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Abstract

Nepal is subjected to frequent devastating earthquakes, causing dramatic human life and eco-
nomic losses. The predominant construction typology in that region is represented by brick
masonry buildings with cement-mortar or mud-mortar joints. Most of these buildings have been
built using poor materials without a proper seismic design, and, as a result, they are highly
vulnerable to seismic loading, as demonstrated by recent events like the 2015 Gorkha earth-
quake. Different retrofitting methods have been developed and applied to increase the seismic
resilience of buildings in Nepal. However, most of them are based on the use of expensive ma-
terials, like cement and steel, often making the interventions unaffordable for low-income rural
communities.

This paper presents the results of a comprehensive experimental campaign conducted at the
Institute of Engineering of Tribhuvan University on small assemblages and full-scale weak
brick-mud mortar masonry panels subjected to in-plane loadings before and after being rein-
forced by external plastering made of locally available material and reinforced by natural fi-
bers. Numerical simulations are conducted employing the finite element methods at the level of
the masonry material -- to evaluate the mesoscale parameters of bricks and mortar joints --,
the structural element (panel) level — to evaluate the benefit of the intervention to increase the
in-plane response of typical mud mortar-joints brickwork masonry panels built in Nepal. Even
though the analyses are performed explicitly on Nepalese materials and structural layouts, the
explored methodologies can answer the need for sustainable and economically affordable ret-
rofitting methodologies for developing seismic countries with limited environmental impact and
respect to the local construction culture.
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1 INTRODUCTION

Unreinforced masonry (URM) is the most common construction typology in Nepal. Masonry
buildings in that region are typically constructed without formal engineering input, often by
local masons, and do not adhere to code-recommended practices. As a result, URM buildings
in Nepal have exhibited poor seismic performance, suffering severe damage or collapse during
moderate to strong seismic shaking, as seen during the [1] resulting in significant life and eco-
nomic losses due to building failure.

A deep understanding of the seismic response of existing masonry structures and the most
appropriate retrofitting technologies still needs to be gained. Bothara et al. [2] rated qualita-
tively different retrofitting (strengthening) methods such as jacketing of walls, “splint and band-
age”, bolting of walls, steel beam-column cage and reinforced concrete beam-column cage. The
splint and bandage retrofitting scheme -- consisting of creating external vertical (strips) and
horizontal (bandages) layers of cementitious mortar reinforced by steel bars surrounding the
wall edges and openings -- was found to be the optimal strengthening method; hence, it was
implemented in the construction technical guidelines released by the Nepalese government after
the Gorkha 2015 earthquake and was adopted to retrofit public school buildings the Kathmandu
valley [3]. However, using concrete and steel for a massive reconstruction stage brings signifi-
cant sustainability issues since these materials require high energy demand and CO; emissions
(app. 10% of the CO> emissions worldwide are associated with cement and steel production
[4]). In addition, the high stiffness introduced by the reinforcing system can lead to phenomena
of mechanical incompatibility with highly deformable Nepalese masonry (mainly those made
of mud mortar joints), generating premature delamination of the reinforcing system from the
masonry support or reduction of the global structural ductility.

Several researchers have contributed to understanding the mechanical and seismic behavior
of unreinforced masonry (URM) Nepalese structures. Endo et al. [S] conducted experiments on
bricks and earthen mortar from historical structures in Bhaktapur. Parajuli [6] investigated a
two-storey heritage building in Patan Durbar Square, analyzing the properties of brick, mud
mortar, and masonry walls. Mishra et al. [7] assessed the mechanical properties of brick and
mud mortar through uniaxial and diagonal compression tests. Jaishi et al. [8] focused on the
dynamic performance of traditional temples built with brick in mud mortar. Finally, Kuinkel et
al. [9] studied traditional “Ma-appa” bricks from Bhaktapur and Meimaroglou and Mouzakis
[10] evaluated masonry materials constructed with natural stones and clay mortar.

On the other hand, environmental awareness has recently shifted attention worldwide to-
wards new low environmental impact, eco-friendly and natural materials for construction and
repair. As a result, reinforcing textiles from natural fibres are now under the spotlight. The use
of natural fibers and their recyclability could help construct safer and more sustainable build-
ings. However, the literature shows limited experimental results on applying jute fibres to ma-
sonry walls. Natural fibers, such as jute, are increasingly being explored as sustainable
alternatives to synthetic fibers in fiber-reinforced cementitious composites (FRCC). Addition-
ally, recent research [11], [12] has focused on Textile Reinforced Mortars (TRMs) for retrofit-
ting masonry structures using materials such as basalt, steel, and potentially natural fiber
systems through both experimental and numerical investigations involving diagonal compres-
sion tests. Recent studies [13], [14]on jute fibers reveal a promising path toward eco-friendly
and low-cost reinforcement solutions that can enhance the mechanical strength of concrete ma-
terials while minimizing environmental impact, demonstrating that natural fibers like jute
(widely available from Nepalese local manufacture tradition) can are favored over polymer-
based fibers thanks to their biodegradability, cost-effectiveness, and reduced health hazards
[15]. Finally, Majumder et al. [16] demonstrated the effectiveness of using recycled jute fiber
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nets for retrofitting masonry walls, highlighting the material’s potential in structural strength-
ening.

Further studies on jute-reinforced lime mortars [17] also demonstrated improvements in duc-
tility and post-cracking behavior. These findings suggest that due to its availability, low envi-
ronmental footprint, and improving mechanical performance, jute fiber holds considerable
potential for use in seismic retrofitting and sustainable construction, especially in developing
contexts like Nepal.

Despite the studies already performed in the literature, extensive experimental and numerical
investigations are still needed to fill the knowledge gap in analysing the mechanical perfor-
mance of natural fibre-reinforced masonry buildings, also in the presence of cyclic and dynamic
excitations. Toward this over-hierarchical target, this paper presents the first results of an ex-
tensive, still ongoing experimental campaign performed at the Institute of Engineering, Pul-
chowk Campus, to characterise the mechanical properties of typical Nepalese bricks, mud
mortar, and jute fibres. Tests are conducted to evaluate the compressive, flexural, and shear-
sliding behaviour of masonry joints and the in-plane shear-diagonal behaviour of full-scale ma-
sonry panels with and without the presence of jute fibre mud-mortar reinforcing external plaster.
The results of the experimental investigation are used to calibrate numerical models applying a
mesoscale masonry description to investigate the role of reinforcement further and test the ca-
pability of numerical models to describe and predict the response of reinforced masonry. To
model the masonry panels retrofitted with externally bonded layers, several refined FE ap-
proaches have been proposed [18], [19]. However, limited studies are available on modeling
the retrofitted masonry using jute fibre. The presented experimental campaign can be used to
expand this modelling strategy further to investigate a full-scale building retrofitted with pro-
posed techniques and study its efficiency in reducing the seismic demand of existing Nepalese
building stock.

2 EXPERIMENTAL CAMPAIGN

The first part of this section describes the mechanical tests on the masonry wall system to
characterise the material parameters (compressive and flexural strengths) of brick and the mud
mortar used for the joint and as reinforcing plaster. The second part of the section reports the
experimental results of masonry triplets tested in compression and shear. Finally, the results of
diagonal compression tests conducted on full-scale masonry panels are presented.

2.1 Brick and mud-mortar mechanical characterisation

In this study, locally available fired clay solid bricks with average dimensions of 215 x 140
x 55 mm? were selected and tested through three-point bending tests (6 specimens) to estimate
the flexural strength and uniaxial compression tests in horizontal and vertical orientations (6
specimens for each orientation) to evaluate the compression strengths. Both tests were per-
formed by applying a displacement rate of 0.5 mm/min. The brick compression strength (ff)
was evaluated according to EN 1015-11 [20] as follows:

‘ 3 R

f 2 th (1)
Where Ry is the failure load, | (100mm) is the length between the two supports while testing,
b and h are the width and height of the tested specimen cross-section, respectively. The fracture
energy in tension (Gt ) is estimated using Equation (2).

G, =0.025(2f ) )
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The mud mortar, used for the mortar joints and the reinforcing render, was prepared with a
variable water/soil ratio to ensure easy workability. The moisture content of the mud (soil) was
estimated to be 28.92%. The soil mix was designed according to the Nepalese Building Code
(NBC) [21] and the recommendations released by the Department of Urban Development and
Building Construction (DUDBC) [22], by which the sand content in earthen mortar should be
less than 30% to achieve proper cohesiveness. More specifically, the identified proportions

(sand, clay, silt) are 20.8%, 10%, 69.2% by weight, as indicated in the particle distribution curve
shown in Figure 1.
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Figure 1. Particle size distribution curve of the earthen mortar.

Unreinforced (UR) and fibre-reinforced (FR) mud-mortar samples were prepared. In the
latter case, 40 mm long jute fibres were added, considering a constant quantity of 1% of mud
weight. Three-point bending moment (flexural) tests were conducted on 40 x 40 x 160 mm?
beams prepared without (Figure 2a) and with jute fibres (Figure 3a) to evaluate the tensile
strength and the fracture energy of the mortar by applying Eq. (1) and Eq. (2), respectively.

Cubes of size 50 x 50 x 50 mm?> were cast for mortar joints and renders, without (Figure 2b)
and with fibres (Figure 3b), respectively, and tested under uniaxial compression at a constant
displacement rate of 0.5 mm/min. Figure 2c and Figure 3¢ show the load-displacement curves
obtained in the flexural tests for the beam specimens without and with jute fibre, respectively.

The mechanical parameters of bricks and mud-mortar specimens estimated experimentally are
available in Table 1.
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Figure 2. (a) Three-point bending tests; (b) compressive strength tests, (¢) load-displacement response under
flexure for mud-mortar without jute fibres.
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Figure 3. (a) Three-point bending tests; (b) compressive strength tests, (c) load-displacement response under
flexure for mud-mortar with jute fibres.

Mechanical properties Brick UR-Mortar FR-Mortar
Density (kg/m®) 1571 1409 1456
Young’s modulus, (MPa) - 44 33

. 6.52 (Horiz.)
Compressive strength, (MPa) 7.80 (Vert.) 1.7 1.05
Flexural strength fr , (MPa) 1.81 0.89 0.97
Fracture energy in tension Gy, (MPa-mm) 0.048 0.033 0.035

Table 1: Mechanical properties of masonry units and mortar (un-reinforced and reinforced).

2.2 Mechanical tests on masonry triplets

To evaluate the mechanical strength parameters of masonry in compression and shear slid-
ing, 42 triplets were prepared, 15 of which were without reinforcing render and 27 with jute
fibre-reinforced render on one face. Specifically, 6 samples (3 without and 3 with render) were
tested under uniaxial compression force (Figure 4a), applied through a computer-controlled ac-
tuator with a maximum load capacity of 300 kN [23], [24]. In contrast, 36 triplets (12 without
and 24 with render) were tested under a sliding-shear force (Figure 4b) with three different
levels of pre-compression (0, 0.1MPa, 0.2MPa, 0.3MPa), considering 3 samples for each level
of compression. Three triplet specimens tested under monotonic shear is catagorised into three
groups: (a) triplets without render; (b) triplets with addition of jute fiber and mess of fiber mesh
with 10 mm size grid; and (c) triplets reinforced with jute fiber and fiber mesh with a grid size
of 20 mm. A constant downward displacement rate of 1.0 mm/min was applied to the central
brick through the actuator with applied pre-compression in the horizontal direction. All the
samples comprised 12 mm-thick mud-mortar joints. Three typologies of render were considered:
unreinforced mud-mortar render, and mud-mortar render reinforced by 2D grids of jute fibres
with respectively 10 mm and 20 mm mesh size and nominal diameter of the wires of 2 mm.
The render was applied with an average thickness of 15 mm (the thickness was variable due to
the geometrical irregularity of the masonry surface).

Figure 4 shows some results of the triplet tests available in Table 2. Namely, Figure 4a
shows the failure mechanism of an unreinforced triplet sample in compression. The load-dis-
placement curves obtained during the compression tests are used to evaluate the compression
strength (fc) and the Young's modulus (E), resulting in 3.48 MPa and 51 MPa, respectively.
Figure 4b shows the failure mechanism of a triplet sample with fibre-reinforced render during
a shear test. The results of the triplet tests are summarised in Figure 4c¢ in terms of average peak
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shear strength (evaluated as the maximum force applied divided by double the brick transverse
area 30,100 mm?) and applied pre-compression stress. The linear regression lines, providing
the parameters of the Mohr-Coulomb yield domain (namely the cohesion C and the friction
coefficient u), are also reported in the graph for each sample typology. It is possible to observe
that the presence of the render provides a significant increase in shear strength at zero precom-
pression (7o) from the value of 0.04 MPa in the case of unreinforced samples to 0.08 MPa and
0.07 MPa in the case of samples with render with 10mm and 20mm jute wire mesh, respectively.
However, the presence of the render slightly reduces the friction coefficient, and the unrein-
forced and reinforced samples show approximately the same shear strength when the pre-com-
pression level ranges from 0.2MPa to 0.3MPa.

0.30 | @ Traditional mortar
® Retrofitted mortar(10mm) . g
%0. 0 ®  Retrofitted mortar (2 Wm:]‘)l . %‘.-"I:" v
=) d
8 o r-::." "
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; Pre-compression (MPa)
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Figure 4. (a) Compression test, (b) shear tests, (c¢) relationship between shear strength and pre-compression for

masonry triplets.

Unreinforced Reinforced render  Reinforced render

Parameter render (10mm mesh) (20mm mesh)
Young’s modulus, E (MPa) 51 74 68
Compressive strength, fc (MPa) 3.48 3.81 3.64
Friction coefficient, x (-) 0.69 0.51 0.55

Table 2: Mechanical strength of masonry triplet specimens.

2.3 Diagonal compression tests on masonry walls

Nine wall panels of size (800mm % 800mm x 350mm) are prepared, including 3 walls with-
out retrofitting and 6 retrofitted with jute fibre and fibre mesh (10mm and 20mm grid) inte-
grated in the retrofitting render. The walls are retrofitted on both sides. A non-conventional test
setup [25], [26], [27] is developed to perform a diagonal compression test on prepared URM
wall panels (Figure 5a) and RM wall panels (Figure 5b). Figure 5c shows all prepared wall
panels for testing. The prepared wall panels are subjected to constant diagonal loading until
failure, and two LVDTs are attached at both sides of the specimens to record the displacements
in both compression and tension zones. The masonry wall panels are retrofitted with two com-
binations: a) with jute fibre added (RM_FO) and b) with both jute fibre and jute fibre mesh
added (RM_FM) in the mud-render. Figure 6a shows the failed URM and RM wall panel. It
can be observed from Figure 6b,c, that the addition of jute fibre and fibre mesh significantly
increases the shear capacity of the masonry system. RM_FO showed a 25% increase in shear
capacity, whereas an increase of 35% in shear capacity is seen for RM_FM as compared to
URM walls. It is worth noticing that the presence of the reinforced render produces a significant
increase in the ultimate displacement capacity of the panels.
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Figure 6. (a,b) Diagonal compression test of URM and RM wall, (b,c) Load-displacement response in compres-
sion and tension, respectively.

3 NUMERICAL SIMULATIONS

This section illustrates the simulation of the experimental tests described in Section 2 fol-
lowed by a validation study on the experimental tests performed by Aminulai et al. [28] to
predict the benefits of the proposed retrofitting system at a level of full-scale wall using a com-
mercial finite element (FE) software Abaqus [29].

3.1 Modelling strategy

A 20-node quadratic element mesh discretisation (see Figure 7) is used with reduced inte-
gration (C3D20R) to model the masonry and the fibre reinforced mud-mortar. The behaviour
of the masonry and render are described using a Concrete Damage Plasticity (CDP) model [30],
[31]. The material parameters are taken from the in-situ tests (Table 1-3). Further details about
the CDP model can be found in the Abaqus manual [32].

Surface-to-surface contact interfaces are used to simulate the bond between the masonry
and render. The cohesive interfaces exhibit initially a linear elastic response, followed by a
cracking behaviour that describes the most critical failure modes, namely, tensile cracking and
shear sliding [33].
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Figure 7. 3D mesh discretisation of (URM) and (b) RM wall.
3.2 Model calibration and validation

Tables 1 and 2 illustrate the main parameters describing the mechanical properties of the
masonry and render. The masonry-render interface parameters are available in Table 3. It is
noteworthy that these values have been taken from the characterisation tests carried out on the
specimens of masonry triplets and mud-mortar. The stiffness parameters are estimated using
empirical equations and the fracture energy parameters are chosen from the range suggested by
[34]. In the absence of the flexural test, the cohesion (C, ) of the masonry-render interaction is
calculated using the following expression

t
c, =AC- 3
ot )

;
Where Ac is the difference between the cohesion value obtained experimentally for the unrein-

forced and reinforced triplets, t, and t, are the thickness of the triplets and the render, respec-
tively.

Specific normal elastic stiffness, kn (N/mm?) 200 [34]
Specific tangential elastic stiffness, ks (N/mm?) 100 [34]
Cohesion, ¢, (MPa) 0.09 (Eq. 3)
Coefficient of friction, £ (-) 0.5 (experimental tests)

Shear fracture energy, (MPa-mm) 0.02 [34]

Table 3. Properties of the contact interfaces describing the masonry-render interaction.
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Figure 8. (a) Load-displacement response of URM wall, (b,c) plastic strain distribution for URM and RM wall,
respectively.
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Figure 8a compares the load-displacement responses from the FE analysis with the experi-
mental outcomes for both URM and RM. The proposed model was able to calibrate the exper-
imental results with reasonable accuracy (<10%) deviation. Figure 8b and Figure 8c shows the
plastic strain distribution for URM and RM walls, respectively, at 1% drift level. Lower levels
of plastic strain formation were seen for jute fibre reinforced masonry.

3.3 Numerical simulations of a full-scale masonry wall prototype

In this section, the macroscale model calibrated in section 3.2 is used to predict the seismic
performance of a masonry wall strengthened using the natural fibre-reinforced mud-mortar ren-
der. The investigated wall has the geometrical layout tested in [28] as shown in Fig. 9a, while
the thickness and the mechanical parameters are those already considered in Sec. 3.1 and 3.2

A vertical load of 6.05 tons is uniformly applied on the top surface of the wall, and a hori-
zontal displacement is monotonically applied with a loading rate of Imm/min to increase the
numerical stability [32]. Finally, Figure.9b shows the schematic diagram of the retrofitted wall
with 20mm jute fibre reinforced mortar on both sides of the wall. Figure.9c reports the capacity
curves of the unreinforced and reinforced wall. Jute fibre reinforced masonry attained a peak
capacity of 91.3 kN, approximately 1.4 times the capacity of the URM wall (62.8kN). Figure.9d
shows the plastic strain distribution for jute fibre reinforced masonry wall. The addition of jute
fibre reinforcement in RM minimise the tensile damage compared to the plastic stain visible for
the URM wall (Figure.9d) for the same level of lateral drift.

(1

3000
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Figure.9. (a) geometrical layout of the URM wall (dim. in mm) and (b) numerical model of the RM wall, (c) ca-
pacity curve estimated, (d) plastic strain distribution for jute fibre URM and RM wall.
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4 CONCLUSIONS

This paper investigates the in-plane response of typical Nepalese mud-mortar brickwork ma-
sonry panels reinforced by means of natural fibre-reinforced mud-mortar render with the main
aim of providing insights into low-cost sustainable seismic retrofitting techniques suitable for
seismic developing areas like Nepal.

The first part of the paper presents the results of an experimental campaign conducted on brick
units and mud-mortar samples, followed by compression and shear tests performed on triplets.
The results of these tests have been used to assess the main mesoscale parameters of masonry,
which in turn have been used to evaluate a set of equivalent homogenized mechanical material
parameters suitable to describe the macroscopic behaviour of masonry panels with and without
reinforcing rendering. Subsequently, the paper presents the results of diagonal compression
tests conducted on unreinforced and reinforced full-scale masonry panel prototypes subjected
to. These results have then been replicated numerically by adopting a macroscale finite element
approach. Finally, the calibrated finite element model is used to numerically predict the re-
sponse of a masonry wall characterized by a typical Nepalese geometrical layout and adopting
the material parameters evaluated in this study.

The presented experimental and numerical results demonstrated the effectiveness of the pro-
posed retrofitting method in increasing strength and ductility at the material and structural lev-
els, making it suitable for environmentally sustainable and economically affordable retrofitting
interventions in Nepal or other similar seismic regions. However, further studies need to prove
the benefits under cyclic and dynamic loading, considering more complex structural layouts.
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