present practice of accepting or rejecting pipe bends is based on the induced levels of 
ovality and thinning. Hence knowledge of the stresses induced under various loading conditions for varying ovality and thinning is 
required to determine the acceptability of pipe bends. But many analyses in pipe bends rely on the assumptions of constant wall 
thickness along the contour of the pipe’s cross section and no initial ovality (Cherniy, 2001, Hyde et al., 2002, Cherniy, 2003, 
Hyde et al., 2002, Hyde et al., 2005). Hence, an attempt is made in this paper to determine the allowable pressure in pipe bends 
with ovality and thinning subjected to internal fluid pressure. A relationship between the allowable pressure and ovality, thinning, 
pipe ratio and bend ratio was established using ANN. The data obtained from FEM was used to train the ANN in order to establish 
the relationship. The results of allowable pressure obtained from the equation were found to be in good agreement with that 
obtained from ASME codes. 
 
2.  Generation of Input Data to ANN 
 
2.1. Assumptions made: The material of the pipe bend is assumed to be homogeneous isotropic. Linear elastic behaviour of the 
material is considered.  The loading of the pipe bend is considered under steady state. Only static stress analysis is carried out. The 
pipe bend is also assumed to become a perfect ellipse after bending. The thinning is considered to be equivalent to the thickening. 
The major axis of the elliptical shape of pipe bend is assumed to be perpendicular to the plane of bending of pipe bend. The minor 
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axis of the elliptical shape of pipe bend is assumed to be in the plane of pipe bend. The pipe bend is assumed to be smooth, without 
ripples and flattening. 
  
2.2. Definitions of shape irregularities:The following definitions [Nayyar, 2000, LI Xue-tong et al, 2006, Jochen Weber et al, 
2005] in brief are presented in brief with reference to the Fig. 1. They are all self explanatory. 

  
Figure 1. Pipe bend cross section with shape irregularities 

 
1. Per cent Ovality 

100
oD

minDmaxD
oC ×

−
=           (1) 

2. Per cent Thinning 

100
t
mintt

tC ×
−

=            (2) 

3. Per cent Thickening 

100
t

tmaxt
thC ×

−
=            (3) 

4. Maximum outer diameter 
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5. Minimum outer diameter 
X2oDminD −=            (5) 

Substituting Eq.4 and Eq.5 in Eq.1 and then rearranging to obtain 
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Since the per cent of thinning/thickening of the bend is known, the maximum and minimum thickness at the intrados and extrados 
respectively are calculated using Eq.2 and Eq.3 
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2.3. Determination of maximum stress intensity: The pipe bend section is created with the values of X, tmax and tmin using line and 
area commands. Both ends are closed with straight lines and since the section is symmetric only one half of it is modeled. The 
created areas are moved along x axis to a distance equal to bend radius R (Fig. 2 (a)). In order to generate the finite element mesh 
optimum number of elements in each of the models are found by trial and error method. The model is first meshed with auto 
generated PLANE 82 elements. Symmetric boundary constraints on the symmetric section are applied. Internal pressure load on 
the pipe bend inner surface is applied. Fig.2 (b) shows a typical finite element model with internal pressure load and boundary 
conditions. The model is solved for stress intensities after supplying the material properties. The nodes in the intrados, neutral and 
extrados sections are located and the stress values at these nodes are extracted. 

Pipe bend 
circular 
section 

Pipe bend 
oval section 

tmax 
tmin Dmax 

Dmin 
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Figure 2: (a) Creation of model in ANSYS and (b) Optimum meshed model with constraints and load 

 
The number of elements is then increased and the ANSYS (ANSYS inc., 2009) run is made. Fig. 3 shows the typical stress 

values at the three different sections of the model with the number of elements. It can be seen from the figure that the membrane 
and bending stresses decrease at the intrados and extrados and they converge when the number of elements is 3600 beyond which 
the stress has not decreased. The difference between successive stress intensity values has been kept at 10-3 MPa. The membrane 
stress at the neutral section also converges when the number of elements reaches 3600 while the bending stress at this section 
increases and converges when the number of elements is 1600. The three stress intensities have hence not changed beyond 3600 
elements. The allowable pressure ratio at the intrados, neutral and extrados sections based on ASME code is calculated and the 
maximum allowable pressure ratio for the geometry is determined. The above procedure has to be repeated for getting data on the 
stress intensity at different sections on the model even if a change is introduced in any of the geometry parameters. Creation of 
models and computation of FEM results are definitely very cumbersome and time consuming whenever pipe bend geometry 
parameters are changed. With the application of ANN, the need for model creation and analysis for the desired set of inputs is 
eliminated. Besides, knowing the pipe bend geometry, the maximum allowable pressure can easily be determined. 
 
2.4. Problem parameters: Pipe bends with specified shape and material properties are used (Table 1). The bend radii considered 
are 101.6 mm, 152.4 mm, 203.2 mm and 304.8 mm and tube thickness considered are 6.02 mm, 8.56 mm, 11.13 mm, and 13.49 
mm (ASME, 2004). The values of thinning (and thickening) and the ovality considered are: 0%, 4%, 8%, 12%, 16% and 20%. 

 
Table 1 Mechanical and chemical properties of the pipe bend 

Pipe material  ASME SA234 
WPB[ASME, 2008a] 

Pipe internal pressure (P) 10 MPa (abs) 
Pipe outside diameter (Do)  114.3 mm 
Pipe bend nominal thickness (T) 6.02 mm 

8.56 mm 
11.13 mm 
13.49 mm 

Pipe bend radius (R) 101.6 mm 
152.4 mm 
203.2 mm 
304.8 mm 

Bend angle(θ) 360° (Torus) 
Pipe design temperature (t) 350°C 
Elastic modulus (E) 178964 MPa 

Poisson’s ratio (Nu) 0.3 
Stress analysis code ASME section VIII, 

Division 2. 
 

(b)(a) 

Bend radius 
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Chemical properties 
COMPOSITION, % 
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Figure 3. Finding optimum number of elements for generation of finite element mesh 

 
 

2.5. Determination of allowable pressure ratio: The acceptability criteria used in the pressure vessels industry to evaluate the 
results of finite element stress analysis are as per ASME (ASME Section VIII, 2008, ASME Section I, 2008, ASME Power Piping, 
2001) 

mSkmP <             (9) 

mSk5.1LPmP <+            (10) 

mSk5.1bPLPmP <++            (11) 
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( )
2

hScS3
chS3QbPLPmP +

=<+++          (12) 

aS2FPQbPLPmP <++++           (13) 
The local membrane stress PL is absent in the case of pipe bends with internal pressure. Hence Eq. (10) is not applicable. As the 

stresses induced due to internal pressure in pipe bends is primary in nature, the stress Q is absent. Hence Eq. (12) is not applicable. 
As the pipe bend considered is subjected to 10000 fatigue load cycles, the allowable range of fatigue stress intensity is, as per 
ASME code, equal to twice the allowable stress (Sa) i.e., 2 x 275 = 550 MPa. This is not governing in the present stress analysis. 
Hence Eq. (13) is not governing. It is therefore required to consider Eq. (9) and Eq. (11) only in the present analysis. 

Using the above acceptability criteria, the non-dimensional parameter - P/Sm are calculated as illustrated below. 
Since k = 1 for normal loads, from Eq. (9), 

mSmP <             (14) 
Multiplying Eq. (14) by P and then rearranging it to obtain 

mP
P

mS
P
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Substituting PL = 0 into Eq. (11), 
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P
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2.5.1. Sample calculation for computation of P/Sm 
 
Ct=12%  Co=8%  R = 101.2 mm  t=6.02mm 

1) At intrados 
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The primary membrane, bending and peak stress values are obtained for all possible combinations of pipe bend geometry 
parameters. A typical value of these stresses are presented in Table 2. The table also shows the allowable pressure ratio calculated 
for each combination of ovality and thinning. 



 
 

Table 2 A typical set of stresses at different sections and determination of P/Sm for R = 101.6 mm and t = 6.02 mm 
 

Co, % Ct, % 
0 4 8 12 20 

Pim = 140 Pom = 74.29 Pim = 134 Pom = 73.36 Pim = 128 Pom = 72.37 Pim = 123 Pom = 84.36 Pim = 121 Pom = 108 
Pib = 19.70 Pob =13.95 Pib = 19.45 Pob =6.02 Pib = 19.25 Pob =4.26 Pib = 19.15 Pob =8.29 Pib = 19.11 Pob =14.16 
Pnm = 87.38 Pnm = 83.50 Pnm = 79.78 Pnm = 76.23 Pnm = 69.60 

0 

Pnb = 5.275 
P/Sm = 0.072 

Pnb = 5.734 
P/Sm = 0.075 

Pnb = 16.25 
P/Sm = 0.078 

Pnb = 26.33 
P/Sm = 0.082 

Pnb = 45.38 
P/Sm = 0.083 

Pim = 134 Pom = 77.38 Pim = 129 Pom = 76.41 Pim = 123 Pom = 75.39 Pim = 118 Pom = 87.85 Pim = 117 Pom = 112 
Pib = 19.70 Pob =13.56 Pib = 19.48 Pob =5.45 Pib = 19.31 Pob =4.75 Pib = 19.27 Pob =8.84 Pib = 19.27 Pob =14.77 
Pnm = 87.43 Pnm = 83.54 Pnm = 79.83 Pnm = 76.28 Pnm = 69.66 

4 

Pnb = 5.023 
P/Sm = 0.075 

Pnb = 5.956 
P/Sm = 0.078 

Pnb = 16.44 
P/Sm = 0.081 

Pnb = 26.49 
P/Sm = 0.085 

Pnb = 45.46 
P/Sm = 0.086 

Pim = 129 Pom = 80.75 Pim = 124 Pom = 79.74 Pim = 119 Pom = 78.68 Pim = 113 Pom = 91.63 Pim = 112 Pom = 117 
Pib = 19.70 Pob =13.14 Pib = 19.51 Pob =5.033 Pib = 19.36 Pob =5.261 Pib = 19.36 Pob =9.427 Pib = 19.42 Pob =15.415 
Pnm = 87.47 Pnm = 83.58 Pnm = 79.87 Pnm = 76.32 Pnm = 69.71 

8 

Pnb = 4.479 
P/Sm = 0.077 

Pnb = 6.202 
P/Sm = 0.081 

Pnb = 16.65 
P/Sm = 0.084 

Pnb = 26.66 
P/Sm = 0.088 

Pnb = 45.55 
P/Sm = 0.086 

Pim = 125 Pom = 84.42 Pim = 119 Pom = 83.37 Pim = 114 Pom = 82.26 Pim = 109 Pom = 95.75 Pim = 109 Pom = 122 
Pib = 19.69 Pob =12.70 Pib = 19.52 Pob =4.831 Pib = 19.41 Pob =5.813 Pib = 19.44 Pob =10.05 Pib = 19.54 Pob =16.28 
Pnm = 87.51 Pnm = 83.62 Pnm = 79.91 Pnm = 76.37 Pnm = 69.76 

12 

Pnb = 4.448 
P/Sm = 0.08 

Pnb = 6.470 
P/Sm = 0.084 

Pnb = 16.87 
P/Sm = 0.088 

Pnb = 26.84 
P/Sm = 0.09 

Pnb = 45.64 
P/Sm = 0.082 

Pim = 116 Pom = 92.87 Pim = 111 Pom = 91.72 Pim = 107 Pom = 90.51 Pim = 102 Pom = 105 Pim = 102 Pom = 134 
Pib = 19.67 Pob =11.72 Pib = 19.54 Pob =4.382 Pib = 19.49 Pob =7.048 Pib = 19.57 Pob =11.46 Pib = 19.75 Pob =18.54 
Pnm = 87.58 Pnm = 83.69 Pnm = 79.98 Pnm = 76.44 Pnm = 69.87 

20 

Pnb = 3.770 
P/Sm =0.086  

Pnb = 7.066 
P/Sm = 0.09 

Pnb = 17.36 
P/Sm =0.094  

Pnb = 27.22 
P/Sm = 0.095 

Pnb = 45.81 
P/Sm = 0.075 

 



3. Artificial Neural Networks 

 

Figure 4. Information processing in artificial neural network 

Artificial neural networks which are one of the most powerful computer modeling techniques are currently being used in many 
fields of engineering for modeling complex relationship (Ezugwu et al., 2005). Few published work is available in pipe bends 
using the technology of ANN. ANN has been used (Yu-Lin et al, 1996) to evaluate the failure bending moment full-scale pipes 
under internal pressure and external bending moment. The present study is on the application of ANN in modeling the relationship 
between the allowable pressure ratio and ovality, thinning, pipe ratio and bend ratio in pipe bends that are subject to various 
internal pressures. 

The ANN modeling is carried out in two steps. The first step is to train the network whereas the second step is to test the 
network with data which were not used for training. As in nature, the network function is determined largely by the connections 
(weights) between elements. Fig. 4 shows how information is processed through a single node. The node receives weighted 
activation from other nodes through its coming connections. First these are added. The result is then passed through an activation 
functions, the outcome being the activation of the node. For each of the outgoing connections, this activation value is multiplied 
with the specific weight and transferred to the next node. A training set is a group of matched input and output patterns. This is 
used for the training of the network, usually by suitable adaptation of the synaptic weights. The outputs are the dependant variables 
that the network produces for the corresponding input. It is important that all the information that the network needs to learn is 
supplied to the network as a data set. When each pattern is read, the network uses the input data to produce an output, which is 
then compared to the desired output. If there is a difference, the connection weights are altered in such a direction that the error is 
decreased. After the network has run through all the input patterns, if the error is still greater than the maximum desired tolerance, 
the ANN runs through all the input patterns repeatedly until all the errors are within the required tolerance. When the training 
reaches a satisfactory level, the network holds the weights constant and the trained network can be used to take decisions, identify 
patterns, or define associations in new data sets not used to train it (Kalogirou, 1999, Kalogirou et al, 1999, Kalogirou, 2000, 
Kalogirou, 2001). 

The P/Sm values obtained from ANSYS are used to train the ANN. The inputs to the network are thinning, ovality, R/D and 
D/T and the output is P/Sm. The back-propagation learning algorithm is used in a feed-forward, single hidden layer network. Tan-
sigmoid transfer function is used as the activation function for both the hidden and output layers. Levenberg-Marquardt Back-
propagation (Li Zhang & Ganesh Subbarayan, 2002, Christian Kanzow et al, 2005) training is repeatedly applied until satisfactory 
training is achieved. The Tan -sigmoid transfer function takes the form, 

xx

xx

ee
eexF
−

−

+

−
=)(            (17) 

where x is the weighted sum of the input. The log-sigmoid transfer function is given by 

xe
xF −+
=

1
1)(  

The computer program is performed under MATLAB environment using the neural network toolbox. The data obtained from 
ANSYS for P/Sm are 576 of which 500 data are used for training purpose while the remaining are randomly selected and used as 
test data. The results showed good agreement thereby justifying the accuracy of the network.  Fig. 5 shows the architecture of the 
ANN used for allowable pressure ratio prediction. The configuration 4-18-1 appears to be optimal for this application. 
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Figure 5. ANN model used for P/Sm 

 
The network has been chosen in such a way that the maximum error is within 5% and the average error and standard deviation are 
within 1%. Network training is started with one hidden layer and four neurons and the neurons were increased until the desired 
level of tolerance as mentioned above was reached (Fig. 6). 
 

 

Figure 6. Maximum and average errors for tan sigmoid function 

Input layer hidden layer output layer 
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Figure 7. Comparison of standard deviation for log and tan sigmoid functions 

 

Figure 8. Training results based on 4-18-1 configuration 
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(a) Comparison between FEM and ANN for R/D = 0.89 and D/t = 18.98 

 

(b) Comparison  between FEM and ANN for 10% ovality and 10% thinning 

Figure 9, Comparison of ANN predicted values with the numerical output. 

The Tan sigmoid and Log sigmoid non linear functions have been tried for their suitability as network functions for the data. The 
tan sigmoid function is used since it is found to have a lower standard deviation as shown in Fig. 7 while Fig.8 shows the decrease 
in the mean square error during the training process. The comparison of the output of ANN and FEM is presented in Fig. 9. 
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4. Results and discussion 
 

To calculate the allowable pressure ratio (P/Sm), mathematical formulations have been derived from the resulting weights and 
activation functions used in ANN. As the coefficients obtained for both the training and testing of the ANN are extremely good, 
the results obtained can be assumed accurate. In the following formulas, terms A1 to A18 represent summation function of each 
neuron of the hidden layer, These coefficients represent the weight values of the summation function of each neuron belonging to 
the hidden layer of the trained network. For this purpose, and for the case of P/Sm solution, eighteen equations are required as the 
neural network model has eighteen hidden neurons. In the output neuron, only one summation function is used, as only one output 
parameter exists which corresponds to allowable pressure ratio (P/Sm). 

 
In order to calculate the P/Sm ratio the following equations are derived. 

e}-T/Dd-DRcoCbtC{a tanhIA ++=   (I = 1 to 18)     (18) 
 

I a b C d e 
1 0.0406 0.0764 1.8129 -0.0086 -3.5292 
2 -0.0449 0.0622 0.1723 0.00266 0.1701 
3 0.1627 -1.3513 -1.5155 -0.2094 8.0533 
4 0.0595 0.0520 1.0619 -0.0217 -3.0445 
5 0.0715 1.6361 2.3444 -0.0926 -34.4981 
6 -0.3529 -7.1790 -31.7490 9.5206 49.2065 
7 0.0162 -0.672 2.0355 -0.0912 1.1889 
8 0.0439 -0.0613 -0.1833 -0.0206 -0.1838 
9 0.0197 -0.1298 1.0166 0.0974 -2.8489 
10 -0.0718 0.8366 -4.2414 1.1075 -18.1236 
11 -0.1996 -0.0618 14.9192 2.2131 -43.6378 
12 0.0768 0.0362 0.7679 -0.1528 1.6539 
13 -0.0367 -0.0806 -0.6297 -0.0631 4.8964 
14 -0.0194 0.1288 -1.0035 -0.0991 2.8491 
15 -0.0542 -0.025 -0.8223 0.047 1.6191 
16 -0.1105 0.1137 13.93 1.8259 -39.3669 
17 -0.0025 -0.0258 -0.3211 0.2085 -0.273 
18 0.0026 0.0229 0.3005 -0.2090 -0.3757 

 
The expression to determine the allowable pressure ratio takes the following form 

)ZYXWtanh(
mS
P

+++=         (19) 

Where 
5A0077.04A0.10903A0.00522A1.94461A-0.04W +−−−=  

100.0042A-9A0.9877-82.0445A-70.0112A60.0045AX +=  

150.1405A-140.9877A-130.0484A120.0276A110.0057AY ++=  
0.0255182.4448A172.3758A16-0.0067AZ +++=  

 
5. Conclusions 
 

The ANN is used to determine the allowable pressure ratio for pipe bends with shape irregularities subjected to internal 
pressure load. Equations have been derived from ANN, which eliminates the entire procedure of model creation and analysis in 
ANSYS to determine the allowable pressure ratio. In addition, known the pipe bend geometry, estimation of the allowable pressure 
can be done without prior knowledge of the concepts involved. This procedure can be extended to determine the allowable 
pressure for any set of inputs. Known the pipe bend geometry, calculation of allowable pressure will give an idea if the pipe will 
operate safely with the induced levels of ovality and thinning and hence the existing practice in industry to accept or reject pipe 
bends based on piping codes based on ovality and thinning can be improved. The present analysis can be extended to generate 
equations for a wide range of pipe and bend ratios to generalize the procedure further. For pipe bends, the acceptability results 
determined by neural network are in close agreement with the allowable pressure ratio calculated by the ASME code. 
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Nomenclature 
Co : per cent ovality 
Ct : per cent thinning 
Cth : per cent thickening 
Dmax : maximum outside diameter of pipe, mm 
Dmin : minimum outside diameter pipe, mm 
Do  nominal pipe diameter (mm) 
E  Elastic modulus (MPa) 
k  occasional load factor  
P    allowable internal pressure for the pipe bend (MPa) (g) 
Pb  average bending stress intensity across the thickness (MPa) 
PF  peak stress intensity (MPa) 
PL  local membrane stress intensity across the thickness (MPa)   
Pm  average membrane stress intensity across the thickness (MPa) 
Q  secondary stress intensity (MPa) 
R  bend radius to neutral axis (mm) 
Sa  allowable amplitude of stress intensity for “N” fatigue load cycles (MPa) 
Sc  allowable stress intensity at ambient condition (MPa) 
Sh   allowable stress intensity at deign temperature (MPa)  
Sm    allowable stress intensity as per ASME Section VIII, Division 2, 2004 (MPa) 
N  number of fatigue load cycles during the plant life (assumed to be 10,000) 
T  pipe design temperature (° C) 
t  nominal thickness of pipe (mm) 
tmax  maximum pipe thickness (mm) 
tmin  minimum pipe thickness (mm) 
X  deviation from nominal pipe diameter due to irregular manufacturing process (mm) 
Nu  Poisson’s ratio 
θ  pipe bend angle (degrees) 
Suffix i  intrados section 
Suffix n  neutral section 
Suffix o  extrados section. 
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