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ABSTRACT 

Earthen structures in the form of adobe masonry are found widely around the world in reflection of the 

inherent low cost, material availability and ease of construction. However, adobe structures are highly 

vulnerable to horizontal forces. Therefore, retrofitting is often required to provide structural robustness 

and prolong service life, particularly in regard to extreme environmental loads. In this paper, 3-

dimensional finite element analysis is conducted to study the structural performance of unreinforced and 

reinforced C-shaped adobe masonry wall assemblies under out-of-plane forces. The materials examined 

as reinforcement include steel wire mesh, bamboo, Polypropylene (PP-bands) and glass fibre reinforced 

polymer (GFRP) strips. The effectiveness of each strengthening technique on enhancing structural 

behaviour is presented, with each method being directly compared using a consistent set of mechanical 

properties for the adobe material. In addition, further comparisons and evaluations are carried out 

for each strengthening technique based on the additional factors of sustainability, cost and 

buildability. The results show that load enhancements of 2 to 4 times that of the unreinforced case 

are possible depending on the method employed. 

1. INTRODUCTION 

Earthen masonry such as adobe is one of the oldest natural building materials and has been widely used 

for building houses and low rise structures for thousands of years. The popularity of earthen construction 

is due to several attractive properties such as low cost, abundance and availability of the raw material, 

ease of construction negating the need for skilled labour and good thermal and acoustic insulation 

performances etc. (Varum, et al., 2014). Adobe buildings are the most common and widespread buildings 

made with earthen materials, around 30% of the world’s population lives in adobe buildings in many 

regions around the world (Blondet, et al., 2011).  Despite the popularity of adobe masonry buildings, the 

main disadvantage of this form of construction is the vulnerability to significant horizontal loads which 

may result from extreme weather, seismic activity, flooding etc. This vulnerability is mainly due to the 

mechanical properties of adobe itself, relative high mass, the typical absence of reinforcement and lack of 

maintenance (Bartoleme, et al., 2008). 

In the last few decades, several strengthening techniques have been implemented to retrofit and improve 

the flexural strength of masonry in general and adobe structures in particular. The proposed strengthening 

methods range from hi-tech systems such as fibre reinforced polymer composites to low-tech, more 

sustainable approaches including mesh derived from recycled polypropylene packaging straps and natural 

materials like bamboo.  



One of the most effective strengthening techniques is the use of welded steel wire mesh reinforcement in 

the form of ferrocement. In this technique, horizontal and vertical strips of steel wire mesh are fixed to 

both sides of the walls at the weak zones i.e. the top free ends and the intersection of perpendicular return 

walls to simulate beams and columns. Then, the strips are covered using a mortar made of cement and 

sand with a typical ratio of 1:4 respectively (Bartoleme, et al., 2008). This technique has been shown to 

significantly enhance adobe building strength, for example real adobe houses retrofitted using this 

technique have survived a severe earthquake with magnitude 8 in Peru (Bartoleme, et al., 2008). The 

enhancement has also experimentally been shown on a shaking table whereby the unreinforced model 

completely collapsed at 1.00g acceleration with maximum table displacement of 100mm, while the steel 

mesh reinforced model partially collapsed at 1.20g acceleration with maximum table displacement of 

120mm (Macabuag, 2010). 

A potentially more sustainable and economic approach is to use a natural substitute for the steel mesh e.g. 

bamboo. While the bamboo could be applied to both the external and internal face of the adobe wall, the 

size of bamboo sections (known as culms) required to achieve an effect commensurate with steel mesh 

can make internal application impractical. In a study conducted by Dowling, et al. (2005), the 

effectiveness of bamboo reinforcement on improving the structural performance of u-shaped adobe wall 

specimens was studied; the specimens were tested on a shaking table. In one of the configurations tested, 

bamboo reinforcement was vertically applied to both external faces of the specimen at an approximate 

spacing of 380mm. The bamboo sections were firmly fixed to the base, attached to the adobe walls via 

polypropylene strings passing through the walls, and the opposite vertical bamboos on each face of the 

walls were attached to each other at their top end using 2 mm diameter wires. A strength enhancement 

was reported of around 1.5 times that of the unreinforced specimen.  

Polypropylene mesh reinforcement represents another sustainable strengthening technique used to retrofit 

adobe buildings. The method has been implemented by Mayorca and Meguro (2001), in which 

Polypropylene packaging straps (PP bands) are re-used. Typically the PP bands are horizontally and 

vertically arranged into a gird and welded together at their intersecting nodes by making use of an 

electrical plastic welder to form a mesh. The mesh is then attached to both faces of walls via wire 

connectors passing through the walls. The mesh is also fixed to anchor and ring beams previously 

installed at the ground and top levels of the walls respectively. Finally, the walls are rendered. The 

enhancement provided by this technique has been demonstrated by testing regular standard masonry 

specimens such as those presented in Sathiparan, et al. (2005), in which the in-plane and out-of-plane load 

carrying capacity of the specimens were increased by around 2 times. The technique has also been applied 

to real adobe houses in Nepal as reported by Macabuag, et al. (2012).  

High-tech materials such as fibre reinforced polymer (FRP) composites have been broadly used to 

strengthen structures, including masonry. Generally, the FRP material is applied to masonry wall surfaces 

in the form of strips or sheets and fixed to the walls using epoxy resin. The effectiveness of FRP in 

improving the structural behaviour of masonry has been reported by many researchers. One such example 

is the study presented by Ehsani, et al. (1999), in which glass fibre reinforced polymer (GFRP) strips 

were applied at 406mm centre to centre spacing in different ratios (GFRP area to specimen surface area) 

to retrofit standard masonry panels. It was reported that the application of GFRP strips enhanced the out-

of-plane capacity of the masonry specimens by 3 to 7 times. In practice, the application of FRP to retrofit 

adobe buildings is usually not feasible due to the relative high cost and unavailability of the material in 

areas where adobe construction is common. Consequently there are no readily available studies on the use 



of FRP with adobe. Despite that fact, GFRP strips are considered as a retrofit technique for adobe 

masonry in this paper in order to provide a benchmark on strengthening effectiveness. 

The aforementioned discussion has detailed some of the existing experimental work on various 

strengthening techniques for adobe masonry. By nature adobe is a variable material and the properties of 

adobe can vary from one experiment to the next. This is due to a number of factors including the absence 

of technical guidelines and national or international standards, and the difference in the properties and 

proportions of constituent materials used to make adobe. Therefore, a systematic direct comparison 

between the available strengthening techniques is vital to better evaluate the enhancement levels provided 

by each strengthening method. 

In this study, direct comparisons are conducted between various strengthening techniques by making use 

of: (1) a consistent set of mechanical properties experimentally obtained by the authors at the University 

of Manchester to avoid the influence of variation in adobe mechanical properties on the actual 

performance of each strengthening technique, (2) employing the numerical simplified Micro-model 

approach proposed by the authors (Abdulla, et al., 2017) which has been previously validated against a 

number of experimental works. In the comparisons, not only the structural enhancement from each 

strengthening technique under out-of-plane forces is presented, but further evaluation is carried out based 

on the additional factors of sustainability, cost, accessibility, space reduction, mass and ease of 

application for each strengthening technique. 

2. DETAILS OF FINITE ELEMENT MODELS 

 

2.1. MODELLING APPROACH 

Herein, a simplified Micro-model approach is used for the numerical simulations. The 3-dimensional 

adobe models are generated in the non-linear FE programme Abaqus 6.14. This approach is employed to 

capture spatially detailed behaviour of the adobe models and all possible failure modes i.e. crack 

propagation in the head and bed joints, crushing under compression and cracking in the adobe units 

themselves. The constitutive models utilised in the modelling approach are described briefly as follows: 

A. Surface-based cohesive behaviour model: this model is used to capture the response of the head 

and bed joints between the adobe units, this works based on a traction-separation relationship. The 

elastic and plastic behaviour up to the failure of the joints is inclusively considered. To define this 

model, the tensile and shear strength of the joints and their corresponding fracture energies are 

required. 

B. Normal and tangential behaviour models: these are employed to avoid the penetration of the 

adjacent adobe units while they are under compressive stress, and to consider the friction between 

the units, respectively. Thus, the value of the coefficient of friction between the units is required. 

C. Drucker-Prager model: the function of this model is to simulate hardening, followed by softening 

behaviour of adobe material under compression. Therefore, any possible compression failure in 

the model can be captured. The compressive stress-strain curve of the specific adobe is required to 

define this model. 

D. Extended finite element model (XFEM): this method is employed to capture the possible cracks in 

the units when they are under tensile and/or shear stresses that exceeded the tensile and/or shear 

strength. The cracks in the XFEM method are simulated based on the cohesive segment method 

which follows a traction-separation relationship. 



The descriptions of the constitutive models and capability of the modelling approach in simulating 

masonry behaviour under different loading conditions are precisely detailed in (Abdulla et al., 2017 & 

2018). 

2.2. DESCRIPTION OF MODELS 

The model considered here is a C-shaped adobe wall. The height of the wall is 1508 mm, and consists of 

26 courses of adobe blocks. The length of the main wall is 1576 mm, which has a return wall at each end; 

the outer length of the return wall is 464mm. The reason for choosing a C-shaped model in this study is 

because the formation of vertical cracks at the corner of orthogonal walls is one of the most common 

types of failure modes in adobe buildings. The returns (transverse walls) provide moment continuity and a 

degree of restraint to the main wall. The geometry and boundary conditions of the model are shown in 

Figure 1. The main and return walls are all tied to a rigid body at the base, and the top of the wall is 

simply supported simulating the restraint provided by the roof of a building. The horizontal out-of-plane 

load is applied to the centre of the main wall using a 430 mm by 430 mm rigid plate under displacement 

control. 

 

 

 

 

 

 

 

 

Figure 1 Set up and boundary conditions of the C-shaped model 

The unreinforced model was firstly tested to capture its elastic and plastic responses and its failure modes, 

which are used as a reference to compare with the results of the reinforced models. 

The first strengthening technique to be examined was the application of steel wire mesh. The steel mesh 

was applied to the model at its relatively weak regions i.e. the corner of orthogonal walls and top of the 

walls as recommended in (Bartoleme, et al., 2008) simulating columns and beams. The steel wire mesh 

chosen was 1 mm in diameter with 19 mm spacing in both directions as used in (Bartoleme, et al., 2008). 

In practice, the steel wire mesh is rendered with a layer of cement mortar just to protect the steel mesh i.e. 

the contribution of the cement mortar in enhancing the structural performance is not significant. In the 

model, a uniform 10 mm layer of cement is applied to simulate the mortar layer. The details of the 

reinforcement geometry are shown in Figure 2. 

The second strengthening technique focusses on bamboo sections. The bamboo culms were vertically and 

horizontally applied to the face of the adobe walls at a spacing ranging from 415mm to 425mm, Figure 3. 

The arrangement of bamboo reinforcement was adopted based on the configurations presented in 

(Dowling, et al., 2005). In section, the bamboo culms had an outside diameter of 50mm and a wall 



thickness of 5mm. The adopted bamboo species here is Dendrocalamus strictus (Calcutta bamboo) which 

has been shown to have a tensile axial load capacity of 10kN for this section size as reported by 

Kaminski, et al. (2016). In this study, the bamboo sections were modelled using truss elements in which 

solid cross-sections were adopted based on an equivalent area. 

 

 

 

 

 

 

 

 

Figure 2 Configuration of steel wire mesh                                

reinforcement 

Figure 3 Arrangements of bamboo reinforcement

Next the technique using PP-bands was examined. In this model, the PP-bands are vertically and 

horizontally applied in the form of a mesh to the face of the adobe walls. The nominal cross-section of PP 

bands was 15.5mm x 0.6mm, the spacing between the PP-bands in the mesh was set at 40 mm as 

previously adopted by Sathiparan, et al. (2005), Figure 4. In the model, the PP bands are discretised using 

truss elements and are assumed to have a round cross-section of equivalent area. The use of truss 

elements here allows the PP sections to be set to carry tension only.  

Finally the application of GFRP strips as a strengthening technique was examined. In this model, GFRP 

strips with 50mm width and 0.67mm thickness, Table 7, were vertically and horizontally applied to the 

surfaces of the adobe walls Figure 5. This configuration was adopted based on that used for the bamboo 

model. The centre to centre spacing of the GFRP strips was 425mm (vertical) and 435mm (horizontal), 

Figure 5. The GFRP materials were modelled using shell elements and full tie bond between the GFRP 

and adobe walls was assumed. 

 

 

 

 

 

 

 

Figure 4 Application of PP-bands mesh  Figure 5 Arrangement of GFRP strips                        



2.3. MATERIAL PROPERTIES 

The mechanical properties used to define the adobe models in this paper were obtained based on an 

experimental programme conducted at the University of Manchester. The properties described are based 

on initial results obtained from the experiments so far, more extensive details and final results are to form 

part of a forthcoming publication by the authors. The properties are summarised in the tables 1, 2 and 3. 

Adobe 
  

  

  

Joint interface  Compression 

   Elastic Modulus 

(MPa)                       

Knn 

(N/mm3) 

Kss 

(N/mm3) 

Ktt 

(N/mm3) 

 Adobe 

compression 

strength (MPa) 

140   3 1.2 1.2  1.25 

Table 1 Properties of adobe materials and joint interfaces 

Tension 
  

  

  

Shear 

Tensile 

strength 

(MPa) 

Tensile Fracture 

energy 

 (N/mm) 

Shear 

strength

(MPa) 

Coefficient 

of friction 

Shear Fracture 

energy 

 (N/mm) 

0.045 0.012 
 

0.09 1.3 0.085 

Table 2 Non-linear material properties for the joint interfaces 

Tension 

Tensile strength of 

adobe units (MPa) 

Tensile Fracture energy of 

adobe units (N/mm) 

0.27 0.35 

Table 3 Properties for adobe bricks to simulate tensile cracks 

The additional mechanical properties used to define the model strengthened with steel wire mesh 

reinforcement is summarised in Table 4. 

Steel wire mesh 
  

  

  

Cement layer 

Elastic 

modulus 

(MPa) 

Yield stress 

 (MPa) 

Elastic 

modulus 

(MPa) 

Compressive 

strength 

(MPa) 

Tensile 

strength 

 (MPa) 

210000 275 
 

4000 20 2.0 

Table 4 Properties used to steel wire mesh reinforcement materials 

The input data to define the bamboo materials are summarised in Table 5. The axial strength of the 

bamboo material was considered as 10 kN for the adopted cross-section based on Kaminski, et al. (2016). 

Bamboo 

Elastic 

modulus 

(MPa) 

Solid cross-

sectional area 

(mm2) 

Compressive and 

Tensile strength 

 (MPa) 

10000 373 26.8 

Table 5 Properties used to define bamboo materials 

The mechanical properties PP-bands considered as shown in Table 6, based on Sathiparan, et al. (2005). 

PP-bands 

Elastic modulus 

(MPa) 

Ultimate tensile strength 

(MPa) 

1000 175 

Table 6 Mechanical properties of PP-bands 
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The thickness and mechanical properties of the GFRP strips were defined based on Tan and Patoary 

(2004), as follows: 

GFRP 

Elastic 

modulus 

(MPa) 

Thickness (mm) 
Tensile strength 

 (MPa) 

70000 0.67 2250 

Table 7 Properties of GFRP strips 

3. RESULTS AND DISCUSSIONS 

The unreinforced model was firstly tested; the maximum out-of-plane horizontal force sustained by the 

model was 11.9kN with a corresponding 14mm horizontal displacement at the centre of the main wall. As 

per continuity of the force, the load carrying capacity of the wall dropped due to propagation of cracks in 

the head and bed joints and in adobe blocks themselves, Figure 6. Horizontal cracks in the bed joints (the 

first three bed joints from bottom on the outer face of the main wall and the mid-height bed joint on the 

inner face of the main wall) were firstly formed at around 7mm displacement. This was followed, by 

extension of the cracks to the head joints and adobe blocks at the corner of the main wall on the outer 

face. Additionally diagonal cracks propagated in the bed and head joints, and cracks formed in the central 

adobe blocks on the inner face of the main wall. The diagonal cracks extended from the centre of the wall 

to its corners. As the top of the wall was free to rotate, the upper diagonal cracks were wider. It is worth 

mentioning that the compressive stresses were below the ultimate strength of the adobe wall throughout 

the analysis. This highlights the vulnerability of adobe structures to horizontal forces due to their 

relatively low flexural strength in the unreinforced state. Figure 7 (a), (b), (c) and (d) show the failure 

modes and distribution of compressive stresses. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6 Comparison between horizontal force displacement responses of the adobe models 



 

 

 

 

 

 

 

 

(a)                                                                                 (b) 

 

 

 

 

 

 

 

(c)                                                               (d) 

Figure 7 Failure modes of the unreinforced adobe model (Scale factor=5): (a) and (b) crack patterns in 

bed and head and joints, and cracks in adobe units, The term STATUSXFEM indicates the cracking status 

of the units; the value of 1 means complete cracking of the element, 0 indicates no cracking, and values 

between 0 and 1 indicate partial cracking of the elements; (c) out-of-plane displacement contour (mm); 

(d) distribution of minimum principal stresses (MPa) 

In the model reinforced with steel wire mesh, the out-of-plane load carrying capacity was increased to 

30kN, which was almost 3 times more than the unreinforced model, Figure 6. The steel wire mesh played 

a significant role in distributing the concentrated stresses in weak zones i.e. the corners of the adobe 

model. The steel wire mesh provided robustness and increased initial stiffness of the wall. The results 

showed that the reinforced zones were not cracked, as the stresses transferred to the steel wire mesh. 

Unlike the unreinforced model, the vertical cracks at the corner of the outer face and diagonal cracks on 

the inner face of the main wall did not propagate. In the unreinforced zones, the first bed joint on the 

outer face and the mid-height bed joints on the inner face as well as the adobe blocks cracked, this is due 

to stress redistribution to the unreinforced zones, Figure 8 (a), (b) and (c). For the same reason, local 

regions in the middle of the outer face of the main wall crushed under compression, Figure 8 (d). 

However, no sudden drop in the horizontal load carrying capacity was observed, clearly ductility is 

provided here by the steel wire mesh. The results also showed that the steel wire mesh yielded at the top 



and corners, Figure 8 (e). Tensile failure in some regions of the mortar layer was also observed due to 

high tensile stresses, Figure 8 (f).  

  

 

 

 

 

 

 

(a)                                                                               (b) 

 

 

 

 

 

 

  

     (c)                                                                 (d) 

 

 

 

 

 

 

                                           (e)                                                                 (f) 

 

Figure 8 Failure modes and response of materials in the adobe model strengthened with steel wire mesh 

(Scale factor=5): (a) and (b) cracks in bed and head joints, and adobe units; (c) horizontal displacement 

(mm); (d) distribution of minimum principal stresses (MPa); (e) tensile stress distribution in steel wire 

mesh (MPa); (f) tensile stress distribution in cement layer (MPa) 



The enhancement on the structural behaviour of the model reinforced with bamboo was next observed. 

The ultimate out-of-plane load capacity sustained by the adobe-bamboo system was 23.9kN, which was 

more than double that of the unreinforced model, Figure 6. This was followed by a sudden drop at 

20.5mm displacement due to the tensile failure of bamboo sections on the inner face of the wall, Figure 9 

(f). In general, the bamboo contributed in taking tensile stresses, which resulted in less crack propagation 

with smaller openings compared to the unreinforced model, Figure 9 (a) and (b). The cracks firstly 

occurred in the first bed joint on the outer face of the wall, then transferred to the corners i.e. corner head 

joints and some of the adobe units, thus showing similar behaviour to the unreinforced model. This 

confirmed the relatively low impact of bamboo reinforcement on failure modes in the regions of 

concentrated stresses, due to the relatively sparse distribution of bamboo sections with the adobe model. 

So, the use of a greater number of bamboo culms with smaller cross-sectional areas might be preferable to 

ensure a greater distribution of contact area if practically possible. On the inner face of the main wall, 

cracks propagated along the bed and head joints in the central region, narrow diagonal cracks from the 

centre to the upper corners were also observed, Figure 9 (c). After the tensile failure of bamboo sections 

at 20.5mm displacement, the bamboo on the outer face took compressive stresses eventually leading to 

crushing under compression, Figure 9 (e). At the time of bamboo softening, the compressive stresses 

transferred to the adobe, which led to the crushing of adobe blocks in the centre of the outer face of the 

wall, Figure 9 (d). 
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                                        (e)                                                                             (f) 

Figure 9 Failure modes and response of the bamboo strengthened model (Scale factor=5): (a) and (b) 

cracks in bed and head joints, and adobe units; (c) horizontal displacement (mm); (d) distribution of 

minimum principal stresses (MPa); (e) compressive stress distribution in bamboo at the end of analysis 

(MPa); (f) tensile stress distribution in bamboo when the horizontal displacement was 20.5mm (MPa) 

For the walls strengthened with PP bands, the results showed an increase in the out-of-plane load carrying 

capacity of the model by more than 2 times compared to the unreinforced case, Figure 6. The PP-bands 

had no effect on enhancing the initial stiffness; this reflects the flexible nature of PP-bands. Similar to the 

unreinforced model, the first bed joint on the outer face firstly cracked and then the cracks transferred to 

the corners, Figure 10 (a). Due to the deformation of the wall and the aforementioned cracks, the PP-

bands started to stretch i.e. taking tensile stresses and distributing them over the inner face of the main 

wall, which prevented the formation of wide cracks in the bed and head joints, and in adobe blocks in the 

central region on the inner face, Figure 10 (b) and (c). The more deformation in the wall the more tensile 

stresses were taken by the PP-bands, the more ductility in the wall was observed. This resulted in 

transferring high compressive stresses on the outer face of the adobe wall, which can be considered a 

crushing failure mode, Figure 10 (d). In the meanwhile, the tensile stresses in the PP-bands were still 

below their ultimate strength i.e. no rupture of PP-bands, Figure 10 (e). This is unlike that reported by 

Sathiparan, et al. (2005) where the individual PP-bands failed, however in the original work the PP bands 

were used to strengthen standard fired masonry specimens. The difference in failure mode applied to 

adobe in this case may be due  to the relatively low compressive strength of adobe compared to standard 

masonry, thus crushing of the adobe occurred before the PP bands could reach their tensile capacity. 
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                                                                           (e) 

                 Figure 10 Failure modes and response of the model strengthened with PP-bands (Scale 

factor=5): (a) and (b) cracks in bed and head joints, and adobe units; (c) horizontal displacement (mm);                                                     

(d) distribution of minimum principal stresses in adobe walls (MPa);                                                                                                    

(e) tensile stress distribution in PP-bands at the end of analysis (MPa) 

In the model reinforced with GFRP strips, the out-of-plane load carrying capacity increased by almost 4 

times compared to the unreinforced case, Figure 6. This enhancement rate was the highest compared to all 

other techniques. The inherent stiffness of the GFRP strips and large contact area with the adobe 

compared to the other methods and materials allowed for a relatively even distribution of the applied 

loads across the wall thus enabling the large strength enhancement in addition to stiffer behaviour. The 

effective distribution of stresses by the GFRP strips prevented the propagation of severe cracks in head 

joints and adobe units in weak regions such as the corners and middle of the inner face of the main wall, 

Figure 11 (a) and (b). Some narrow cracks due to opening of the first bed joints at the bottom of the outer 

face of the main wall, Figure 11 (a), and in head and bed joints in the middle of the inner face of the main 

wall, Figure 11 (c) occurred. In similarity to the previous techniques, high compressive stresses 

transferred to the outer face of the main wall, resulting in local crushing, Figure 11 (d). The tensile 

stresses in GFRP were about 35% of their ultimate strength, Figure 11 (e). This is reflective of the 

significant disparity between tensile strength of GFRP and compressive strength of the adobe materials.   
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(e) 

Figure 11 Failure modes and response of the GFRP strengthened model (Scale factor=5): (a) and (b) 

cracks in bed and head joints, and partial cracks in adobe units as STATUSXFEM value is 0.4;                  

(c) horizontal displacement (mm); (d) distribution of minimum principal stresses in adobe walls (MPa);                                                                                                    

(e) tensile stress distribution in GFRP strips (MPa) 



4. COMPARISON BETWEEN THE TECHNIQUES 

In this section, the aforementioned strengthening techniques are compared based on the additional factors 

of sustainability, cost, availability, buildability, space reduction and mass. These factors along with the 

structural performance are important to evaluate the overall practical effectiveness of the strengthening 

techniques. The comparisons are summarised in the below table with corresponding references. 

             Methods  
 

  Factors 

Steel wire mesh 

reinforcement 

Bamboo 

reinforcement 

Polypropylene 

mesh 

reinforcement 

GFRP 

reinforcement 

Sustainability Production and 

disposal of steel 

may not be 

sustainable, 

however the 

material can be 

recycled (Smith 

and Redman, 

2009). 

Bamboo is 

naturally sourced 

and as a natural 

material is 

biodegradable 

making disposal 

straightforward at 

the end of its 

service life.  

Production of PP-

bands is not 

sustainable. 

However, the re-

use of PP-bands is 

a sustainable 

approach (Smith 

and Redman, 

2009). 

Environmental 

problems may 

result from 

disposal or 

recycling of 

polymer 

composite wastes 

(Bhadra, et al., 

2017) 

 

Cost (Based on 

rates between 

2008 and 2010)  

$112 for a 36m
2
 

adobe house 

(approximately 

3.1$/m
2
) 

(Macabuag, 2010) 

$225 for 92m
2
, 

around 2.5$/m2  

(Smith and 

Redman, 2009). 

 

($30-$70) per 54m
2
 

house (Meguro, 

2008). Additional 

cost for 

workmanship. 

Ranges from 

$2/kg to $4/kg 

(Smith and 

Redman, 2009). 

Availability Widely available. Sourced naturally 

and available in 

most regions in 

the world where 

adobe is common. 

Readily available. Availability is 

limited, especially 

in regions of the 

world where 

adobe buildings 

are prevalent. 

Buildability Application is 

fairly straight 

forward with 

minimum 

technical 

requirements. 

Straightforward 

with no 

requirement of 

skilled workers. 

Application 

straightforward. 

However, the 

creation of the 

mesh is time-

consuming. 

Despite the ease 

of its application, 

skilled workers 

are required. 

Space reduction Minimal diameter 

therefore no 

significant spatial 

intrusion. 

Larger diameters 

required, 

therefore reduces 

floor area by 

around 5%. 

No significant 

effect on floor area. 

No significant 

effect on floor 

area. 

Mass Moderate. Light. Light. Light. 

Table 8 Comparison between strengthening techniques for adobe masonry structures 

5. CONCLUSIONS 

In this study, the structural response and failure modes of unreinforced and reinforced C-shaped adobe 

models were investigated under out-of-plane loads. A consistent set of mechanical properties was used to 

define the adobe materials, which allows direct comparison of the effectiveness of each strengthening 

technique. The unreinforced model was firstly examined, which failed due to severe cracking in the bed 



and head joints and adobe units leading to a sudden drop in out-of-plane load carrying capacity. This 

underlines the brittleness of unreinforced adobe structures. 

The steel wire mesh reinforcement provided the greatest load carrying enhancement (3 times more than 

the unreinforced model). In addition, crack propagation and failure at the corners of the orthogonal walls 

was eliminated, this mode is often the characteristic failure mode in adobe wall construction. 

The load carrying capacity provided by the bamboo reinforcement was almost twice that of the 

unreinforced model. Despite the enhancement to out-of-plane load carrying capacity, adobe reinforced 

with bamboo may still be at risk of sudden catastrophic failure since the tensile failure of bamboo is 

normally rapid and brittle. 

The PP-bands reinforcement provided as much strength enhancement as the bamboo reinforcement, but in 

a more ductile manner. Due to the regular and close spatial distribution of the PP-bands, the tensile 

stresses are evenly distributed in the mesh, which results in high deformation capacity to the strengthened 

system. In parallel with high deformation, excessive compressive stresses are transferred to the adobe 

itself which may result in crushing failure under compression. The aforementioned failure mode should 

carefully be considered when flexible high tensile strength materials like PP-bands are used to reinforce 

adobe. 

The strength provided by GFRP strip reinforcement was the highest compared to the other models i.e. 

almost 4 times the strength of the unreinforced model. In addition the propagation of cracks was also 

minimised with the method. However, the full bond between GFRP and adobe, which was assumed in the 

model, cannot be readily developed in practice. It is likely that deboning at the interface between adobe 

and GFRP, or within the surface of the adobe itself will initiate failure before the GFRP capacity is 

reached. As previously stated, the feasibility of GFRP application to adobe structures is inhibited by 

various practical factors including cost and availability. 

While all of the techniques examined showed a significant strengthening effect, consideration of the 

additional factors surrounding each strengthening method shows that a balance between the desired 

enhancement and the feasibility of the technique is required in order to develop the most appropriate 

scheme. 
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