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INTRODUCTION

ABSTRACT

Determination of the capacity curve and structural behavior of masonry structures is a chal-
lenge. While consistent results can be obtained through detailed numerical approaches, the
process becomes more complex. Therefore, simplified approaches come to the fore for anal-
ysis. This study focuses on this point and proposes a new method that uses a truss model
to determine the in-plane behavior of masonry structures. In the development of the pro-
posed method, several important parameters such as the inclination angle, cross-sectional
area, mesh size and material parameters are considered. This study specifically conducts a
parametric analysis to determine the effect of different angle values on the results. The mate-
rial model, which employs a macro modeling approach, was adopted from the literature and
held constant during the numerical analysis; thus, its effects were excluded from the scope
of this study. Variable conditions include mesh size, aspect ratio, compression stress level,
and the inclination angle. A series of experimental tests on masonry walls was selected as the
reference model, and a numerical model was created using the proposed approach. A total of
seventy-two numerical analyses were performed. Consequently, the results were evaluated,
and recommendations were made regarding the application of the new model.

Cite this article as: Giiner Y, Nuhoglu A. Development and application of the truss method
on masonry walls to determine the in-plane behavior: A parametric study. Sigma J Eng Nat
Sci 2024;42(5):1542-1554.

qualified personnel. As an alternative, simplified approaches
provide more practical and cost-effective solutions. Hence, a

In masonry structures, obtaining precise results often
requires conducting detailed tests in both field and labora-
tory settings, and subsequently transferring the gathered data
to software. This process can be labor-intensive and suscep-
tible to potential errors, so necessitating the involvement of
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new method is proposed. The development process is han-
dled systematically, and the essential parameters are thor-
oughly discussed within the context of this study.

Simplified approaches aren’t just limited to the scope
of this study; various alternative suggestions have been
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Figure 1. Typical failure modes under in-plane loading.

introduced in other studies. Some of the prominent
approaches are the equivalent frame [1] and strut-and-tie
[2] models. Furthermore, researchers have proposed vari-
ous methods, particularly hybrid ones [3,4].

The calculation method employed in the proposed
approach relies on truss elements, which have a well-es-
tablished foundation. Truss elements not only facilitate
the creation of a numerical model but also reduce compu-
tational effort due to their capacity for carrying only axial
loads. While this method finds widespread application in
defining the behavior of reinforced concrete structural
elements [5,6], its use is limited in masonry structures.
In the literature, researchers have predominantly focused
on investigating in-plane behavior [7-9], with only a lim-
ited number of studies addressing out-of-plane behavior
[10,11]. Additionally, one paper delved into the examina-
tion of FRP delamination [12]. Micro or macro approaches
and hybrid or truss methods were handled under different
boundary conditions in these studies. Each study has accu-
racy or error rates depending on its own acceptance.

The proposed approach utilizes the macro modeling
strategy and truss elements in the vertical, horizontal and
diagonal directions to create a numerical model. Analyses
are carried out using software developed in Python, which
includes capabilities for material and geometric nonlin-
ear analysis. Finally, the analysis yields the capacity curve,
damage formation, and failure mechanism as results.

In the literature, an inclination angle of 45° was com-
monly used to create the masonry truss model [12-14].
However, regarding reinforced concrete elements such as
column and beam, it is observed that the angle is calculated
based on the compression stress level and tension capac-
ity [14]. To date, no alternative methods for determining
angle values have been explored for masonry structures.
Therefore, this study focuses on this topic under alter-
native conditions. It is well-known that masonry units
exhibit high compression capacity but low tensile strength.
Consequently, the calculated inclination angle is often sig-
nificantly greater than 45°. The results are represented com-
paratively at the end of this paper.

+¥4d

> |

Rocking

o di“

Flexural

The validation of the proposed approach is provided
considering the in-plane behavior of masonry walls (Figure
1). An experimental test series with two aspect ratios was
selected from the literature [15-17]. Initially, the truss
model was created with 45° inclination angle and com-
pared with both experimental and numerical [18] results.
Then, alternative conditions were tested on the truss model.
Finally, the effects of the inclination angle were discussed,
and the general evaluation was provided.

Following an overview of the challenges posed by exist-
ing methods, the proposed approach is briefly described.
Its primary goal is to mitigate various problems, including
the definition of boundary conditions, variability in mate-
rial parameters, and software-related challenges commonly
encountered when determining the behavior of masonry
structures, while also achieving a quicker solution. Rather
than seeking an exact numerical solution, the approach
facilitates the analysis of alternative conditions and the
evaluation of the structure’s load-bearing capacity within
a confidence interval. The simplification issue has been
explored in various studies, but the proposed approach has
not yet been addressed. In this study, a parametric study
was conducted to incrementally develop the final model
and examine the impact of the inclination angle on both the
model and the results. As the software continues to evolve,
it may also be possible to address dynamic effects such as
earthquakes [19] and predict potential damages in advance
[20].

MODEL DESCRIPTION

Each truss element connects two nodes, whose rotation
are released, and thus only has two degrees of freedom at
any in-plane node. It can assume one of three directions:
vertical, horizontal or diagonal. Depending on its direction,
material parameters and cross-sectional area may vary. The
modeling strategy is explained in the following subsections.

Materials
This issue can be quite complicated in masonry struc-
tures. Identifying variable material properties in each
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structure is a laborious process that requires various lab-
oratory experiments. Several studies have also evaluated
material effects [21,22]. The proposed approach aims to
simplify this process and reach conclusions with just a few
key parameters.

Detecting the nonlinear behavior of a material can be
also quite complex, influenced by factors such as fracture
energy and pattern. Various studies have explored dif-
ferent materials and conditions [23-27]. In the proposed
approach, nonlinear behavior is characterized by the stress-
strain curve, making it more understandable and simpler.

In the numerical approach, macro modeling is pre-
ferred to simplify material behavior, as shown in Figure 2.
Each truss element has different compression and tensile
capacities in its axial direction. Vertical or diagonal element
uses either compression or tension regions depending on its
axial load while transverse element utilizes the shear region
instead of tension. Compression and tension behaviors of
the material model are derived from an alternative study
[9], which is similar to models proposed in other studies
[28,29].

In the material model, E, f,,, €.p €up forw €cor Ecu
symbols represent initial compression elastic modulus,
maximum tensile strength, cracked tensile strain, ultimate
tensile strain, maximum compression strength, cracked
compression strain and ultimate compression strain,
respectively. The ultimate/first crack tensile and compres-
sion strains of a masonry unit are assumed as per Eqgs. 1-3.

Determining the shear region is more challenging but
crucial for horizontal stability. It is defined as a bi-linear
curve, with the maximum unit deformation is accepted
as 0.008 [30]. If possible, the maximum shear strength,
7,, should be determined through an experimental test.
Otherwise, the Mohr-Coulomb formula can be used. Here,

the residual shear strength is assumed to be nearly equal to
the maximum shear strength.

Colors on the material model indicate unit deformation
regions developing in the truss elements. They facilitate
the evaluation of damage formation and determination of
the failure mechanism. After reaching the maximum unit
deformation, the element no longer carries any load, and
the elastic modulus becomes equal to 10°.

ftm

Eter= A @)
me
Ecor= E_c 2)
me
EC‘U.: 275 X E_g (3)

Inclination Angle

One of the important parameters for defining geome-
try is the inclination angle, ©,. Typically, it is considered
perpendicular to the principal stress direction. However, in
masonry structure applications, it is commonly accepted
as 45°, making the study’s focus on the effects of this angle
particularly significant.

The angle primarily effects the cross-sectional area
of the diagonal truss element, resulting in changes to the
load-bearing capacity of the model. Additionally, it influ-
ences the height of the vertical truss element. To deter-
mine the angle, a simple procedure was mentioned by
Gargari [14]. The stress state is illustrated in Figure 3, and
the necessary equations are provided in Egs. 4-6. 0 and 7
symbols represent uniform compressive and shear stresses,

Ta
ft Tension Region Tu 7 Shear Region
fim 7 Tre
& Ecu Ecer 0.2, \ >y
Eer & 0.00T & 0.0 Yui = 0.008
0.2fem
Ec
Compression Region fcm
fe

Figure 2. Material model of masonry unit.
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Figure 3. Stress state for determining the inclination angle
of diagonal elements.

respectively. The tensile strength, f,, is equal to the maxi-
mum principal stress, g;, as diagonal cracking occurs when
this threshold is exceeded.

2
0-1=ft=%+‘/%+‘[2 (4)

tan(29p) =z (5)
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Geometry

The method used for determining the cross-sectional
areas of truss elements, originally specified for reinforced
concrete members (RCM) in the literature [6], was adapted
for masonry structures as a result of testing alternative con-
ditions such as full or half cross-sectional areas. The main
difference is the use of semi-area in the truss elements, as
illustrated in Figure 4. A similar suggestion was also made
for RCM by Demirtas [31].

Change in the inclination angle affects the effective
width (D,g). To address this, an alternative approach was
employed, ensuring that the total area remains constant for
each angle value. Initially, the sum of the cross-sectional
area of diagonal elements is determined based on their ori-
entations (vertical or horizontal). Then, the relevant wall
cross-sectional area is calculated, and the difference is dis-
tributed to vertical or horizontal elements. This ensures
that the sum of the cross-sectional areas from the diagonal
and vertical/horizontal elements equals that of the wall.

The horizontal width, M, remains constant for each
angle, while the height, V, varies regarding the angle. As a
result, there may be slight variations in the total height, H,
in the parametric study, but these minor size differences do
not significantly affect the result [32].

The mesh size equals the horizontal width, M, and acts on
determining the D, along with the angle value. Moreover,

o h De=Msin{©d) / 2
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Figure 4. Methodology for determining cross-sectional
areas of truss elements.

it is clear that there is a relationship between mesh size and
material parameters, but it has not been clearly established
yet. Therefore, material parameters are assumed to be con-
stant, and a few mesh sizes are checked through numerical
analysis to determine an optimum value.

Failure

In this study, one of the primary focuses is on defining
failure mechanisms and understanding crack development.
The typical failure modes illustrated in Figure 1 are repre-
sented through the proposed truss model. Sliding shear is
defined as tension damage developing simultaneously in
both the vertical and diagonal elements. Diagonal shear
occurs specifically in the diagonal elements due to tension
damage. Moreover, plastic deformation may sometimes
develop in the horizontal element exceeding the maximum
shear strength. Thus, it can be predicted that greater diag-
onal damage will occur. Last one, rocking, is described as
compression damage occurring in the vertical and diagonal
elements. The transverse elements typically play a crucial
role in providing horizontal stability.

In addition to creating numerical model and defining
material parameters, accurately representing loading and
boundary conditions is very important for determining
crack development. While boundary conditions may vary
considering any sample, the loading procedure remains
consistent. At first, axial and dead loads are applied to the
model (Step 1). The model is then subjected to horizontal
monotonic loading (Step 2).

To apply loads other than dead load, a steel/concrete
loading frame is used. This frame is created in two rows
using the proposed method and placed at the top of the
wall. It allows for the equal distribution of loads across the
model. Additionally, nodes are added to the intersection
points of the diagonal elements in the top row for improved
load distribution.
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Flowchart

The software that is able to solve nonlinear behavior is
developed using Python. The solution algorithm, outlined
in the flowchart in Figure 5, begins with inputs such as
geometric and material properties, loading and boundary
conditions, and node coordinates. Subsequently, loads are
applied step by step, and a pushover analysis is carried out.

At each iteration, the global stiffness matrix is deter-
mined and solved with the global load matrix together;
therefore, displacements developing at nodes and strain in
frame elements are calculated. The new node coordinates
are updated for the next iteration, and thereby accounting
for the effect of geometric movement in the analysis. In the
material nonlinear phase, the total strain value is consid-
ered. Based on this, the new elastic module is calculated
according to the stress-strain curve mentioned in Figure 2.

Input

iteration + 1

Data processing and analysis

Results for each step

|Neg. hor. movt. value at any node| > |error value|

No

iter. = max. iter. no.

Yes and step =2

Yes No

\V

Qutput

Figure 5. The flowchart.

In the red, magenta and blue lines of the curve, the elastic
modulus is assumed to be approximately zero.

Cumulative displacement at any node is compared with
the initially accepted negative error value to determine
whether the analysis continues. The number of steps and
iterations is also checked. Finally, this process yields the
capacity curve, failure mode, and crack development.

Validation

This paper focuses on two masonry walls constructed
from stone to validate the proposed truss model and
explore alternative conditions in the parametric study
(Figure 6). In the experimental model, the wall thickness
is 320 mm, and the top rotation is restricted. Material
parameters determined experimentally are listed in Table
1. The elastic modulus was calculated considering the com-
pression stress-strain curve of the wallet. However, it is not
always sufficient to describe the stiffness of the structure
due to factors such as geometric configuration, boundary
conditions, and non-homogeneous form [18]. To enhance
the reliability of material parameters and determine a
structure’s initial stiffness, non-destructive methods such
as operational modal analysis can be preferred [33]. In the
proposed model, the elastic modulus for the CT series was
updated with minimal deviations from the experimental
results (Table 2).

The maximum shear strength, 7,, is determined using
the Mohr-Coulomb formulation (Eqn. 7). Cohesion, ¢, is
not specified in the literature, so it is assumed to be two
times the tensile strength of the material, denoted as 2 *
fim- This assumption is based on a formula suggested in
another parametric study on rubble stone walls conducted
by Pereira et al. [34]. The friction coefficient, y, is recom-
mended as 0.4 by the Turkish Building Earthquake Code
[35]. Lastly, the pre-compression (0,) depends on axial
stress level. The residual shear strength is assumed to be
almost equal to the maximum value.

Ty = €+ loy, (7)

Firstly, the truss model with 45° inclination angle
was created using two different mesh sizes (M= 150 and
250 mm). While a fixed support at the lowest nodes was
applied, the nodes at the loading frame were connected to
each other using the Master-Slave method. The goal here
is not to obtain the best overlap at each test. Instead, it is to
determine the optimum model parameter (mesh size) that
yields consistent results across all tests. In the parametric
study, all numerical results will be compared within their
respective categories.

The capacity curves obtained from the finite element
analysis, the experimental test, and the proposed truss
model are shown in Figure 7. A load-controlled method is
applied in the truss model, and the capacity curve exhibits
only an increase at each iteration. In other words, there is
no load decline after reaching the peak. The 250 mm mesh
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Table 1. Material parameters (MPa) (G Shear modulus) Table 2. Elastic modulus (MPa)
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Figure 7. The capacity curves.
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size has the highest capacity among all the analyses except
for CSO1. At 150 mm, while the curve is below the expec-
tation in CSO01, it is slightly above in CT02. Nevertheless,
it is a more suitable option. Moreover, smaller mesh sizes
represent the damage distribution better.

Detection of crack formation and failure modes is as
important as the harmony of the capacity curve. Failure
modes are presented in Table 3, and a high degree of sim-
ilarity is observed. Crack formation is compared with the
numerical model and investigated separately at each wall.
At CS01, while flexure and shear failures are both influen-
tial at the peak load, shear failure leads to collapse in the
final stage. CS02 demonstrates an obvious flexural failure,
with openings in the lower left and upper right corners of
the wall. Diagonal cracking dominates at CT01 because

observed that damage modes, such as CSO1 and CT02,
change because unit deformation value is not scaled in
the truss model. For example, at CSO01, diagonal crack-
ing spreads throughout the entire model, but openings at
the corners are still visible. Similarly, flexure failure turns
into shear at CT02. This progression is evaluated through
gradual damage development (Figure 9). Initially, flexural
behavior is observed, and then it turns into shear failure,
consistent with the findings of the finite element analysis.
Regardless of the extent of diagonal damage, the flexural
damage in the corners still continues to appear.

Table 3. Failure modes

CS01  CS02 CTo1 CTo02
of the high axial stress level. At CT02, flexural behavior M tal(16] sh T 1 sh b
is more pronounced initially due to lower axial loading, agenes ctat ear S;;l:re an ear ear
but after reaching peak load, shear failure significantly Arauio [18] Sh Bl Sh. Sh
affects the wall. The proposed novel model exhibits a rawo et exre car car
similar pattern of damage development (Figure 8). It isn’t Truss model Shear  Flexure Shear _ Shear
R
300 1500 *
] | «
Cso1 CS02
e e RPPPIPDDIX
2500 30 =
.
XN
g o
CTo1 CT02

Figure 8. The damage distribution on the truss model considering the stress-strain curve.
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Figure 9. The gradual damage development at CT02.

Comparatively, 45° yields highly successful results,
especially in accurately determining damage formation and
the failure mechanism.

PARAMETRIC STUDY

After comprehensive validation, a parametric study was
conducted to understand the effects of the inclination angle
on the truss model. Changes in the cross-sectional area of
the diagonal elements, depending on the angle, are given in
Table 4. Numerous parameters were selected for this study,
and 72 analyses were performed. The test samples with an
axial load level of 0.35 MPa were designated as CS03 and
CTO03. The parameters are as follows:

- Inclination angle: 40°, 45°, 50°, 55°, 60° and 65°
- Mesh size: 150 and 250 mm

- Aspect ratio (H/L): 1.0 and 2.0

- Axial stress level: 0.20, 0.35 and 0.50 MPa

Pre-evaluation
A pre-evaluation was conducted to facilitate result
interpretation, and the results were as follows.
- Alarger mesh size (250 mm) exhibits greater load-bear-
ing capacity in all analyses, regardless of the boundary

conditions. However, the difference between capacities
may vary for each analysis.

- Reducing the aspect ratio by half nearly triples the
load-bearing capacity. Similarly, an increase in axial
stress augments the overall capacity. For instance, these
rates average 40% (o= 0.35 MPa) and 73% (o= 0.50
MPa) for the CS series with the 150 mm mesh size at
three angle values when compared to the 0.20 MPa axial
stress level. Furthermore, it is anticipated that the fail-
ure mode will transition from flexure to shear with an
increase in axial stress.

- For O, = 40° the capacity curve inadequately represents
the experimental test; hence, there is no need to con-
sider lower angle values. And also in masonry struc-
tures, the inclination angle generally exceeds 45°.

- For 6, =60° the capacity curve may align with the lit-
erature, but it fails to accurately predict the failure mode
and crack development. The dominant cause of damage
in the analyses is typically flexural.

- For 6, = 65° it is observed that both the capac-
ity curve and the failure mode are not determined
correctly.

It is observed that increase in the angle results in a flex-
ure-dominated response, with no strength degradation due

Table 4. Cross-sectional areas of diagonal elements (mm?). (Rates of change are given in parentheses.)

400 450 500 550 600 650
M150 15427 (-9%) 16971 (0%) 18385 (8%) 19660 (16%) 20785 (22%) 21751 (28%)
M250 25712 (-9%) 28284 (0%) 30642 (8%) 32766 (16%) 34641 (22%) 36252 (28%)

Table 5. The natural period values at 0.50 MPa axial stress level (s). (Rates of change are given in parentheses.)

550 600 650

400 450 500
CSO1  0.149 (-2.0%) 0.152 (0.0%) 0.150 (-1.3%)
CTOl  0.114 (-8.1%) 0.124 (0.0%) 0.123 (-0.8%)

0.156 (2.6%)
0.130 (4.8%)

0.161 (5.9%)
0.138 (11.3%)

0.167 (9.9%)
0.150 (21.0%)
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to shear damage in column elements [14]. This finding
aligns with the results presented in this paper. Therefore,
these three angles (0, =40° 60°, 65°) were excluded from
the overall assessment.

When evaluating initial stiffness based on the dom-
inant natural period values, the results indicate that the
period increases with a rise in the angle. In other words,
the initial stiffness of the model, especially at 6,; = 60°
and O, = 65°, decreases. In Table 5, the dominant natural
period values of CS01 and CTO01 under a 0.5 MPa axial
stress level are given.

s

General evaluation
Figures 10-11 present the capacity curves for two mesh

sizes: 150 and 250 mm. While not all interpretations are

supported by all analyses, some general trends emerge:

- The curves in the CS series exhibits greater consistency,
possibly due to a limited maximum load value.

- Truss model with the 250 mm mesh size generally
exhibits a higher load-bearing capacity than expected,
save for CSO1.

- In 150 mm mesh size, models with angles of 50°, 45° and
55° have the maximum load-bearing capacity in eight,
three and one analyses, respectively.
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Figure 11. The capacity curves for the 250 mm mesh size.

- As the angle increases, the linear region of the capacity
curve tends to belarger, owing to the increased cross-sec-
tional areas of diagonal elements. Consequently, com-
mon tension damage in diagonal truss elements is
delayed.

- All angle values seem to be compatible, with 55° poten-
tially representing an optimal choice. However, a com-
prehensive evaluation should also consider factors like
failure mode and crack formation to avoid potential
misinterpretations.

In damage formations, there are important results that
can change interpretations. Evaluations are performed with
the 150 mm mesh size. Initially, while significant diagonal

= CT03 - FEM - Asnijo (2004
TS - V280 - 45
s=={ 103 - V250 - 50

=T - M2S0 - 25

o 3 [ o j 3 15 1%

IMisplicement (mm

damage is expected in wall CS01, it could not be detected in
the truss models with 50° and 55° angles due to limited hor-
izontal movement. The damage only develops in the lower
left and upper right corners. The same situation is observed
for CS03. In the finite element analysis performed by Araujo
[18], flexural and shear failure modes occur together. In the
proposed model, this behavior is best represented by the
45° angle (Figure 12). At CS02, there is general consistency.

In CTOI analyses, it is observed that the shear failure
mode becomes in a steeper form with the rise of the angle
(Figure 13), and it is more overlapped with the finite ele-
ment result. However, unexpected major flexural damages
also emerge. Although shear failure begins to occur at 55°
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Figure 12. The damage formation depending on the inclination angle (150 mm mesh size - CS03).
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Figure 13. The damage formation depending on the inclination angle (150 mm mesh size - CT01).

in CT02, flexural damage is still dominant. At 50°, only the
flexural failure mode is observed. Finally, in CT03, the situ-
ation is similar to CTO01. The 45° angle usually exhibits the
most consistent results for both aspect ratios (CS and CT).
The results obtained with the 250 mm mesh size are gen-
erally similar to those obtained with the 150 mm mesh size.
However, increasing the mesh size reduces the visibility of
damage distribution and complicates result interpretation.

CONCLUSION

This paper focuses on a parametric study to improve
a novel method for representing the in-plane behavior of
masonry structures. Various alternative conditions are sys-
tematically examined to address uncertainties that have not
been thoroughly explored in the existing literature.

In masonry structures, tension stress capacity is consid-
erably lower than compression strength, leading to higher
inclination angles. For example, the inclination angle values
calculated for axial stress levels of 0.50, 0.35 and 0.20 MPa
are 65°, 62° and 57°, respectively. Based on the results of the
parametric study, it is recommended that the angle should
not be chosen smaller than 45° or bigger than 55°.

An angle of 45° is found to be optimal for determin-
ing the capacity curve and assessing damage development.
However, to enhance result sensitivity, the angle may be var-
ied within the range of 45° to 55°, provided that pre-checks
such as crack formation and failure mode are performed.

The proposed method can effectively describe the
behavior of masonry structures, particularly as a prelimi-
nary analysis tool. However, it’s important to note that it
may not provide an exact solution, such as micro analysis.
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The inclination angle plays a significant role in the
determining cross-sectional area of diagonal elements,
which, in turn, affects the load-bearing capacity of the
numerical approach. Changes in the angle can significantly
alter the distribution of cross-sectional areas. For example,
increasing the angle from 45° to 50° results in an approxi-
mate 8% increment in the cross-sectional area of the diag-
onal element. The parameter, D g used in this study may
be updated to minimize its effect. Additionally, conducting
new test series may yield improved results.
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