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ABSTRACT: This paper presents results of static cyclic tests investigating the in-plane 
behaviour of URM walls retrofitted using shotcrete. Three half-scale walls were built, 
using half-scale brick clay masonry units and weak mortar. One specimen was tested as a 
reference specimen. Another one was retrofitted on a single-side using a 40 mm thick 
layer of shotcrete. The last one was retrofitted on a double-side using 20 mm thick layers 
i.e. both specimens had the same shotcrete thickness and reinforcement. The tests 
revealed that retrofitting using shotcrete was able to increase the lateral strength of the 
specimens by factor of approximately 3.6. Retrofitting on double-side had more ductile 
failure and energy dissipation.    

1 INTRODUCTION 

Despite representing a significant portion of the building stock around the world, many of the existing 
unreinforced masonry (URM) buildings are seismically vulnerable and need to be retrofitted. The 
main structural element that resist earthquakes in these buildings are the old URM walls which were 
designed to resist mainly gravity loads. Under seismic loading, URM walls have two possible failure 
mechanisms namely in-plane and out-of-plane. Therefore, researchers address either retrofitting to 
improve the in-plane and/or out-of-plane behaviour. This paper focuses on the in-plane behaviour of 
URM walls before and after retrofitting using shotcrete. The principle in-plane failure mechanisms of 
URM walls subjected to earthquake actions can be summarized as shown in Figure 1 (Tomazevic 
1999). 

(a) (b) (c) (d)  

Figure 1  In-plane failure modes of a laterally loaded URM wall: a) shear failure, b) sliding failure, c) 
rocking failure, and d) toe crushing  

2 LITERATURE REVIEW 

Numerous conventional techniques such as shotcrete, grout injection, external reinforcement, and 
centre core are available for retrofitting of masonry structures. ElGawady et al. (2004a) summarized 
and discussed the advantages and disadvantages of these conventional techniques. The disadvantages 
of these techniques include: time consuming to apply, reduce available space, disturbance the 
occupancy, affect the aesthetics of the existing wall, etc… In addition, the added mass can also 
increase the earthquake induced inertia forces and may require strengthening of the foundations as 
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well. Recently, new materials such as fibre reinforced plastic (FRP) were exploited for retrofitting 
solutions (ElGawady et al. 2004b). The FRP overcomes most of the disadvantages of the conventional 
methods. However, currently FRP suffers several problems including anchorage problems, limited 
energy dissipation, and brittle mode of failure. An extensive research at the Swiss Federal Institute of 
Technology is conducted to investigate both shotcrete and FRP retrofitting. This paper presents results 
of shotcrete retrofitting. Results of FRP retrofitting are presented in ElGawady et al.  (2005 and 2006).    

Shotcrete overlays are sprayed onto the surface of a masonry wall over a mesh of reinforcing bars. It is 
more convenient and less costly than cast-in-situ jackets. The thickness of a shotcrete layer can be 
adapted to the seismic demand. In general, the overlay thickness is at least 60 mm (Abrams and Lynch 
2001, Tomazevic 1999, Karantoni and Faradis 1992, Kahn 1984, Hutchison et al. 1984). The shotcrete 
overlay is typically reinforced with a welded wire fabric at about the minimum steel ratio for crack 
control (Karantoni and Fardis 1992).  

In order to transfer the shear stress across shotcrete-masonry interface, shear dowels (6-13 mm 
diameter @ 25-120 mm) are fixed using epoxy or cement grout into holes drilled into the masonry 
wall (Abrams and Lynch 2001, Tomazevic 1999, Karantoni and Faradis 1992, Kahn 1984). Other 
engineers believe that a bonding agent like epoxy is required to be painted or sprayed on the brick so 
that adequate brick-shotcrete bond is developed (Kahn 1984). However, there is no consensus on 
brick-to-shotcrete bonding and the need for dowels. Diagonal tension tests of single and double-wythe 
URM panels retrofitted with shotcrete showed that, dowels did not improve the composite panels 
response or the brick-shotcrete bonding (Kahn 1984); header bricks satisfactory joined the wythe of 
existing masonry panels. In addition, Tomazevic (1999) and Kahn (1984) recommended wetting the 
masonry surface prior to applying shotcrete. Kahn (1984) showed that such brick surface treatment 
does not affect significantly the cracking or ultimate load, it affects to limited extend the inelastic 
deformations.  

Retrofitting using shotcrete significantly increases the ultimate load of the retrofitted walls. Using a 
single-side 90 mm thick shotcrete overlay and in diagonal tension test, Kahn (1984) increased the 
ultimate load of URM panels by a factor of 6 to 25. Abrams and Lynch (2001), in a static cyclic test, 
increased the ultimate load of the retrofitted specimen by a factor of 3. This retrofitting technique 
dissipates high-energy due to successive elongation and yield of reinforcement in tension. Although in 
diagonal tension test the improvement in the cracking load was very high (Kahn 1984), in a static 
cyclic test the increment in the cracking load was insignificant (Abrams and Lynch 2001).  

3 EXPERIMENTAL PROGRAM 

The experimental results presented here are part of ongoing static cyclic testing program. This 
paper reports on the following tests:  

- S2-REFE-ST: reference test on an unreinforced masonry wall 
- S2-1SHOT-ST:  test on a masonry wall retrofitted on a single-side using 40 mm thick layer of 

shotcrete. 
- S2-2SHOT-ST: test on a masonry wall retrofitted on a double-side using 20 mm thick layers of 

shotcrete i.e. with a total thickness of 40 mm. 

3.1 Test specimens 

The test specimens represented structures built in the mid-20th century in Central Europe. One-half 
scale single wythe walls were constructed using half-scale hollow clay brick masonry (HCM) units 
and a weak (M2.5) mortar. The test specimens had an effective moment/shear ratio of 0.7 (Fig. 2). The 
test specimens were constructed on a precast reinforced concrete footing. After allowing the specimen 
to cure (for 3 to 7 days), a precast reinforced concrete head beam was fixed at the top of the specimen 
using strong mortar (M20).  

3.2 Bricks, mortar, and reinforcement 

A commercial firm specially produced the brick units used in the experimental program to be one-half 
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scale of original HCM units. The original HCM unit is 300 X 150 X 190 mm; this resulted in a small 
scale brick nominally measuring 150 X 75 X 95 mm. However, the percentage of holes in the scaled 
brick is slightly higher than in the original brick. In addition, the specimens were constructed using 5 
mm thick bed and head joints to be consistent with half-scale brick. 

Samples, 40 mm cubes, were taken from mortar used in wall construction. These samples were tested 
according to EN 1015-11 (1999). The average compressive strength was 3.20 MPa with a standard 
deviation of 0.35 MPa. The average normalized compressive strength of the brick units was 
determined, according to EN 772-1 (2000), as 14.8 MPa. Also, masonry characteristic compression 
strength was determined by material testing of masonry wallets according to EN 1052-1 (1999). These 
wallets were built using the same construction technique as was used for the walls. The characteristic 
compression strength was 4.8 MPa.  

Samples were taken from steel reinforcement used in shotcrete layers. These samples were subjected 
to tensile testing, with the average yield and ultimate strengths of 745 MPa and 800 MPa, respectively.  
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Figure 2 Retrofitting details of specimen S2-2SHOT-ST 

3.3 Shotcrete retrofitting 

First, 4 mm shear dowels @ 250 to 300 were fixed into holes drilled into the masonry wall. Than, one 
layer of 4 mm diameter steel bars mesh @ 100 mm was fixed to each side of the specimen in the case 
of S2-2SHOT-ST or 2 reinforcement layers were fixed to a single-side in the case of S2-1SHOT-ST 
i.e. both specimens had the same reinforcement amount. Later, the wall surface was wetted and the 
shotcrete was applied either on a single or double-side (Fig. 3). Finally, for specimen S2-2SHOT-ST, 
each shotcrete layer was fixed onto the foundation using 6 steel bolts and 10 mm thick steel plates. 
Such steel bolts and plates were not used in the case of S2-1-SHOT-ST where the force transferred 
from the shotcrete layer to the foundation by cohesion and friction between shotcrete and the 
foundation web. 

In the first phase of this research program, a similar walls were retrofitted using FRP. Comparing to 
applying FRP, shotcrete retrofitting was more time consuming and very much disturbance to the 
laboratory staff. In addition, it was required to interrupt all other testing in the laboratory, and cover all 
machines to avoid cement dust. In a real case, the continuous operation interruption and occupancy 
disturbance may cause significant economical impact. 
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Figure 3 Applying shotcrete 

3.4 Test setup and loading system 

Figure 4 illustrates the test setup. The test specimens were constructed on a precast RC foot-
ing post-tensioned to the laboratory strong floor. A superimposed gravity load of approxi-
mately 30 kN was applied to the specimen using two external post-tensioning bars. This was 
in addition to 9 kN of self-weight from steel elements at top of the wall due to the test set-up, 
RC head beam, and masonry panel weight. This normal force corresponds to a normal stress 
on masonry wall of 0.35 MPa. Railcar springs were used with the post-tensioning bars to 
avoid increment in the post-tensioning force due to bars elongation. The post-tensioning bars 
elongate due to the increment in the specimen height because of the flexural cracks opening. 
The horizontal load was applied to the reinforced concrete head beam, which in turn distrib-
uted the force to the masonry panel. The load was applied manually using two hydraulic jacks 
and hand pumps. The typical cyclic loading (Fig. 5) consisted of a series of force and dis-
placement-controlled cycles. Before cracking, the applied force was increased gradually with 
increment of approximately 5 kN. At each loading stage, each specimen was subjected to a 
complete cycle. After cracking, the test was controlled in a displacement control. The incre-
ment in the displacement was determined according to the one proposed in the ICBO (2001). 
Each stage of loading consisted of three cycles to the selected displacement.  
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Figure 4 Test setup (millimetres) 

4 EXPERIMENTAL RESULTS 

4.1 Specimen S2-REFE-ST 

Specimen S2-REFE-ST, a reference specimen, had an average lateral strength of 35.5 kN. It had 
mixed modes of failure, namely rocking, sliding, and toe crushing. At a drift of 0.05% and a lateral 
load of 15.1 kN, a first flexural crack formed in the first bed joint (i.e. between the masonry panel and 
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the foundation pad) at the northern side. Another flexural crack formed, under a lateral load of 24.9 kN 
and a drift of 0.05%, in the second bed joint at southern side. Cycling continued without any further 
damage until a lateral load of 29.7 kN and a drift of 0.25%; a new significant flexural crack occurred 
(Fig. 6). The crack extended between the fourth and third bed joints levels. After full development of 
this crack, the specimen displayed a characteristic rocking behaviour with a drift of 0.7%. During 
loading in the rest of the test, the specimen started to slide with a coefficient of friction of 
approximately 0.83 and cracks formed in the toes. Once the masonry started to crush; the extent of 
damage extended into the core region. At a drift of approximately 0.86%, the maximum lateral load of 
35.5 kN was achieved. Finally, the cycling was stopped towards north direction and continued towards 
the south direction. The wall was cycled to a drift of 1.1% with a strength degradation of 
approximately 20%. It is worth to note that the ultimate lateral strength, which can be resisted by a 
rocking URM wall under in-plane loading, can be calculated as follows (ATC 2000): 

effh

L
N9.0F α=   (1) 

where F is the nominal lateral resistance, α is a factor equal to 0.5 for a fixed-free walls, N is the total 
axial load including head beam and masonry panel weight, L is the wall length, heff is the height to the 
resultant of the lateral force. Using this equation, this specimen could rock at a lateral strength of 31 
kN which is very close to the experimental strength at rocking. 
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Figure 5 Loading history 

 

(a) 

 

(b) 

 

(c) 

Figure 6 Specimen S2-REFE-ST (a) after testing, (b) opening of the first crack in the southern side, and (c) 
opening of the crack between the third and fourth mortar joint in the northern side 

4.2 Specimen S2-1SHOT-ST 

The specimen behaved approximately linearly up to failure. So the lateral load was applied in a force 
control with an increment of approximately 10 kN. At an average drift of 0.51% and an average lateral 
load of 91.6 kN (approximately 75% of the specimen ultimate strength) the first visible crack 
occurred. A small flexural horizontal crack, at the first mortar level, occurred in the shotcrete layer at 
the northern direction. Cyclic continued until a lateral load of 101 kN and a drift 0.76% when step-
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cracks passing through head and bed joints were developed in the lower southern side of the bare face 
(Fig. 7). Also, flexural cracks at the first mortar joint level were propagated at the northern side. 
Cycling continued until a load of 122.9 kN when a vertical crack formed between the web of the 
reinforced concrete foundation and the shotcrete layer. In the next cycle, this crack extended over the 
whole foundation web height and complete separation of the shotcrete from the foundation happened. 
It is worth to note that at the last test run the normal force increased by 82% of its original value due to 
rocking of the specimen. Several unsuccessful attempts were carried out to fix the shotcrete layer to 
the foundation web using steel bolts and plates.  

N S

 

(a) 

 

(b) 

 

(c) 

Figure 7 Specimen S2-1SHOT-ST (a) after testing, (b) step-cracks, and (c) separation of shotcrete layer 
at foundation level 

4.3 Specimen S2-2SHOT-ST 

To avoid anchorage failure of the shotcrete layers, the two layers of shotcrete were connected using a 
total of 12 bolts at the toe and heal of the specimen. Some hair cracks were observed at the shotcrete 
lower corners at an average lateral load of approximately 53.8 kN and an average drift of 0.13%. The 
main visible significant cracks happened at a lateral force of 82.9 kN and a drift of 0.27%. A flexural 
crack having width of approximately 10 mm was developed at level of mid-height of the first brick 
course at the heal and toe and extended along approximately one brick length. In the rest of the test the 
specimen started to rock over its foundation as a rigid body including the two shotcrete retrofitting 
layers. At an average peak force of approximately 126.2 kN and a drift of 0.78%, the toe and heal 
were heavily damaged and the reinforcement bars ruptured without any yield (Fig. 8). 

5 DISCUSSIONS 

5.1 Overall force-deformation response 

The hysteretic curves of the test specimens are presented in Figure 9. The envelopes of the 
hysteresis loops of the tested specimens are shown in Figure 10. From these figures, the effect 
of retrofitting on deformation capacity and ultimate lateral strength is readily seen. As shown 
in the figure the retrofitting improved the strength and energy dissipation. Unexpectedly, the 
initial stiffness of the retrofitted specimens were very much similar to the reference speci-
men’s stiffness. However, the stiffness of the retrofitted specimens at the peak lateral force is 
approximately 3 times the stiffness of the reference specimen at the peak force. In addition, 
there was approximately no significant influence of single or double-side retrofitting on the 
peak strength or initial stiffness. As shown in the figure the retrofitted specimens reached lat-
eral strength approximately 3.6 times the strength of the reference specimen. Finally, the rup-
ture in the case of double side retrofitting was more ductile than the single side retrofitting. 
Such ductility was attributed to occurrence of flexural cracks in the concrete rather than an-
chorage failure in the case of S2-1SHOT-ST; this gradual strength deterioration allow S2-
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2SHOT-ST to develop up to 3.5% drift at a lateral resistance approximately two times the 
peak strength of the reference specimen. 

NS

   
(a) (b) 

Figure 8 Specimen S2-2SHOT-ST (a)after testing, and (b) damaged lower corner and rupture of steel bars 
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Figure 9 Hysteretic curves (a) S2-REFE-ST, (b) S2-1SHOT-ST, and (c) S2-2SHOT-ST 

5.2 Energy dissipation 

High-energy dissipation is a desirable property when a structure is subjected to a severe seismic event. 
The area enclosed by a hysteretic loop of a specimen at a given cycle represents the energy dissipated 
by the specimen during this cycle. Utilizing the force-displacement response of the specimens, the 
cumulated energy dissipation of the specimens was calculated (Fig. 11). The energy dissipated by the 
specimen was attributed to (1) friction along joints and existing cracks, (2) formation of new cracks, 
(3) crushing of bricks, (4) steel yielding and rupture. However, since the cold formed steel bars 
remained elastic until failure not much dissipation of energy take place through the deformation of the 
steel. Both the retrofitted specimens dissipated energy much higher than the reference specimen. The 
retrofitting improved the energy dissipation by a factor of 1.5 and 4.2 in the case of S2-1SHOT-ST 
and S2-2SHOT-ST, respectively. Note that both retrofitted specimens dissipated approximately the 
same amount of energy until specimen S2-1SHOT-ST reached its ultimate strength. Later, it was 
possible to continue testing specimen S2-2SHOT-ST since gradual strength degradation happened 
while it was not possible to continue testing specimen S2-1SHOT-ST. 
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Figure 10 Backbone curves Figure 11 Cumulative energy dissipation 

6 CONCLUSIONS 

This paper presents results of static cyclic tests investigating the in-plane behaviour of URM walls 
retrofitted using shotcrete. Three half-scale walls were built, using half-scale brick clay masonry units 
and weak mortar. One specimen was tested as a reference specimen. One of the remaining specimens 
was retrofitted on a single-side using a 40 mm thick layer of shotcrete. The last specimen was 
retrofitted on a double-side using 20 mm thick layers i.e. both specimens had the same shotcrete 
thickness and reinforcement. The tests revealed that retrofitting using shotcrete was able to increase 
the lateral strength of the specimens by factor of approximately 3. Retrofitting on double-side had 
more ductile failure and energy dissipation.    
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