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This paper proposed a method for predicting
failure loads of masonry wall panels subject to
uniformly distributed lateral loading based on a
concept of structural stress state. Firstly, the
characteristics of the structural stress state of

masonry wall panels subjected to uniform
distributed lateral loading were investigated
through experimental results. Then, a new

parameter was proposed to characterize the
structural stress state. Next, the relation of the
failure loads between a specified base wall panels
and other wall panel was established using the
proposed parameter. In this way, a method (called
a ST method) based on a structural stress state
parameter to predict the failure load of masonry
wall panel from the base wall panel was
established. The following case studies validated
the ST method by comparing the predicted failure
load with the experimental results, as well as those
predicted from the existing yield line theory (YLT),
the FEA method and the GSED-based cellular
automata (CA) method. The ST method provided an
innovative way of structural analysis on the basis
of structural stress state.

1 Introduction

Masonry is vastly used in the construction of
structural and non-structural walls. To date,
commonly used methods to investigate the behavior
of masonry wall panels are experimental method
[1,2], the Yield Line Theory (YLT) method [3] and
the Finite Element Analysis (FEA) method [4-9].
However, it was pointed out that there was no
rational justification for the use of a yield line
theory based on ductile behavior for a brittle
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material like masonry [10], while for the
experimental method, it is expensive and time
consuming. With the advent of high power
computers, the FEA methods have become one
economic way in studying masonry structures.
However, the accuracy of the FEA methods largely
depends on the time step definition of proper
material properties and the discretization of the
continuum. As mentioned by Lawrence [11], there
were two pivotal factors affecting the behavior of
masonry wall panels, the boundary conditions and
the variation in masonry properties. These two
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factors result in large difficulties for researchers in
simulating the variation of the masonry using the
FEA method, especially in relating with the
variation.

To address the issue, Zhou et al [12] introduced an
artificial intelligence technology into the analysis of
laterally loaded masonry wall panels. He proposed a
Cellular Automata (CA) method to predict the
failure patterns of the new wall panels, by directly
using the experimental failure pattern of a masonry
wall panel. Then, Zhang et al [13] and Huang et al
[14,15] further verified the CA method by extending
and improving its internal functions. These studies
indicated that the CA method could be used to
predict the failure pattern of masonry wall panel and
obtain satisfied results, moreover, the variation of
the new masonry wall panels could be displayed by
introducing the variation on the base wall panel.
However, this CA method is not able to predict the
failure loads of that wall panels. A major progress of
the CA method was that Huang et al [16] proposed a
concept of generalized strain energy density
(GSED) and established a GSED-based CA method,
which extended the CA method to predict the failure
loads of laterally loaded masonry wall panels.
However, the GSED-based CA method was
relatively complex in the modeling process of
masonry wall panels. Besides, the CA model of the
masonry wall panel was both numerical and
empirical, unlike the mechanical models in the FEA
method. Therefore, this paper tried to extract the
strain energy density from the FEA model and use
the normalized strain energy density (NSED) to
express the structural stress state (ST). Furthermore,
a NSED based ST method was proposed to predict
the failure loads of laterally loaded masonry wall
panels.

2 Structural stress state mode

Structural stress state mode (ST mode) means the
distribution profile of SED values within the wall
panel under a given loading condition. To illustrate
the features of the structural stress state mode, a
masonry wall panel SB05 tested by Chong [5] is
considered here. The Panel SB05 was subjected to
lateral evenly distributed load, with dimension of
5600 mmx2475 mm in plane. The bottom edge of
the panel was fixed and the two vertical edges were
simply supported. 36 measuring points were evenly
arranged at the crossings of the dashed lines shown
in Fig 1. In the experiment, the displacements of the

36 measuring points with loading increments were
recorded.

To represent the stress state of each zone without
magnitude effect, the square of displacement (SD)
of each measuring point is normalized by the
maximum SD value among all measuring points.
The distribution of the normalized SD values is
defined as the ST mode whose contour profiles
under different loading increments are shown in Fig.
2.
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Figure 1. The measuring point locations of the
Panel SB05

It can be seen from the Fig. 2 that the ST modes of
Panel SBO5 can be divided into three different
stages: preliminary stage, normal stress stage and
failure stage. For the preliminary stage, the external
loading is smaller than 0.8 kN, the ST mode is
changing because all the zones on the wall panel
need a period to reach a full stress state. For the
normal stress stage, the external loading is greater
than 0.8 kN, the zones on the Panel SB05 are in the
normal and full stressing state. During this stage
(from 0.8 kN to 2.6 kN), the ST mode basically
remains unchanged with the load increase. For the
failure stage after 2.7 kN, the ST mode of the panel
changes qualitatively until the panel collapse.
Therefore, the ST mode of the Panel SBO5 basically
maintains the same during its normal working stage;
once the ST mode leaps to the variable one, the wall
panel is in a failure state so that the corresponding
load is called the failure load. From Fig. 2, two
basic characteristics of the ST mode can be
summarized: (1) with a load increase, the ST mode
remains the same. In other words, within the failure
load, the ST mode of a structure is related to
structural configuration, material property and the
load type, but independent on the magnitude of the
load. (2) The ST mode can be used to reflect the
working behavior of the structure. Once a
characteristic parameter is obtained from the ST
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mode, it can be applied to predict the failure load of
the structure or to demonstrate the characteristics of
structural working behavior.

To represent the characteristics of ST mode, a
suitable parameter should be defined. Traditionally,
a constitutive relation between stress and strain is
applied to reflect the property of a material and to
simulate the behavior of a structure. However, strain
and stress with their orientations are inapplicable to
characterize the ST mode. Although SED values
connect both strain and stress and are algebraic
quantities without a limitation of directionality, they
are applied to represent the ST mode. Furthermore,

5
0.2kN

4 5 6
0.8kN

the sum of NSED values is taken as the
characteristic parameter for the ST mode. In
addition, if the experimental data are displacements
of all the measuring points, the sum of normalized
square displacements (NSD) can be used as the
characteristic ~ parameter to  describe  the

characteristics of the ST mode. Figure 3 is the curve
of the sum of NSD versus load for a representative
test, which shows the three stages as observed in
Fig. 2. Obviously, the sum of NSD also embodies
the two basic characteristics as stated previously.
Hence, the NSD/NSED sum can be used as the ST
parameters.

Figure 2. The structural stress state modes of the Panel SB05 under different loading increments
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Figure 3. Curve of the sum of NSD versus load for
SB05

Generally, the SED can be expressed by Young’s
modules E and the strain¢ , as shown in Eq. (1)

W=%E52 (1)

The normalized SED value (NSED) is expressed by
Eq. (2).

Wi . .
= ’ i=12---M, j=12---N 2
max(w) : @)

Dlyj

Where, w; ; is the SED value of zone (i, j) under the
unit load; max(w) means the maximum SED value
among all cells; D j is the NSED value of zone (i,

1); M, N are the row and column of wall panel,
respectively. There are three points to be addressed
for Egs. (1) and (2): (1) Young’s modules and
Poisson’s ratio are artificially assumed because they
are not necessary to be the practical or actual values
in the ST mode; thus, the FEA modelling is
simplified and computational costs are reduced. (2)
The SED values are extracted from the linear or
elastic response of masonry wall panels. (3) The
NSED values are dimensionless quantities and
independent on the real external load, but show the
distribution of NSED (or the relative value) of each
cell on the wall panel. Hence, the ST parameter
(sum of NSED values) reflects the working
characteristic of the entire structure, which lays the
foundation of the ST method for predicting the
failure loads of wall panels.

3 Method for predicting failure load of
masonry wall panels based on the ST mode

3.1 The deduction of the ST based method

The ST parameter ¢ can be calculated by Eq. (3):

M=

N
c=22.Dij ()

i=1j=1

where, Di'j is the NSED value (or normalized

square displacement) of cell (i, j); M, N are the row
and column numbers of the divided zones on a wall
panel, respectively. The ST base parameters and
new wall panels, as well as the failure load of the
base panel, can be used to establish the failure
criterion f of the new wall panel based on the ST
parameter c, as shown in Eq. (4):

I:new =f (Cbase’cnew’ Fbase) (4)

Where, Cpue,Crew are the ST parameters of the base

wall panel and the new wall panel, respectively;
Foase @Nd F,, are the failure loads of the base wall

panel and the new wall panel, respectively; f is the
failure criterion. It is assumed that the base and new
wall panels have same stress states at the failure
stages. Hence, the relationship can be expressed by

Eq. (5)

Chase Fbase = Cpew I:new (5)

Form Eg. (5), the failure load of the new wall panel
can be calculated by Eq. (6):

C ase
I:new = Fbase Cb (6)

new

This proposed criterion will be validated as detailed
in the following sections.

3.2 The ST method procedure

So far, the method for predicting the failure load of
masonry wall panel based on the ST concept is
formed and its procedure is shown in Fig. 4. For the
ST method, the first step is to calculate the SEDs of
the new and base wall panels under unit uniformly
distributed load using the FEA method, respectively.
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The size of each cell on the base and new wall
panels should be the same. The second step is to
calculate the NSEDs of all the cells on the new and
base wall panels using Eq. (2), respectively. The
third step is to calculate the ST parameters of the
new and base wall panels using Eg. (3),
respectively. The final step is to calculate the failure
load of the new wall panel using Eq. (6).

3.3 Case studies on verification of the ST method

The boundary conditions of wall panels can be
classified into two main types: (1) the top edge is
free and the other three edges are constrained; (2)
four edges are all constrained. Therefore, the
masonry wall panels used in the following case
studies mainly follow these two constraint types. To
validate the ST method, for the wall panels with the
first constraint type, the wall panels tested in the
University of Plymouth [5] are used; while to
validate the ST method for the wall panels with the
second constraint type, the wall panels tested by
Lawrence [11] are used. The failure loads of these
tested wall panels are used to compare to the results
predicted by the ST method. Moreover, the results
predicted by the ST method are also compared to
the results predicted by the yield line theory (YLT),
finite element analysis (FEA) method, and GSED-
based CA method from the authors’ previous study
[16]. The comparisons adopt the following
evaluating formulas, for instance, for the YLT

method where, E, 1 is the relative error between

the predicted failure load using the yield line theory
and the tested failure load for each wall panel,

and E&% is the corresponding average absolute error
of all wall panels; F,,, is the predicted failure load
of the new wall panel; F,, is the tested failure load
of the new wall panel; n is the number of the new
wall panels. Similarly, the errors Egga, Eggep, and

Egr, together with the corresponding average

absolute errors E’F ., Edsgp and ESF can be
obtained.
Foew — F
EYLT __ new exp (7)
Fexp
ave 1 i
Evir = _Z‘EYLT‘ 8
Niz
The wall panels tested have two different

thicknesses, 0.215 m and 0.1025 m. For the wall
panels with the thickness of 0.1025 m, Panel 1109
(3.6 m x 4.5 m in plane) was selected as the base
wall panel to predict the failure loads of other
masonry wall panels with different dimensions. The
predicted results and errors in comparison are listed
in Table 1. Similarly, Table 2 lists the same items,
but Wall Panel 1173 (3.6 m x 4.5m x 0.215 m) is
the base wall panel.

It can be seen from Tables 1 and 2 that the ST
method is accurate in predicting the failure loads of
masonry wall panels when compared with the tested
results.

The NSED of each cell
on the base wall panel

The FEA results of the base/new wall
[+ panels based on arbitrarily assumed [
material parameters

The NSED of each cell
on the new wall panel

Y

L 4

The ST parameter of
the base wall panel ¢,

base

panel F

The experimentally measured
failure load of the base wall

The ST parameter of the
new wall panel ¢

new

The failure load of the
new wall panel

Figure 4. The ST method procedure



Y. Huang, Q. Huang et al.: A method for predicting...

Table 1. The parameters and predicted failure loads of the New Wall Panels with the thickness of 0.1025m

(Base Wall Panel 1109)

No. | Pimension | Fesed | Fvir | ¢ Frea Eeen | FOSED | Eooo Fst Esr
(m | (kN/m) | (kN/m?)| YT | (kN/m?) (KN/m?) (KN/m?)
1135] 2.6x2.7 6.5 9.87 |51.85% | 6.85 5.38% 8.20 | 26.15% | 7.87 | 21.08%
1095| 3.6x5.5 2.9 277 |-448% | 195 |-32.76%| 286 | -1.38% | 227 |-21.72%
1171] 5.2x5.5 2.2 241 [ 955% | 1.67 |-24.09% | 1.86 |-1545%| 2.02 | -8.18%
The average errors E** 21.96% 20.74% 14.33% 16.99%

Table 2. The parameters and predicted failure loads of New Wall Panels with the thickness of 0.215m (Base

Wall Panel 1173)

No. |Dimension| Fresed | Fyir £ Frea Erea Fesep Eeseo Fer Eer
(m) (KN/m?)| (kN/m?) | LT [(kN/m?) (KN/m?) (KN/m?)
1172 2.6x2.7 20.9 31.35 |50.00%| 23.75 |13.64% | 20.01 | -4.26% | 19.64 -6.03%
1169| 2.6x4.5 9.5 1440 |51.58%| 11.66 |22.74% | 12.53 |31.89% | 8.54 -10.11%
1244| 4.5x4.5 8.0 12.31 |53.88%| 9.49 |18.63% | 6.42 |-19.75%| 7.02 -12.25%
1150, 2.6x5.5 10.7 11.05 |3.27% | 8.83 |-17.48%)]| 10.39 | -2.90% |6.29/10.6|-41.21%/-0.5%
1153| 3.6x5.5 6.7 9.06 |35.22%| 7.04 | 5.07% | 7.03 | 4.93% 5.67 -15.37%
1237| 4.5x55 6.5 8.24 |26.77%| 6.20 | -4.62% | 5.30 |-18.46%| 5.30 -18.46%
Average error E?® 36.79% 13.69% 13.70% 17.24%/10.45%

Table 3. The parameters and predicted failure loads of new wall panels (Base Wall Panel Test 8)

No Dimensions Fested Fesep E Fst E
' (m) (KN/m?) (KN/m?) COED (KN/m?) °
Testl2 | 2.5x2.5x0.112 8.6 10.47 21.74% 7.99 -7.09%
Test22 | 2.5x5x0.111 4.7 4.88 3.83% 4.55 -3.19%
Test27 |  2.5x6x0.109 3.1 3.98 28.39% 3.91 26.13%
Test32 | 3x6x0.109 35 3.2 -8.57% 3.2 -8.57%
Average error E** 15.63% 11.25%

The accuracy of the ST method is better than the
yield line method. In particular, for the panels with
0.215 m thickness, the accuracy is 20% higher than
that of the yield line theory. The accuracy of the ST
method is also higher than the FEA method for the
wall panels with 0.1025 m thickness, but about
3.55% lower for the wall panels with 0.215 m
thickness. The accuracy of the ST method is slightly
lower than the GSED based method for the wall
panels with both thicknesses.

The predicted error is as high as to -41.12% when
using the Wall Panel 1173 as the base wall panel to
predict the failure load of Wall Panel 1150. This is
because the Wall Panel 1173 is a two-way wall
panel while the Wall Panel 1150 is a one-way wall
panel. It is well known that the stress state in a two-
way (the ratio of length to width is smaller than 2)

wall panel is quite different from that in a one-way
(the ratio between the length and the width is larger
than 2) wall panel. However, the size effect of the
wall panel was not taken into account during the
entire predicting procedure of the ST method,
therefore, a size effect parameter was suggested to
improve the predicted results when the base and
new wall panel are different types (one-way wall
panel or two-way wall panel). The size effect
parameter can be calculated by Eq. (9) and the
failure load of the new wall panel is calculated by

Eq. (10).

4

_L,/H,
L, / Hp

(9)
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an;W :anew (10)

Where, L, and H, are the length and width of the
base wall panel, respectively; L, and H,are the
length and width of the new wall panel,

respectively. F, is the modified failure load of

the new wall panel; F,,is the failure load

predicted by the ST method. After introducing the
size effect parameter &, the predicted failure load of

the Wall Panel 1150 is 10.6 kN/m? and the predicted
error is only 0.52%, which greatly improves the
prediction accuracy of the ST method. Moreover,
the average error of the ST method is slightly
smaller than the GSED-based CA method.
Consequently, through the ST method, a base wall
panel can be used to predict the failure loads of new
wall panels with various plane sizes but same
thickness.

To further validate the generality of the ST method,
the case study is extended to the masonry wall
panels tested by Lawrence [11]. These wall panels
can follow the second constraint type. The wall
panel, Test 8 (dimensions of 3 m x 6 m x 0.110 m),
is selected as the base wall panel. Table 3 lists the
dimensions of the new wall panels, the tested failure
loads, the predicted failure loads and the errors
between the GSED-based CA method and the ST
method. From Table 3, it can be seen that the
accuracy of the ST method is 4.4% higher than the
GSED-based CA method. This means that the ST
method is adaptable for wall panels with various
dimensions and boundary conditions, moreover, the
materials used by Lawrence [11] to construct the
wall panel are different from those of Chong [5].

4 Discussion

4.1 Differences from the FEA method and GSED
based CA method

The ST method, as an innovative way to predict the
failure loads of masonry wall panels, embodies its
advantages in comparison with the traditional FEA
method and the GSED-based CA method.

In a traditional FEA model, the material property
parameters are obtained from the experimental tests,
which could affect the accuracy of the FEA model.
However, in the ST method, the FEA simulation is
just used to calculate the SED values to represent
the ST mode. The ST mode just uses the normalized
SED values, where the material property parameters

are eliminated, so that the material property
parameters in the FEA model are not necessarily the
actual values but are arbitrary assumed to enable the
running of the simulation. Therefore, the predicted
results by the ST method are stable and will not be
affected by the material property parameters. On the
other hand, the FEA methods are based on an
assumed crack criterion to calculate the failure load,
while in the ST method, the initial imperfection and
variation in material and configuration of the wall
panel have been considered and reflected in the test
results of the base wall panel. Therefore, the
predicted results of the new wall panel also include
the initial defect and variation.

It seems that the proposed ST method is similar to
the GSED-based CA method as both methods used
the base wall panel to predict the failure load of new
wall panels. However, the ST method has essential
difference from the GSED-based CA method. The
GSED-based CA method is an intelligent method
and the GSED value of each cell on the new wall
panel is projected from the base wall panel. Firstly,
each cell on the new wall panel has a similar zone
on the base wall panel and the CA method is applied
to determine the similar zones on the two wall
panels; and then the GSED values of each cell on
the new wall panel is projected from the base wall
panel according to the similar zone projecting
criterion, i.e. the GSED of each cell on the new wall
panel has the same value with the similar zone on
the base wall panel. It is a mathematical mapping
process. For more details on the GSED-based CA
method, please refer to Huang et al. (2014).
However, for the ST method, the SED of each cell
on the new wall panel is extracted from the FEA
results which is established according to the actual
dimensions, boundary condition and the loading
type of the new wall panel. Hence, the mechanism
of the ST method is better than that of the GSED-
based CA method.

4.2 Selection of the base wall panel

Theoretically, any tested masonry wall panel can be
taken as the base wall panel to predict the failure
loads of new masonry walls panels with same
boundary conditions and different in-plane sizes. To
validate the universality of the base wall panel, the
Wall Panel 1244 (3.6 m x 45 m x 0.215 m) is
selected as the base wall panel to predict the failure
loads of the masonry wall panels listed in Table 2
and the predicted results are listed in Table 5. Table
6 gives the comparison between two different base
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wall panels 1244 and 1173. Beware that the
predicted load of the Wall Panel 1150 in Tables 5
and 6 are modified by Equations (10) and (11).

It can be seen from Table 6 that the predicted
precision of both the Panel 1244 and Panel 1173 are
within the range of engineering tolerance, and the
accuracies of the results predicted based on two
different base wall panels has a slighter difference of
3.52%. Hence, the ST method has little dependence
on the choice of the base wall panel. In other words,
different base wall panels have little effect on the

prediction accuracy. The difference of the results
predicted by the ST method taking different base
wall panels might be caused by the variability
contained in the wall panels.

In a word, once the boundary condition, loading
type and failure load of a wall panel are known, this
wall panel could be used as the base wall panel to
predict the failure load of the new wall panels with
the same loading type and boundary conditions.
Therefore, the ST method could be a user-friendly
method.

Table 5. The parameters of the new wall panels and the predicted results by the ST method (Base Wall Panel

1244)

. . Failure load (kN/m?) Error

No. Dimensions (m) Tested ST method
1172 2.6x2.7 20.9 22.37 7.03%
1169 2.6x4.5 9.5 9.38 -1.26%
1150 2.6x5.5 10.7 12.13 13.4%
1153 3.6x5.5 6.7 6.46 -3.58%
1237 4.5x5.5 6.5 6.04 -7.08%
Average error 6.47%

Table 6. The failure loads predicted by the ST method and the errors

Failure loads (KN/m?) Errors
No. Testing loads (kN/m?) Base panel Base panel

1044 1173 Base panel 1244 | Base panel 1173
1172 20.9 22.37 19.64 7.03% -6.03%
1169 9.5 9.38 8.54 -1.26% -10.11%
1150 10.7 10.6 12.13 13.4% 0.5%
1153 6.7 6.46 5.67 -3.58% -15.37%
1237 6.5 6.04 5.30 -7.08% -18.46%

average error E®“¢ 6.47% 10.09%

5 Conclusions

This paper proposes a ST method, including a
summarized ST parameter and a size effect
parameter, for predicting the failure loads of new
masonry wall panels. The following conclusions can
be drawn:

The relation between the ST mode parameter of
laterally loaded masonry wall panel and its failure
load, can be used to predict the failure load of a new
wall panel with the same thickness based on the
failure load of the tested base wall panel.

The accuracy of the ST method is higher than that of
the yield line theory. When compared with the FEA
method, the ST method also has better accuracy and

simplicity in building up the FEA model. The
results predicted by the ST method are stable and
unaffected by the input parameters of material
properties. Moreover, the accuracy of the ST
method is slightly higher than the GSED-based CA
method.

The ST method provides a new way in structural
analysis, which could reflect the defects and
variation of the new wall panels in their predicted
results. What is more, the ST method use a unique
parameter to represent the essential features in the
structural configuration and behavior.
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