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Abstract

To address the computational difficulties of the elastic compensation method (ECM) for complex structures such as nozzle-to-cylinder
junctions, this paper develops a modified elastic compensation method (MECM). This method improves the precision of the ECM while
preserving the advantages such as simplicity and high efficiency. Limit loads are calculated for three representative examples. The calculated
solutions are compared with results from the elastic-plastic analysis method and the twice-elastic slope method. It is found that the MECM
can provide a good estimation of plastic limit loads for complex structures.
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1. Introduction

Standard evaluation rules for pressure vessels and piping
are mainly based on elastic analysis, elastic—plastic analysis
and limit analysis. The stress classification method (SCM)
[1-3] of ASME is one of the direct applications of elastic
analysis. In design based on the SCM, the elastic stress is
divided into primary, secondary and peak stresses. This
method has been developed because of its relative
simplicity and its general applicability. However, the
evaluation method can be over-conservative and under-
utilizes the load-carrying capacity of structures. Moreover,
the SCM does not work well in some cases, especially for
complex 3D structures.

Elastic-plastic analysis is based on the nonlinear
constitutive relationship and can provide more precise
solutions than elastic analysis. Recently many evaluation
rules based on elastic-plastic analysis have been established.
The elastic—plastic analysis method (EPAM) can evaluate
the limit load relatively precisely, which generates a lower
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bound limit load at each step. A number of alternative
methods, such as twice elastic slope method (TESM) [4-6],
tangent intersection method (TIM) [5,7] etc. can be used to
provide an engineering estimation of the limit load. Though
these methods are widely used with the development of the
computer, the calculation of limit loads is still difficult and
expensive, especially for complex structures.

Mathematical programming methods [8—10] can also be
used to determine the load-carrying capacity of structures.
These do not follow the loading process and can overcome
the difficulties of step-by-step elastic-plastic analysis. The
lower and upper bound limit loads of a structure can be
approached by mathematical programming processes based
on the static and kinematic theorems of limit analysis.
However, the complexity of mathematical programming
restricts the application of this method.

Recently limit analysis based on elastic iterative
procedures has become accepted widely in the engineering.
Dhalla and Jones [11] established the reduced modulus
method (RMM). The RMM simulates the effect of local
high stress caused by the nonlinear material through an
elastic analysis with the local elastic modulus reduced
systematically. Marriott [12] considered the problem of
stress classification using a variant of the RMM, and he
proposed that the algorithm could be used to generate
equilibrium stress fields suitable for application of the lower
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bound limit load theorem. Seshadri and Fernando [13,14]
established the GLOSS r-node method to calculate the
plastic limit load by two linear elastic finite element
evaluations, so the calculation is very cheap. Approaching
the stress categorization problem in a similar way to
Marriott but incorporating aspects of Seshadri’s stiffness
modification algorithm, Mackenzie and co-workers
[15-18], Ponter and Carter [19] developed a new simple
computational method called the elastic compensation
method (ECM). The ECM uses conventional elastic finite
element analysis to derive suitable stress and strain fields for
the bounding theorems of classical plasticity. It requires
only a few linear elastic finite element analyses of a
structure. The analyses are carried out in such a way that the
elastic modulus of each element in the model is adjusted to
redistribute the stresses in order to simulate the formation of
failure mechanisms. The redistributed elastic compensation
stress and strain fields can then be applied to the lower and
upper bound limit theorems. However, for some complex
3D structures, sometimes the ECM is not accurate [20],
which will be demonstrated later in this paper. To overcome
this problem, Ponter and Chen [21,22] developed an
efficient method for the evaluation of limit and shakedown
loads for complex structures based upon a linear matching
method (LMM). The LMM is a generalization of the ECM
and can obtain precise results even for complex structures. It
is an upper bound method for the calculation of limit loads.

The present paper proposes modifications to the ECM to
improve the computational precision for lower bound limit
loads of complex structures. The modified elastic compen-
sation method (MECM) is then used to perform limit
analysis of nozzle-to-cylinder junctions. The calculated
solutions are compared with other results from the elastic-
plastic analysis method (EPAM) and the twice elastic slope
method (TESM).

2. The elastic compensation method (ECM) [16]

According to limit analysis theorems, the ECM can
obtain both upper bound and lower bound limit loads.
Though the upper bound limit load given by the ECM is
more accurate than the lower bound limit load [16], the
lower bound limit load is safer. So the lower bound limit
load needs to be obtained in some engineering fields such as
structural design and safety assessment. In this paper, we
present a modified lower bound method for the calculation
of limit loads of complex structures, based on the ECM.

Based on an elastic-perfectly plastic material model, the
ECM can simulate plastic failure mechanisms by adjusting
the elastic modulus of each element systemically in a series
of iterative elastic analyses. The elastic modulus of each
element in a finite-element model is adjusted according to
the ratio of the stress in the element to a nominal stress in
order to redistribute the stress field away from highly
stressed regions. A series of different statically admissible

stress fields are obtained. The limit load can be determined
from all these stress fields.

Initially, an elastic FEM analysis is performed under an
arbitrary load p,. The solution is considered as the first
iteration for the series. Then the elastic modulus of each
element is adjusted by the following equation

= B (M
g;

where i is the iterative step, Ef is the current value of
elastic modulus in the e-th element and E7, ; is the value for
the next analysis in the series. o, is a nominal value of
stress and o} is the maximum equivalent (von Mises yield
criterion) stress associated with the element in the current
solution. The value of g, is arbitrary and usually taken to
be of the order of the nominal yield stress. In this paper, the
nominal stress is always equal to (min, (o) + max,(a})/2).
Over a number of iterations, this procedure causes the
stress in highly loaded elements to decrease while elements
with initially low stress take more of the load. Thus, a
series of equilibrium stress fields in which the highest value
of stress is lower than that given in the initial analysis is
defined. In the lower bound limit load procedure, these
equilibrium stress fields are substituted into the lower
bound theorem to establish lower bound limit loads for the
structure. As the solution is linear, the maximum stress for
solution i, max,(a}), is proportional to the applied load P,;
thus the maximum load meeting the lower bound theorem
maximum stress limit for solution i, p;;, is obtained from
proportionality
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where o, denotes the yield stress. The best estimate of
lower bound limit load given by the ECM is the highest in
the series of solutions:

P = ml?lX(PLi) 3)

The limit load can be obtained efficiently by the above
procedure. However, the ECM doesn’t consider different
plastic yield modes. According to our computational
experiences, precise solutions can be obtained using the
ECM if the structure yields globally at the limit state.
However when the structure yields locally at the limit state,
the computational error of the ECM is relatively great.
Considering this situation, we developed a modified elastic
compensation method (MECM) by introducing an adjus-
table factor f to improve the computational precision. This
method is described in detail in Section 3.

3. A modified elastic compensation method (MECM)

In the ECM, the elastic moduli of all elements are
modified during the iteration according to Eq. (1). However
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