
 
 

Delft University of Technology

Comparative numerical study to simulate masonry with bed joint reinforced repointing

Ho Lee, Ka; Mehrotra, Anjali; Esposito, Rita

DOI
10.1016/j.engstruct.2023.117135
Publication date
2023
Document Version
Final published version
Published in
Engineering Structures

Citation (APA)
Ho Lee, K., Mehrotra, A., & Esposito, R. (2023). Comparative numerical study to simulate masonry with bed
joint reinforced repointing. Engineering Structures, 300, Article 117135.
https://doi.org/10.1016/j.engstruct.2023.117135

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1016/j.engstruct.2023.117135
https://doi.org/10.1016/j.engstruct.2023.117135


Engineering Structures 300 (2024) 117135

Available online 20 November 2023
0141-0296/© 2023 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Comparative numerical study to simulate masonry with bed joint 
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A B S T R A C T   

Bed joint reinforced repointing is a retrofitting technique for unreinforced masonry structures that is commonly 
applied in the Netherlands to repair settlement-induced damage. Using this technique, the bed joints of masonry 
walls are reinforced with steel rebars that are embedded in a high strength repair mortar. Due to the increase of 
induced seismic events in the northern part of the Netherlands, an experimental study was carried out at Delft 
University of Technology to investigate the performance of this retrofitting technique for combined settlement 
and seismic loading. This paper aims to simulate the experimental results, with a focus on the comparison of 
different finite element modelling approaches for studying both un-strengthened and strengthened full-scale 
tested walls. To that end, three different models are investigated – comprising both macro (continuum) and 
simplified and detailed micro (brick-to-brick) modelling approaches. The bricks and mortar joints are modelled 
as one homogenous continuum in the macro model, whereas in the two brick-to-brick models these structural 
components are modelled separately, with the detailed model including interface elements to simulate the 
brick–mortar bonds. Nonlinear pushover analyses are subsequently carried out using all three modelling ap-
proaches, for both monotonic and cyclic loading cases. Based on these analyses, the detailed brick-to-brick model 
was found unsuitable to simulate the strengthened wall because cracks in the model mainly occur in the form of 
opening of the brick–mortar bond interfaces, while smeared cracking in the plane stress elements of the mortar 
joints is very limited. Similarly, the continuum damage model was found to be inaccurate when pre-existing 
damage in the experiment needed to be taken into account. The continuum damage model also showed lower 
axial stresses in the rebars, compared with the simplified brick-to-brick model, as the former does not allow for 
the direct assignment of material properties for the high strength repair mortar in the strengthened joints.   

1. Introduction 

The extraction of natural gas in the region of Groningen in the 
northern part of the Netherlands has been causing human-induced 
seismic activities for the past several decades [8]. This is problematic 
as the existing building stock in this region, which consists of mainly 
unreinforced masonry buildings and historical structures, is not 
designed to withstand seismic events as evidenced by a lack of empirical 
earthquake-resistant design features. Specifically, the presence of large 
openings and relatively slender walls makes these structures vulnerable 
to damage under the influence of seismic action. Further, a number of 
these buildings often sit on soft topsoil, which when combined with the 
gas extraction, is responsible for ground settlements which may further 
compromise their seismic capacity. 

A large number of experimental and numerical campaigns have been 

carried out at Delft University of Technology to understand the response 
of these unreinforced masonry (URM) structures to induced earthquakes 
[20], including several full-scale in-plane seismic tests on masonry walls 
[21] & [19,12]. One field of the experiments focused on the application 
and assessment of a retrofitting technique, namely bed joint reinforced 
repointing. This retrofitting technique consists of cutting a slot in the bed 
joints and installing steel bars, embedded in a high-strength repair 
mortar. Although this method is commonly applied in the Netherlands 
to counteract settlement damage, limited investigations have been 
conducted on its performance against seismic loading. To that end, an 
experimental campaign was conducted in which a quasi-static cyclic in- 
plane test on a full-scale masonry wall was performed to characterize the 
performance of the bed joint reinforcement technique [3,4,14,28]. 
Compared to the un-strengthened walls, tested in a previous experi-
mental campaign under similar conditions [10], it was observed that the 
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bed joint reinforced repointing can provide a significant improvement in 
terms of the displacement capacity and ductility of the wall, but not the 
force capacity. 

Previously, Drougkas and co-authors ([3] & [4]) performed numer-
ical investigations using both the continuum damage model (bricks and 
mortar joints modelled as one homogeneous continuum) and the 
simplified brick-to-brick model (bricks and mortar joints modelled sepa-
rately) for the simulation of the full-scale walls from the experiments. 
For both modelling approaches, an orthotropic smeared continuum 
model [26,27], was used for the simulation of the strengthened wall up 
to the Near Collapse state (that is, the state where the structure sustained 
heavy damage, close to structural collapse). It was observed that the bed 
joint bars below the window opening developed the highest axial 
stresses, without reaching yielding. Furthermore, Korswagen and co- 
authors ([10] & [11]) also used the two aforementioned modelling ap-
proaches and performed several numerical simulations of the un- 
strengthened wall in the Damage Limitation state (that is, the state 
where the structure sustained visible, “light” but repairable damage as is 
typical of low-magnitude, shallow earthquakes). It was reported that the 
strength and stiffness degradation observed in the experiments was not 
reproduced by the models using the orthotropic model. Moreover, when 
applying a monotonic loading protocol, the simplified brick-to-brick model 
was found to be more stable than the continuum damage model, meaning 
that more fluctuations were observed in the force–displacement curve 
for the latter. On the other hand, the detailed brick-to-brick model, in 
which the bricks and mortar joints are modelled separately with line 
interface elements included at the brick–mortar bonds (e.g. [17,2]), has 
not yet been adopted to simulate the wall retrofitted with the bed joint 
reinforced repointing. 

This paper focusses on the comparison of different modelling tech-
niques to simulate the response of masonry walls retrofitted with bed 
joint reinforced repointing and also provides such a comparison for un- 
strengthened walls. To that end, nonlinear pushover analyses (mono-
tonic and cyclic) are performed using the following three finite element 
modelling strategies: the continuum damage model, the simplified brick-to- 
brick model and the detailed brick-to-brick model. These approaches are 
chosen with respect to the ones available in literature, because they are 
the only one allowing for the integration of the reinforcement bars in the 
masonry or mortar elements. In this respect, for example the use of a 
model where the bricks are expanded up to half the thickness of the 
mortar joints, and connected to each other with zero-thickness interface 
elements (e.g., [15,23] & [24]) is not suitable since reinforcement bars 
cannot be connected to the zero-thickness interface elements. The 
objective of this study is to provide a comparison of the three afore-
mentioned modelling approaches and to find the most suited one for the 
simulation of the un-strengthened and strengthened walls. 

The comparative numerical study presented in this paper provides a 
better understanding of the challenges related to the modelling of 
strengthened masonry. In fact, often the modelling of strengthen ma-
sonry is address by using a single modelling technique with the purpose 
of replicating a set of experimental data. This is done either to under-
stand the local response of the reinforcement (e.g., [7], [1]) or to sup-
port the development of new modelling strategies (e.g.,[22,9]). 

The outline of this paper is as follows. First, a short summary of the 
experiment and test results is given in Section 2 as benchmark for the 
numerical simulations. Second, all aspects of the numerical modelling 
are discussed in Section 3. Third, the numerical results are presented and 
discussed in Section 4. Finally, the concluding remarks and limitations 
of this study are presented and discussed in Section 5. 

2. Experimental benchmarks 

In this paper two quasi-static cyclic in-plane tests on full-scale ma-
sonry walls performed at Delft University of Technology, are selected as 
benchmarks: an un-strengthened wall TUD_COMP-41 [10] and a wall 
strengthened with bed joint reinforced repointing TUD_COMP-45 

[14,28]. Both walls have the same geometry, material properties, 
loading and boundary conditions. The walls were built in single-leaf 
running bond using clay bricks and featured a single eccentrically 
located window opening. These walls represent slender walls with 
openings which are typically found in Dutch houses. 

Both walls were tested in a cantilever configuration which allowed 
for free displacement and rotation of the top while the bottom was fully 
fixed. Moreover, both walls were tested in the Damage Limitation (DL) 
state as well as in the Near Collapse (NC) state. The DL state consisted of 
a repetitive (one-way cyclic) quasi-static loading phase, comprising five 
incremental cycles of 20 runs each in the positive loading direction, 
followed by a cyclic (two-way) quasi-static loading phase, comprising 
seven incremental cycles of 30 runs each in both loading directions. A 
run is defined as the loading sequence after which the target displace-
ment is applied in one or both loading directions up to returning to the 
original position of the wall. The NC state was a cyclic (two-way) quasi- 
static loading phase, comprising eight cycles. The first two cycles consist 
of two runs each, while the remaining six cycles consist of one run each. 

The bed joint reinforcements were embedded (single or double bar 
configuration) in a layer of high strength repair mortar, while the di-
agonal ties were placed in pilot holes which were drilled across the 
diaognal stair-case cracks (Fig. 1). To simulate the presence of existing 
damage due to settement, the strengthened wall featured artificially 
introduced cracks (referred to as pre-damage, orange lines in Fig. 1), 
achieved by the inclusion of plastic sheets between the bricks and mortar 
joints, to account for the absence of bonding between them. To simulate 
the presence of damage due to low-intensity earthquakes, the wall was 
then tested in its un-strengthened state up to the light damage (DL) state; 
with the obtained damage here referred to as post-damage (red lines in 
Fig. 1). Afterwards, the wall was strengthened with the bed joint rein-
forced repointing and tested up to near collapse (NC). Differently than 
the strengthened wall, pre-damage was not present in the un- 
strengthened wall. Consequently, the comparison for light damage 
state is made considering the wall TUD_COMP-45 before and after the 
application of the retrofitting technique, while the comparison for the 
near collapse is made between the two different walls. 

According to [14,28], a reduction of crack width and length was 
obtained at the end of the DL state for the strengthened wall and an 

Fig. 1. Geometry of strengthened wall (TUD_COMP-45) with pre-damage (or-
ange), post-damage (red), bed joint reinforcements (double bars in green and 
single bar in pink), diagonal ties (blue) [4]. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of 
this article.) 

K. Ho Lee et al.                                                                                                                                                                                                                                 



Engineering Structures 300 (2024) 117135

3

increase in displacement capacity was recorded for the NC state. Both 
the un-strengthened and strengthened walls showed similar crack pat-
terns at the end of the DL state, namely cracks mainly developed step-
wise in the mortar joints from the window corners. No significant 
increment in force capacity was observed. The effect of the bed joint 
reinforcements was more evident at the end of the NC state in terms of a 
significant increment in displacement capacity and ductility of the wall. 
Approaching the end of the test, the presence of the steel bars in the bed 
joints triggered an arch failure mechanism at the area underneath the 
window opening, and toe crushing at the bottom right corner of the wall. 
The experimental results are presented together with the numerical re-
sults in the next sections. For a more detailed description of these ex-
periments the reader is referred to Licciardello et al. [28] and Drougkas 
et al., [4]. 

3. Numerical modelling methods 

To simulate the experiments as described above, three different finite 
element modelling approaches are adopted in this paper, namely: the 
continuum damage model; the simplified brick-to-brick model and the 
detailed brick-to-brick model (Fig. 2). These models are adopted to 
simulate both the un-strengthened and strengthened full-scale masonry 
walls from the experiments. The numerical analyses have been per-
formed using the finite element software DIANA version 10.4 [6]. Ma-
terial properties used are listed in Table A1 and A2 

The bricks and the mortar joints are modelled as one homogeneous 
continuum in the continuum damage model, where the material non- 
linearity is modelled using an orthotropic smeared cracking model to 
account for the orthotropic behavior of masonry [26,27]. This model 
assumes a linear softening in tension with secant unloading, a parabolic 
curve to describe the compressive behavior with non-secant unloading, 
and a linear softening in shear with elastic unloading and limitation of 
the maximum stress accordingly to Coulomb friction criterion. Plane 

stress elements with a mesh size of 50 mm are adopted for the masonry. 
In the simplified brick-to-brick model, the bricks and mortar joints are 

modelled separately but fully bonded, since failure at brick–mortar 
interface is not modelled. The bricks are kept linear elastic since 
cracking was not observed in the bricks until the last cycle of the 
experiment. The material non-linearity in the mortar joints is modelled 
using the orthotropic material model as applied above (but now applied 
only in the mortar joints), while a second model is also created using an 
isotropic material model in the mortar joints. Differently from the 
orthotropic model, the isotropic model only allows for secant unloading 
in shear [25,26]. Moreover, as for the orthotropic model, a linear soft-
ening function in tension and a parabolic softening function in 
compression has been applied for the isotropic model. Plane stress ele-
ments are used for the bricks and mortar; the mesh size is set to 10 mm to 
match the thickness of the mortar joints. 

Compared to the simplified brick-to-brick models, the only addition 
for the detailed brick-to-brick model is the inclusion of line interface ele-
ments at the brick–mortar bonds to account for the behavior over the 
discontinuous surfaces. These line interface elements are only placed at 
one side of the mortar joints which reduces the modelling effort and 
computational costs, without compromising the model accuracy [2]. As 
in the simplified brick-to-brick model, the bricks are kept linear elastic 
and the mortar is modelled adopting the orthotropic joint model; the 
same mesh size of 10 mm is used. The material non-linearity in the line 
interfaces at the brick–mortar bonds is modelled using a discrete 
cracking model including only tensile softening with secant unloading. 

To account for pre- and post-damage, modified material properties 
are assigned. Specifically, the Young’s modulus is reduced by 50 % 
compared to the un-damaged properties, while the tensile strength as 
well as the tensile and shear fracture energy are reduced to zero. This is 
done in order to account for the absence of bond in the pre-damage and 
the loss of interface cohesion in the post-damage due to crack opening 
[3]. For the continuum damage model, areas are identified for the 

Fig. 2. (a) Finite element model of full-scale un-strengthened wall; (b) continuum damage model; (c) simplified brick-to-brick model; (d) detailed brick-to-brick 
model with line interface elements marked in yellow. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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assignment of the reduced properties accordingly to the location of pre- 
and post-damage [3]. On the other hand, pre- and post-damage can be 
more accurately included in both the simplified and detailed brick-to- 
brick models since the bed and head joints are modelled individually, 
which allows for the direct assignment of the modified material prop-
erties to each structural component. 

The steel reinforcing bars are simulated with truss elements (i.e. bar 
elements, allowing for only axial forces/deformations) where interface 
elements are incorporated between the trusses and the plane stress el-
ements to simulate the bond-slip behavior. The Von Mises plasticity 
model is used to simulate potential yielding of the reinforcements in 
tension, while the bond-slip behavior is simulated by adopting the curve 
proposed by Model Code 2010 [5] and considering the related experi-
mental results. The material properties and numerical parameters are 
based on the previous work done by Drougkas et al.,[4]. The steel 
reinforcing bars, which are placed in pairs in some of the bed joints, are 
modelled as one single equivalent reinforcement bar with a circular 
cross-section equal to the sum of the areas of the original bars. Thus, 
while the diameter of a single steel bar is 6 mm, the diameter of the 
equivalent steel bar is 8.49 mm. The diagonal ties which are placed at 
the corners of the window opening in the experiment are excluded in the 
numerical models in this paper, as these have not been found to have a 
significant effect on the force capacity and the crack pattern of the wall 
[4,18]. Furthermore, the steel beams of the supporting frame (repre-
sented with beam elements) are kept linear elastic and set in a cantilever 
configuration; clamped at the base and unrestrained at the top, allowing 
free rotation of the top beam. 

Following the application of the overburden (12 N/mm) and the self- 
weight, the lateral loading is applied using displacement-control in 
order to capture the post-peak response. Both cyclic and monotonic 
pushover analyses have been adopted for the lateral loading. However, 
to reduce the computational costs for the cyclic pushover analyses, the 
adopted loading protocol from the experiment has been reduced to only 
one run per cycle. 

The walls have been modelled in 2D and analyzed under plane-stress 
assumptions using linearly interpolated elements. The reason for this is 
to simplify the problem since the focus is on the in-plane seismic 
response of the wall. Therefore, out-of-plane effects are not considered 
in the models. The applied integration scheme for the line interface el-
ements, plane stress elements and truss elements are 2-point Newton 
Cotes integration scheme, 2x2 Gauss integration scheme and 1-point 

Gauss integration scheme, respectively. Considering the analyses up to 
near collapse, full Newton-Raphson scheme has been applied as the 
convergence solution method with force and displacement norms (both 
satisfied) for all models. Different convergence tolerances, varying be-
tween 0.01 and 0.02, and load-step sizes were required for each model to 
be able to find converging results. Additionally, for the continuum 
damage model, head joint failure is considered via calculation of the 
tensile strength from the frictional shear stress in the bed joint, as this 
allows for the effect of high overburden loads to be accounted for in the 
model. Considering the analyses in the damage limitation phase, a 
sensitivity study regarding element type, mesh size, step size and 
convergence solution method was carried out to set the various 
modelling choices. For a detailed description of these applied numerical 
settings the reader is referred to Lee [13]. The applied material prop-
erties for each model are listed in Table A1. and Table A2. in the 
Appendix. 

4. Numerical results and discussion 

4.1. Damage limitation state 

In this section, the numerical results of all three modelling ap-
proaches are compared with each other as well as with the experimental 
results. The comparison is done by interpreting the force–displacement 
curves and the crack patterns at the end of the damage limitation phase 
(maximum displacement + 1.93 and − 1.93 mm in positive and negative 
loading direction, respectively). 

For the un-strengthened wall, all numerical models can reproduce the 
experimental crack pattern in the positive loading direction with very 
good accuracy (Fig. 3). Considering the negative loading direction, the 
crack patterns differ slightly between the models and the experiment 
especially at the bottom right corner of the wall. A possible explanation 
for this could be the difference in type of unloading, namely secant 
versus elastic unloading, considered by the different constitutive 
models. Some differences can also be observed between the models for 
the crack at the top of the left pier (crack number 2). This is comparable 
with the experiments [10] where small differences for this crack 
(sometimes horizontal and sometimes diagonal) were also observed 
between specimens with the same geometry, material properties, 
loading and boundary conditions. However, the cracks at the main po-
sitions are simulated very accurately, which captures the initiation of 

Fig. 3. Crack pattern in positive (blue) and negative (red) loading direction for un-strengthened wall in damage limitation phase: (a)-(b) continuum damage model; 
(c)-(d) simplified brick-to-brick model with isotropic joint model; (e)-(f) simplified brick-to-brick model with orthotropic joint model; (g)-(h) detailed brick-to-brick 
model; (i)-(j) experimental results (TUD_COMP-41). Ecw1 is the crack width in the maximum principal direction in plane stress elements and DUNy is the vertical 
crack opening in interface elements. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 4. Comparison of experimental (TUD_COMP-41) and numerical force–displacement curves for un-strengthened wall in damage limitation phase: (a) continuum 
damage model; (b) simplified brick-to-brick model with isotropic joint model; (c) simplified brick-to-brick model with orthotropic joint model; (d) detailed brick-to- 
brick model. 

Table 1 
Maximum base shear force and percentage difference with respect to experimental results for un-strengthened wall.   

Loading Max. base shear force (kN) Computational time (min) 
Positive x-direction Negative x-direction 

Experiment (TUD_COMP-41) Cyclic (30 run/cycle) 22.05  − 18.72  
Continuum damage model Cyclic (1 run/cycle) 26.47 (+20 %)  − 20.94 (+12 %) 4 

Monotonic 25.75 (+17 %)  − 21.44 (+15 %) 29 
Simplified brick-to-brick model with isotropic joint model Cyclic(1 run/cycle) 26.24 (+19 %)  − 21.91 (+17 %) 58 

Monotonic 26.71 (+21 %)  –22.01 (+18 %) 322 
Simplified brick-to-brick model with orthotropic joint model Cyclic(1 run/cycle) 26.18 (+19 %)  − 21.25 (+14 %) 36 

Monotonic 26.38 (+20 %)  − 21.70 (+16 %) 276 
Detailed brick-to-brick model Cyclic(1 run/cycle) 24.74 (+12 %)  − 20.52 (+10 %) 27 

Monotonic 25.07 (+14 %)  − 20.01 (+7%) 359  
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rocking of both piers. For the simplified brick-to-brick model, the 
isotropic joint model (Fig. 3(c)-(d)) provides better results than the 
orthotropic joint model (Fig. 3(e)-(f)). Specifically, the orthotropic joint 
model is unable to capture the diagonal staircase cracks as observed in 
the experiment, and instead mainly displays horizontal cracks. This can 
possibly be explained by the fact that this material model was mainly 
developed to simulate masonry as a composite material, for which the 
orthotropic behavior can be captured by using different properties for 
the elasticity, strength and toughness. 

The numerically derived force–displacement curves (Fig. 4) are in 
reasonable agreement with the experimental results in terms of the 
initial stiffness and the maximum force capacity of the wall, in both 
loading directions. Furthermore, the capacity curves obtained from the 
monotonic analyses follow the outline of the capacity curves for the 
cyclic analyses as the envelope curve. A limitation of the isotropic joint 
model is the underestimation of the energy dissipation, meaning that the 
hysteretic behavior is not well-captured because the material model 
does not allow for elastic unloading (only secant). For this reason, the 

Fig. 5. Crack pattern in positive (blue) and negative (red) loading direction for strengthened wall in Damage Limitations phase: (a)-(b) continuum damage model 
without pre- and post-damage; (c)-(d) simplified brick-to-brick model with isotropic joint model and without pre- and post-damage; (e)-(f) continuum damage model 
and with pre- and post-damage; (g)-(h) simplified brick-to-brick model with isotropic joint model and with pre- and post-damage; (i)-(j) experimental results 
(TUD_COMP-45). Ecw1 is the crack width in the maximum principal direction in plane stress elements. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 6. Comparison of experimental (TUD_COMP-45) and numerical force–displacement curves (monotonic analyses) for strengthened wall with and without pre- 
and post-damage in Damage Limitation phase: (a) continuum damage model; (b) simplified brick-to-brick model with isotropic joint model. 
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capacity curve always goes back to the origin after each cycle; this is an 
acceptable assumption in tension where we have closing of cracks in 
unloading, but is not an acceptable assumption in shear. 

Table 1 shows a comparison in terms of maximum base shear force in 
both loading direction and computational time. The small over-
estimations of the maximum force capacity can be explained by the fact 
that the numerical models are expected to be stronger due to perfect 
conditions, whereas imperfections such as weak brick–mortar bonds can 
occur locally in the wall in the experiment. Regarding the computational 
costs, the brick-to-brick models have similar performance and require 
generally 6 to 14 times more time than the continuum damage model. 

The numerical results for the strengthened wall are presented and 
discussed next where the performance of each modelling approach is 
evaluated based on the inclusion of the pre- and post-damage in the 
model. The results are presented in terms of crack patterns (Fig. 5), 
force–displacement curves (Fig. 6) and maximum base shear force 

Table 2 
Maximum base shear force and percentage difference with respect to model 
without pre- and post-damage.   

Pre-and post- 
damage 
included 

Max. base shear force (kN) 
Positive x- 
direction 

Negative x- 
direction 

Experiment 
(TUD_COMP-45) 

Yes  22.72  − 21.10 

Continuum damage 
model 

No  26.53  − 21.94 
Yes  21.81 (-18 %)  − 18.30 (-17 %) 

Simplified brick-to- 
brick model with 
isotropic joint model 

No  27.08  –22.98 
Yes  26.81 (-1%)  –22.38 (-3%)  

Fig. 7. Crack formation in detailed brick-to-brick model for strengthened wall.  

Fig. 8. Maximum axial stress in each row of bed joint reinforcement for detailed brick-to-brick model in Damage Limitation (DL) state: (a) positive loading direction; 
(b) negative loading direction. 
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(Table 2). The results for the simplified brick-to-brick with the ortho-
tropic joint model are not presented here, because as mentioned before 
with the numerical results of the un-strengthened wall, the model 
mainly displays horizontal cracks which differs from the experiment. A 
monotonic pushover loading protocol has been adopted for the analyses 
of the strengthened wall since, as demonstrated above, the capacity 
curves obtained from the monotonic analyses follow the outline of the 
capacity curves for the cyclic analyses as the envelope curve. Moreover, 
adopting a monotonic analysis for the models significantly reduces the 
computational demands. 

Considering the pre- and post-damage, the simplified brick-to-brick 
model performs better than the continuum damage model. For the con-
tinuum damage model, the pre- and post-damage is “smeared” over a 
whole damaged area (Fig. 5(e)-(f)) that is larger than the actual local-
ized damaged joints. This means that the wall is expected to be weaker 
on a larger area thus increasing the discrepancy between experimental 
and numerical results. On the other hand, this shortcoming is not present 
when considering the brick-to-brick model as shown by the results of 
simplified brick-to-brick model with isotropic joint model (Fig. 5(g)- 
(h)). In case the pre- and post-damage is not included, the continuum 
damage model provides similar results with the simplified brick-to-brick 
model for the Damage Limitation phase in terms of the crack patterns 
(Fig. 5(a)-(d)) and the maximum base shear forces in both loading di-
rections (Fig. 6 and Table 2). 

On the other hand, the detailed brick-to-brick model was found un-
suitable for simulating masonry walls retrofitted with bed joint rein-
forced repointing. Cracks mainly occurred in the form of opening of the 
line interface elements at the brick–mortar bonds, while smeared 
cracking in the plane stress elements of the mortar joints was very 
limited (Fig. 7). Since the reinforcement bars are connected to the plane 
stress elements representing the mortar joints, they experienced limited 
elongation and no slip. Consequently, the reinforcements were not 
getting activated and showed lower values of axial stress (Fig. 8) with 
respect to the simplified brick-to-brick models and the continuum 
damage model (Fig. 11). In addition to the Discrete Cracking model, the 
Combined Cracking-Shearing-Crushing model [16] is another material 
model which was used for the brick–mortar line interface elements in 
the numerical investigations by Lee [13]. It was concluded that this 
material model is not accurate for cyclic analyses because of the fact that 
elastic unloading takes place in tension, resulting in overly stiff cracks 
which do not close when loading the wall in the opposite direction. The 
cracks got larger after each cycle which was also seen in the force-
–displacement curves in the form of an overestimation of the energy 
dissipation. 

4.2. Near collapse state 

The response of the strengthened wall up to Near Collapse is simulated 
using only the continuum damage model and the simplified brick-to- 
brick model with isotropic joint model, since these two models had 
the most promising results from the tests up to the Damage Limitation 
state. 

The results for the Near Collapse state are compared with each other 
for both models in terms of the crack patterns (Fig. 9) and force-
–displacement curves (Fig. 10). The simplified brick-to-brick model with 
isotropic joint model is able to capture the diagonal stair-case cracks 
(Fig. 9(c)-(d)), whereas the cracks in the continuum damage model are 
mainly horizontal (Fig. 9(a)-(b)). 

The maximum force capacity of the wall is overestimated in both 
loading directions for both models as can be observed in the numerically 
derived force–displacement curves (Fig. 10). The strengthened wall 
TUD_COMP-45 showed a maximum base shear force equal to + 25.14 kN 
and –23.46 kN in the positive and negative loading directions, respec-
tively [28], while the numerically-derived results and corresponding 
percentage differences with respect to the experiment are: +28.73 kN 
(+14 %) and − 25.82 kN (+10 %) in the positive and negative loading 
direction, respectively for the continuum damage model and + 27.26 kN 
(+8%) and − 26.27 kN (+12 %) in the positive and negative loading 
direction, respectively for the simplified brick-to-brick-model with 
isotropic joint model. After the peak, the numerical results are obtained 
with a converging error closer to the specified convergence tolerance 
(0.01 for continuum damage model and 0.02 for simplified 
brick-to-brick model), as indicated by orange markers in Fig. 10. How-
ever, in some cases the error is relative larger (>0.05), as indicated by 
red markers in Fig. 10; this is especially around at a displacement of +
50 mm when a horizontal crack at the base of the wall is formed, as 
shown for the continuum damage model in Fig. 10(a) and for the 
simplified brick-to-brick model in Fig. 9(c). 

The maximum axial stresses occurring in each row of bed joint 
reinforcement are indicated in Fig. 11 for both models in the Damage 
Limitation state (orange) as well as in the Near Collapse state (black). 
Important to note is that the maximum axial stresses in each row of 
rebars are not reached at the same top displacement of the wall. It can be 
observed that the axial stresses in the rebars are overall higher in the 
simplified brick-to-brick model with isotropic joint model than the 
continuum damage model. A possible explanation for this is that the 
brick-to-brick model does allow for the direct assignment of material 
properties for the high strength repair mortar in the strengthened joints, 
while the continuum damage model does not. Consequently, the 
strengthened joints are stiffer in the simplified brick-to-brick model and 

Fig. 9. Crack pattern in positive (blue) and negative (red) loading direction for strengthened wall without pre- and post-damage in Near Collapse phase for: (a)-(b) 
continuum damage model; (c)-(d) simplified brick-to-brick model with isotropic joint model; (e) experimental results (TUD_COMP-45). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 10. Comparison of experimental (TUD_COMP-45) and numerical force–displacement curves (monotonic analyses) for strengthened wall without pre- and post- 
damage in Near Collapse: (a) continuum damage model; (b) simplified brick-to-brick model with isotropic joint model. 
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thus the axial stresses are higher in the rebars. 

5. Conclusions 

In this paper three different modelling approaches for simulating un- 
strengthened and strengthened full-scale masonry walls retrofitted with 
bed joint reinforced repointing were investigated. Each approach 
simulated the wall at different levels of detail, ranging from the contin-
uum damage model, in which the bricks and mortar joints are modelled as 
one homogenous continuum, to the simplified and detailed brick-to-brick 
models, in which the bricks and mortar joints are modelled separately 
(with line interface elements at the brick–mortar bonds for the latter 
model). The objective of this study was to compare the accuracy of the 
modelling approaches and to determine the most suited especially for 
the simulation of the strengthened wall, also considering the comparison 
for the un-strengthened one. 

Considering the simulations of the un-strengthened wall, all model-
ling approaches are able to reproduce the experimental crack pattern 
with very good accuracy and provide an estimation of the base shear 
force within a maximum of 20 % error. The cracks at the main positions 
are simulated very accurately, which captures the rocking failure 
behavior of both piers. However, the brick-to-brick models offer greater 
resolution in modelling the crack pattern compared to the continuum 

damage model. This comes at the cost of modelling and computational 
time, with the latter being 6 to 14 times larger than the one required by 
the continuum damage model. 

Among the simplified brick-to-brick models, the isotropic joint model 
is able to reproduce the experimental crack pattern more accurately 
compared with the orthotropic joint model. However, only the latter 
model is able to capture the hysteretic behavior in the force–displace-
ment curve since the material model allows for elastic unloading in 
shear. 

Considering the simulations of the strengthened wall, the detailed 
brick-to-brick model is not able to capture the behavior of the re-
inforcements since cracks mainly occur in the form of opening of the 
brick–mortar interface elements, while cracking in the plane stress ele-
ments representing the mortar joints is very limited. Consequently, the 
reinforcements are not getting activated and thus inaccurate/low values 
are obtained for the axial stress. 

If pre- and post-damage needs to be included in the model, the 
simplified brick-to brick model is more accurate compared with the con-
tinuum damage model since the geometry of the bed and head joints are 
modelled separately which allows for the direct assignment of the 
modified material properties to each structural component. On the other 
hand, if pre- and post-damage is not simulated, both models provide 
similar results for the analyses in the Damage Limitation phase but not 

Fig. 11. Maximum axial stress in each row of bed joint reinforcement for Damage Limitation state (orange) and Near Collapse state (black): (a)-(b) continuum 
damage model; (c)-(d) simplified brick-to-brick model with isotropic joint model. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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for the Near Collapse phase. The cracks in the continuum damage model 
are mainly horizontal, while the simplified brick-to-brick model is able 
to reproduce the diagonal (staircase) cracks with a higher degree of fi-
delity. Moreover, the maximum axial stresses in the rebars are overall 
higher in the simplified brick-to-brick model, which can be possibly 
explained by the fact that the model allows for the direct assignment of 
material properties for the high strength repair mortar in the strength-
ened joints. 

One limitation of the applied models in this study is that the out-of- 
plane (OOP) deformation cannot be captured since the models are two- 
dimensional. According to [4,28], OOP deformation in the strengthened 
wall was observed towards the end of the test, not only at the base of the 
wall but also in both piers due to the asymmetric placement of the bed 
joint reinforcements within the thickness of the wall. The OOP effect can 
be simulated with the use of layered shell elements, which was applied 
by Drougkas et al., [4]. Important to emphasize however is that 
computational costs will be significantly increased. Furthermore, the 
bricks are kept linear elastic in the brick-to-brick models in this study, 
which means that the possibility of crushing and cracking in the bricks 
are ignored. This assumption was made considering that mostly tensile 
and shear failure in joints was experimentally reported. Moreover, it 
reduces the computational costs significantly. This approach remains 
valid up to the point where the bricks experience local failure (crushing 
and cracking), which was at the last cycle of the experiment for the 
strengthened wall at the bottom right corner. 

Finally, different application fields exist for the different modelling 
approaches examined here. The two brick-to-brick models are necessary 
to give a better understanding about the local failure behavior in ma-
sonry, while the continuum damage model is better suited when a 
compromise between accuracy and efficiency is needed - for example, 
when modelling entire structures instead of individual structural 
components. 
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