Journal Pre-proof

Role of fiber inclusion in adobe masonry construction

Innocent Kafodya, F. Okonta, Panos Kloukinas

PII: S$2352-7102(19)30248-7
DOI: https://doi.org/10.1016/j.jobe.2019.100904
Reference: JOBE 100904

To appearin:  Journal of Building Engineering

Received Date: 15 February 2019
Revised Date: 29 July 2019
Accepted Date: 30 July 2019

... . BUILDING
ENGINEERING

Please cite this article as: |. Kafodya, F. Okonta, P. Kloukinas, Role of fiber inclusion in adobe masonry
construction, Journal of Building Engineering (2019), doi: https://doi.org/10.1016/j.jobe.2019.100904.

This is a PDF file of an article that has undergone enhancements after acceptance, such as the addition
of a cover page and metadata, and formatting for readability, but it is not yet the definitive version of
record. This version will undergo additional copyediting, typesetting and review before it is published

in its final form, but we are providing this version to give early visibility of the article. Please note that,
during the production process, errors may be discovered which could affect the content, and all legal

disclaimers that apply to the journal pertain.

© 2019 Published by Elsevier Ltd.


https://doi.org/10.1016/j.jobe.2019.100904
https://doi.org/10.1016/j.jobe.2019.100904

10

11

12

13

14

15

16

17

18

19

20

21

22

23

Role of fiber inclusion in adobe masonry construction
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Abstract

Adobe masonry construction constitutes a notabktiquoof the buildings in both urban and
rural areas in less developed countries. Seismfonpeance of adobe buildings is poor, and low-
cost retrofitting measures are required to enhaheeresilience of such buildings during an
earthquake. In this study, mechanical propertiedilgr reinforced and unreinforced adobe
masonry were investigated. Sisal fibers with lemgft25mm were used as reinforcing elements
for mortar and adobe bricks at a fiber content af5%. A series of laboratory tests were
performed on masonry triplets, couplets and prisomgetermine shear strength, tensile resistance
and compressive strength, respectively. Uniaxiahmession and diagonal compression shear
tests were performed on wallets and wall panetpeaetively to determine compressive strength
and shear strength of the adobe masonry. Finitaegie linear elastic analysis was conducted
using ANSYS Finite-Element code to evaluate thesstrstate of loaded wall panels. The
structural design of adobe masonry walls was chwig according to BS5628 and Eurocode 6
standards, by utilising material properties acglii®mm the experiments. The results showed
that fiber inclusion in the mortar caused an inseedn tensile strength of 31%, friction
coefficient of 22%, and prism compressive strer@jtB5% compared with unreinforced mortar.

The reinforced wallets exhibited a twofold increasecompressive strength while reinforced
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wall panels indicated threefold increase in shé@ngth. The stress state in the reinforced and
unreinforced wall panels was not a pure shear siatt was better described by RILEM
recommendations. The allowable vertical load resist was found to be 40kN/m and 100kN/m
for unreinforced and reinforced walls, respectivdljie allowable lateral shear resistance was
found to be 25kN/m and 80kN/m for unreinforced agidforced walls, respectively. Reinforced
masonry elements exhibited considerable ductilitg anreinforced masonry elements showed

brittle behaviour.

Keywords: adobe bricks, masonry, fiber reinforcement, mortar
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1. Introduction

Adobe is the oldest and widely used material forstauction of dwelling houses. It is estimated
that one third of the world’s population and 50%tloé population in the developing countries
still live in the earthen buildings[1]. Earthen strnuction offers manifold benefits including cost
effectiveness, lower embodied energy levels, higarmal mass and reduced use of non-
renewable materials[2-4]. The interest in earthenstruction in the developed countries has
been driven by the demands for more sustainabla fafr built environment. In this regard,
earthen materials have been the attractive aligenad conventional high energy demand
construction materials[2]. Moreover, it is expectb@t the earthen structures in developing
countries will continue to exist not only due teeitheconomic benefits, but also because of
cultural tradition and identity attached to them[5The application of adobe materials faces
several constraints due to their brittle behavidowy tensile strength and deterioration when
exposed to moisture. However, the properties ofbadoan be improved by mechanical
compaction, chemical stabilisation with cement,diand bitumen, and fiber inclusions such as
straw [3, 6]. Chemical stabilisation can signifitgrimprove strength and water resistance of
adobe. Typically, chemical binders are added at¢hatents between 4 and 10% of the soil dry
weight [7, 8]. On the other hand, the use of thedditives significantly increases both material
cost and environmental impact. Alternatively, makdiber inclusions have been used in earthen
construction to increase ductility, tensile strémgpostcrack strength, erosion resistance,
dimensional stability and reduce shrinkage cra¢kbheomaterial[4].

The previous studies [9, 10] focused on the saiutmimprove mechanical properties of adobe
bricks with natural fibers and chemical additiveBe existing literature [11, 12] reports much on

the seismic behaviour of adobe structures anddiaelopment of seismic strengthening
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solutions. In practice, the performance of adobsanry in tension and shear is governed by the
properties of the mortar [13]. Therefore, it isoeunended that the strength of the mortar should
be less than the strength of masonry units. Orcamérary, some proposals have promoted the
use of mortars with strengths similar to or gre#ttan the bricks. To date, there is little publghe
scientific data to support these recommendationgubtished design values for flexural bond
strength of adobe brick masonry [2]. The study ement stabilised mortar shows that tensile
bond strength of cement mortar and adobe bricksfslovaries between 0.007 and 0.032MPa
and flexural bond strength between 0.004 and 0.0PzfR]. The bonding properties of
unstabilised mortar with adobe bricks/blocks hawe been extensively reported. In particular,
synergic strength contributions of fiber reinforamdrtar and adobe bricks/blocks to the global
performance of the adobe masonry structures havieesm reported in the literature. The adobe
masonry structures are poorly constructed in theeldping countries due to lack of design and
construction guidelines. This has rendered thectires vulnerable to natural hazards such as
earthquakes[14].

This study aimed at providing information on thectmenical properties of fiber reinforced adobe
masonry construction for the design of resilientl @ustainable low-cost infrastructure. Sisal
fibers were used to reinforce mud mortar and adbbeks. The study focused on the
investigation into the effect of fiber inclusion mud mortar and adobe bricks on the strength
improvement of the adobe masonry structure. This aehieved by performing series of
masonry element tests such as prism, triplet angblebto determine compressive, shear and
tensile strengths, respectively. The uniaxial caepion test on wallets and diagonal
compression (shear) test on masonry wall panele werformed to determine compressive

strength and shear resistance of the adobe mastmictures. A finite element analysis of the
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wall panels was conducted to evaluate the stre$s sf the loaded reinforced and unreinforced
masonry wall panels. The results of numerical aigalwere compared with ASTM and RILEM

interpretations using Mohr circles. Finally, desigh the masonry walls was carried out
according to BS5628 and Eurocode 6 standards ier ¢odestimate load carrying capacity of the

full scale adobe wall.

2. Materials and experimental programme

2.1. Materials
The soil used to manufacture adobe bricks wasliocallected and air dried for 48h. The soll
was manually sieved to remove any organic partidlést sieving for the soil was eventually
carried out in accordance with ASTM D1140-17 anel ¢gnading curve of the soil is shown in
Fig. 1. The soil is classified as CL in accordamgéh Unified Soil Classification System

(USCS). The average diameter of particle@gto is less than 0.075mm. The soil properties are

summarised in Table 1.

Commercially available fiber used herein was sibet was supplied by a South African
company in the form of ropes. The fibers were ot ispecified length of 25mm. Single fiber
tensile tests were conducted to determine fiberhaxeical properties and the summary of the

results is shown in Table 2.

2.2. Preparations and characterisation of masonry constituents
The constituents of masonry elements comprisediofarced and unreinforced mud mortar and
adobe bricks. In the manufacture of adobe brickg,sbil was weighed in the gauge box of
dimensions 300x300x300mm. The prescribed fiberesani0.75%) for the adobe composite mix

was subsequently determined by the percentageyahdss of soil, given by Eq. 1.
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pP=— (1)

wherem; is the total mass of fibers aritlis the mass of the soil in the gauge box.

The soil was mixed with water at the moisture contaf +2% plastic limit and fibers were
gradually added to wet soil until a homogeneouspmsite paste was formed. The soil paste was
cast into a mould of dimensions 215x102x65mm adngrdo BIS recommendation and was
immediately demoulded to produce adobe brick. Tdha@ba bricks produced (see Fig. 2) were
covered with grass and sun dried for 28days. Aftging, the average dimensions of the adobe
bricks were reduced to 200x100x60mm due to shrialafghe material. The local methods for
moulding and curing of adobe bricks were adopteeintollate common practice in rural areas of
the Eastern and Southern regions of Africa. Theeinforced adobe bricks were also

manufactured by following the same moulding andnguprocedures.

The fiber reinforced and unreinforced mud mortarevalso prepared and cast into cubes of
50x50x50mm. The mud mortar specimens were preparéte same manner as the bricks. A
total of 6 specimens per mortar type were preparetl cured for 28days under uncontrolled
laboratory temperature. This number of specimersseéected in order to obtain good statistical
data of the test results. The compression teste werformed on mortar and adobe bricks in
order to characterise their strength propertiese fregularities of manufactured adobe brick
specimens were smoothened by abrasion beforeddstiavoid pre-mature failure. The typical

strength properties for mortar and adobe bricksl isemasonry specimens are shown in Fig. 3.

2.3. Specimen preparation for adobe masonry testing
Masonry elements, namely prisms, triplets and cgigplvere prepared using the manufactured
adobe bricks and aforementioned mortar types @mefl and unreinforced). Different
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reinforcement patterns for the prism specimens veelepted. The specimens’ reinforcement
patterns were as follows; (a) reinforced brick andrtar (coded as RBRM), (b) unreinforced
brick and reinforced mortar (coded as UBRM), (dnfeaced brick and unreinforced mortar
(coded as RBUM) and, (d) unreinforced mortar andkir(coded as UBUM). The variations in
the reinforcement patterns of masonry prism comptsnaimed at determining the optimum
fiber reinforcement design for masonry constructidhe masonry elements were cured for
28days under uncontrolled laboratory temperature.

Two sets of wallets of average dimensions of 500x280mm were prepared, one with both
reinforced mortar and bricks that was labeled ddRRBR) and the other with both unreinforced
mortar and bricks that was labeled as (UMUB). Thall wanels of average dimensions of
1080x1100x100mm were prepared. Since failure ef wall panels in diagonal shear is
governed by strength of the mortar [15], the paeglforcement was applied to mortar only. The
unreinforced adobe bricks were used to preparelpspexrimens according to RILEM[16]
recommendation. The panel specimens were labelddBa#M and UBRM to stand for the
unreinforced and reinforced panels, respectivehe Tocal procedure used in the Eastern and
Southern Africa for masonry construction was adopté total of 3 specimens per type were

prepared for both wallet and panel testing.

2.4. Experimental programme
The compression test of adobe bricks was carrigdusing Coopers TC4131 compression
machine at the stress rate of 0.5kPa/s accordiig]taCompression test on mortar specimens
was performed using Quasar 10 universal tensilehina at a loading rate of 0.5mm/min
according to [18]. The average compressive strewgiiie of 6 tested specimens was determined

and taken as representative strength of mateoalsdth bricks and mortar.
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The tension capacity of mortar was determined bgrées of couplets tests using fabricated test
rig. The test set-up for couplets is shown in BigThe tension bond resistance of the mortar was
computed as the sum of measured load and the sgifinaf the bottom brick. The tensile bond
strength was determined by dividing total load witlortar-brick contact area. The average
strength value of 5 specimens of each mortar type determined and taken as representative

strength of the material.

The prism and triplet tests were conducted accgrthn[19] and [20], respectively. The triplet

was realised with three bricks and two mortar gifthe wooden blocks of 50mm width were
placed under the lateral bricks and the load wadiexpon top of the central brick. Three lateral
confinement stresses of 0.025kPa, 0.05kPa and & \iklPe applied to determine the coefficient
of friction and failure criteria of each mortar g/prhe test set-up for triplets is shown in Fig. 5.

The shear strength of the triplet was computedguSin 2.

r =L )

A

where Ry is the ultimate load and/As the area parallel to the mortar joint.

Diagonal compression test was performed on wallejsano determine shear strength in
accordance with [21]. The diagonal compression se$tup is shown in Fig. 6. The metallic
shoes of length 1/10 of the panel length were amchto the lower and upper corners of the
panel by the tension cables. The load cells andrétallic shoes were fixed to the cables by
steel pins. The metallic shoes were used in oadrstribute the load on a larger surface area to
avoid concentration of compression stresses amecmently, local failures at the corners. The
diagonal compression load was applied on the l@oeeaner of the wall by a hydraulic jack until

failure of the panel occurre8hear strength of the panel was computed usin@ Bqcording to
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r, = 0707 3)

P
where R is the ultimate failure load and,As the net area of the panel.

Displacements and strains of the prism, tripletaat panel specimens were measured using an
Imetrum Video Gauge system, during testing, alonth whe applied loads measured by
calibrated load cells. Numerical simulation of fhenels was performed by Finite-Element code
ANSYS 14 in ANSYS Parametric Design Language (APDIe objective was to evaluate the
stress state of the wall panels by linear elastalyesis. Both bricks and mortar were modelled
using four node triangular standard elements c#llade 183. These elements have two degrees
of freedom per node, four Gauss integration poems Lagrangian polynomials as shape
functions. The model of the masonry wall was basita regular inclusion of bricks into a matrix
of mortar. The mortar was perfectly bonded to lgickhe geometrical configuration and the
boundary conditions were identical to the real expental setup used in the laboratory testing.
The maximum shear loads obtained from the expetmhersults were applied to the finite
element model. The elastic material properties agcioung’s modulus and Poison’s ratio that

were employed in the finite element analysis aremarised in Table 3.

3. Resultsand discussions

3.1. Couplet test
The results of tensile capacity of both reinforecedrtar (RM) and unreinforced mortar (URM)
from couplet tests are shown in Table 4a and 4le fEmsile capacity values of reinforced

specimens range between 32N and 41N while valuemm@&inforced specimens range between
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20N and 37N. The average tensile resistance vétudsoth unreinforced and reinforced mortar
types are 28.2N and 37N, respectively. Fiber inclugauses an increase in tensile capacity of
about 31% compared with unreinforced specimens. ddefficient of variation (COV) of
unreinforced specimens is 26% while that for reaicéd specimens is 11%. This implies that test
results of unreinforced specimens exhibited highspersion than for reinforced ones. The fiber
inclusion in mud mortar reduces shrinkage of th# aod also minimises size of shrinkage
cracks [8]. The lower resistance exhibited by urfeeiced mortar was due to the shrinkage of the
mortar that undermined bonding at mortar-brick rifatee. The presence of shrinkage cracks
caused pre-mature failure of the unreinforced mnoftae variations in the bonding properties of
the unreinforced mortar resulted in the high disjzer of test results. On the other hand, the low
shrinkage and significant tensile resistance ofrBbwere responsible for good bonding at the

mortar-brick interface and high tensile resistapicihe fiber reinforced mortar.

3.2. Triplet test

The test results of shear strength of reinforcetitammeinforced mortar types are shown in Tables
5a and 5b, respectively. For the reinforced specgnshear strength with lateral confinement
stresses between 0.025kPa and 0.1kPa ranges bedw@35kPa and 0.105kPa. On the other
hand, the shear strength of unreinforced specimeths lateral confinement stresses between
0.025kPa and 0.1kPa ranges between 0.028kPa &8t&kP&. The shear strength values of adobe
masonry between 0.014kPa and 0.05kPa are repanmtdfiei literature [22]. The marginal

difference between the literature and the testitemiattributed to the type of soil and the later

confinement stresses imposed on the specimengiprésent study. The corresponding Mohr-
Coulomb failure criteria for both mortar types ar®wn in Fig. 7. It is shown that an increase in

lateral confinement stress causes an increaseesr sitrength. It is worth noting that the angles

10
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of friction for reinforced and unreinforced speciteeare 39 and 32, respectively. In
comparison, fiber reinforced specimens indicateagrage increase in shear strength of about
22% relative to unreinforced specimens. The colmesioabout 0.037MPa and 0.025MPa for
reinforced and unreinforced mortar respectivelg imdicated. The angles of friction between
29 and 34 and cohesion values between 0.037MPa and 0.045MiPanieinforced adobe
specimens are reported in the literature[22]. fdted that the test results in the present stugly a
relatively close to what has been reported in itleeature. It is evident that fibers endowed the
mortar with significant shear strength and frictiooefficient. This was attributed to the
mechanical interaction between fibers and soiligagt that ultimately mobilised resistance to
applied shear. The fibers provided large frictiomface area with soil particles hence enhanced

friction resistance of the fiber composite.

3.3. Prismtest
The results of compressive strength and strain afsanry prisms for specimens with
unreinforced mortar and bricks (UBUM), specimenshwinreinforced bricks and reinforced
mortar (UBRM), specimens with reinforced bricks audreinforced mortar (RBUM) and
specimens with reinforced bricks and mortar (RBR® shown in Fig. 8. It is shown that
compressive strength of reinforced prisms increlsearly to yield strain and reduces to failure
strain. The unreinforced prisms fail immediatelieateaching yield strain which is an indicative
of brittle behaviour. In comparison, prisms withreinforced mortar mobilise low strength
compared with reinforced prisms. It is shown tleforced prisms exhibit strength increase of a
minimum of 25% relative to unreinforced prisms. Ttheetility increases with fiber inclusion in
either the mortar or the bricks. Almost the samenmessive strength of about 0.5MPa is

mobilised with fiber inclusion in either the mortar bricks. The prisms with fiber reinforced
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mortar and bricks show the highest ductility ancersgth of about 0.55MPa.The yield strain
values for UBUM, RBUM, UBRM and RBRM are 0.15%, ®51.2% and 1.2%, respectively. It
is noted that the strength and deformation of tlesanry prisms increase with fiber inclusion
especially in the mortar. Nazeen et al [23] repbttet strength of the masonry increases with an
increase in strength of the mortar. Vicentan andebdva [22, 24] in a similar experimental
investigation reported values of prism compressivength of the traditional adobe in the range
between 0.36MPa and 1MPa, and strain between 00898%. It is noted that the test results are
within the values reported in the literature howevke prism compressive strength of adobe
masonry depends on the properties of adobe matdied high load carrying capacity of
reinforced mortar was responsible for strength owpment of the masonry prisms. The
reinforced bricks provided additional strength h@ tmasonry. It can be concluded that the
strength of both bricks and mortar had similaruafice on the overall strength of the masonry.
The typical failure modes of the masonry prismshwibreinforced mortar and bricks (UBUM),
with unreinforced bricks and reinforced mortar (UBRand those with reinforced bricks and
mortar (RBRM) are shown in Fig. 9. It is noted thgpical failure mode of unreinforced
masonry is characterised by vertical crack acressticks and mortar joints. Feng Wu [24] also
reported similar failure modes of the masonry psisin case of the partially reinforced prisms
(UBRM), the failure mode is characterised by vadticracks relatively smaller than those of
unreinforced prisms. For the fully reinforced prss(RBRM), the failure is characterised by both
vertical and horizontal cracks accompanied by lalgeral deformation. The ductility is
advantageous to seismic performance of the reiafbroasonry. It implies that the reinforced
adobe masonry structure would undergo considerdefermation before collapse during

earthquake [25].
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3.4. \allet compression test

The results of the compressive strength of masamajlets for reinforced (RBRM) and
unreinforced specimens (UBUM) are shown in Tabl@t&e compressive strength values of the
reinforced wallets range between 1.26MPa and 1.38Migh coefficient of variation of 2.7%.
On the other hand, compressive strength of unreiatbwallets ranges between 0.45MPa and
0.65MPa with coefficient of variation of 19%. Inmaparison, the compressive strength values of
adobe wallets between 0.77MPa and 1.72MPa areteepaor the literature [26]. It is worth
noting that compressive strength results from #sst are within the range reported in the
literature. It is worth noting that fiber inclus®nn the mortar and bricks cause an average
increase in the compressive strength of the wadieébout 145% as compared with unreinforced
wallets. The results of fiber reinforced masonrylleta show small coefficient of variation
(2.7%) while the unreinforced masonry wallets iadiclarge coefficient of variation (19%). The
shrinkage cracks might result in non-uniform mateproperties and pre-mature failure, and
hence were responsible for the scatter of testltsegor unreinforced wallets. The material
homogeneity reduced scatter of the reinforced watksst results. Failure mode of the reinforced
wallets was characterised by large deformation wiéntical cracks. On the other hand,

unreinforced wallets failed by crushing of the ksi@nd mortar, as shown in Fig. 10.

3.5. Diagonal compression panel test
The results of diagonal compression shear strefagthieinforced (RBRM) and unreinforced
(UBUM) panels are shown in Table 7. The diagonahgeession shear strength values of the
reinforced panels range between 0.041MPa and 0.BPa6Mith coefficient of variation of
13%.The diagonal shear modulus of reinforced paiaelges between 21.76 and 60.78 MPa. On

the other hand, diagonal compression shear stremigiimreinforced panels ranges between

13
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0.012MPa and 0.016MPa with coefficient of variatainl2.6%. The diagonal shear modulus of
unreinforced panels is between 6.48MPa and 13.96MRanoted that reinforced panels exhibit
an avaerage increase in shear strength and shehrunoof 235% and 346%, respectively
compared with unreinforced panels. The shear stedsstrain relationships of both reinforced
(RBRM) and unreinforced (UBUM) panels are shownFig. 11. It is noted that reinforced
panels exhibit considerable ductility before cadlapwhile unreinforced panels show brittle
behaviour. The failure modes of both unreinforced eeinforced panel are characterised by the
diagonal crack inclined at almost®4® the horizontal plane of the panel, as showFRiin 12a
and 12b The failure modes imply that the major principahgile stress in this test coincided
with the inclination of the crack. It is anticipdtéhat reinforced panel would perform better to

lateral loading such as seismic loading.

3.6. Finite element analysis of the wall panels

Finite element modelling was undertaken by impos$agls from the experimental results (81kN
and 25kN for reinforced and unreinforced panelspeetively). The major principal tensile stress
was assumed to be concentrated at the center phtied [15, 27, 28]. The modelling scheme of
the panel is shown in Fig. 13a and 13b. The resiiltise finite element linear elastic analysis for
unreinforced are shown in Fig. 14a, 14b, 14c ari The results for reinforced panel are shown
in Fig. 15a, 15b, 15c and 15d. The finite elemesults show that the stress and strain are high
in the direction inclined at 450 the horizontal plane of the panel. The nornedligrincipal
tensile stresses of about 0.6 and 0.99 for unmmatb and reinforced panels respectively, are
indicated. The normalised principal compressivesstes of about 0.96 and 2.7 for unreinforced
and reinforced panels respectively, are shown. ddreesponding maximum normalised shear

stresses of 0.7 and 1.7 for unreinforced and resefbpanels respectively are determined. In the

14
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standard interpretation of the masonry diagonal pression test, as provided by ASTM, it is

assumed that the stress state at the centre pftied is of pure shear such that principal tensile
stress is equal to shear stress and can be caltidgtEq. 2, and the principal directions coincide
with the two diagonals of the panels[15, 21, 2&cérding to RILEM, masonry is assumed as an
isotropic and homogeneous material such that sstass at the centre of the specimen is not a
pure shear state, although the principal directistils coincide with the two diagonals of the

panels [15, 16, 28]. This interpretation gives Wiadues of the principal stress state localised at

the centre of the panel given by Eg. 4 and Eq. 5.

PU
o, = 1.62% 5) (

wherePis the ultimate load anélis the net area of the panel.

The Mohr circles according to ASTM and RILEM intesfations and the stress state of the
simulated reinforced and unreinforced panels amvehin Fig. 16. It can be seen that the
numerical analysis results of the reinforced pawgke with RILEM, irrespective of the stress
values. The stress state of the unreinforced pahels slight deviation from the ASTM

assumption. It can be concluded that the stre$s atahe center of the panel for both panels is

not a pure shear state and can better be destybRtL EM interpretation

4. Design of vertically and laterally loaded adobe masonry wall

The typical maximum dimensions of adobe houses he teveloping countries are

8x5x2.5m[29]. The typical thickness is double bwekll of about 250mm.
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4.1. Case 1: Vertical Load resistance
The design procedure according to BS5628 [30] am&dde 6 [13] is adopted. The design
assumptions and adobe wall specificatons includgt dimensions of 8m length, 2.5m height
and 0.25m thickness, category Il of masonry unitgymal construction control and material
reduction factor of 3 (Table 2.3 of ECG6), simplestraint is provided by the roof, load
eccentricity at the top of the wall is less tha@08t (t is the thickness of the wall), the typical
slenderness ratio is about 10, typical wall caga@tuction factor is 0.97 (Table 7 BS5628).

Vertical load resistance is given by Eq. 6.

Nrsﬁ

(6)
Vi

where y=3, p=0.97 f is characteristic masonry compressive strength.
For unreinforced wallfi=0.5MPa (Refer to results of wallet compressiveersith), load
resistance is Nc40kN/m run of the wall.

For reinforced wall,fi=1.3MPa, load resistance is$L00kN/m run of the wall.

4.2. Case 2: Lateral shear resistance
Using limit state design approach and maximum eaktioad resistance (40N/mm run of
unreinforced wall and 100N/mm run of reinforced Nfvand assuming that the wall is fully
vertically loaded, allowable shear resistance efwfall is given by Eq. 7.

Fr =Nitang (7

where @ is the friction angle determined by triplet te82° and 39 for unreinforced and
reinforced mortar, respectively.
For unreinforced wallN,=40kN/m run of the wall and allowable shear resisgaisF, <25kN/m

run of the wall.
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For reinforced wallN,=100kN/m run of the wall and allowable shear resise isF, <80kN/m

run of the wall.

5. Conclusions

The mechanical properties of fiber reinforced anckinforced adobe masonry were investigated
by series of laboratory tests namely, masonry dtjptouplets and prisms tests.The shear
strength, tensile bond resistance and compressremgsh of the masonry elements were

determined. Masonry structural performance wassasseby uniaxial compression and diagonal
compression shear tests on wallets and wall paR@ige element linear elastic analysis was

performed to evaluate the stress state conditidmwtf loaded reinforced and unreinforced wall

panels. Adobe masonry wall was designed according35628 and Eurocode 6 standards by
utilising material properties acquired from the esments. Based on the acquired results, the
following conclusions were drawn;

1. Fiber inclusion increased tensile resistance oftandrom 28.2N to 37N, representing
31% of strength improvement.

2. Fiber inclusion caused an increase in shear stiesfghdobe masonry from an average
value of 0.028kPa to 0.035kPa with lateral confieatmof 0.025kPa. Shear strength
increased from 0.085kPa to 0.105kPa with higherddtconfinement of 0.1kPa and fiber
inclusion. The corresponding friction coefficienhcieased from 0.63 to 0.81,
representing 22% of improvement.

3. Fiber inclusion in either the mortar or the bricde@ised an increase in the compressive
strength of the adobe prisms from 0.4MPa to 0.5M&aresenting 25% of increase. An
average strength of wallets increased from 0.53kPAR3MPa with fiber reinforcement

in both the mortar and the bricks.
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379

. The average shear strength of the adobe wall paneteased from 0.014MPa to

0.047MPa while average shear modulus increased 8 MPa to 41.6MPa with fiber

inclusion in the mortar.

. The shear stress state in the reinforced and doreed wall panel was not a pure shear

state and was better described by RILEM interpiatat

. Fiber reinforced adobe masonry exhibited ductileaveour and the failure mode of the

unreinforced was brittle.

. The load resistance of the vertically loaded adfiber reinforced masonry wall was

estimated as 100kN/m run of the wall while unreioéal wall could support load of
approximately 40kN/m run of the wall. The shearistasice of reinforced wall was
estimated as 80kN/m run and unreinforced wall cosugport shear load of about

25kN/m run of the wall.
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Tables

Tablel Soil properties used in the study

Soil properties Value
Specific gravity 2.7
Consistency limits

Liquid limit (%) 40
Plastic limit (%) 21
Plasticity Index 19
Linear shrinkage (%) 12
USCS CL
Compaction test

Maximum dry unit weight (kN/r}) 17.61
Optimum moisture content (%) 17

Mineral composition (%)

AlL,O; 17.05
CaO 8.82
Sio, 56.54
Fe0; 7.48
MgO 0.78
K,O 0.35

Table 2 Properties of the sisal fiber used for study.

Fiber property Value
Breaking tensile strength (MPa) 500
Elongation at break (%) 2.1
Average diameter (mm) 0.2
Young’'s Modulus (GPa) 23

Table 3 Material properties employed in finite elementlgsia of panels

Property Reinforced Unreinforced .
Bricks Ref
mortar mortar
Elastic 150 350 1500 Experiment

Modulus (MPa)

Poison’s ratio 0.2 0.2 0.26




Table 4a Tensile bond resistance of fiber reinforced mudtaro

Specimen Serial Maximum Tensile capacity Mean cov
(N) (N) %
RM1 32
RM2 34 37 11
RM3 40
RM4 41
RM5 38

*RM=Reinforced mortar

Table 4b Tensile bond resistance of unreinforced adobe moidar

Specimen Serial Maximum Tensile capacity Mean cov
(N) (N) %
URM1 20
URM2 21
URM3 32 28.2 26
URM4 37
URM5 31

*URM=Unreinforced mortar

Table 5a Shear strength of reinforced mortar with varicatedal confinement stresses

Lateral confinement stress (kPa)

Specimen 0.025 0.05 0.1
serial Shear strength (MPa)
1 0.038 0.075 0.105
2 0.035 0.077 0.105
3 0.050 0.075 0.105
Table 5b Shear strength of unreinforced mortar with variateral confinement stresses
Lateral confinement stress (kPa)
Specimen 0.025 0.05 0.1
serial Shear strength (MPa)
1 0.028 0.035 0.083
2 0.030 0.055 0.085
3 0.038 0.055 0.080




Table 6.Results of compressive strength of fiber reinfdraad unreinforced masonry wallets

Specimen Dimensions Maximum Compressive Mean cov
designation hxwxt (mm) compressive strength (MPa) %
load (MPa)
(kN)
RMRB1 480 x 400 x 202 126 13
RMRB2 480 x 401 x 205 124 1.26 1.3 2.7
RMRB3 500 x 400 x 209 140 1.33
UMUB1 502 x 400 x 210 68 0.65
UMUB2 515 x 410 x 208 48 0.45 0.53 19
UMUB3 520 x 410 x 210 56 0.51
Table 7 Results of diagonal compression test
Specimen Maximum Maximum Shear Mean Mean shear cov cov
designation shear Diagonal modulus shear modulus shear shear
strength £) Shear load (G) strength (MPa) strength modulus
(MPa) (kN) (MPa) (MPa) % %
UBRM1 0.043 73.6 21.76
UBRM2 0.041 70.2 42.21 0.047 41.60 13 47
UBRM3 0.056 95.8 60.78
UBUM1 0.016 27.4 6.48
UBUM?2 0.012 20.5 13.96 0.014 9.32 12.6 44
UBUMS3 0.014 24 7.52
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Highlights
Fiber inclusion increases tensile resistance and friction coefficient of adobe masonry.
The compressive strength of the adobe prisms increases with fiber inclusion in either the
mortar or the bricks.
Shear strength and modulus of adobe masonry panels significantly improve with fiber
reinforcement.

Shear stress state in the reinforced and unreinforced wall panelsis not a pure shear state.



