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ABSTRACT: Quasi-static lateral loading tests were carried out on a full-scale masonry 
wall with an opening to assess the contribution of spandrels to the in-plane nonlinear 
behaviour of masonry walls. The wall response was first assessed through a monotonic 
test up to the attainment of moderate cracking in the spandrel. Second, the pre-damaged 
wall was cyclically tested up to about the same lateral drift reached in the monotonic test. 
Finally, the wall was repaired and upgraded through inorganic matrix-grid (IMG) 
composites applied to the spandrel. A cyclic test was then performed up to a near-collapse 
state. In this paper the experimental results are discussed with special emphasis to 
parameters that quantify the in-plane nonlinear response. In all tests the piers provided 
high displacement capacity through a rocking response. Both the load-carrying capacity 
and the post-peak strength degradation were affected by nonlinear behaviour of the 
spandrel panel. The IMG strengthening system provided high energy dissipation capacity 
to the spandrel panel, restoring the load-carrying capacity of the as-built wall, and 
delaying strength degradation at larger drifts. Low residual displacements and full 
reversibility could make the IMG strengthening system attractive for historic buildings. 

1 INTRODUCTION 

Post-earthquake inspections and experimental investigations have shown that unreinforced masonry 
(URM) buildings frequently suffer most part of damage within spandrel panels. This indicates that the 
in-plane lateral resistance of URM walls with openings is affected by the energy dissipation capacity 
of spandrels. Nevertheless, current seismic codes do not provide rules to account for nonlinear 
response of spandrel panels in simplified analysis methods based on macro-element modelling of 
URM walls (Parisi 2010). Eurocode 8 (EC8) (CEN 2004) specifies that spandrel panels can be 
included in a frame-equivalent capacity model only if they have reinforced concrete (RC) bond beams, 
or steel ties, at the top and well-bonded lintels at the bottom. This approach is too restrictive for 
existing masonry buildings since preliminary investigations have shown that masonry interlocking at 
the spandrel panel-pier interface significantly affects the flexural strength of spandrel panels, even in 
the absence of tensile-resistant elements (Cattari & Lagomarsino 2008). FEMA 356 (ASCE 2000) 
allows to perform seismic analysis under the ‘strong spandrel - weak pier’ assumption but also this 
approach typically fails in the case of existing URM buildings given that lateral stiffness of spandrels 
is quite low. 

Spandrel panels suffer failure modes similar to those of piers, i.e. sliding shear, diagonal cracking, and 
flexural toe crushing (Tomaževič 2000). Nonetheless, nonlinear response of spandrel panels can 
diverge from that of piers because of low axial forces and high moment/shear demands induced by 
seismic horizontal actions, as well as boundary effects. The spandrel-pier interaction can change in the 
presence of retrofit systems, resulting in potential modifications of failure modes. A negative effect of 
retrofit was observed by Benedetti et al. (2001) through shaking-table tests on brick masonry building 
models, before and after strengthening of spandrels with RC bands. The absorbed and dissipated 
energy was high in the case of as-built specimens and low in the case of repaired specimens. As-built 
specimens suffered significant damage to spandrels, while repaired specimens experienced a 
premature collapse due to damage localization in piers. Therefore, Benedetti et al. suggested to design 
devices able to absorb and to dissipate energy, while controlling damage. In this context composite 
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materials are very promising for seismic retrofit of URM structures. Mortar-based matrices allow to 
overcome limitations of fibre-reinforced polymers, especially in terms of bond to highly-porous 
masonry substrates. 

2 RESEARCH SIGNIFICANCE 

Based on the aforementioned considerations, the current code-based modelling approaches have been 
recognized to be questionable for existing masonry buildings because their earthquake resistance is 
predicted without considering the contribution of spandrel panels. To this end, the authors carried out 
three in-plane quasi-static lateral loading tests on a full-scale tuff masonry wall with an opening. Tuff 
masonry is made of tuff stones and mortar joints; its high porosity makes mortar-based matrices very 
attractive for strengthening purposes. Since tuff masonry buildings represent a large part of the 
existing building inventory in the Mediterranean area, they are to be preserved especially in seismic 
regions. The tested wall was supposed to be taken out from a typical multi-storey wall. The specimen 
geometry and the vertical forces applied on the piers to simulate gravity loads were designed in a way 
to avoid pre-defined boundary conditions for the spandrel panel and to develop most part of damage 
within it. The first lateral loading test was carried out on the as-built wall in order to investigate 
nonlinear response up to the attainment of permanent damage onset to the spandrel panel. The second 
test was performed on the pre-damaged wall to preliminary assess residual properties of URM 
buildings subjected to earthquake sequences. The last test was conducted on the repaired and upgraded 
wall up to a near-collapse state. Repair involved both piers and the spandrel panel, while upgrading 
consisted in the application of an inorganic matrix-grid (IMG) composite system on the spandrel. The 
main scope of that test was to assess the effectiveness of the IMG system for retrofit and upgrading of 
URM structures, as well as rapid remedial works in seismic emergency scenarios. The IMG system 
was designed (1) to provide dissipation capacity to spandrels according to Benedetti et al. (2001) and 
(2) to ensure minimum intervention and reversibility, which are mandatory for historic constructions. 

3 EXPERIMENTAL PROGRAM 

Mechanical properties of the constituent materials of both tuff masonry and the IMG strengthening 
system were firstly determined through different laboratory tests. Afterwards, an URM wall was built 
up and three quasi-static lateral loading tests were carried out in displacement control in order to 
capture nonlinear degrading response. The first test was monotonic while the others were cyclic. 

3.1 Geometry and material properties of the as-built specimen 

The as-built specimen was a single-leaf tuff masonry wall consisting of two piers connected by a 
spandrel panel with a wooden lintel; the latter had an anchorage length of 15 cm (Fig. 1a). 
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Figure 1. Geometry of (a) as-built wall and (b) repaired wall (dimensions in cm). 
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The wall had a length of 510 cm, a height equal to 362 cm, and a thickness of 31 cm. To apply vertical 
forces ensuring structural continuity with an ideal upper storey, three masonry layers were realized 
above the piers. Vertical joints were alternated and were 10 mm-thick. 

Tuff masonry was made of yellow tuff stones coming from a pit near Naples (Italy) and a premixed 
hydraulic mortar similar to those detected in existing masonry buildings. The masonry units had 
dimensions equal to 300×150×100 mm and unit weight of 12.50 kN/m3. The mortar was based on 
natural sand and a special binder including pozzolana-like reactive aggregates; its water/sand ratio by 
weight was 1:6.25. Mechanical properties of both masonry and its constituents were characterized by 
Augenti & Parisi (2010) via compression and tensile tests (Table 1). The masonry had a unit weight of 
16 kN/m3 and was characterized in the directions parallel and orthogonal to mortar bed joints. 

Table 1. Mechanical properties of constituent materials and tuff masonry. 

Material 
Tensile 

Strength
(MPa) 

Compressive 
Strength 
(MPa) 

Young’s 
Modulus 

(GPa) 

Shear 
Modulus 

(GPa) 
Tuff stones 0.23 4.13 1.54 0.44 
Pozzolana-like mortar 1.43 2.50 1.52 0.66 
Tuff masonry (comp. || to bed joints) - 3.85 2.07 0.86 
Tuff masonry (comp. ⊥ to bed joints) - 3.96 2.22 0.92 
IMG system matrix 6.00 16.0 8.00 - 
IMG system grid 1276 - 72.0 - 

 

3.2 Geometry and material properties of the repaired specimen 

The fibre-reinforced composite used for the external reinforcement of the masonry wall was composed 
by a special two-component matrix and a glass fibre grid. The matrix was made of hydraulic lime and 
sand, added with glass fibres, and mixed with latex and water. The grid was a bidirectional alkali-
resistant glass coated net with 25 mm spacing, unit weight of 225 g/m2, and ultimate strain of 1.77%. 
Mechanical properties of the IMG composite are listed in Table 1. The IMG system was applied on 
both sides of the spandrel (Fig. 1b). After the first two tests, cracks in the spandrel were filled with 
mortar. The IMG system was realized by trowelling a first 5 mm-thick mortar layer, pressing by hand 
the fabric sheet with an overlapping length of 100 mm, and trowelling a second 5 mm-thick mortar 
layer. The nominal thickness of the IMG system was thus about 10 mm. 

3.3 Test setup and instrumentation 

Figure 2 shows the experimental setup for lateral loading tests. Horizontal steel bars were placed at 
both sides of the wall during cyclic tests, in order to apply load reversals. To rigidly connect the 
specimen to the laboratory strong floor, RC beams were realized below the piers and were cast to Ω-
shaped steel plates, which in turn were bolted to square holes of the laboratory floor slab. Two 
reaction systems were mounted to apply vertical and horizontal loads. The former was composed by 
two transverse steel frames at the centrelines of the masonry piers and allowed to apply vertical forces 
on the wall through bidirectional hydraulic jacks. Rigid steel beams placed over the piers were 
employed to get a uniform distribution of normal stresses in the piers. Two Teflon (PTFE) layers were 
placed between the jacks and the rigid steel beams in order to avoid frictional resisting forces at their 
interface. 

The lateral loading was applied through a horizontal servocontrolled hydraulic actuator bolted to a 
nonprismatic reaction wall. A suspension system was installed to provide further support to the 
actuator. The reaction wall had a rigid base fixed to the laboratory slab through four pretensioned steel 
bars. The other end of the horizontal actuator was pinned at a perforated steel plate which in turn, for 
cyclic tests only, allowed to employ six steel bars aimed at applying force at the opposite end of the 
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wall. Those bars ran along the spandrel at both sides of the wall. Finally, three steel beams were bolted 
to the columns of the transverse frames at both sides of the masonry wall to prevent out-of-plane 
failure modes, which were not detected during the tests. A load cell was positioned between the central 
part of the horizontal actuator and its rigid end plate. That cell was employed to get real-time 
measurements of the actual horizontal force applied to the wall. Linear variable differential 
transformers (LVDTs) and string potentiometers were installed. LVDTs were placed at the end 
sections of both spandrel and pier panels to measure flexural deformations, while potentiometers were 
mounted along the panel diagonals to capture shearing deformations. The joint panels were not 
instrumented because they were expected to be rigid, as confirmed by the tests. Lateral displacements 
were measured at the opposite side of the wall through a potentiometer transducer, whose 
displacement readings were associated with lateral force readings at the load cell to plot experimental 
force-displacement curves. 
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Figure 2. Experimental setup. 

3.4 Loading protocols 

The quasi-static tests consisted of two stages: in the former, each pier was loaded by an axial force of 
200 kN; in the latter, the specimen was subjected to in-plane lateral loading through the horizontal 
actuator, while the vertical forces were kept constant. The tests were performed in displacement 
control to capture strength degradation and cumulative damage. The first lateral loading test was 
carried out on the plain masonry wall under monotonically-increasing displacements. Two initial 
displacement cycles were applied to reach effective contrast between the wall and the actuator.        
The lateral force at the actuator was then applied in a way to increase displacements at a constant rate 
of  10 µm/s, up to an actuator displacement reading of 28 mm (corresponding to a drift θ ≈ 1%).     
The second test was performed under cyclic displacements up to a moderate damage involving the 
spandrel panel and a limited part of the piers. The actuator was driven at a displacement rate of  
35 µm/s in a way to attain increasing amplitudes in seven different blocks, and repeated three times at 
each amplitude peak. The increment was set to 5.6 mm so the target maximum displacement was  
39.2 mm (θ ≈ 1.2%). Finally, the wall repaired and upgraded with the IMG system was tested under 
fifteen cyclic displacement blocks up to a lateral displacement of 84 mm (θ ≈ 2.8%). The displacement 
rate was set to 35 µm/s in the first seven blocks and to 70 µm/s in the last eight blocks. 

4 DAMAGE PATTERNS 

Lateral loading on the wall caused damage mainly to the spandrel panel without involving joint panels. 
Figure 3a shows the damage pattern observed after the monotonic test on the as-built wall. Vertical 
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flexural cracks at the extreme sections and diagonal shear cracking were first observed on the spandrel 
panel. At larger drifts, macroscopic cracking was detected at the base of the piers; such a damage 
induced a rocking response. Figure 3b shows that load reversals induced horizontal cracks at the piers’ 
base due to rocking response and extensive tensile shear failure along the other diagonal of the 
spandrel panel. The latter suffered sliding shear failure along the first mortar bed joint. Slight masonry 
crushing occurred at the compressed toes of the piers at large drifts. 

The cyclic lateral loading test on the repaired wall demonstrated the effectiveness of the external 
reinforcement with IMG composites on both sides of weak spandrels. While rocking failure of the 
piers was still detected also at small drift levels, fracture propagation in the spandrel panel diverged 
from the pattern observed during the previous tests, resulting in spread horizontal cracking (Fig. 3c). 
Large horizontal cracks and masonry crushing due to the rocking response of the piers occurred when 
the wall was subjected to larger drifts. At the near-collapse state, transverse splitting of the masonry 
took place in the spandrel panel; it consisted of vertical cracking and involved the masonry from the 
top to the second layer above the wooden lintel. This failure mode has never been observed for walls 
with openings and its effects were preliminarily investigated by Parisi et al. (2011). 

 

(a)

(b)

(c)

 
Figure 3. Damage patterns: (a) as-built wall; (b) pre-damaged wall; (c) repaired wall. 

5 EXPERIMENTAL FORCE-DISPLACEMENT RESPONSE 

Quasi-static testing allowed to obtain global response parameters of the masonry wall in as-built, pre-
damaged, and IMG-repaired conditions. In all tests, the relationship between the resisting force and 
the given lateral displacement was rather linear before the occurrence of flexural cracking in the piers 
and the spandrel panel. As the drift demand increased, the resisting force changed in different modes 
depending on the wall characteristics. The cracking point in the experimental force-displacement 
diagrams (the envelopes for cyclic tests) was defined at a 10% reduction in lateral stiffness. The latter 
was captured by monitoring the ratio between the secant stiffness Ksec (i.e. the ratio between the 
measured resisting force H and the given displacement d) and the simple moving average Kmm at each 
force step (Fig. 4). Major stiffness variations were identified and the secant lateral stiffness at cracking 
was defined as the ratio between the estimated cracking force Hcr and the relevant displacement dcr. 
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Figure 4. Monitoring of lateral stiffness under increasing resisting force. 

Figure 5a shows the experimental force-displacement diagram for the monotonic test. The lateral 
stiffness of the as-built wall changed significantly when flexural cracks formed at the base of the piers. 
This rocking-type damage could be associated with the cracking force and drift ratio listed in Table 2. 
As the lateral displacement increased, the stiffness of the as-built wall was rather constant up to the 
maximum resisting force Hmax = 184 kN corresponding to a displacement of 19.74 mm. At that state, 
diagonal cracking in the spandrel panel induced a resistance drop of about 15%. At larger 
displacements, the lateral resistance began to rise again up to a resisting force Hθmax = 172 kN at a 
displacement of 27.18 mm. Strength degradation factor SDR, defined as the ratio between Hθmax and 
Hmax according to Tomaževič (2000), was found to be about 0.93. 

Hysteretic force-displacement diagrams in Figures 5b and 5c demonstrate that the global in-plane 
response of the wall was essentially governed by rocking motion of the piers. While this behaviour 
allowed large displacements, as well as low residual displacements and wall re-centring, diagonal 
shear failure in the spandrel panel affected the maximum resistance of the wall. Indeed, no 
considerable differences in the global response were detected up to cracking of piers (Table 2). The 
maximum resistance of the pre-damaged wall was different from those of the as-built and repaired 
specimens (Fig. 5d). It is noteworthy that the maximum resisting force of the pre-damaged wall was 
rather equal to that of the as-built wall at the occurrence of diagonal cracking in the spandrel panel 
(that is 157 kN). As the displacement increased during the cyclic test on the pre-damaged wall, the 
resisting force reduced to 146 kN at a maximum displacement of 33.51 mm. For the pre-damaged 
wall, SDR was found to be 0.95 and strength degradation was caused by cyclic damage accumulation. 
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Figure 5. Experimental force-displacement diagrams: (a) monotonic test on as-built wall; (b) cyclic test on pre-
damaged wall; (c) cyclic test on repaired wall; (d) envelopes. 
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Table 2. Experimental response parameters of the specimens. 

Specimen 
Cracking 

Force 
(kN) 

Cracking 
Drift 
(%) 

Peak 
Force 
(kN) 

Drift at Peak 
Force      
(%) 

Force at 
Maximum 

Drift       
(kN) 

Maximum 
Drift        
(%) 

As-built 99 0.06 184 0.65 172 0.89 
Pre-damaged 97 0.07 155 0.57 146 1.10 
Repaired 91 0.07 189 1.11 159 2.46 

Data processing for the cyclic test on the repaired wall demonstrated that the external reinforcement 
with IMG composites at both sides of the spandrel allowed not only to restore the load-bearing 
capacity of the as-built wall, but also to shift strength degradation at larger drift levels. Actually, SDR 
was estimated in 0.85 at a maximum displacement of 75.06 mm. 

6 ESTIMATION OF GLOBAL NONLINEAR RESPONSE PARAMETERS 

The experimental force-displacement curves were idealized as bilinear to characterize the response of 
an equivalent SDOF system. Two linearization procedures were used to estimate ultimate force Hu, 
yielding drift θe (corresponding to de), elastic stiffness Ke, displacement ductility µ, overstrength ratio 
Ω, ductility-related strength reduction factor Rµ, and total strength reduction factor R. For each 
specimen, the first and second lines in Table 3 refer to linearization procedures by Tomaževič (2000) 
and EC8 (CEN 2004), while Rµ-values are reported in brackets. To compute displacement ductility as 
µ = du/de, the ultimate displacement du was defined as the experimental value corresponding to the 
minimum strength degradation observed during the tests, and hence to a resisting force reduction of 
5%. This assumption derived from the fact that strength degradation was lower than that typically 
considered in seismic codes (that is 20%) and different values of SDR were computed for the tested 
specimens. It is also underlined that the bilinear idealization for the as-built and pre-damaged walls 
was aimed at reaching some hints on displacement ductility and strength reduction factors, being they 
related to moderate damage levels. The computation of these seismic capacity parameters was useful 
especially to compare global performances of the tested models, and to discuss current coded values. 

Table 3. Parameters of idealized SDOF system, overstrength and strength reduction factor. 

Specimen 
Ultimate 

Force 
(kN) 

Yielding 
Drift 
(%) 

Elastic 
Stiffness 
(kN/mm) 

Displacement 
Ductility       

(-) 

Overstrength 
Ratio         

(-) 

Strength 
Reduction 

Factor      
(-) 

As-built 162.15 0.10 50.76 8.51 1.64 6.56 [4.00] 
 170.86 0.19 29.45 4.68 1.73 5.00 [2.89] 
Pre-damaged 146.73 0.10 47.89 10.94 1.51 6.88 [4.57] 
 147.99 0.12 41.04 9.29 1.52 6.37 [4.19] 
Repaired 176.89 0.13 44.36 10.99 1.95 8.95 [4.58] 
 188.37 0.30 20.74 4.82 2.08 6.12 [2.94] 

The linearization procedures led to different predictions of ultimate force, yielding drift, and 
displacement ductility for the as-built and repaired walls. Conversely, similar values were obtained for 
the pre-damaged wall. The overstrength ratio was defined as the ratio between the ultimate and 
cracking forces; its average values for the as-built, pre-damaged, and repaired walls were respectively 
1.7, 1.5, and 2.0. The strength reduction factor R was computed for each tested specimen and was 
defined as ductility-related strength reduction factor Rµ multiplied by Ω. According to the ‘equal 
energy rule’ typically assumed for low-period structures like masonry buildings, the former factor was 
evaluated as Rµ = √(2µ – 1). Although the as-built and pre-damaged walls were subjected to medium 
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drift demands, their ductility-related strength reduction factors were quite high. The average Rµ-values 
were 3.4, 4.4, and 3.8 for the as-built, pre-damaged, and repaired walls, respectively. It is worth noting 
that EC8 provides a strength reduction factor equal to 1.5-2.5 for earthquake-resistant URM buildings 
and 1.5 for URM buildings not designed for seismic actions. The bilinear idealization procedure by 
Tomaževič was found to be more appropriate to capture the main features of the global nonlinear 
response of the walls, especially for the pre-damaged wall. The estimation of these capacity 
parameters was affected by the truncation of the experimental force-displacement curve at a lateral 
displacement much lower than the maximum displacement attained during the test. The effectiveness 
of the IMG system can be fully expressed by considering the entire post-peak degrading branch (i.e. a 
force reduction of about 15%). In this case, the linearization procedure by Tomaževič led to µ = 19.16,      
Rµ = 6.11, Ω = 1.92, and R = 11.73, while the EC8 procedure led to µ = 8.67, Rµ = 4.04, Ω = 1.98, and 
R = 8.02. These values are much higher than those related to a 5% force reduction (Table 3). 

7 CONCLUSIONS 

The in-plane lateral loading tests on a full-scale masonry wall with an opening confirmed the key role 
of the spandrel panel, which affected both lateral resistance and strength degradation. The cyclic test 
on the pre-damaged wall showed a significant drop in the lateral resistance due to previous shear 
damage in the spandrel panel. Therefore, spandrels should be included in the capacity models of 
perforated walls as structural elements with limited strength and flexibility in bending and shear. 
Hinges could be introduced at the end sections of spandrels at the formation of flexural cracks. 
Rocking of piers governed lateral stiffness and hysteretic response of specimens, which were 
characterized by low residual displacements and re-centring behaviour. Such a behaviour must be 
associated with the effective aspect ratio and the axial force level of the piers, which in this study were 
about 1.7 and 10% of the ultimate axial force, respectively. The IMG strengthening system provided 
energy dissipation capacity to the spandrel panel, restoring load-bearing capacity of the as-built wall, 
and delaying strength degradation at larger displacements. The lack of debonding demonstrated the 
satisfactory compatibility between the inorganic matrix and the porous tuff masonry substrate. 
Although displacement ductilities estimated for as-built and pre-damaged walls are not actual capacity 
parameters, linearization procedures led to strength reduction factors higher than those provided by 
EC8. The benefits of the IMG system were clear in terms of high displacement ductility and strength 
reduction factors. Reversibility and ease of installation of the IMG system makes it an attractive tool 
for seismic protection of both historic and pre-damaged buildings also during earthquake sequences. 
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