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ABSTRACT: Use of adobe materials is considered as a common construction practice in rural and
historic cities of developing countries including Iran. Compared to other conventional building materials,
adobe offers some advantages such as eco-friendly features, local availability, easy application, cost-
efficiency, and high thermal and sound insulation. However, the weak seismic performance of adobe
buildings under past earthquakes has led to extensive economic losses and casualties. Therefore,
retrofitting of such buildings and development of guidelines for their seismic design seem vital if they
are intended to resist strong ground motions. In addition, retrofitting of adobe buildings with natural
and traditional materials would be more desirable. Due to the critical role of walls as the main load
bearing element in adobe buildings, their retrofitting would be of high priority. Towards this, the current
study was aimed at utilizing palm fibers as a natural and sustainable material in lateral retrofitting of
adobe walls. In total, six adobe wall panels, with dimensions of 1000x900x200 mm, including one
control and five retrofitted specimens were tested under the combination of a constant vertical load and
incremental lateral displacement reversals. The retrofitting technique involved external application of
palm meshes plastered with a straw-mud mortar. The experimental parameters comprise dimensions of
meshes, number of anchors on both sides of the walls, and arrangement of meshes. The results indicated
that using externally bonded fiber meshes can lead to retaining the overall integrity and change the
shear failure mode to a rocking/toe crushing. Further, the lateral strength, ductility factor, and energy
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dissipation capacity of walls were improved remarkably.

1. INTRODUCTION

Soil is one of the most important materials of historical
buildings, which has significant cultural value in most
civilizations. Thus, these buildings should be protected for
future generations. In recent years, soil materials such as
adobe have been considered as an eco-friendly building
material in advanced countries [1]. Other advantages of
soil, in comparison with other common building materials,
can be named as high insulating, humidity adjustment, local
availability, low cost. In addition, soil constructions usually
would not require highly skilled labor. From structural point
of view, this material has acceptable compressive strength but
low tensile strength [2]. As a result, soil structures have been
able to acceptably sustain gravity loads, while vulnerable under
lateral loads as evidenced by recent earthquakes, including
El Salvador (2001), Peru (2001), Bam in Iran (2003), China
(2008), Chile (2010) and Nepal (2011)[3]. Unfortunately,
many of the adobe masonry structures around the world
are built in areas with high seismic risk, and therefore it is
necessary to strengthen them and maintain their integrity to
withstand seismic-induced forces [4].

Pioneer investigations dates back to 1980s, when Meli et
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al. [5] conducted a study on the seismic behavior of adobe
structures., Their experiment was comprised of 1: 2.5 scaled-
down masonry houses tested on a shaking table. Based on
their results, strengthening of masonry houses using welded
wire mesh was found to be an efficient method in this
research. Bakhshi et al. [6] tested two models of four-crag
hinged roof adobe construction: a test sample and a sample of
2: 3 steel mesh reinforced on a shaking table. An unsupported
sample due to the lack of integrity of the structure, by creating
vertical cracks in the walls and failure in the corners, led to
the instability of the structure.On the plate, these cracks were
directed to the bottom of the wall and the slipping mode was
observed in the lower horizontal portions of the specimen.
Hracov et al. [2] tested eight specimens of 240 mm thick
adobe walls with two different adobe blocks under cyclic
loading to evaluate the seismic behavior of adobe walls.
They strengthened the walls using external polyethylene and
polypropylene meshes and also used NSM steel cables. Both
methods retained the overall wall integrity and increased
lateral strength significantly.

In this paper, the results of lateral cyclic loading of six
adobe wall specimens measuring 200 mm x 900 x 1000
mm were investigated under a constant vertical compressive
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Fig. 2: Test setup

stress of 0.3 MPa and an incremental displacement loading
reversals. The experimental program was aimed at evaluating
the effect of external strengthening with palm rope mesh.

2. TEST PROGRAM

The present study was conducted on the basis of testing
six adobe wall specimens with considering the variable
parameters of grid mesh reinforcement, mesh arrangement,
and number of transverse anchors. The wall samples were
made of handmade adobe blocks of 200 x 200 x 45 mm in
dimensions. The walls were made from mud mortar in 1: 1
ratio of clay and sand. The compressive strength of adobe was
4.43 while the compressive strength of the mud mortar was
obtained to be 3.31 MPa.

For strengthening of the adobe wall samples, a woven
mesh of the palm rope was used as shown in Fig. 1. The palm
rope with a diameter of 5 mm was made in the city of Bafq.
Mesh gratings had dimensions of 50 and 100 millimeters and
were used in two configurations of rhombus and squares. The
external strengthening mesh was plastered with straw-clay
mortar, which were responsible to adhere the mesh to the
wall, to tighten the grid mesh and protect the meshes. The
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Fig. 3: The envelopes of hysteresis curves

palm rope strings had a tensile strength of 0.22 kN and an
elastic modulus of 0.43 GPa.

Fig. 2 provide a schematic illustration of the test setup.
The lower part of the wall was fitted as a grip on a special
base attached to the rigid floor, and on top of the wall, the
roller support was provided. In order to simulate the gravity
load on adobe walls, a vertical load (equal to 0.3 MPa vertical
stress on adobe wall) was applied using al hydraulic jack. The
increasing lateral displacement reversals were applied at 800
mm height using a dynamic actuator possessing a capacity of
100 kN.

3. RESULTS AND DISCUSSION

The hysteresis curves of adobe walls were obtained
and their envelopes were compared in Fig. 3. In the overall
comparison of the curves, an improvement in behavior can be
observed by decreasing mesh size (increasing mesh strength)
and changing the grid mesh arrangement from square to
rhombus (W5: small grid, square, W6: small grid, rhombus).
The highest ductility factor, energy dissipation and tolerable
drift were also observed in W6 and W5, respectively.

4. SUMMARY AND CONCLUSIONS

This paper presents a part of the results of a broad research
project at Yazd University on the evaluation of the behavior
and retrofitting of adobe walls. In this research, the role of
woven warp of palm rope, which is an environmentally
friendly traditional material, has been evaluated to improve
the behavior of traditional adobe walls under lateral loads.
Parameters for assessing behavior were overall integrity,
lateral strength, lateral drifts, ductility factor, and energy
dissipation capability. Based on the obtained results, the
following remarks can be drawn:

1. The proposed external strengthening method using
woven warp of palm rope improved the integrity of the wall
samples and increased the ability to withstand the larger
drifts. Also, with the proper distribution of cracks in the
wall, the postponement of a sudden drop in resistance was
observed in strengthened wall samples. Stronger meshes
showed significantly better results.

2. After retrofitting intervention, the shear strength of
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adobe walls increased up to 105% relative to the control
sample3. The ductility factor of the control specimen was
about 3, which is an acceptable value for this inexpensive, and
environmentally friendly material. Nonetheless, this value
increased to about 4 after strengthening.

4. Energy dissipation capability of the strengthened
specimens was determined to be three times of the control
specimen. The strengthened specimens could retain their
energy dissipation ability and lateral strength up to an
acceptable drift of 0.03.

5. The failure modes of the adobe walls were dominated by
diagonal shear and toe crushing. Nonetheless, W6, which was
strengthened with a stronger mesh and rhombus configuration
indicated insignificant diagonal cracking up to the failure.
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Fig. 11.Hysteresis load-displacement curves: (a) W1 (b) W2 (c) W3 (d) W4 (e) W5 (f) W6

v 3l o8 mla ol 4 ol olbul cans (Jolre Cowd 4y 52 Slho gy gove )l Jol> Jolae asgo loges
it ol iy o LS eSS b Oyt 4 ot 5 g Jobae 53 lsged sy gop 1T USE 3 ] e

Lol (Bl b cos ojle [, 6 JSE L 602Uyl SH B39 (e eyl e el 0ald o0l sy Sleds

YivYy



TIFY U VIV dorto AYAR Lo A ojlasds DY 093 «pusS yuol ()l o cwdins 4 il

ohlo3 sl aiged Jblin o lalr g cuglio yiSTas . Jou
Table 4.Maximum strength and corresponding displacements

“uoglio 25T Lol .
Cglis ST 0 almlo o FSlos Sl | (KN) cwglio pSTas o
(mm) 581 doyo . A
(kN) cwglio

Push Pull Push Pull
). \e -— Yoy Yo/FA Y'Y/t W1
Y0 \e. V\Y/aY va/-f f-/aA \RAR W2
). \Y/O Y7 Y/ A fy/ey fY/OY W3
\e \Y/O Va/VY LA fy/94 \ATAR: W4
Y0 AN fv/-f O+ IAY fa/«A OY/OA W5
VYO AT Yo/bfF O+IYY OY/fY TAIYY Wé

I8 aslie 0,50 VT S0 50 ladiged (xSl gy (e
b0 Gl Jolee olal 2 oS 63y JSS eyl 5 conl ais S
az g b cewl onpd 5 &1 F Joam o casl onds Jol> o jogs oyl
Yl aen o glas 2 L8, ey VWSS o g sle (o
Bgad 6l gy () (Jg Sl alils g 0ol slowl (65lupglas
a2y BB g ogede Jlows S (oo B0 o bodd ool sla
Sglds A ol Coati gld diged 0 hey (p s .l o0y
Cogl diged & barye )0 Cugli e diged g b ke B
5 sy o 00 (W2 el Jloe (g 9V 0+ (o Lo
o el 555 B0 i s b Jlgys (gim W6 aigad 4 3les
oS i) Sl P Jgaz 0 oel Sty (6 3 IS ol 5l o
2ol digel a4y Cod 5 pdy S8 po b diged aled j3 Wiz jo
el 0355 4z B iz il ol s el atdls gl
s V17 cuyo b vald aiges & by jo (s dy S5 38 (2 yeS
AT Sl o5 sl F10¥ 2o L W6 aisad 4y by yo 0 it
ol (6 S oy sy TY
Slgs slos) [, sbeS 2l 4 sl JSE oo andl
ave) ol )0 5 A Sl b S lie yielly 5 009

oz (55,00 Syl ~Y-F
A, o0 o3l bwgi (6551 G L esly (65, Sl

L digod youleo 10 (2 lmle 50 Cuoglilo dulia . & Jour

Table 5.Comparison of lateral resistance at 15 mm
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Fig. 14.Cumulated dissipated energy of specimens

ol ) @l eg 35l Sl Sl Il g s pddSs
o] s Gl

BL oudazdl e 5l colanul L ‘5?)5 Cogli oy, )
bl g apisy s | (Sl lpo sladises S LSS Lo
RUST - K] St P E = PR E W | L GO g O
ST 31 Il 31905 & o e 55 S5 sl g L
2 588 lagie )8 lens oad Zusls sl aiged ;5 (aaglie
4538 Joe gy S LB sk 45105

oy 1dlize Oygo 90 A by jles Cdél cllSl 0ge -V
Ol Lo S edalie anily Salo > Lplss sl o)lges 5 s kad
S0 3 b pls (6lol55 o 4y CunSh D90 (98 e (i
SxS a9 yusd Ghe b e WO wiges o .l bles asly
S8 (s CenSl S90 (i [ eS Sgr 0ad Caol e ()
23,5 odalive oS 5 (S 5L Glime %65 5 g

BLI Gie b oo Cugds suis slojlans by Ceoglie Y
Bged 4 Comd o 0 V0 B o Vo il canyo o by
> 0 Caglie ol pl el iol8l (eais Cogds) S
polie ;o Lisudel Ly ol a5 W T svaliv wow FY U IS

] 6.......\.> ‘_ng)‘%é (5‘°})J ‘_g)’l...q

b il oS i ial33l b gy awles alioe Ly, Lawgie o
Y Sgqa> G,JL? O o Loy s ‘)ML,;L.Q VO sgu>
i e e Vo v Jsame oo b0 Sy (gla diges oy
by aS 5L il gl 1S sy o sl alils g0 (555
s Gladiged g anlys Jusads Gbdll; b ol slal &
00 55 e (e Ve e e boad Cogl g ot Logs (25
o shee B0 (S 098 Gl bodd Cusl ey slaaigel LS g
5 S50 Sl 4 a0 ¥ (YL e S0 yus B ailaciiiles

G as —F
0 03 S iyl aslip SOl (cidu b pol Al
Gilwpglin o L8, SL5I L akaly o 55 oRKiils e caSlails
adl sl e (il 3iod pl j0 ams e a1 g slalg
sl pony b 5l o s s S S Loy GLI 5l oas
slazz sl cov i s slajlns B8, il o
byl byl 285 15 Dbl 8y9e axmio (98 (Sl
Gk Gl (52,03 5 Ay 5 (SrobSe L LS de
ot I3 YL il sl S s oo Skl il

AR



VAFY B YIYR dis AYAQ Lo A o)loud @Y 0,93 ey sl (3lpos swigen 4 s

[8] N. Sathiparan, P. Mayorca, K. Meguro, Experimental
Study on Static and Dynamic Behavior of PP-Band Mesh
Retrofitted Adobe Masonry Structure, in: Proc. of the
7th International Conference on Urban Earthquake
Engineering (7CUEE), 2010, pp. 5-3.

[9] A. Figueiredo, H. Varum, A. Costa, D. Silveira, C. Oliveira,
Seismic retrofitting solution of an adobe masonry wall,
Materials and Structures, 219-203 (2013) (2-1)46.

[10] EL. Tolles, “Getty seismic adobe project research and
testing program”, Proc, Getty Seismic Adobe Project 2006
Colloquium2009., p. 41-34.

[11] EL. Tolles, EE. Kimbro, FA. Webster, WS. Ginell, “Seismic
stabilization of historic adobe structures’, The Final
Report of the Getty Seismic Adobe Project, The Getty
Conservation Institute, Los Angeles. 2000.

[12] M. Blondet, J. Vargas, N. Tarque, JS. Paz, C. Sosa,
J. Sarmiento, “Refuerzo sismico de mallas de sogas
sintéticas para construcciones de adobe’, Tierra,
sociedad, comunidad: 15° Seminario Iberoamericano de
Arquitectura y Construccion con Tierra: Universidad de
Cuenca; 2015. p. 80-67.

[13] A. Charleson, M. Blondet, “Seismic reinforcement for
adobe houses with straps from used car tires”, Earthquake
Spectra., 2)28;2012):30-511.

[14] A. Charleson, “Seismic strengthening of earthen houses
using straps cut from used car tires: a construction guide”,
Oakland: Earthquake Engineering Research Institute
(EERI)., 2011.

[15] S. Farooq, M. Ilyas, S. Amir, “Response of masonry walls
strengthened with CFRP and steel strips”, Arabian Journal
for Science and Engineering., 3)37;2012):59-545.

[16] M. Shabdin, Nader K. A. Attari, and M.
Zargaran, Investigating the effect of changing in
material properties on the behavior of Un-Reinforced
Masonry (URM) walls for using in seismic vulnerability
studies”,

Modarres Civil Engineering Journal, 2)18), 2018, pp. 126-113
(In Persian).

[17] N. Ismail, J. Ingham, “In-plane and out-of-plane testing

of masonry walls strengthened using polymer textile

kA

Cosl Cll> o (s les dised Gpdy JSG oo Y
wlas ol @l Joed BB e 45wl Cansy ¥ Sga 45 oot

)|.\.8.4 Q-.’.‘ .QQ;GAQM d‘“‘ﬁ).‘lafmlf)@).l“’ﬁd‘}ﬂﬁgs‘%’.
Bl oli8l ¥ sgas U leys SLI pe b cggas b

Vool Ol i B oad ool S leed diged -
bcosdi bog Joud BB om0 (65, Sl 4 06 e Lo
kil Gl (Rhend i) (%0 (heoo Ve Sl b Lo j3 SLT e
(2oyo ¥V iy o b Jolre ) oo VO 090> il e s b
o shea 00 e Loy Cughl S s sladiges .2l aslol
O s U (og5w | 955 (65, gl <ol (58 i)
Aidged bra> e Lo VO ol

&=y

[1] G. Minke, Building with earth: design and technology of a
sustainable architecture, Walter de Gruyter, 2012.

[2] E Wu, H.-T. Wang, G. Li, J.-Q. Jia, H.-N. Li, Seismic
performance of traditional adobe masonry walls subjected
to in-plane cyclic loading, Materials and Structures, (1)50
69 (2017).

[3] S. Hracov, S. Pospisil, A. Garofano, S. Urushadze, In-plane
cyclic behaviour of unfired clay and earth brick walls
in both unstrengthened and strengthened conditions,
Materials and Structures, 3308-3293 (2016) (8)49.

[4] M. Blondet, G.V. Garcia, S. Brzev, A. Rubiios, Earthquake-
resistant construction of adobe buildings: A tutorial,
EERI/IAEE world housing encyclopedia, (2003).

[5] R. Meli, O. Hernandez, M. Padilla, Strengthening of adobe
houses for seismic actions, in: Proceedings of the Seventh
World Conference on Earthquake Engineering, 1980, pp.
472-465.

[6] A. Bakhshi, M. Ghannad, M. Yekrangnia, H. Masaeli,
Shaking table tests on dome-roof adobe houses,
Earthquake Engineering & Structural Dynamics, (3)46
490-467 (2017).

[7] E. Tootoonchy, B. Asgarian, F Danesh, Experimental in-
plane behavior and retrofitting method of mud-brick
walls, International Journal of Civil Engineering, (2)13

201-191 (2015).



for compressive strength of hydraulic cement mortars
(using -2in. or [-50mm] cube specimens), annual book
of ASTM, standards, 4.

[20] E. ASTM, 2126, Standard Test Methods for Cyclic
(Reversed) Load Test for Shear Resistance of Walls for
Building, ASTM Designation E 2005) 5 ,2126).

reinforced mortar”, Engineering Structures, V. 118, July
2016. pp. 177-167.

[18] ASTM, Standard test methods for sampling and testing
brick and structural clay tile, in, ASTM International
USA, West Conshohocken, Pennsylvania, 2003.

[19] C. ASTM, 109/C 109M1999 ,99-, Standard test method

DOI: 10.22060/cee}.2019.15927.6079

H. Meybodian, R. Morshed, A. Eslami, Experimental investigation on the seismic behavior of
adobe walls retrofitted with palm meshes, Amirkabir J. Civil Eng., 52(8) (2020) 2129-2142.

2 gl )l o (n] 4 4igS

yigy



