
A Well-kept Secret in 
Structural Design: Importance 
of Cross-sectional Ductility 
in Structural Performance 
Analysis
By Naveed Anwar  and Fawad Najam

All seismic design codes around the world recognize the 
importance of ductility as it plays a vital role in structural 
performance against earthquakes. 
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Introduction

T he Ductility is the ability of a material, cross-
section, member or structure to sustain 
large deformations without fracture/

failure. For most practical cases, it is defined in 
terms of the ratio of maximum deformations to 
the deformation level corresponding to a yield 
point. This ratio is often referred to as the ductility 
ratio. The deformations can be strains, rotations, 
curvature or deflections. Strain-based definition 
of ductility is generally used at material level, 
while rotation- or curvature-based definition also 
includes the effect of shape, size and stiffness of 
cross-section. All seismic design codes around the 
world recognize the importance of ductility as it 
plays a vital role in structural performance against 
earthquakes. The greater the ductility, the greater 
is the capacity of the member to undergo large 
deformations without losing strength capacity. 
Similarly, a higher ductility also ensures an efficient 
energy dissipation mechanism. Well-detailed steel 
and reinforced concrete (RC) structures, fulfilling 
the ductility requirements of codes are expected 
to undergo large plastic deformations with little 
decrease in strength.

With this brief introduction, it is imperative to 
think that practicing structural engineers would 
already be making use of this effective property to 
the fullest, for designing safer and more efficient 
built facilities. However, this seems not to be the 
case here. Very few young engineers seem to 
have good knowledge about it. An understanding 
and effective use of ductility for safer and more 
economical design seem to be an intentionally 
well-kept secret in structural engineering. 
Considering its significance, and for the benefit 
of those who are not familiar with this secret, let’s 
discuss it in more detail. 
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What are Action-Deformation  
Curves?

For any deformable physical object subjected 
to some applied force actions, the resulting 
deformational effects can be related to applied 
actions through the corresponding action-
deformation relationships/curves. These curves 
provide very useful information about the overall 
behavior of that object. From the structural 
engineering point-of-view, the entire response 
of a structure can be described in an integrated 
manner using these curves. They can be obtained 
in different ways. The most common methods are:

Ductility is the key to good (seismic) 
performance of structures; confinement 

is the key for improving ductility in 
reinforced concrete members, and 

the moment-curvature relationship 
is the key for computing cross-
section and member ductility.

a. By actual application of action on member 
and measurement of the corresponding 
deformation. This approach is used in 
laboratory testing, strength evaluation of 
existing structures, verification of theoretical 
models, and so on.

b. By theoretical computations of stress resultants 
for assumed strain profiles corresponding to 
some deformation pattern.
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Figure 1: Curvature ductility from M-ϕ curve (CSI Col)

c. By the computation of deformations for 
various levels of action values using material 
properties. This is useful in steel sections but 
is not very reliable for reinforced concrete 
members where the stiffness properties 
cannot be computed reliably for various levels 
of actions.

The overall response of a structure is derived 
from its members depending upon the structural 
configuration, geometry and member behavior. 
The response exhibited by an individual member 
is derived from the cross-sectional behavior, which 
ultimately is dependent on its constituent material 
behavior. Therefore, the action-deformation curves 
can be obtained at several levels, for example,

The moment-curvature curve of a cross-section is 
dependent on several parameters including the 
cross-sectional stiffness (which itself is comprised 
of material and geometric stiffnesses) and the 
level of axial load on the cross-section. The term 
“curvature” can be defined in several contexts. 
In geometry, it is the rate of change of rotation. 
In structural behavior, the curvature is related to 
the moment through stiffness. For a cross-section 
undergoing flexural deformation, it can be 
computed as the ratio of the extreme fiber strain 
to the depth of neutral axis and is measured in 
radians/length units. For the reinforced concrete 
members, the direct solution to determine the 
moment-curvature curve is not possible because 
the determination of neutral axis depth for a 
given extreme fiber strain and for a given set of 
axial load is an iterative process. 

The most interesting information contained in 
these curves is the effective flexural stiffness of 
the cross-section for any given moment, or for any 
given curvature. It can be determined as the slope 
of moment-curvature curve at the corresponding 
given point. The curvature of a cross-section at a 
given moment can also be converted to other 
deformation-related responses (e.g. strains, 
rotations and deflections) at any point in the 
member. The strain value (corresponding to a 
certain moment) at the bottom of a reinforced 
concrete beam can be used to determine the 
crack width for an assumed crack spacing or 
pattern (see Figure 2). The ductility of the RC 
cross-section can be determined as the ratio of 
the curvature at any given point on this curve 
to the curvature at the yield of first rebar. In fact, 
several ductility ratios can be computed for 
various required or specified performance levels 
during the nonlinear analysis of structures.

The performance-based design is basically a 
comparison between the capacity curve of the 
section, member or entire structure against the 
demand curve for the section, member or the 
structure as a whole. The capacity curve is a 
load-deformation curve and the demand curve 
or demand levels are the expected deformation 

Structural Level: Load – Deflection Curve

Member Level: Moment – Rotation Curve

Cross-section Level: Moment – Curvature Curve

Material Level: Stress – Strain Curve

The load-deformation curves can also be plotted 
between the axial load and axial shortening of a 
member, the shear force and shear deformation, 
and the torsion and corresponding twist angle.

However, the moment-curvature curve (Figure 
1) is probably the most interesting, important 
and useful action-deformation curve especially 
for the design of axial-flexural members such as 
beams, columns and shear walls. It also seem to 
be the least-understood or least-utilized tool in 
the normal structural design practice. Many of the 
text books, design codes and handbooks do not 
provide sufficient information for the computation 
and use of these relationships.

Important Outputs from 
the M-ϕ  Curve

Role of Ductility in Performance-
based Design of Cross-sections

The moment-
curvature curves are 
useful in determining 
the ductility of 
RC cross-sections 
(defined as the ratio 
of the curvature at 
any given point to 
the curvature at the 
yield of first rebar).
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Figure 2: Important information obtained from M-ϕ curve

levels for certain loads or the expected load 
capacity at specified deformation levels. A 
complete range of cross-sectional response 
quantities is required for its performance 
evaluation against the anticipated loads.

As a simple example, let us consider a beam 
carrying a point load as shown in Figure 3. 
The demand curves could simply be limits on 
deformation while carrying a certain load. For 
example, it may be specified that the beam should 
not crack before reaching a load of 50 KN. The 
beam should not deflect more than say 20 mm 
for a load of 75 KN. The beam should not deflect 
more than 50 mm for a load of 100 KN. Now if a 
section for the beam is assumed, then a load 
deformation curve can be generated by using a 
moment-curvature curve. These points can then 
be marked on this curve and the limits checked 
against the actual performance of the beam for 
carrying this load. If some of the demands are 
not satisfied then the section can be revised and 
the load-deformation curve is regenerated each 
time, until the desired performance levels are 
achieved. It is important to note that there is no 
need to specify a design load or ultimate load or 
load factors or capacity reduction factors. They are 
all automatically built into the expected demands 
and provided capacities. It covers everything from 
serviceability considerations such as cracking and 
service load deflection to maximum load carrying 
capacity and ductility.

Figure 3: performance evaluation of a simply supported point-loaded beam 
in terms of mid-span deflection

It is important to note that in this case, the beam 
section is expected to meet all performance 
criteria simultaneously. It is also important to note 
that various modifications in the cross-section 
design will have different impact on performance 
levels. For example, if cracking criteria is not being 
met then section size may be increased, tension 
reinforcement may be increased or concrete 
with greater modulus of rupture may be used. If 
the final ductility criterion is not being met, then 
concrete in compression may be confined or 
more compression reinforcement may be used.

In recent years, nonlinear analysis has gained 
significant popularity and acceptance for 
evaluating the performance of structures, 
especially buildings, both for seismic and 
non-seismic loads. It provides improved 

Role of Cross-sectional 
Ductility in Nonlinear Analysis
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Figure 4: Moment-curvature curve is one of the key inputs in performance-based design using pushover analysis   

attempt by the structural engineering profession 
to evaluate the real strength of the structure 
and it promises to be a useful and effective tool 
for performance based design. It is also most 
suitable for evaluating the performance of 
existing structures, especially for lateral loads such 
as earthquake or even wind. Since the structures 
do not respond in a linear elastic manner during 
strong ground shakings, the linear analysis cannot 
provide the true picture of expected structural  
behavior. 

The pushover analysis relies on the nonlinear 
cross-section response parameters as the basic 
input for determining the load-deformation and 
performance curves. Many software that carryout 
the pushover analysis, have the capability to 
generate such parameters (after basic cross-
section design) for simple sections and material 
models. However, for complex cross-sections and  
material models, these parameters often need to 
be computed separately and then provided as an 
input to the analysis programs. 

Figure 4 illustrates that significance of moment-
curvature curve as one of the key inputs in 
performance-based assessment of structures 
using the pushover analysis. It shows how the 
material stress-strain curves contribute to the 
moment-curvature curve, which in turn, affects 
the moment-rotation behavior of plastic hinges. 
The properties of plastic hinges affect the overall 

The nonlinear 
analysis provides 
an insight into 
complex structural 
behavior and results 
in a more reliable 
identification of “bad 
actors“ in structural 
performance. 

understanding of building behavior and provides 
accurate predictions of global displacement, 
realistic predictions of earthquake demand on 
individual components and elements and more 
reliable identification of “bad actors” in structural 
performance. The information provided by the 
moment-curvature curve is also very useful for 
the nonlinear analysis of a structure including 
the post-elastic behavior. Being an important 
component of a nonlinear structural model, 
these relationships are also the basis for the 
capacity-based or the performance-based design 
methods. They are useful in determining the 
rotational capacity of plastic hinges assigned in 
inelastic models for the static pushover analysis 
and the detailed nonlinear time history analysis 
of structures.

The most common nonlinear analysis procedure is 
the Pushover Analysis which is a static procedure. 
In this analysis, the magnitude of the structural 
loading is incrementally increased in accordance 
with a certain predefined pattern. With the 
increase in the magnitude of the loading, weak 
links and failure modes of the structure are found. 
The procedure also helps to identify ductility 
requirements for various members. Although 
the applied loading is monotonic, the effects of 
cyclic behavior and load reversals are included by 
using a modified monotonic force-deformation 
criteria and additional hysteretic damping 
approximations. Static pushover analysis is an 

Figure 2: Important information obtained from M-ϕ curve
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structural performance curve and finally relates to 
the seismic demand curve defined in the form of 
Acceleration Response Spectra. 

In summary, the moment-curvature curve is a 
valuable tool which can provide an insight of 
structural response at an individual cross-section 
level. It is the basic cross-sectional response that 
must be determined to carry out any type of 
nonlinear analysis. It can help in developing a 
quick understanding of the nonlinear behavior 
of a member or any assembly of members. The 
information provided by this curve should be 
considered by the practicing structural engineers 
for an effective design structures, not only for the 
earthquake effects and extreme events, but also 
for the normal loads. This should not be a secret, 
rather disclosed and discussed extensively for the 

benefit of structural engineering and for designing 
the structures with better performance.

The secret is out! Let’s make use of it. 
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