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ABSTRACT: Post-earthquake reconnaissance reports and experimental programs have 
shown that spandrel panels, i.e. the horizontal structural components between consecutive 
piers, play a key role in the in-plane nonlinear response of unreinforced masonry (URM) 
walls with openings to lateral seismic actions. This paper investigates the bending 
moment capacity of URM cross-sections through the development of simplified moment - 
axial force interaction equations including the strain ductility of masonry to capture strain 
softening effects. A constitutive model for masonry subjected to uniaxial compression 
parallel to mortar bed joints was processed to get flexural strength domains at both elastic 
and ultimate limit states. Evolutionary strength domains were also developed to be used 
in seismic assessment of masonry buildings based on static pushover analysis. They allow 
to account for moment capacity increase/degradation under increasing strain ductility 
demand on the URM cross-section. The proposed limit strength domains are compared to 
those corresponding to other constitutive models typically used for masonry structures. 
Ultimate strength domains are compared to experimental data available in the literature.  
It is shown that more conservative estimations of ultimate moment capacity are obtained 
if the proposed equations and those corresponding to the elastic-perfectly brittle 
constitutive model are used. 

1 INTRODUCTION 

The role of spandrels in the in-plane nonlinear response of masonry walls with openings is 
dramatically important under earthquake loading. Site surveys after recent earthquakes have shown 
that spandrel panels, namely the horizontal structural components between consecutive masonry piers, 
can suffer large cracks in flexure at their end sections (Augenti & Parisi 2010a) (Fig. 1a). In-plane 
quasi-static lateral loading tests on a masonry wall with an opening (Augenti et al. 2011) have shown 
that: (1) nonlinear behaviour of spandrel panels can affect both lateral resistance and strength 
degradation of masonry walls with openings; (2) flexural cracking at the end sections (Fig. 1b) can 
influence post-cracking lateral stiffness of walls; and (3) heavy damage to spandrels, rather than piers, 
allows to develop high energy absorption capacity of the wall, ensuring large displacement capacity 
and re-centring behaviour (which means low residual displacements and hence post-earthquake 
usability). Therefore, to assess nonlinear response of masonry buildings via simplified seismic analysis 
methods, strength and deformation capacity of spandrel panels should be defined in both elastic and 
inelastic ranges. 

Mainly in the context of seismic assessment of unreinforced masonry (URM) buildings, the evolution 
in bending moment capacity with sectional curvature should be considered in nonlinear analysis, in 
order to get better estimations of global performance under a given design earthquake intensity. Parisi 
(2010) investigated the interaction between moment capacity and axial force for a number of stress-
strain relationships typically used for masonry structures, namely the elastic-perfectly plastic (EPP) 
constitutive model with limited available ductility, the Turnšek-Čačovič model (Turnšek & Čačovič 
1971), and the Eurocode 6 (EC6) model (CEN 2005). Using a deformation-based incremental analysis 
of rectangular cross-sections, a closed-form solving of equilibrium equations was carried out by 
considering the compressive strength degradation associated with strain softening of masonry. 
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 (a)                    (b) 

Figure 1. Flexural cracking at end sections of spandrel panels: (a) building damaged by the 2009 L’Aquila, Italy, 
earthquake; (b) masonry wall with an opening tested under in-plane lateral loading. 

2 RESEARCH OBJECTIVES 

Nonlinear stress-strain relationships were proposed by Augenti & Parisi (2010b) to simulate 
compressive behaviour of masonry assemblages composed by a regular pattern of masonry units and 
mortar joints. Such constitutive models were developed separately for compressive loading in the 
directions orthogonal and parallel to mortar bed joints in order to carry out a simplified masonry 
modelling for piers and spandrels, respectively, within walls with openings. Whilst similar predictions 
of the stress-strain behaviour in uniaxial compression were found in the elastic range by comparing the 
Augenti-Parisi model to those available in the literature, strength degradation associated with strain 
softening was modelled up to large inelastic strain levels by Augenti & Parisi (2010b).                        
In this study, flexural strength domains derived from the Augenti-Parisi constitutive model related to 
uniaxial compression parallel to mortar bed joints are presented and discussed. Their limit lines at both 
elastic limit state (ELS) and ultimate limit state (ULS) are defined by nonlinear equations including 
the strain ductility of masonry and are compared to those corresponding to EPP, EC6, and Turnšek-
Čačovič constitutive models. Bending moment - axial force interaction diagrams at ULS are compared 
to experimental results of eccentric compression tests on masonry prisms available in the literature. 

3 PROPOSED STRENGTH DOMAINS FOR A DEGRADING CONSTITUTIVE MODEL 

3.1 Methodology 

A deformation-based analysis was carried out to define strength domains which change with the given 
strain ductility demand on a rectangular URM cross-section having width s and depth H. From a 
macroscopic standpoint, the masonry was assumed to be a no-tensile-resistant homogeneous material 
with compressive strength σk. Therefore, flexural strength domains were defined in a dimensionless 
format where moment capacity is normalised to both the maximum axial force Nm = σk s H and depth, 
while axial force is normalised to Nm. Denoting by e the axial force eccentricity, the normalised axial 
force and the normalised bending moment are as follows: 

m m

N M N eN N e
N H N H

= = =  (1) 

The dimensionless representation of interaction domains allows to assess variations in resisting 
bending moment and other parameters without any dependence on the panel dimensions, nor on the 
masonry strength. Both the axial force and the bending moment were expressed as functions of the 
neutral axis depth h normalised to the gross cross-section depth as follows: 

hh
H

=  (2) 
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3.2 Strength domains for masonry subjected to compression parallel to mortar bed joints 

The flexural strength domains presented below were derived through the implementation of an 
empirical stress-strain relationship developed for masonry under uniaxial compression parallel to 
mortar bed joints (Augenti & Parisi 2010b). Such a constitutive model is defined by the following 
equations: 
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The yielding strain and the available strain ductility of masonry were assumed as εk = 0.002 and         
µε = 6, respectively, as demonstrated by compression tests. At ELS, if the normalised axial force falls 
in the interval [0,0.64], the cross-section is cracked and its equations of translational and rotational 
equilibrium can be written as follows: 

0.64N h=  (4) 

2 20.3 0.23eM h h
H

−=  (5) 

so the interaction between the yielding moment and the applied axial force can be expressed as: 

20.57
2

eM N N
H

= −  (6) 

Conversely, if the normalised axial force falls in the interval [0.64,1], the cross-section reaches ELS 
without cracking and its equations of translational and rotational equilibrium become: 

2 3
0.45 0.091N
h h

= − +  (7) 

2 3
0.11 0.03eM

H h h
= −  (8) 

At ULS, the equations of translational and rotational equilibrium in the case of cracked cross-section 
can be written as: 
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ε ε ε ε ε
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so the limit line of the ultimate strength domain can be described through the equation: 
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where: 
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If the available strain ductility is assumed to be µε = 6, Equation 11 applies for a normalised axial 
force falling in the interval [0,0.69]. It follows that the cross-section reaches ULS without cracking if 
the normalised axial force is N/Nm > 0.69. The equations of translational and rotational equilibrium can 
be respectively expressed as follows: 

2 3 2 3
2 3 ε ε ε ε ε

ε ε ε 2

3
2 3 4 5ε

ε ε ε ε ε3
ε

0.82µ 0.28µ 0.54µ 0.09µ 0.36µ
 1.64µ 0.28µ 0.36µ

0.09µ 0.270.7 0.48µ 0.07µ 0.12µ 0.003µ 0.0001µ
µ

N
h h

h
h

− − +
= − − − − +

⎛ ⎞
+ + − − − + − +⎜ ⎟

⎝ ⎠

 (13) 

2 3 2 3 3
ε ε ε ε ε ε

2 3

2 3 4
ε ε ε ε

ε

2 2 3 4
ε ε ε ε2

εε

0.14µ 0.05µ 0.09µ 0.02µ 0.09µ 0.03µ

0.130.35 0.24µ 0.04µ 0.06µ 0.002µ
µ

0.07 0.170.35 0.16µ 0.02µ 0.02µ 0.001µ
µµ

uM
H h h h

h

h

− − +
= + − +

⎛ ⎞
+ − − − + − +⎜ ⎟

⎝ ⎠
⎛ ⎞

+ − − + + + − +⎜ ⎟⎜ ⎟
⎝ ⎠

 (14) 

The flexural strength domains corresponding to ELS and ULS are shown in Figure 2, where the parts 
of limit line corresponding to cracked cross-sections (solid lines) are distinguished from those 
corresponding to uncracked cross-sections (dashed lines). It is underlined that the cross-section cannot 
reach ULS in uncracked conditions at higher levels of strain ductility, namely masonry cracking 
cannot be avoided. Therefore, the ultimate strength domain shown in Figure 2 does not include a 
dashed line corresponding to the uncracked cross-section. 
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Figure 2. Limit strength domains at ELS and ULS for the Augenti-Parisi constitutive model. 

4 COMPARISONS BETWEEN STRENGTH DOMAINS 

A deformation-based sectional analysis allowed to define flexural strength domains which depend on 
the strain ductility of masonry. The equations presented above could be applied not only in the seismic 
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assessment of existing masonry buildings, but also in deformation-based design methods. When 
dealing with seismic design/assessment through static pushover analysis of masonry buildings, one 
can consider the change in the flexural strength domains with strain ductility demand, resulting in 
evolutionary strength domains. Conversely, if linear equivalent seismic analysis is carried out, flexural 
strength can be defined at different limit states, based on the available strain ductility assigned to 
masonry. It is underlined that the concept of ‘evolutionary strength domain’ has a meaning only when 
a strength degrading constitutive model (e.g.: Turnšek & Čačovič 1971; Augenti & Parisi 2010b) is 
assumed for masonry. 

4.1 Flexural strength domains at elastic and ultimate limit states 

In Figure 3a the limit strength domain at ELS corresponding to the Augenti-Parisi model is compared 
to those corresponding to the EPP, EC6, and Turnšek-Čačovič models. The limit lines of these flexural 
strength domains allow to predict the yielding moment capacity of a URM rectangular cross-section at 
a given axial force value. Except for the EPP model, yielding moment predictions are about the same. 
Figure 3b shows the comparison between the ultimate strength domains corresponding to the 
aforementioned constitutive models in the case of µε = 1.75 and the equation provided by the Italian 
Building Code (IBC) (IMIT 2008). The latter is based on a simplified stress-block criterion with a 
15% compressive strength reduction. For a normalised axial force falling in the interval [0,0.4], the 
limit strength domains are close to each other except for that provided by IBC (IMIT 2008), which 
leads to less conservative predictions of ultimate bending moment for a normalised axial forces falling 
in the interval [0,0.5]. The opposite occurs at higher axial force values. 
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 (a)  (b) 

Figure 3. Comparison between strength domains at (a) ELS and (b) ULS. 

Different ultimate moment predictions are obtained for a normalised axial force falling in the interval 
[0.4,1], depending on the presence/absence of strength degradation in the constitutive model. In the 
case of the strength domain corresponding to the Augenti-Parisi model, it is emphasized that the 
contraction due to strain softening is quite limited for µε = 1.75 and the limit line is almost entirely 
superposed to that related to the EPP model. The implementation of the EC6 model leads to ultimate 
moments higher than those corresponding to other models, even though negligible differences are 
detected for a normalised axial force falling in the interval [0,0.4]. 

4.2 Evolutionary strength domains 

Ultimate bending moment predictions are significantly affected by the value assumed for strain 
ductility and by the presence/absence of strain softening in the constitutive model. Indeed, the latter 
can be characterized by a post-peak falling branch which induces a dramatic reduction in bending 
moment capacity of the cross-section. On the contrary, if the rising branch of the constitutive law is 
followed by a plastic plateau, the ultimate bending moment increases with strain ductility. Figure 4a 
shows the evolution in the flexural strength domain corresponding to the Turnšek-Čačovič constitutive 
model, as strain ductility changes from µε = 1 (ELS) to µε = 1.75 (ULS). Whilst a strength domain 
growth is detected under strain ductility increasing from µε = 1 (ELS) to µε = 1.3, a strength domain 
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contraction occurs as yielding develops throughout the cross-section. As a result, the yielding strength 
domain is intersected by inelastic strength domains corresponding to larger strain ductility values. 
Figure 4b illustrates the evolution in the strength domain corresponding to the Augenti-Parisi 
constitutive model under varying strain ductility. Since the stress-strain relationship is defined up to a 
higher value of available strain ductility (i.e. µε = 6), the strength domain contraction is significant and 
the limit lines are almost equally spaced as the strain ductility increment is constant and equal to unity. 
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Figure 4. Strength domain evolution with strain ductility: (a) Turnšek-Čačovič model; (b) Augenti-Parisi model. 

For a given axial force, as strain ductility increases in the interval [1,1.75], the ultimate moment 
follows a parabolic law of variation reaching the maximum value at a strain ductility equal to about 
1.42 (Fig. 5a). The parabola’s curvature reduces with the normalised axial force and vanishes for 
normalised axial forces lower than 0.25. Therefore, the variation in the ultimate moment with strain 
ductility demand is more significant at higher axial force values, as shown in Figure 4a. Such an 
outcome depends on the combination of two opposing effects. In fact, when the cross-section yields, it 
suffers increasing axial strains, resulting in an ultimate moment increase. On the contrary, strength 
degradation induces a gradual reduction in the ultimate moment. The first effect, which is related to 
the spreading of yielding over the cross-section, prevails on the second effect at small ductility levels, 
so the flexural strength increases for a strain ductility falling in the interval [1,1.45] in the case of the 
Turnšek-Čačovič constitutive model. Figure 5b shows the ultimate bending moment of the cross-
section versus strain ductility, at pre-defined normalised axial force values. The law of variation is not 
parabolic, but almost constant at a normalised axial force equal to 0.25 (as in the case of the Turnšek- 
Čačovič constitutive model). This indicates that the ultimate moment is more affected by the strength 
degradation of masonry. It is also emphasized that the ultimate moment vanishes at progressively 
lower values of strain ductility for normalised axial forces greater than 0.5. For N/Nm = 0.75, the 
ultimate moment vanishes at µε = 4.3 (Fig. 5b) and the inelastic capacity of masonry can be exploited 
up to a maximum axial strain εi,max = 0.86%. 
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Figure 5. Ultimate moment versus strain ductility: (a) Turnšek-Čačovič model; (b) Augenti-Parisi model. 
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At larger ductility levels the strain softening effect becomes more important, inducing an ultimate 
moment reduction. The flexural strength evolution with strain ductility is clearly evidenced in  
Figures 6a and 6b, where the evolutionary strength domains N/Nm−M/(Nm·H)−µε corresponding to the 
Turnšek-Čačovič and Augenti-Parisi models are shown. They confirm the high influence of strength 
degradation under increasing strain ductility especially in the case of the Augenti-Parisi model, which 
allows to simulate the bending moment capacity evolution up to large inelastic strain levels. 

 

 
 (a)  (b) 

Figure 6. N/Nm−M/(Nm·H)−µε strength domain for (a) Turnšek-Čačovič model and (b) Augenti-Parisi model. 

5 THEORETICAL-EXPERIMENTAL COMPARISONS 

Figure 7a shows the comparison between ultimate strength domains corresponding to different stress-
strain relationships and experimental results of eccentric compression tests available in the literature 
(Hatzinikolas et al. 1980; Drysdale & Hamid 1982, 1983; Maurenbrecher 1983; Brencich & 
Gambarotta 2005; Cavaleri et al. 2005; Brencich et al. 2008; Brencich & de Felice 2009). The strength 
domains corresponding to the elastic-perfectly brittle (EPB) stress-strain model and to the moment-
axial force interaction equation provided by IBC were also considered. If the compressive strength 
degradation is limited to 20% in the constitutive models considered in this study, an available strain 
ductility µε = 2.5 is obtained for the Augenti-Parisi model. The limit strength domain related to this 
ductility value is plotted in Figure 7a as well. More conservative moment capacity predictions can be 
obtained through the strength domain corresponding to the EPB and Augenti-Parisi models. 
Conversely, less conservative estimations are obtained via the moment capacity prediction equation 
reported into IBC and that derived from the EC6 model. Figure 7b shows the strength domains derived 
from the Augenti-Parisi model for six strain ductility values falling in the interval [1,6]. 
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Figure 7. (a) Comparison between ultimate strength domains and experimental data; (b) Comparison between 
strength domain corresponding to Augenti-Parisi model at different strain ductility levels and experimental data. 
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6 CONCLUSIONS 

The bending moment - axial force interaction of rectangular URM cross-sections has been investigated 
through a deformation-based nonlinear analysis. Flexural strength domains derived from the Augenti-
Parisi constitutive model related to uniaxial compression parallel to mortar bed joints have been 
presented and discussed. Their limit lines at both ELS and ULS have been defined by nonlinear 
equations including the masonry strain softening effects and have been compared to those 
corresponding to the EPB, EPP, EC6, and Turnšek-Čačovič constitutive models. While limit strength 
domains can be used in the seismic design/assessment of masonry buildings based on linear equivalent 
seismic analysis, evolutionary strength domains can be implemented in static pushover analysis 
procedures. The evolution in strength domains has been associated with the strain ductility demand. 
Bending moment - axial force interaction diagrams at ULS, as well as the strength domains derived 
from the Augenti-Parisi model for six strain ductility values, have been compared to experimental 
results of eccentric compression tests available in the literature. It has been found that more 
conservative estimations of ultimate moment capacity are obtained if equations derived from the 
Augenti-Parisi and EPB models are used. Conversely, the upper bound of bending moment capacity is 
obtained through the equation provided by IBC and that corresponding to the EC6 stress-strain model. 
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