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Abstract This article presents the outcome of a
series of in-plane shear tests on non-traditional
masonry walls under unstrengthened and strengthened
conditions. The uniqueness of the experiments arises
from the testing of unfired clay and earth (adobe)
bricks, which are typical for numerous historical
buildings and which have significantly different
mechanical properties in comparison with the nowa-
days commonly used fired bricks, concrete blocks, etc.
The applicability and suitability of two different
strengthening techniques, which do not require sig-
nificant structural intervention, were investigated with
the use of two evaluation procedures. The first
technique was realised using steel wire ropes that
were mechanically fastened to the wall and arranged in
an X shape. The other technique comprised of the
application of a geo-net to the surface of the wall,
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which was then covered with a layer of adobe plaster.
Two different types of geo-nets were tested. The paper
focuses on the assessment of the influences of both
strengthening techniques in changing the structural
resistance of the walls loaded by a combination of
constant vertical compression and a cyclic horizontal
loading. Other mechanical parameters, e.g. ductility or
damping, were also investigated in detail. In addition,
the geo-net retrofitting technique applied to a previ-
ously damaged wall was studied. Conclusions and
practical recommendations for preventive strengthen-
ing of adobe and dry brick masonry walls or for
remedial work on damaged masonry in regions with
high seismic risk are given.

Keywords Seismic strengthening - Retrofitting -
Earth brick walls - Experimental tests - Energy
dissipation - Earthquake engineering

1 Introduction

Much of the architectural heritage in the regions of the
world with high seismic activity was built from dried
earthen materials such as unfired clay and adobe
bricks. It is estimated that approximately 30 % of the
world’s population lives in earth buildings [1, 2].
Especially in the developing countries the earthen
built heritage is very important and comprises of
simple houses in rural areas as well as important
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monuments. However, this type of construction raises
concerns about the structural performance during
earthquakes. As a result, the definition of preventive
measures and adequate low cost seismic strengthening
techniques represents a key aspect in the conservation
of this particular type of built heritage.

Structurally, soil as a building material performs
well against compression forces but has a low tensile
strength, see e.g. [3]. Therefore it is important to adjust
the structural elements made with this material
towards compression and to transfer the majority of
the tensile forces that occur during earthquakes [4] to
the strengthening elements. The choice of the strength-
ening system depends on the type of structure and
should be properly calibrated with respect to the
failure mechanisms, the overall ductility and the
energy dissipation. Masonry elements have been
strengthened for many centuries by traditional meth-
ods involving, for example, filling of cracks or voids
by grouting, stitching of large cracks or other weak
areas with metallic elements or concrete, application
of strengthened grouted perforations, etc. All these
traditional techniques are, however, limited by some
disadvantages that restrict their application [5], which
has prompted researchers to develop more adequate
and effective solutions. The use of materials such as
concrete cement and steel elements for the strength-
ening and retrofitting of masonry structures revealed
disadvantages in relation to the reduction of available
space, architecture impact, heavy mass, corrosion
potential, employment of organic binders etc. There-
fore, new methods need to be applied using new
materials and technology.

One of the early studies on the use of non-metallic
reinforcement for strengthening of masonry walls was
realised with vertical or inclined low-modulus
polypropylene braids, see [6]. The concepts and
analytic results regarding the applicability and effec-
tiveness of fibre reinforced polymeric (FRP) tendons
used to apply circumferential pre-stressing to historic
masonry structures were given by [7] and [8]. The FRP
overlays have also been applied to strengthen walls,
see for example [9]. [10] investigated the use of carbon
laminates (CFRP) as non-seismic strengthening ele-
ments of masonry structures. The studies [11] and [12]
focused on experimental investigations, involving
quasi-static tests of unreinforced masonry specimens
strengthened with epoxy-bonded glass fabrics. For the
strengthening of the masonry walls subjected to in-

plane and out-of-plane cyclic loading, textile rein-
forced mortar (TRM), characterised by high compat-
ibility with the substrate, was proposed by [13, 14] and
[15]. [16] employed a similar technique consisting of a
carbon mesh arranged bi-directionally and placed
within two layers of mortar in order to strengthen
yellow-tuff-masonry walls. Over the last few years
polymer resins have been substituted by cement or
lime based mortars. The use of inorganic materials as a
binder can be more effective than the use of organic
resin if the thermo-hygrometric aspects are taken into
account, see [17]. In [18] a composite system consist-
ing of a sequence of layers of cement-based matrix and
alkali resistant glass coated reinforcing grids was
successfully tested.

The present work describes the employment of geo-
nets and wire ropes as a strengthening technique for
masonry walls. Both methods take advantage of the
well-known benefits of these materials, such as their
mechanical properties, high strength to weight ratio,
high resistance to corrosion in comparison with other
metallic strengthening systems, ease of application
and the preservation of the geometrical and, to some
extent, also the architectural detail. The study is
focused on the investigation of the mechanical
behaviour of these particular strengthening systems
in combination with unfired earth and clay masonry
walls. The main interest is related to the improvements
of the in-plane behaviour of the wall that are caused by
the application of these strengthening methods.

2 Experimental procedure
2.1 Material and specimen specification

Experimental tests were carried out on two types of
masonry panels, which differed in the structural
materials used. Four panels were constructed using
unfired ready-made adobe (earth) bricks and for a
further four panels unfired classical clay bricks were
used. The Flemish bond was used for the construction
of all the panels. The adobe bricks [19] were produced
by a mechanised hand moulding procedure without
any compression and the unfired clay bricks were
manufactured using a classical machine procedure
typical for extruded fired brick. Both types of bricks
had a dimensions of 240 x 115 x 71 mm. An
overview of the physical and mechanical properties of
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the bricks is given in Table 1. These figures were
specified either by the manufacturer or determined in
previously performed tests [20]. According to this
reference, the Young’s modulus E; /3 was determined
as a secant-modulus of the stress at a third of the
compressive strength. Both types of bricks were bound
with adobe mortar having similar physical and
mechanical properties as adobe bricks, see Table 1.
The overall dimensions of all tested walls were 240
mm in thickness, 1050 mm in width and 1367 mm in
height.

2.2 Intervention techniques

Two different intervention techniques were applied in
order to achieve an effective increase in the mechan-
ical performance of the walls.

The first strengthening method was based on the
application of a polyethylene (PET) [21] and
polypropylene geo-nets (PP) [22] onto both sides of
the wall. The geo-nets that were chosen are both
commonly available and affordable and are normally
used either as anti-cracking nets for plaster reinforce-
ment (PP) or are suitable for sub-grade stabilization
and base reinforcement applications (PET). The basic

Table 1 Material specifications of bricks and mortar [20]

mechanical properties and a detailed picture of the
geo-nets are given in Table 2 and in Fig. 1, respec-
tively. The shear stiffness in Table 2 expresses the
differences in plane rigidity between the geo-nets. It is
expressed as the force required to cause a 1 % drift of
one row of mesh of a 1 m long geo-net. The PET geo-
net, contrary to the PP geo-net, had almost zero shear
stiffness.

The geo-nets were attached by means of steel
staples applied with a pneumatic pistol. The U-shaped
staples were positioned according to a grid with
dimensions of 150 mm x 70 mm and were embedded
into the bricks to a depth of 10 mm. After the
mechanical fastening of the geo-nets to the surfaces,
the walls were covered with an adobe plaster of about
20 mm in thickness, see Fig. 2 (left). In the case of the
unfired clay brick wall with the PP geo-nets, the
surface was not plastered in order to determine the
influence of the plaster on the overall mechanical
behaviour. The PET geo-nets were also applied to a
previously damaged unstrengthened adobe wall which
was tested for the purpose of retrofitting.

The second intervention method was represented
by the application of three steel wire ropes placed
along each diagonal of both sides of the wall, see Fig. 2
(right), thereby strengthening the undamaged masonry

Title Density ¢ Compressive Tensile strength Young’s modulus Poisson’s
(kg m™) strength f (MPa) f (MPa) E\/; (GPa) ratio v (/)
Mean Mean STD Mean STD Mean STD Mean STD
Adobe brick 1870 5.10 0.31 0.50 0.14 2.20 0.1 0.43 0.07
Unfired clay brick 1900 7.50 0.28 0.82 0.12 3.20 0.1 0.45 0.08
Adobe mortar 1900 3.16 0.44 0.30 0.08 1.07 0.2 - -
Adobe brick masonry 1890 3.28 0.40 - - 0.80 0.2 0.37 0.13
Table 2 Geo-nets and steel wire rope specifications [21, 22]
Reinforcement type Product name Tensile Yield point Shear stiffness Mesh size Diameter
strength f; elongation (1 % drift) k 1 x b (mm) ¢ (mm)
YPE (%) (kN/m)
PET geo-net Tencate Miragrid GX 38/38 kN/m 10/10 ~0~0 25 x 25 -
PP geo-net Tenax RF1 9.3/17 kN/m 16/13 0.64/1.86 30 x 45 -
Steel wire ropes - 1770 MPa 15 - - 4

PIEM
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Fig. 1 Geo-nets used for strengthening of masonry walls (left—polyester, right—polypropylene)

Fig. 2 Specimen
strengthened using adobe
plaster with PET geo-net
(left; ABW-3) and steel wire
ropes (right; ABW-2)
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wall with a total of twelve wire ropes. First, three
parallel grooves along each diagonal were made. Then
the ropes were inserted into the grooves and each end
of the rope was fastened to the wall with screws. The
ropes were initially pre-stressed to 0.4 MPa, to ensure
their effectiveness even at small displacements.
Finally the grooves were filled with adobe mortar, to
provide the coupling between the rope and the
masonry.

An overview of all tested specimens along with
their descriptions are given in Table 3.

2.3 Testing rig, loading and measurement set-up

The masonry specimens were mounted into a special
testing rig that simultaneously enabled uniform com-
pression and cyclic horizontal loading on the top of the
tested wall; see Fig. 3.

-

Table 3 Overview of the specimens

Material Label Intervention
Adobe brick ABW-1 -
Adobe brick ABW-2 Steel wire ropes
Adobe brick ABW-3 PET geo-nets
Adobe brick ABW-4 PET geo-nets
(Retrofitted ABW-1)
Adobe brick ABW-5 PP geo-nets
Unfired clay brick DBW-1 -
Unfired clay brick DBW-2 Steel wire ropes
Unfired clay brick DBW-3 PET geo-nets
Unfired clay brick DBW-4 PP geo-nets

Figure 4 shows a diagram of the specimen placed
within the testing system. The vertical load was
generated by three hydraulic pistons (jacks) and was
uniformly redistributed by means of an adjusted steel
C-beam—=closed at either side—placed on top of the
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Fig. 3 Testing rig with the specimen
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Fig. 4 Scheme of the testing system

wall. The load was controlled by means of the pressure
of the hydraulic system within the jacks, which was
manually kept at a constant value throughout the loading
process. A horizontal displacement (force) at the top of
the wall was introduced using a servo—hydraulic MTS
actuator with a loading capacity of 250 kN.

During the experimental testing, the following
loading conditions were considered. At first, only the
above-mentioned compressive loading was applied. It

was increased continuously up to a value of 80 kN,
evenly distributed across the top cross section of the
wall. Then, the vertical compressive pre-stress was
combined with a cyclic horizontal loading mode with
step-wise increments at each maximum cycle limit.
The application of the horizontal load followed a
triangular pattern with a constant frequency equal to
0.1 Hz. Three cycles for each step of the loading,
defined by a maximum value of the amplitude of the
displacement (starting from 2.5 mm and with incre-
ments of 2.5 mm) imposed by the actuator, were
carried out. During the test, the forces on the vertical
hydraulic jacks as well as on the horizontal actuator
were recorded. The horizontal displacements at the
bottom and the top of the wall and diagonal deforma-
tions on the surface were measured. The locations of
the four diagonal (P;, P, P; and P4) and two
horizontal LVDT sensors (Ps and Pg) are shown in
Fig. 4. The sequence of initiation and development of
cracks in both surfaces was photography recorded
during all loading steps. The loading was terminated
when the total collapse of the specimen occurred or
when there was a danger of uncontrollable collapse.

3 Evaluation methods
3.1 Procedure for evaluation of the bilinear curve

The actual hysteresis behaviour of a masonry wall,
subjected to the combination of constant vertical load
and a sequence of lateral loads, can be interpreted by
the commonly used bilinear curve, see [23, 24] or [25]
and Fig. 5.
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Vinax T~
v e Equivalent bilinear curve.,
u g T
/ NN
V= 0.7 Vyggy [ [ s
/] ;
./. 0.8 Vinoy
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Fig. 5 Hysteresis envelope and its bilinear idealisation
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The construction of a cyclic envelope of the
hysteresis loops was carried out first. In the present
case, the hysteresis loop represents a dependence of
the horizontal force V (force of the actuator) on the top
wall displacement ¢ (actuator displacement) for one
cycle of the loading step. The characteristic value of
the maximum force and the displacement were taken
as averages of their maxima relative to the positive and
negative loading directions. Three envelope curves,
each corresponding to individual cycles, were
constructed.

The parameters of the bilinear curve were deter-
mined using the following procedure. The first step
was the evaluation of the elastic stiffness. The elastic
stiffness k) was obtained by drawing the secant to the
experimental envelope at 70 % of Vi, relative to the
displacement J., for which the development of the first
cracks was expected:

0.7 Vi

kel 5cr

(1)
Here, V.« denotes the maximum lateral force of the
envelope curve. The second step consisted of estimat-
ing the ultimate displacement (J,). The ultimate
displacement of the envelope curve is defined as the
displacement corresponding to a strength degradation
equal to 20 % of V. If this limit strength degradation
is not reached, the ultimate displacement is assumed
equal to the maximum obtained displacement.

Ensuring that the areas below the cyclic envelope
curve (evaluated numerically as a sum of discrete
areas A;) and below the equivalent bilinear curve are
equal, then:

Aenv = Abil

V2 (2)
2 kel

A, =V, oy —

The value of the shear V, corresponding to the
horizontal branch of the bilinear curve takes the
following form:

2 ASHV
Vu_kel[éu— D T ] (3)

Knowing the elastic stiffness k. and the value of V, it
is possible to evaluate the elastic displacement J,:

53 = k_el (4)

PIEM

Three bilinear curves, each corresponding to a partic-
ular envelope curve, were constructed. To obtain only
one equivalent bilinear curve, the following procedure
was carried out.

The equivalent ultimate displacement was assumed
as the lowest of the ultimate displacements in each of
three cycles computed as described here and similarly
to the procedure in [26]:

5u)eq = min(|511,1|; |5ua2|§ ‘5u,3|) (5)

The equivalent elastic displacement J. and the equiv-
alent value of V,, were assumed as the mean of values
corresponding to particular cycles given by:

Oeeq = mean(|5e,1 [; [0e 25 ‘5e,3|) (6)
resp.
Vu,eq = mean(|vu‘l ‘; Vu‘Z‘; Vu.,3‘) (7)

The equivalent ultimate ductility is defined as the ratio
between the ultimate displacement and the elastic
displacement:

5u eq
= 8
Hu Becq (8)

Finally the value of the equivalent elastic stiffness was
computed with the following expression:

Vu.eq
5e,eq

©)

kel,eq =

3.2 Method for evaluation of the energy
dissipation

One of the most important factors which influences the
seismic resistance of the structure is its damping
property, or rather the mechanism of energy dissipa-
tion, which is the result of irreversible processes taking
place in inhomogeneous systems. The effective dissi-
pation of the energy by a structural element could
significantly reduce the level of the vibration of the
whole structure and decrease the effect of internal
forces.

In this article, the dissipative properties of the
analysed brick walls were expressed as a function of
the area of the hysteresis loop. The loss factor # used
for the assessment of the energy dissipation was
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calculated from the following relation according to
[27]:

"N AA(S
10 =0 Y 5 (10)

This formula is actually the arithmetic mean over i
loading cycles of the values representing the specific
damping capacity per radian of the i-th loading cycle
at given displacement 6. The term AA; denotes the area
of the hysteresis curve corresponding to i-th loading
cycle, while Upay ; is the maximum potential energy of
the system given by:

Unaxi(6) = 1/2k;i(8) 8* (11)

where k; is the actual stiffness of the wall taken as the
slope of the corresponding hysteresis loop.

4 Experimental analysis of wall segments

In the following section, the results and the interpre-
tation of the experimental tests on masonry brick
walls, in terms of the load-carrying and deformation
capacity, are presented. Particular attention is paid to
the equivalent ultimate force V, ¢q and the equivalent
ultimate and elastic displacement Jyeq and Jeeq
respectively, obtained from the bi-linearisation of the
experimental shear—displacement envelopes. Addi-
tionally, the resulting ductility ratio p, was evaluated.
The deformation parameters are normalised by the
wall height, i.e. they are expressed in the form of top
wall drift, for reasons of comparison.

4.1 Earth brick walls

The experimental campaign started with the tests on
the unstrengthened wall, representing a control spec-
imen. Figure 6 shows the elliptically-shaped hysteresis
loops which were typical for all tested specimens.
Only the loops corresponding to the first cycle of the
loading steps are depicted, and loops related to
different amplitudes of the controlled displacement
are distinguished by color. The decreasing slope angle
of the loops with increasing drift implies a decrease in
the stiffness of the wall. The loops corresponding to all
loading cycles are for the selected loading steps
depicted in Fig. 7. The individual cycles are distin-
guished by line style. The reduction in maximum

60
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20

Horizontal force F [kN]

15 - -0.5 0 0.5 1 15
Drift &/h [%]

Fig. 6 Hysteresis loops of the unstrengthened adobe wall
relative to the first cycle of different loading steps
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Fig. 7 Hysteresis loops corresponding to all cycles of selected
loading steps of the unstrengthened adobe wall

lateral force with increasing loading cycle number is
clearly visible.

The graph in Fig. 8 represents the envelope of the
loops for each loading cycle together with their
approximation to an idealised bilinear curve. The
differences between the points on the envelope curves,
corresponding to the same drift, pointed out a
horizontal force degradation. In general, the force
necessary to achieve the same drift decreased with the
recurrence of the loading cycle. When the differences
in the drift start to increase, this can be considered as
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Fig. 8 Bilinear curve and envelope curves of the individual
cycles of an unstrengthened adobe wall

the starting point of significant structural change, i.e.
the first damage. Even though adobe is in general a
brittle material, the horizontal part of the resulting
bilinear curve demonstrated a slightly ductile
behaviour.

The parameters of the bilinear curve of the
unstrengthened specimen and their changes due to
different intervention techniques were summarised in
Tables 4 and 5, respectively. A crack distribution
pattern, typical of that of a shear failure, formed on the
wall surfaces during the loading process. The distri-
bution pattern was characterised by cracks located
along the diagonals of the wall, see Fig. 9. The first
visible cracks were detected at a drift equal to 0.35 %

Table 4 Parameters of bilinear curve of all analysed walls

(green curve in Fig. 6), which was considered as the
initiation point of the divergence of the envelope
curves related to the particular cycles.

The evaluation of the results from the tests carried
out on the adobe wall strengthened with wire ropes,
showed a substantial increase of the load carrying
capacity of the wall in comparison to the control
specimen, see Tables 4 and 5. The constructed bilinear
curve and the corresponding envelope curves are
shown in Fig. 10. An approximately two-fold increase
in ultimate horizontal force was recorded. The effec-
tiveness of the strengthening system is evident and is
expressed as the increase in the displacement capacity
of the wall. Also, a near doubled extension of the
elastic region was achieved whilst keeping the equiv-
alent stiffness at almost the same value as for the
unstrengthened condition. The plastic part of the
bilinear curve remained almost unchanged even
though the ductility was decreased by about 30 %.
The crack pattern consisted mainly of diagonal shear
cracks, accompanied by vertical cracks, see Fig. 11.
Damage in the lower corners of the wall, close to the
point of the rope anchorage, was observed. Cracks that
were caused by the higher concentration of the
stresses, i.e. crushing of the corner, contributed to
the detachment of the anchorage from the wall and
prevented a composite action of rope and wall.

Another important aspect which was brought to
light by the experiments was related to the damage due
to the occurrence of out-of-plane movement of the
strengthening elements. During the application of the
cyclic horizontal loading the grooves with ropes were
subjected to compression. This initiated the movement

Specimen Material Intervention Elastic drift Ultimate drift Ductility Ultimate force Elastic stiffness
Oceq/lt () Oueq/h (%) uy (=) Vieq (KN) ket eq (KN/mm)
ABW-1 Adobe None 0.41 1.01 2.48 53.34 9.61
ABW-2 Adobe Wire ropes 0.92 1.55 1.68 102.13 8.10
ABW-3 Adobe PET geo-nets  0.75 1.27 1.69 72.20 7.05
ABW-4 Adobe PET geo-nets  0.64 1.04 1.62 48.96 5.57
(Retrofitting)
ABW-5 Adobe PP geo-nets 0.89 1.49 1.67 78.75 6.46
DBW-1 Unfired clay None 0.45 0.78 1.72 62.18 10.01
DBW-2 Unfired clay =~ Wire ropes 0.58 0.94 1.62 55.28 6.95
DBW-3 Unfired clay PET geo-nets 0.50 0.96 1.94 61.79 9.13
DBW-4 Unfired clay PP geo-nets 0.52 1.09 2.09 78.28 10.96
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Table 5 Variation of the parameters of bilinear curve of walls due to interventions

Specimen Material Intervention Elastic drift Ultimate drift Ductility Ultimate force Elastic stiffness
Adeeq (%) Adueq (%) Auy (%) AVyeq (%) Akeleq (%)
ABW-2 Adobe Wire ropes 127 54 -32 91 —16
ABW-3 Adobe PET geo-nets 85 26 -32 35 27
ABW-4 Adobe PET geo-nets 59 3 =35 -8 —42
(Retrofitting)
ABW-5 Adobe PP geo-nets 120 48 -33 48 -33
DBW-2 Unfired clay Wire ropes 28 21 =5 —11 =31
DBW-3 Unfired clay ~ PET geo-nets 9 23 13 -1 -9
DBW-4 Unfired clay PP geo-nets 15 40 22 26 10
120
100 1
S
i 80 - 4
w
g y
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a0 1
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ra -e-1.cycle
20 [ 7 = 2.cycle
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0 0.25 0.5 0.75 1 1.25 1.5

Fig.9 Crack pattern at failure of the unstrengthened adobe wall

of the ropes away from their grooves (as can be seen in
Fig. 11), thereby decreasing the area of the cross-
section of the wall withstanding the load. The
occurrence of this phenomenon decreased the effec-
tive thickness of the wall and promoted the develop-
ment of the major shear cracks along the diagonals.
Although the ropes are still partially active, the
mechanism of the transfer of forces is changed and
the main stresses are transferred back onto the wall
itself, following its diagonals. This, together with its
decreased effective thickness—taking into account the
empty grooves—initiated the development of the
major diagonal shear cracks. The process of out-of-
plane movement of the ropes and the above mentioned

Drift &/h [%]

Fig. 10 Bilinear curve and envelope curves of the individual
cycles of the adobe wall strengthened with wire ropes

weakening also contributed to the rapid failure of the
whole specimen.

The reinforcements using the mortar layer with both
the PET and the PP geo-nets were found to improve the
resistance of the wall against static vertical and cyclic
horizontal loading. Figures 12 and 13 show the
substitution of envelope curves by bilinear curves
and Fig. 15 provides a comparison of the bilinear
curves. The elastic range was widened in the top wall
drift as well as along the vertical force axis. In this
respect the usage of PP geo-net provided better
efficiency, i.e. a greater increase in ultimate horizontal
force (48 %) than with the application of the PET geo-
net (35 %). Despite the higher tensile strength of the
PET geo-net, the mesh of the PP geo-net was more
rigid and was also reactive during its compression and

-
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Fig. 11 Crack pattern (left), the out-of-plane deviation of the steel wire ropes (fop right) and the damage of the corner (bottom right)

near the rope anchor of a strengthened adobe brick wall
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Fig. 12 Bilinear curve and envelope curves of the individual
cycles of strengthened (blue) and retrofitted (magenta) adobe
walls using PET geo-nets. (Color figure online)

so contributed more to the load carrying capacity. The
rigidity of the PP geo-net can assure better distribution
of the tension forces and therefore it can contribute to
the increase of the total load-carrying capacity of the

-
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Fig. 13 Bilinear curve and envelope curves of the individual
cycles of a strengthened adobe wall using PP geo-nets

wall. Nevertheless, the improvement was lower than in
the case of the wire ropes, see Tables 4 and 5. However,
the ductility was reduced by about 30 %, which was
similarly to the case with the ropes.
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Fig. 14 Typical crack pattern (left) and detachment of the geo-
nets with vertical cracks (right) in an adobe brick wall
strengthened with PET geo-nets and adobe plaster

The applicability of PET geo-net with an adobe
layer was also analysed for the purpose of partial
retrofitting. The geo-net and the adobe layer were
applied to the previously damaged, unstrengthened
adobe wall (ABW 1) and tested in order to determine
the parameters of the load carrying capacity. Subse-
quently, the results were compared with their coun-
terparts in the undamaged and unstrengthened
condition. In terms of the bilinear curve, the retrofitted
wall had noticeably lower effective stiffness, lower
horizontal ultimate force, longer displacement range
of elastic behaviour and smaller ductility in compar-
ison to the original control wall, see Fig. 15. The geo-
net allowed not only the transfer and carrying of the
tension forces by the geo-net but also ensured the
integrity of the ruined wall. The analysis of the results
revealed a high efficiency of retrofitting with the
application of geo-nets, to ensure sufficient resistance
of a totally damaged wall against in-plane cyclic
loading and vertical compression.

More widespread and diffused cracks were
observed on the surface of the walls receiving geo-
nets and adobe plaster in comparison to the common
shear failure cracking, see Fig. 14. The application of
the geo-nets and the plaster resulted in the redistribu-
tion of the stresses originating from loading onto the
two diagonal lines of the wall, thereby spreading the
pattern over a wider area of the wall surface. The
cracks visible on the surface represented a
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Fig. 15 Comparison of bilinear curves of all adobe walls

combination of two sets of damages: the first being
masonry cracks and the second being cracks that
occurred in the plaster only and originated from the
differential movement of the geo-net mesh. The
vertical crack in the middle of the thickness, at the
bottom of the wall (as can be seen in Fig. 14 (right))
indicated the influence of the rocking mechanism on
final failure of the whole specimen.

Another important aspect is the possible detach-
ment of the geo-net from the masonry substrate, which
could be expected especially when there is a difference
in the stiffness between the strengthening materials
and the material of the wall. This is particularly valid
for the application of this kind of strengthening
method to fired clay brick walls. In the case of the
adobe material, the plaster is made of the same
material as the bricks and therefore adhered better to
the substrate, helping to keep the geo-nets in place.

Figure 15 compares the bilinear curves of all tested
adobe walls, showing the efficiency and the impact of
each particular intervention on the elastic as well as
the plastic region.

The changes of the actual stiffness of the walls, i.e.
the slope of the hysteresis loops with increasing drift,
are depicted in Fig. 16. A decreasing tendency can
clearly be observed for all walls, all following a
similar trend. A comparison of the relationships
between dashed lines, representing the equivalent
elastic stiffness of the bilinear curves, and the
relationships between solid lines, representing the
actual stiffness, reveals some discrepancies. For
instance, the actual stiffness of the wall with steel

-
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Fig. 16 Decrease of actual stiffness of tested adobe walls with
increase of their drift (dashed line—the equivalent elastic
stiffness of corresponding bilinear curve)

ropes was higher for all drift amounts than that of the
unstrengthened specimen,which is contrary to the
values of their equivalent elastic stiffness. This can be
explained by the crude simplification when using the
bilinear curve approximation. Also, slight changes in
the overall motion of the wall may have contributed to
the differences in stiffness. For example, the measured
vertical uplift of the corners of the wall in the case of
the strengthening using geo-nets was approximately
10 % higher than that in the case of the unstrengthened
or strengthened walls with wire ropes and represented
approximately 40 % of the current drift. The rocking
mechanism affects the initial actual stiffness and also
the evaluation of the equivalent stiffness. After a
certain initiation period, including the hardening of the
adobe, the actual stiffness followed the expected trend,
i.e., higher stiffness for strengthened specimens. The
reinforcement increased the resistance as well as the
elastic range, however, it reduced the relative plastic
behaviour, i.e., ductility, especially in the case of the
adobe brick walls.

The loss factors 7 of all tested walls, representing
damping capacity per unit angle of the cycle, showed
similar trends with increasing top wall drift, see
Fig. 17. The loss factor decreased slightly until the first
significant damage occurred. Subsequently the damp-
ing increased, especially due to the friction in the
cracks. This characterised the whole loading process
until the total collapse of the specimens. The only
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Fig. 17 Loss factor 5 of adobe walls as a function of drift

exception was that of the intervention using steel
ropes, for which the loss factor remained almost
constant during the whole loading process due to a
more effective redistribution of the tension forces in
the wall body . In this case the tension forces were
transferred to the ropes and fewer cracks (i.e. friction
surfaces) were generated before the sudden collapse.
As a result, the damping was lower than that of the
unstrengthened specimen even after suffering the first
considerable damage. The application of the geo-nets
ensured integrity even after significant damage had
occurred and thus achieved higher values of the loss
factor at higher drifts. The geo-nets shifted the origin
of the damping increase as well as the occurrence of
the first visible damage, when compared with the
unstrengthened wall, to a higher top wall drift values.
The damping of the retrofitted wall with PET geo-nets
was, for all drifts, higher than for the unstrengthened
wall. The differences in lost factor were significant up
to a drift of 0.75 %. Beyond this value, the loss factor
was approximately equal to the factors of the
unstrengthened state.

4.2 Unfired clay brick walls

A loading model identical to that used for the adobe
walls was also applied to the walls built from unfired
clay bricks. The evaluated results from the experi-
mental measurements of the unstrengthened specimen
revealed a higher load carrying capacity, nearly
identical elastic stiffness and lower ductility in
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Fig. 18 Comparison of bilinear curves of all unfired clay brick
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Fig. 19 Bilinear curve and envelope curves of the individual
cycles of unstrengthened (black) and strengthened (green)
unfired clay brick walls using PP geo-nets. (Color figure online)

comparison with the unstrengthened adobe wall, see
Fig. 18. This supports the assumption of the adobe
being a more plastic or ductile material. The con-
struction of the bilinear curve from envelope curves is
displayed in Fig. 19. Additionally, the actual stiffness
of the unfired clay brick wall, obtained from the slope
of the hysteresis loops, decreased with increasing top
wall drift, see Fig. 20. The actual stiffness was almost
the same as of the adobe wall.

The loss factor, i.e. damping, of the unstrenghtened
unfired clay brick wall remained nearly constant until
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Fig. 20 Decrease of actual stiffness of tested unfired clay brick
walls with increase of their drift (horizontal dashed lines—the
equivalent elastic stiffness of bilinear curves of these unfired
clay brick wall)
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Fig. 21 Loss factor # of unfired clay brick walls as a function of
drift

the first significant damage, see Fig. 21. Beyond this
point, considerably higher damping was detected. The
failure mode was characterised mainly by shear cracks
located on each diagonal of the wall, see Fig. 22.
The application of the investigated intervention
techniques to the unfired brick walls showed varying
levels of success in comparison with their success

observed for the adobe walls.
FI;
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The strengthening using PP geo-nets led to an
increase of the effective ultimate horizontal force and
a moderate increase of the effective stiffness and
elastic range, see Figs. 18 and 19. A comparison of
bilinear curves corresponding to the adobe and the
unfired clay brick walls with PP geo-nets showed
approximately the same ultimate horizontal force, see
Table 4. This would imply that the PP geo-nets are the
main factor determining the limits of the horizontal
force, neutralising the differences between the differ-
ent walling materials. It also revealed that the addi-
tional plaster layer only had a minor influence. After
strengthening, the ductility of the unfired brick wall
increased, in contrast to decrease observed for adobe,
by 22 % . The slope of the hysteresis loops, i.e. the
actual stiffness of the wall, was higher than in the case
of the unstrengthened unfired clay brick specimen, see
Fig. 20. This was similar to the unstrengthened adobe
wall, where the stiffness decreased with increasing
drift and damage of the wall. However, the trend of the
stiffness is more natural (higher for strengthened case)
compared to the adobe wall; the influence of the
consolidation process and the rocking mechanism
were not significant. A similar shear failure mode,

with the typical diagonal masonry cracks, can be seen
in Fig. 22.

The tests on the walls with PET geo-nets and wire
ropes have revealed the shortcomings of these
strengthening systems. The importance of a secure
connection between the inserted or attached strength-
ening elements and the wall was confirmed. The
intervention using PET geo-nets proved to be ineffi-
cient due to an insufficient number and the weak
anchorage of the steel staples. During the loading
process, the PET geo-nets and the plaster detached
easily and quickly from the surfaces of the masonry
wall and prevented the transfer of the load to the geo-
nets. The behaviour of the wall under loading
remained the same as in the unstrengthened case,
however, the plastic range of the bilinear curve subtly
increased, see Fig. 18.

A similar problem occurred in the case of the
intervention using wire ropes. The mortar applied to
secure the ropes in their grooves failed to bond well
with the bricks despite the fact that the grooves had
been made sufficiently damp prior to application in
order to ensure optimal adhesion. The ropes therefore
disengaged from the grooves during their

Fig.22 Crack pattern at failure of unfired clay brick walls; (left) unstrengthened control specimen, (right) specimen strengthened using

PP geo-nets
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compression, causing not only an inefficiency of the
intervention technique but also the weakening of the
cross section of the wall which resisted the loading.
This resulted in a decrease of the load-carrying
capacity of the wall even below that of the unstrength-
ened specimen, see Fig. 18.

The trend of loss factor of all strengthened unfired
clay brick walls follows trend of their counterparts
from adobe, see Fig. 21 and compare with Fig. 17.
Also in this case the application of the geo-nets
ensured better integrity of the damaged wall and thus
achieved higher values of the loss factor at higher
drifts. The factor of the wall strengthened using wire
ropes was also almost constant and was lower than for
the unstrengthened specimen.

5 Conclusions

The paper has considered the interpretation of exper-
imental lateral cyclic tests on earth and unfired clay
brick masonry. The built specimens, loaded by a
combination of constant vertical compressive pre-
stress and a sequence of horizontal loadings, were
tested under both unstrengthened and strengthened
conditions. Two types of strengthening techniques
were adopted for the wall surfaces. The first comprised
of an additional mortar layer with geo-nets (polyester
and polypropylene) and the second used steel wire
ropes installed within grooves that were cut into the
walls. The experimental data from the tests were
analysed in terms of the load-carrying and the
deformation capacity, and also the energy dissipation.
Relevant parameters were determined from the bilin-
ear curves constructed from the cyclic envelopes of the
hysteresis loops or directly from the individual loops
in the case of the damping evaluation. The evaluation
of experimental results was based on bilinear curve
approximation. It provides clear and physically mean-
ingful parameters to describe both the elastic and the
plastic behaviour of the tested walls under a combi-
nation of constant vertical and cyclic horizontal load.
The authors consider this method to be designer-
oriented, despite the omission of the exact knowledge
of the full loading-displacement path.

The pilot tests on the unstrengthened specimens of
both materials revealed their differences in mechan-
ical behaviour. A lower load capacity but a higher
deformation capacity and ductility was observed in the

earthen masonry, in comparison to the unfired clay
bricks, which reflects the different physical, mechan-
ical and material characteristics of both structural
elements. The application of all intervention tech-
niques on the earth brick walls demonstrated a
significant increase of the maximum force, as well as
the maximum deformation they could withstand. The
steel wire ropes were the most effective in these
aspects, achieving an almost double ultimate lateral
force and extension of the elastic region in comparison
with the unstrengthened condition. Only slightly
smaller increases were obtained for the walls strength-
ened with the mortar layer and geo-nets. On the other
hand, unlike the more invasive strengthening with
wire ropes, the geo-net also ensured integrity of the
partly damaged wall. In addition, they were success-
fully applied to retrofit and to ensure a sufficient
resistance of a previously ruined earth brick wall. The
displacement range of the equivalent plastic behaviour
remained almost constant for all tested specimens.
Only the origin was shifted, due to interventions,
towards a higher displacement. The comparison of
bilinear curves corresponding to the earth and the
unfired clay brick walls with polypropylene geo-nets
showed approximately the same ultimate horizontal
force. This indicates that geo-nets can be the major
factor determining the limit of this parameter.

The tests with the unfired clay brick walls high-
lighted the shortcomings of the applied strengthening
systems. The importance of ensuring the interconnec-
tion between the inserted or attached strengthening
elements and the wall was confirmed. The intervention
using PET geo-nets was inefficient due to detachment
caused by an insufficient number and/or weak anchor-
age of the steel staples. A similar problem was
observed in the case of wire ropes. The infill mortar
did not sufficiently anchor the ropes in their grooves.
Thus, the ropes became disengaged during their
compression, which weakened the cross section of
the wall and resulted in the decrease of the load-
carrying capacity even below that of the unstrength-
ened specimen.

The analysis of the damping of both masonry types
revealed similar trends, covering the same ranges and
with increasing top wall displacement. The damping
was either constant or slightly decreasing until the first
significant damage occurred. Subsequently, the damp-
ing increased, mainly due to the friction in the cracks,
until the moment of the total collapse of the
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specimens. The only exception was that where steel
ropes were used as an intervention method. In this case
the damping remained near constant during the entire
loading process.
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