
Chapter 5

Assessment of confinements around the

openings in CBM walls

5.1 General Discussion

In building design and construction, openings such as doors and windows are indispensable

for ensuring natural light and ventilation, greatly enhancing the functionality and comfort

of a building’s interior. However, despite their advantages, these openings can significantly

weaken the structural integrity of masonry wall units by reducing both their torsional resis-

tance and lateral stiffness. To counteract these adverse effects, various solutions involving

confinement around the openings have been explored in the literature [33], [44]. These con-

finement strategies aim to reinforce the structural performance of walls, particularly in the

context of seismic resistance.

Themost studied confinement schemes can be broadly categorised into twomain approaches.

The first approach emphasises vertical confinement through the use of continuous tie-columns

extending along the full height of the wall. These vertical columns are typically combined

with intermittent tie-beams placed along the top and bottom edges of the openings. This

method strengthens the vertical plane of the wall, enhancing its capacity to resist torsional

forces and improving overall robustness.
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The second approach focuses on horizontal confinement. In this method, continuous hori-

zontal sill and lintel beams are integrated along the entire length of the wall, providing ad-

ditional lateral support. These beams are further reinforced by intermittent tie-columns on

either side of the openings, creating a horizontal framework that significantly improves the

lateral stiffness of the wall. Together, these horizontal and vertical confinement strategies

form a cohesive structural system aimed at reducing the vulnerability of masonry walls to

lateral forces such as those induced by earthquakes.

Despite the attention given to confinement strategies in other masonry types, research on the

confinement of confined brick masonry (CBM) structures remains limited. This leaves a gap

in our understanding of how best to mitigate structural damage in CBM walls during seismic

events. To address this, the present study undertakes a comprehensive parametric analysis of

different confinement schemes for CBM walls. By examining a variety of confining strate-

gies, the aim is to identify solutions that are both structurally effective and economically

feasible.

The overarching goal of this research is to promote safer and more resilient construction

practices by developing confinement schemes that enhance the seismic performance of CBM

walls. In doing so, this study not only seeks to improve the overall structural behaviour of

CBM buildings but also aims to provide practical solutions that can be easily implemented in

the field. Ultimately, these findings contribute to advancing building design and construction

standards, particularly in seismic-prone regions.

88



CHAPTER 5. ASSESSMENT OF CONFINEMENTS AROUND THE OPENINGS IN
CBMWALLS

a. Scheme A b. Scheme B c. Scheme C

d. Scheme D

i. Scheme D1

k. Scheme F1j . Scheme E1 l. Scheme G1

e. Scheme E f. Scheme F

g. Scheme G h. Scheme C1

Figure 5.1: Pictorial representation of the confinement schemes
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Figure 5.2: Pushover curve for confinement schemes without tooth

5.2 Confinement schemes undertaken in this study

In this section, the study explores a broad spectrum of confinement schemes, drawing from

current construction practices, previous literature, and several newly proposed designs. The

confinement schemes are visually represented in Figure 5.1, and their dimensional attributes

are exhaustively detailed in Table 5.1. Figure 5.1b, showcases a commonly employed prac-

tice of providing discontinuous confinement around an opening. This scheme serves as a

baseline example, illustrating how openings are typically reinforced in conventional con-

struction. Figure 5.1c offers a modified version of this baseline scheme, introducing slight

changes aimed at enhancing its effectiveness. Figures 5.1a, d, e, f, and g depicts alternate

confinement schemes based on established research in the field of RC infill and CBM walls.

These schemes are inspired by notable studies, including those by Yáñez et al. [33], Jagadish

et al. [62], and Kuroki et al. [58]. These designs incorporate various strategies to reinforce

the walls and improve their resilience to lateral forces and seismic activity.

In addition to these established methods, the study also proposes a series of innovative con-

finement schemes, illustrated in Figure 5.1h, i, j, k, and l. These newly introduced designs
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Figure 5.3: Pushover curve for confinement schemes with tooth

Table 5.2: Seismic Parameters for confinements schemes without tooth

Parameters Scheme
A B C D E F G

Ultimate strength (kN) 230.7 148.4 185.2 194 246.2 214.5 280.5
Stiffness (MN/m) 252.7 255.6 241.4 250.7 243.5 257.4 246.5

build upon the previously discussed schemes (Figure 5.1 c, d, e, f, and g) by integrating

”tooth” into the vertical bands. This modification is intended to enhance the interaction be-

tween the wall and the confinement elements, thereby improving the overall structural in-

tegrity and resistance to seismic forces.

The newly proposed schemes aim to address some of the limitations observed in traditional

confinement practices. By introducing teeth into the vertical bands, these designs seek to

provide a more robust confinement mechanism that can better distribute stress and prevent

structural failures. This innovation is expected to offer significant improvements in the per-

formance of CBM walls, especially in regions prone to seismic activity.
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Table 5.3: Seismic Parameters for confinements schemes with tooth

Parameters Scheme
C1 D1 E1 F1 G1

Ultimate strength (kN) 186.8 196.3 247.8 219 282.1
Stiffness (MN/m) 248.8 256.31 246.3 276.2 250.4
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Figure 5.4: Comparing ultimate strength of no opening, 10% opening and confining schemes

5.3 Result and Discussion

Overall, the study’s comprehensive examination of both traditional and novel confinement

schemes provides valuable insights into the optimisation of CBM wall designs. The goal

is to identify structurally sound and economically viable confinement strategies that can be

readily implemented in construction practices, ensuring safer and more resilient buildings.

To facilitate a thorough evaluation and comparison, the seismic parameters obtained from

the analyses of pushover curves are categorised into two distinct subgroups: confinement

scheme without tooth in vertical band (Figure 5.2) and confinement scheme with tooth in

vertical band (Figure 5.3).
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Table 5.2 illustrates seismic parameters for confinement schemes without tooth in vertical

band. The table shows that ultimate strength is the minimum for scheme B and maximum

for scheme G of the confinement.
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Figure 5.5: Comparing energy dissipation of no opening, 10% opening and confining
schemes

Table 5.3 presents the seismic parameters for confinement schemes with tooth in the verti-

cal band. The table shows that there is not much improvement in the seismic performance

compared to the schemes without tooth in vertical band.

A nominal improvement of 0.41% is observed in ultimate strength when scheme G1 is com-

pared to its counterpart without a tooth, i.e. scheme G. Similarly, ultimate strength increased

by 1.2%when scheme E1 is compared with scheme E. Figure 5.4 shows a histogram compar-

ing ultimate strength obtained for the CBM wall with no opening, 10% opening and various

confining schemes. It is observed that a 10% opening in a CBM wall substantially reduced

ultimate strength by 40.9% compared to the CBM wall with no opening. To mitigate this re-

duction in ultimate strength, we have proposed several confined schemes, aiming to recover

the lost ultimate strength due to the opening. The results demonstrated varying degrees of
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success across different schemes. Scheme B yielded a modest recovery of 5.5% in ultimate

strength, while Scheme C, D, and F exhibited more promising outcomes, achieving recover-

ies of 27.8%, 33.5%, and 48% respectively. Scheme A demonstrated a significant recovery

of 59%, while Scheme E performed even better with a notable 67.3% recovery. However,

the most remarkable recovery of 91.7% in ultimate strength is achieved through Scheme G.

Interestingly, schemes involving tooth in vertical bands, such as C1, D1, E1, F1, and G1, did

not lead to significant changes compared to their counterparts without these elements.

Figure 5.5 displays the energy dissipation of CBM walls without openings, with 10% open-

ings, and under various confinement schemes. These observed values support our conclu-

sions about the effectiveness of the confinement schemes.

Figure 5.6 depicts the damage progression for confining schemes around the opening with

and without tooth in the vertical bands in the CBM wall. It is important to observe that the

beam-column joint facedmore damage in the case of discontinuous horizontal band compared

to continuous horizontal band, as seen in Figure 5.6 (a), (b). Further, the damage propagation

in the CBM walls with horizontal and vertical bands has been observed as depicted in Figure

5.6 (a), (d). It is observed that the critical beam-column joints are damaged largely in the wall

with the vertical band compared to the horizontal band. Further, it is found that schemes C,

D, E, F, G and scheme C1. D1, E1, F1, G1 exhibit a similar structural response as depicted

in Figure 5.6. This is also validated by the values shown in Table 5.2 and Table 5.3.

Additionally, the comparison of damage progression profiles between the CBMwalls with an

opening and CBM walls with various confinement schemes around the opening (Figure 5.6)

revealed that walls with confinement experienced decreased damage around the opening cor-

ners and tie-column and beam joint. The observed improvement in the seismic performance

of CBM walls is attributed to the strategic application of confinement around openings. By

partitioning the wall into smaller panels through this approach, a more uniform distribution

of diagonal shear cracks is achieved throughout the structure. This controlled distribution is

instrumental in fortifying the overall integrity of the walls under seismic stress.
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Figure 5.6: Maximum tensile damage propagation due to confinement schemes
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Figure 5.7: Recommendations of different confinement schemes based on ultimate strength
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Also, from Figure 5.2, it is observed that Scheme G exhibits a reduction in lateral force be-

yond a lateral displacement of approximately 6 mm, in contrast to Scheme E, which aligns

with its performance characteristics and the data provided. Scheme G achieves the highest

ultimate strength of 280.5 kN, representing a 7.9% improvement over the CBM wall with

no opening, and demonstrates greater stiffness (246.5 MN/m) compared to Scheme E (243.5

MN/m). These properties suggest that Scheme G is optimised for resisting peak loads and

maintaining rigidity during the initial loading stages. However, its post-peak behaviour is

characterised by a more pronounced decrease in lateral force, likely due to stress redistribu-

tion and localised damage as the structure experiences larger deformations.

In contrast, Schemes A and E, while exhibiting slightly lower ultimate strength, present a

more stable post-peak response, indicating greater resilience to sustained lateral displace-

ments and better capacity to withstand ongoing deformation.

Furthermore, Scheme G may be considered uneconomical due to its reliance on an excessive

number of reinforced concrete (RC) bands. Therefore, to optimise both structural perfor-

mance and cost-effectiveness, it is recommended to adopt Scheme A or E, as depicted in

Figure 5.7, which deliver improved performance at a more reasonable cost for confinement.

5.4 Concluding Remarks

This research underscores the critical importance of implementing confinement around open-

ings to improve the seismic performance of confined brick masonry (CBM) walls. Among

the various strategies examined, Confinement Scheme G demonstrated a notable 4.6% in-

crease in ultimate strength compared to CBM walls without openings. However, despite this

improvement in strength, Scheme G may not be the most economically viable option. More

cost-effective alternatives, such as Confinement Schemes A and E, present a more balanced

solution, offering considerable performance enhancements while maintaining economic fea-

sibility.

These findings are particularly significant as they highlight the role of confinement in reduc-

ing stress concentrations and preventing localized failures, especially around the vulnerable
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corners of openings in CBM walls. By addressing the detrimental effects of openings on

structural performance, this study provides essential insights into strategies that can enhance

the overall integrity and seismic resilience of CBM structures.

The research serves as a valuable resource for engineers and builders, offering evidence-

based recommendations for the design and integration of effective confinement schemes. It

advocates for a thoughtful approach that strikes an optimal balance between cost-efficiency

and structural performance. In doing so, the study contributes to advancing construction

practices by promoting the use of confinement strategies that not only improve the durability

and safety of CBM walls but also ensure practical implementation in the field. This holistic

approach to design ensures that CBM structures are better equipped to withstand seismic

forces while remaining economically sustainable.
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Chapter 6

Assessment of toothing schemes in CBM

wall

6.1 General Discussion

A typical confined brick masonry (CBM) wall consists of in-situ cast reinforced concrete

(RC) vertical and horizontal elements that enclose unreinforced masonry (URM) wall seg-

ments. Once the masonry wall is erected, concrete is poured into these RC tie-columns and

tie-beams, filling any voids and encasing the vertically protruding reinforcement bars that

extend from the foundation. This process creates a composite structure where the bond be-

tween the concrete tie elements and the masonry plays a pivotal role in determining the wall’s

performance under lateral loads, such as those caused by seismic forces.

The strength of this bond, which is primarily dependent on the interaction between the con-

crete and the masonry, is influenced by several factors, including concrete shrinkage. Shrink-

age can reduce the effectiveness of the bond, potentially leading to weakened structural be-

haviour. Therefore, ensuring a strong and durable connection between the masonry walls

and the adjacent RC tie-columns is crucial for enhancing the seismic performance of CBM

walls. A robust bond helps to prevent issues like premature cracking and the detachment of

masonry from its confining RC elements, which can severely compromise the wall’s ability
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to withstand seismic forces.

Optimising this bond not only improves the overall strength and stability of CBM structures

but also plays a vital role in preventing structural failures during seismic events. Thus, careful

attention to the quality of the connection between masonry and RC tie-columns is essential

for achieving resilient and safe masonry walls in seismic-prone areas.

Previous experimental tests and earthquake damage assessments have highlighted issues such

as vertical cracks and partial disintegration of panels and confining frame elements, signifi-

cantly impacting the overall seismic behaviour of confined walls [12].

Achieving a reliable bond between a masonry wall and neighboring RC tie-columns can be

accomplished through two primary methods: employing ’toothing’ at the interface, where

masonry units are staggered at tie-column locations and integrating horizontal reinforce-

ment (dowels) anchored into RC tie-columns. This technique of ’toothing’ at the wall-to-tie-

column interface is also referred to as ’shear-key’ or ’toothed shear-key’ in certain research

articles [29], [75], and it is commonly recognized in construction and design guidelines [6],

[24], [140]. Most research into the connection details between walls and tie columns has

focused on the impact of shear connectors or dowels on the in-plane behaviour of confined

masonry walls [141], [142]. These studies suggest that reinforcing the interface between the

masonry wall and tie column with dowels can enhance the wall’s deformability after reach-

ing its maximum ultimate lateral load. Various connection details, such as dowels and zigzag

connections, have been studied for their effectiveness.

Experimental tests by Wijaya et al. [37] compared the performance of CBM walls with dif-

ferent connections, including no anchorage, short anchors (dowels) between each tie-column

and the masonry panel, zigzag (toothing) connections, and continuous anchorage along the

wall. Results indicated that dowel and zigzag connections are ineffective in enhancing the

performance of the tested CBMwalls. However, walls with anchoring showed increased load

and displacement capacities, although the wall with a zigzag connection exhibited a 16% de-

crease in load resistance, while a continuous connection allowed for a 3% increase in load

capacity.
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Similarly, Matošević et al.[38] conducted an experimental study to evaluate the impact of

various connection details on the response of CBM walls under lateral cyclic loading, using

materials and wall configurations typical of European buildings. The tested walls, measuring

1.44 m in length and 1.65 m in height, are constructed using clay bricks and mortar joints,

reinforced with RC ties. Besides the smooth connection, zigzag and dowel connections are

also examined. Performance indicators showed that walls with enhanced connections exhib-

ited increased displacement capacity (31% and 79% more for zigzag and dowel connections,

respectively) due to diffused cracking and higher inelastic capacity, with slightly lower load

resistance (8–10%). The effectiveness of the masonry-to-tie-column connection depends on

the materials and wall configuration, necessitating consideration of results from different

cases, such as those presented by Singhal and Rai [44].

In addition to these experimental studies, an UNIDO/UNDP [143] study highlighted the ad-

vantageous effects of toothed connections on wall performance, shedding light on their po-

tential benefits. Similarly, research by Bartolome et al. [144] compared confined masonry

walls with both toothed and dowel connections, revealing enhancements in lateral perfor-

mance with either connection type. However, earlier literature lacks a definitive recommen-

dation on the preferable type of connection and the criteria for selecting the most suitable

connection. There is a need for more comprehensive guidelines that outline the advantages

and disadvantages of different connection types, as well as clear criteria for making informed

decisions based on specific requirements and contexts.

In this work, we investigate the effect of different types of toothed connections specifically

on tie-columns-masonry wall connection details using an extensive finite element investiga-

tion. We explore various parameters such as openings, wall thickness, and toothing horizon-

tal and vertical dimensions to ensure the reliability and comprehensiveness of our analysis.

Additionally, we evaluate and quantify the influence of these connection schemes on the ul-

timate strength, stiffness, and energy dissipation capacity of CBM walls. We compare the

response of confined wall panels across various connections, including smooth connections

at the masonry-concrete interface without tooths, smooth connections with steel dowels in

bed joints, and both machine-made and hand-made tooth-type joints. This comparison aims
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to offer recommendations on connection preference, a novel aspect not explored in prior

studies or suggested by confined masonry code books.

6.2 Parametric study

In this section, extensive parametric study have been carried out, delving into diverse facets

including various toothing schemes, the influence of wall thickness on these schemes, the

impact of openings, and the effect of different tooth sizes on CBM wall performance. Addi-

tionally, we assess the seismic responses of CBM walls in relation to these parameters.

6.2.1 Comparison of toothing schemes in CBM walls

The seismic behaviour of a CBM wall panel can be attributed to the monolithic action result-

ing from the interaction between the masonry wall and the adjacent reinforced concrete (RC)

confining elements. A key feature of CBM construction is the presence of toothing between

the walls and tie columns, which enhances the composite action between the masonry wall

and the RC-tie elements. According to the EERI 2011, there are three recommended methods

for providing toothing in confined brick masonry: machine-made, hand-made, and horizon-

tal reinforcement where toothing is not feasible. Additionally, some literature suggests an

alternative approach where no toothing is provided [34]. Figure 6.1 illustrates the various

toothing methods considered in this parametric study. It is important to note that all walls

examined in this study have identical dimensions, materials, and an aspect ratio (h/l) of 1.15.

The seismic behaviour of a CBM wall panel can be explained by the monolithic action re-

sulting from the interaction between the masonry wall and the adjacent reinforced concrete

(RC) confining elements. The presence of tooth between the walls and tie columns is a fun-

damental aspect of CBM construction which facilitates the composite action of masonry wall

and the confining RC-tie elements. Figure 6.1 illustrates the various toothing methods used

in CBM wall, as mentioned in past literature’s [139], used in this parametric study. It is im-

portant to note that all the walls having different toothing scheme considered in this study

have identical dimensions, materials, and aspect ratio (h/l= 1.15).
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Figure 6.1: Pictorial representation of (a) Hand-made solid units (b) Machine-made hollow
units (c) Horizontal reinforcement (d) CBM wall with no-tooth.

Table 6.1: Seismic parameters of the toothing schemes in CBM wall

Toothing Scheme Seismic parameters
Ultimate strength (kN) Stiffness (MN/m)

Hand-made unit 237.6 61.3
Machine-made unit 246.4 74.8
Horizontal reinforcement 245.6 62.34
No-tooth 231 59.3
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Figure 6.2: Pushover Curves for al the toothing schemes considered in the study

The pushover curves are plotted using a nonlinear finite element analyses, as depicted Figure

6.2. From these curves, the seismic response of the walls is analysed. A summary of the eval-

uated seismic parameters is provided in Table 6.1. It is observed that the ultimate strength is

higher by 3.7%, 0.32%, and 6.6% for machine-made hollow units compared to hand-made

units, horizontal reinforcement, and no tooth in CBMwalls, respectively. Similarly, the stiff-

ness exhibit significantly higher values for machine-made hollow units compared to other

schemes.

Figure 6.3 presents the energy absorption of various toothing schemes in CBM walls. The

results indicate that the machine-made hollow toothing scheme in CBM exhibits a higher

energy absorption of 1.5%, 15.2%, and 2.8% when compared to the hand-made, horizontal

reinforcement, and no-tooth schemes, respectively.

Figure 6.4 depicts the damage progression for various confining schemes in the CBMwall at

20 mm displacement. In the case of the CBM wall with no toothing, the beam-column joint

experienced more damage compared to other toothing schemes. This is due to the lack of

interlocking between the blocks in the wall, leading to decreased stability and resistance to
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Figure 6.3: Energy dissipation for the toothing schemes considered in this study

Table 6.2: h/t provisions for CBM buildings in different design codes

Code

Argentina:
IN-PRES-
CIRSOC 103,
Part II
(2018)

Europe:
Eurocode 8,
Part1 EN
1998-1:2004
(CEN2004)

Peru:
E.070
(2006)

China: GB
50003-2011
(2011)

Chile: NCH
2123.097
(2003)

Wall h/t
(limit) 15 15 20 22− 26 25

external forces. Without proper interlocking, the load transfer between the beam and column

might not be efficiently distributed, resulting in stress concentration at the interface, which

could enhance damage. On the other hand, the machine-made toothing scheme showed less

damage in the beam-column joint compared to other toothing schemes. Machine-made tooth-

ing typically involves precise cutting and shaping of the blocks, ensuring better alignment

and interlocking between them. This results in a more robust and stable wall construction,

consequently reducing the likelihood of damage to the beam-column joint. Therefore, the

observations clearly indicates that the structural performance of the beam-column joint is

influenced by the type of toothing scheme employed in the construction of the CBM.
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Figure 6.4: Damage propagation of the toothing schemes a. Hand-made hollow unit, b.
Machine-made hollow unit, c. Horizontal reinforcement and d. No-Tooth CBM wall
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Figure 6.5: Pushover curve of different toothing schemes for various thickness of the wall
(a) Hand-made hollow unit, (b) Machine-made hollow unit, (c) Horizontal reinforcement, (d)
No-Tooth CBM wall

6.2.2 Effect of wall thickness on the different toothing schemes

In code of practices, the height to thickness ratio have been defined between the range of 15

to 25, as shown in Table 6.2. This section attempts to analyse the effect of the wall thick-

ness on the various toothing schemes. For this purpose, the thickness of the wall have been

varied considering the range of h/t ratios provided by the codes. In this study, wall height

is adopted as 3000 mm and thickness is varied between 130, 160 and 200 mm for all the

toothing schemes viz. hand-made, machine-made, horizontal reinforcement and no-tooth.

Finite element (FE) analyses have been performed on walls with various toothing schemes

and thicknesses, resulting in pushover curves depicted in Figure 6.5. Subsequently, these

curves are utilised to evaluate the seismic parameters of the wall, as summarised in Table

6.3.

It is observed that as the thickness increases, the ultimate strength and the stiffness value

increases for all toothing schemes. Specifically, in the hand-made toothing scheme, the ul-
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Table 6.3: Seismic parameters for different h/t ratio for various toothing schemes

Toothing Scheme Seismic Parameter h/t Ratio
15 18.75 23

Hand-made unit Ultimate strength (kN) 311.2 286.6 237.6
Stiffness (MN/m) 143.8 110.7 74.4

Machine-made unit Ultimate strength (kN) 318.9 296.1 246.4
Stiffness (MN/m) 124.1 89 61.3

Horizontal reinforcement Ultimate strength (kN) 316.9 295.6 245.6
Stiffness (MN/m) 132 83.2 59.3

No-tooth Ultimate strength (kN) 315.9 291.3 238.5
Stiffness (MN/m) 118.4 86.8 58.8

timate strength and stiffness decreased by 23.6% and 48.2%, respectively, as the h/t ratio

increased from 15 to 23. Similarly, for the machine-made, horizontal reinforcement, and no-

tooth schemes, the ultimate strength and stiffness decreased by 22.70% and 50.6%, 22.5% and

55%, 24.4% and 50.35%, respectively. Also, by comparing the percentage changes across

different toothing schemes, it is observed that although the trend of increasing thickness lead-

ing to increased strength and stiffness holds true for all schemes, the rates of change vary as

observed from Tables 6.3. For instance it is observed that for the rate of increase in strength is

maximum for no-tooth scheme (32.4%) and minimum for horizontal reinforcement scheme

(29%). This suggests that the effectiveness of the toothing schemes in enhancing strength

and stiffness differs.

6.2.3 Effect of opening in CBM walls with varying toothing schemes

In the realm of building design and construction, openings play a vital role as essential func-

tional elements, facilitating the entry of natural light and fresh air into the structure. Nev-

ertheless, these openings have a notable impact on the structural integrity of masonry wall

units, diminishing their torsional resistance and lateral stiffness.

A study has been conducted to compare and enhance the understanding for the influence

of openings on CBM walls employing various toothing schemes. This investigation intro-
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Figure 6.6: Pushover curve of different toothing schemes with opening

Table 6.4: Seismic parameters of opening in CBM walls with different toothing schemes

Toothing Scheme Seismic parameters
Ultimate strength (kN) Stiffness (MN/m)

Hand-made unit 143.7 32.9
Machine-made unit 164.5 27.5
Horizontal reinforcement 159.1 28.5
No-tooth 148.7 30.4

duces an opening size equivalent to 10% of the total masonry area. The study incorporates

an exhaustive numerical analysis designed to explore the effect of opening on the ultimate

strength and stiffness of CBM walls featuring different toothing schemes. Furthermore, the

examination encompasses the analysis of pushover curves, as depicted in Figure 6.6. Table

6.4 presents ultimate strength, and stiffness as observed from the pushover curves of opening

in CBM walls with different toothing schemes.

It is observed that the hand-made hollow units experience a decrease of 39.50% in ultimate

strength and 46.3% in stiffness. Similarly, machine-made hollow units exhibit a reduction of
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Figure 6.7: Energy absorption for different toothing schemes with opening

33.23% in ultimate strength and 63.23% in stiffness. Moreover, there is a decrease of 35.20%

in ultimate strength and 54.30% in stiffness for horizontal reinforcement, and a decrease of

35.60% in ultimate strength and 48.70% in stiffness for CBM walls without teeth. Also, the

energy absorption in horizontal reinforcement is higher compared to other toothing scheme

as shown in Figure 6.7. The decrease in both the ultimate strength and stiffness in CBMwalls

is attributed to the presence of openings, which obstruct proper load propagation within the

structure. These openings also cause stress concentrations, especially at the corners of the

walls, which in turn promote the initiation and propagation of cracks along the diagonal axis,

as clearly depicted in Figure 6.8.

Furthermore, it is noted that the configuration and design of tooth profiles have a notable

effect on stress concentrations. Varied toothing schemes influence the distribution of forces

across contact surfaces, thus modifying stress dispersion. For instance, smoother tooth pro-

files like those produced by machine-made unit aid in distributing the load evenly, thereby

decreasing localised stress concentrations, unlike rough or irregular tooth arrangements typ-
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Figure 6.8: Damage propagation for toothing schemes due to opening (a) Hand-made hollow
unit, (b) Machine-made hollow unit, (c) Horizontal reinforcement, (d) No-Tooth CBM wall

ical of hand-made unit.

6.2.4 Effect of different tooth sizes in CBM wall

Based on the findings from the previous section, it is observed that machine-made tooth-

ing schemes exhibited superior seismic performance compared to dowel bars and hand-made

toothing schemes. Singhal and Rai [30] conducted a study focusing on the specific details of

toothing, including the optimal vertical and horizontal distances between protruding bricks.

They examined three half-scale, two-bay CBM wall specimens with different toothed con-

nections (no toothing, coarse toothing, and fine toothing) under sequential in-plane and out-

of-plane loading conditions. The model with fine toothing demonstrated higher ductility and

less strength deterioration. In this section, we investigate the effect various tooth size in ma-
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Figure 6.9: Pictorial representation of tooth sizes considered in the study

chine made toothing scheme in a CBMwall, as illustrated in Figure 6.9 where, CW represents

confined wall, 100 mm and 200 mm is height of vertical projection (VP) and 50 mm, 75 mm,

100 mm is horizontal projection (HP).

Finite element (FE) analyses are conducted, and pushover curves are obtained for individual

tooth sizes, as depicted in Figure 6.10, 6.11 and 6.12. The seismic response of the resulting

structure is evaluated based on the pushover curves and are presented in Table 6.5. To com-

prehensively understand the impact of the vertical and horizontal projection of toothing in

CBM walls, the study is further divided into two parts: the study of VP and the study of HP.

In the study of horizontal projection, models with a consistent vertical projection of 100 mm
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Figure 6.10: Comparing pushover curves for the horizontal projection: VP-100

but varying horizontal projections of 50 mm, 75 mm, and 100 mm are compared. Similarly,

models with a vertical projection of 200 mm are compared with horizontal projections of

50 mm, 75 mm, and 100 mm. It is observed that for CW:100-50, the ultimate strength in-

creased by 2.54%, compared to CW:100-75. However, the stiffness decreased by 7.1% in the

same case. Additionally, for CW:100-50, the ultimate strength increased by 20.4%, while the

stiffness decreased by 44.2% compared to CW:100-100. For CW:200-50, there is a slight in-

crease in ultimate strength by 1.3%, when compared to CW:200-75. However, the stiffness

decreased by 2.62%. Furthermore, for CW:200-50, there was an increase in ultimate strength

Table 6.5: Seismic parameters of the different toothing sizes in CBM wall

Tooth size Ultimate strength
(kN)

Stiffness
(MN/m)

100-50 268 44.3
100-75 261.4 47.7
100-100 22.6 79.4
200-50 227.5 67.9
200-75 224.6 69.7
200-100 221.9 75.1
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Figure 6.11: Comparing pushover curves for the horizontal projection: VP-200

by 2.55%, compared to CW:200-100. However, the stiffness decreased by 9.56%.

In the study of vertical projection, models with a 100-mm vertical projection are compared to

models with a 200-mm vertical projection while maintaining the same horizontal projection.

It was observed that for CW:100-50, the ultimate strength increased by 20.9%, compared

to CW:200-50. While, the stiffness decreased by 39.6% for the same. For the CW:100-75

model, the ultimate strength increased by 16.34%, compared to the CW:200-75 model. How-

ever, the stiffness decreased by 31.57%. For CW:100-100, the ultimate strength increased by

0.33%, compared to CW:200-100. Overall, the results indicate that a 100-mm vertical pro-

jection outperforms a 200-mm vertical projection in terms of ultimate strength and stiffness.

In this course of investigation, a crucial aspect involved is the assessment of the maximum

tensile damage encountered by the examined walls. The quantification of damage severity

was achieved through the implementation of a color scale, wherein a red hue denoted com-

plete damage (dt = 0.98), while a blue hue indicated the absence of damage (dt = 0), as visu-

ally illustrated in Figure 6.13. Moreover, an extensive scrutiny was conducted to explore the

propagation of damage by comparing the cracks that emerged in CBM using different tooth
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Figure 6.12: Comparing pushover curves for the vertical projections with different horizontal
projections a. HP-50, b. HP-75, and c. HP-100

sizes. The primary objective of this analysis is to facilitate a comprehensive understanding

of the magnitude and behaviour of damage in these particular types of walls. Notably, it

was observed that among all the tooth sizes investigated in this study, CW:100-50 exhibited

comparatively less damage in masonry and RC columns. Furthermore, an increase in tooth

size corresponded to a higher number of damaged elements in the wall section, accompanied

by concrete crushing occurring around the corners.

6.3 Concluding Remarks

This comprehensive parametric investigation delves into the seismic performance of confined

brick masonry (CBM) walls, exploring different toothing schemes and its effect on structural

and material parameters. Through finite element analyses and rigorous examination, several
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Figure 6.13: Damage propagation for different tooth sizes
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key findings emerge, shedding light on optimal design considerations for enhancing seismic

resilience in CBM wall construction.

Firstly, our study elucidates the significant influence of toothing schemes on seismic be-

haviour. Machine-made toothing schemes exhibit superior performance compared to hand-

made and no-tooth schemes, with notable enhancements in ultimate strength, stiffness, and

energy absorption. Moreover, variations in tooth size within machine-made toothing reveal

considerable effects on seismic parameters, providing valuable insights for practical imple-

mentation.

Furthermore, thorough investigations have explored the influence of thickness within CBM

walls across various toothing schemes on seismic performance. The findings indicate a cor-

relation between increased thickness and enhanced ultimate strength and stiffness. Partic-

ularly, the effectiveness of different toothing schemes in bolstering strength and stiffness

varies. Among these, machine-made units have emerged as the most effective, surpassing

other schemes in delivering optimal results.

Moreover, an investigation is undertaken to assess how various tooth arrangements within

CBMwalls, particularly those with openings, impact seismic performance. The results high-

light the efficacy of different tooth arrangements in CBM walls with openings varies signif-

icantly, with machine-made units emerging as the most effective option compared to other

schemes. Additionally, the inclusion of openings has adverse effects on seismic performance

due to heightened stress concentrations and hindered load distribution.

The investigation into the vertical and horizontal projections of toothing further refines our

understanding, revealing optimal configurations for maximising seismic resilience. Notably,

a 100-mm vertical projection outperforms a 200-mm projection in key seismic parameters,

highlighting the importance of precise design considerations.

These results emphasize the superior capabilities of themachine-made hollow toothing scheme,

suggesting its potential for enhancing the structural resilience and durability of CBM walls.

Additionally, this study assesses the severity of damage encountered by CBM walls, provid-

ing valuable insights into crack propagation and damage distribution. Larger tooth sizes are
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found to correlate with increased damage, particularly around corners, indicating the impor-

tance of careful design to mitigate structural inability to resist earthquakes.

The findings from this investigation provide valuable practical insights for the construction

industry, particularly in seismic-prone regions. By demonstrating the superior performance

of machine-made toothing schemes in enhancing the ultimate strength, stiffness, and energy

absorption of CBMwalls, the study offers clear guidelines for selecting optimal toothing con-

figurations. The insights on the impact of wall thickness, tooth size, and arrangements, es-

pecially around openings, enable engineers to design more resilient structures that can better

withstand seismic forces. Implementing these recommendations can significantly improve

the durability and safety of CBM buildings, ultimately reducing damage and ensuring better

protection of life and property during earthquakes.
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Chapter 7

Assessment of masonry property and

mortar mix on the CBM wall

7.1 General Discussion

The construction of confined brick masonry (CBM) walls involves the use of concrete to

confine the masonry, providing necessary confinement, while the masonry walls themselves

bear both gravitational and seismic loads. A deep understanding of how different masonry

properties affect the performance of CBMwalls is essential for ensuring their structural safety

and integrity under these loads. However, the current Indian masonry design standard, IS

1905 [145], does not offer specific guidelines for confined masonry construction. To address

this gap, the project team employed the Earthquake Engineering Research Institute (EERI)

guidelines for designing low-rise confined masonry buildings [139], along with additional

references [5], [146]. These resources were adapted to account for the seismicity of the

site and the properties of the materials used. The reinforced concrete design followed the

specifications outlined in the IS 456 standard [147]. Moreover, this study explores the impact

of varying mortar properties on the overall behaviour of the masonry, attempting to gain

insights into how changes in masonry materials influence CBM wall performance.
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Table 7.1: Types and properties of the bricks

Type Density f
′

cm E fy
(Kg/m3) (MPa) (MPa) (MPa)

CB(1:1:6) 1764 3.9 975 0.05
CB(1:4) 1764 3.8 950 0.05
FA Set1 (1:1:6) 1614 3.0 1650 0.07
FA Set1 (1:4) 1614 3.6 1980 0.05
FA Set2 (1:1:6) 1498.5 7.6 4180 0.07
FA Set2 (1:4) 1498.5 6.8 3740 0.05

7.2 Parametric study

The use of CBM walls in construction requires concrete to confine the walls, while the ma-

sonry walls support both gravitational and seismic loads. Understanding the effect of ma-

sonry properties on the performance of CBM walls is crucial for ensuring their structural

integrity and safety. To examine this effect, we utilise the masonry properties from a previ-

ous study by Jain et al. [148], which analysed two types of masonry units: burnt clay and fly

ash (FA). The study divided each type into three sets to determine their mechanical properties,

which are presented in Table 7.1. To determine the compressive strength of the masonry, Jain

et al. [148] fabricated masonry prisms using two different mortar mix proportions: 1:1:6 (ce-

ment: lime: sand) and 1:4 (cement: sand). The prisms are constructed using both burnt clay

and FA masonry units. The impact of different masonry properties on the pushover curves

have been analysed and is depicted in Fig. 7.1. By using these curves, we calculate the seis-

mic response and tabulated them in Table 7.2. This table shows the variation in the ultimate

strength and stiffness parameters for each type of masonry unit and mortar mix proportion.

The results indicate that the CBM wall with FA Set 2 masonry, using a 1:1:6 mortar mix

proportion, exhibits 28.24% and 54.50% higher ultimate strength compared to the CBMwall

with FA Set 1 and CB masonry, respectively. Similarly, for the 1:4 mix, the CBM wall with

FA Set 2 masonry shows 5.6% and 61.20% higher ultimate strength compared to the CBM

wall with FA Set 1 and CB masonry. The study also reveals that as the compressive strength

of Clay and FA bricks increases, the ultimate strength also increases.
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Figure 7.1: Pushover Curves for varying mechanical properties of masonry

Additionally, it is evident that CBM walls constructed using lower compressive strength, FA

bricks exhibit higher values of ultimate strength in comparison to the CBM wall constructed

with clay bricks. Also, the ductility of the CBM wall increases as the compressive strength

increases for all brick specimens except for FA Set 1, where the stiffness decreases as the

compressive strength increases compared to the Clay brick and FA Set 2.

Table 7.2: Seismic parameters of the CBM wall with different masonry properties

Type Ultimate strength
(kN)

Stiffness
(MN/m)

CB(1:1:6) 64.35 55.9
CB(1:4) 54.3 37.2
FA Set1(1:1:6) 77.43 83.54
FA Set1(1:4) 82.9 88.4
FA Set2(1:1:6) 99.43 181.20
FA Set2(1:4) 87.55 104.55
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7.3 Concluding Remarks

In CBM structures, masonry plays a crucial role as the primary load-bearing component.

The mortar mix proportion and masonry compressive strength directly impact the structure’s

ultimate strength. Increasing the compressive strength of fly ash (FA) and clay bricks results

in an expected rise in ultimate strength. However, it is noteworthy that clay bricks with a

compressive strength of 3.8 exhibit lower seismic performance compared to FA (Set 1) with

a compressive strength of 3. These findings underscore the significance of carefully choosing

the masonry type and mortar mix proportions in the design of CBMwalls for optimal seismic

resistance.
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