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Abstract: This paper reports the preliminary results of the “Push ’o ver” research project, which investigated 

the in situ experimental behaviour of two twin existing masonry buildings, one as built, and one strengthened 

with composite reinforced mortar (CRM). Originally the two-storey buildings were made of 250-mm-thick, solid-

fired-clay, lime-mortar brickwork. CRM is made with a lime and cement mortar as well as a glass fibre 

reinforced polymer (GFRP) mesh. Additionally, GFRP angle elements are present at corners and GFRP 

connectors tie the two CRM layers or a single CRM layer and the brickwork. In fact, the CRM system is applied 

on both wall sides at ground storey and on external one only at the upper storey. The preliminary comparison 

between the two buildings allows emphasizing the effectiveness of the intervention. The experimental 

behaviour of both structures is reasonably captured by the frame-equivalent numerical modelling approach, 

both in terms of ultimate capacity and failure mechanisms. 

1 Introduction 

Unreinforced masonry constructions are widespread and very common traditional structural systems, however, 

recent, and strong earthquakes (Bam-Iran 2003, L’Aquila-Italy 2009, Elazig-Turkey 2010, Christchurch-New 

Zealand 2011, Central Italy 2016, Gaziantep-Turkey 2023, high Atlas Mountains-Morocco 2023) highlighted a 

poor seismic performance of such kind of constructions with significant damage and losses. Due to inherent 

uncertainties in the masonry structural behaviour, a significant complexity is entailed in their seismic 

assessment. The uncertainties are significant especially in the case of buildings belonging to structural 

aggregates and/or that were modified during their lifetime. For these reasons, experimental tests are essential 

to understand the behaviour of masonry structures, more so than for other structural materials. Among all, full-

scale on-site testing has a special role and is particularly important when such buildings are strengthened with 

innovative solutions where previous experimental evidence could be scarce or absent and the boundary 

between local and global capacity improvement is not clear. 

In the technical literature, some studies (Franklin et al. 2001, Paquette and Bruneau 2003, Beyer 2012a and 

Beyer and Dazio 2012b, Gattesco et al. 2008, Gattesco et al. 2016) evaluated the response of masonry 

horizontal spandrels and vertical piers, by investigating in detail the effects of aspect ratio, material type, and 

boundary conditions. Laboratory tests on small building models were also performed to examine both the 
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stiffness and the strength characteristics of masonry assemblies (Magenes et al. 1995, Magenes and Calvi 

1997, Yi 2004, Shahzada et al. 2012) and these experimental data were used to calibrate numerical models 

for the design and assessment of masonry structures. The higher the complexity of the model (Chisari et al. 

2021, 2023) the higher the need of experimental data. Nevertheless, there are only few studies regarding full-

scale tests (Aldemir et al. 2017, 2018).  

In this paper, full-scale pushover tests performed on two very similar masonry buildings are described. It is 

well known that pushover analysis is one of the most used numerical methods for the evaluation of the seismic 

capacity of a structure. It cannot substitute a step-by-step dynamic analysis but allows pointing out the main 

features of the behaviour under horizontal forces of a structure that is progressively damaged. The objective 

of the project was the experimental evaluation of the improvement in terms of seismic capacity, obtained by 

means of an innovative structural strengthening technique. Two very similar existing masonry structures, one 

as-built and the other strengthened, were subject to push tests up to collapse, carrying out a push-over on the 

field similar to the ones usually performed numerically with suitable codes. The two buildings were obtained 

from an existing two-story brickwork building in Castel di Lama (Ascoli Piceno, Italy), to be demolished 

following the damage suffered during the seismic sequence that hit central Italy from August 2016 to January 

2017. The central stairwell was dismantled, and, thanks to the symmetry of the original building, two almost 

identical portions were obtained: one was simply repaired, by repointing the cracks caused by the earthquakes, 

the other was seismically improved using a composite reinforced mortar.  

A short description of the buildings and of the adopted retrofitting solution is provided together with some 

information related to the pushing device, the monitoring system, and the sensors used during the tests. The 

various phases of the project are described, and afterwards, experimental and numerical results are briefly 

discussed. 

2 Description of the building 

2.1 Geometry 

The original structure, built in several phases in the first half of the Nineteenth Century, was in a bad state of 

conservation, with diffuse cracking patterns due to the 2016-2017 Central Italy seismic events. The building 

was a two-storey clay-brick masonry structure, with rectangular plan 11.42 x 10.87 m and inter-storey height 

2.80 m (ground storey) and 3.00 m (first storey).  

 

 

Figure 1.  Plan of the ground storey and first storey (a) and façade of the structure (b) with indication of 

demolished parts, and configuration for the tests (c) 
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A reinforced concrete small room, leaning against the main building with levels offset from it, was demolished 

being an element extraneous to the original masonry construction. In plan, two almost symmetrical portions 

joined by the central staircase were obtained. Hence, it was decided to demolish the central staircase body in 

a controlled manner, resulting in two portions almost equal from a structural point of view (in terms of geometry 

and horizontal strength). In the following these two parts will be referred to as building 1 and building 2. The 

geometry of the structure in the original configuration and during the experimental tests is shown in Figure 1. 

The foundations are shallow, continuous and made of unreinforced masonry. Masonry The elevation are two-

wythes, 250 mm thick and are made of fired clay bricks laid in. The left part of the first floor is made of jack 

arches supported by I beams, while the right part is made of precast reinforced concrete I beams and hollow 

clay blocks. The roof is built with timber elements. 

2.2 Tests on materials and sub-elements 

To have an adequate knowledge of the structure, diagnostic investigations included: the survey of the structural 

geometry; the identification of constructions details (for example connections between vertical and horizontal 

elements, presence of ring beams or lintels, vulnerable elements); the assessment of mechanical properties 

of masonry and of CRM strengthening. 

The assessment of the unreinforced masonry mechanical parameters is important to correctly design the 

strengthening intervention and define the test system and the test procedure. An optimal solution for the 

strengthening was chosen to avoid an excessive increase of both strength and stiffness. This goal is a general 

rule to obtain a cost-effective intervention. Moreover, in this way the increase in terms of both strength and 

deformation capacity of the strengthened building is fair and coherent with current state of practice. To 

investigate the existing masonry, tests with flat jacks were made to estimate the compressive stress at the 

ground storey, Young’s modulus and the compressive strength. Moreover, using the demolished portion of the 

original building, additional destructive and non-destructive in situ tests were also carried out. These tests 

included bending tensile tests, compression tests on brick specimens, diagonal compression tests. The main 

results are: compressive stress in masonry at investigated point 0.29 MPa; masonry Young’s modulus 1278 

MPa; tensile stress at first crack 2.0 MPa; shear strength 0.228 MPa, (RILEM TC 177-MDT) and  0.152 MPa 

(ASTM E519-07), shear modulus 748 MPa. 

2.3 Repairing and Strengthening interventions 

The seismic damage suffered by building 1 was simply repaired by “unstitch and stitch” interventions. Building 

2 was instead fully strengthened by applying a CRM system, made of mesh, corner elements, preformed 

composite connectors made of alkali resistant glass fibre, thermosetting resins and completed by lime and 

cement-based (M15) structural mortar coating. The plaster was applied on both faces of the load-bearing walls 

of the ground storey and only on the external face at the first storey. The first solution certainly guarantees a 

better result; the second one allows a degree of seismic upgrading without the inhabitants having to abandon 

their dwellings and is suitable when masonry is not prone to disintegration. 

Regarding the horizontal elements, the first storey of both buildings was strengthened with a reinforced 

concrete (RC) overlay connected to the existing floor and to the perimetral walls; in this way the horizontal 

forces are distributed homogeneously among the vertical resisting elements. The timber roofs were replaced 

with horizontal steel trusses, connected to the external masonry walls at RC ring beams. The possible out of 

plane mechanisms of the walls were blocked by introducing tie rods anchored with external steel plates at the 

intermediate and top floors. To restore the load applied by the roof to the masonry walls, plastic tanks filled 

with water were installed on top of the steel truss structure. 

The application of the CRM system is highlighted in Figure 2, and consists in the following steps: 

1. Evaluation of the masonry initial conditions.  

2. Removal of existing plasters and defective parts. Scarification of the joints by using a high-pressure 

cleaner, to ensure a solid surface without fragmented and non-cohesive mortar. If necessary, 

reconstruction of the masonry where badly damaged or missing. Such actions will allow the mortar to 

penetrate the masonry joints and improve adhesion.  

3. Wetting of the masonry to be plastered, to guarantee a saturated surface.  

4. Application of the first layer of mortar, to create a rough and irregular surface that ensures adequate 

cohesion of the next layer of mortar coating.  
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5. Boring of the holes for slab connections (at base and top of the wall). Circular section threaded AISI 304 

rebars are used, orientated in vertical direction (passing through the slab connections) on the surface 

of the masonry wall to be connected: a bar spacing of 0.40 m is recommended. The hole diameter is at 

least 1.5 times the nominal diameter of the rebar.  

6. Installation of slab-connections rebars. After the injection of the resin into a hole, each bar is inserted 

completely, applying a rotation to obtain an optimal distribution of injected resin.  

7. Boring of the holes for the wall-thickness connectors. Twelve mm holes must cross the entire thickness 

of the masonry (in the case of double side intervention) or reach 3/4 of the thickness (in the case of 

single face strengthening).  

8. Application of the general mesh, of the stress spreader mesh and insertion of the connectors (after the 

prescribed resin injection).  

9. Application of the mortar coating in one (up to 35 mm) or more consecutive layers. During this phase 

the mesh must remain at the centre of the thickness.  

 

  

Figure 2. CRM system application phases 

Test on mortar gave the following results:  

• Mortar coating, cylindric (Ø100 mm, h=200 mm) specimen: 

Compressive strength = 11.82 MPa; Elastic modulus = 9.76 GPa 

• Mortar coating, prismatic (40x40x160 mm3) specimen: 

Compressive strength = 14.55 MPa; Flexural strength = 5.28 MPa 

• Mortar coating, cubic (150x150x150 mm3) specimen: 

Compressive strength = 13.44 MPa 

3 Description of the test setup and instrumentation 

The push test required a strong reaction frame while imposing horizontal loads by means of hydraulic jacks. 

To this end, a braced steel frame was built. The pushing device, similar in concept to the one used by 

Mazzolani et al. (2004), was made of two portions: a reaction steel frame and a sliding triangular-prism frame, 

as shown in Figure 3. A new foundation was built specifically for the reaction frame, composed by a concrete 

slab supported by 8 drilled piles of 800 mm diameter. A horizontal cantilever beam fixed on the edge of the 

reaction frame supported the triangular frame through a Teflon surface, to minimize the friction force during 

the pushing phase. Two hydraulic jacks with 5000 kN capacity each and equipped with load cells applied the 

pushing force. In the tests the ratio between upper and lower forces was simply controlled by the triangular 

frame geometry. The chosen ratio is 1.28, to reproduce an inverse triangular pushing profile. The pushing 

device can be disassembled, for possible future reuse.  
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Figure 3. Pushing system  

In Figure 4 the sensor layout, valid for both buildings, is reported. 

 

 

Figure 4. Sensor layout  

The sensor layout is composed by: 

• Three Linear Variable Displacement Transducers (LVDT Gefran PC67-750) monitoring horizontal 

displacements and rotations of the pushing device;  

• One LVDT, positioned behind the triangular prism and evaluating possible differential displacements; 

• Four LVDT (Gefran PZ67-100) measuring the lateral displacements at the floor levels, two per each 

floor and per each façade subjected to lateral loads, installed by means of additional rigid truss 

structures supported by the ground (in this way it was possible to connect the sensors to the intermediate 

RC floor overlay and to the top RC ring beams);  

• Eight high sensitivity uniaxial piezoelectric velocimeters for the dynamic characterisation tests, i.e., four 

at the first floor, and four at the roof level;  
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• Two load cells (AEP CLS500t, 350±2 Ohm full bridge based with 5000 kN capacity each), monitoring 

the level of load transmitted by the pushing device to each shear wall of the building. The overall pushing 

force was in fact applied by two FPT-Fluid Power Technology jacks and controlled by an electric pump 

with a capacity of 70 MPa and 1.8 l/min.  

4 Dynamic characterization tests 

The dynamic characterization tests of the two buildings were performed using six Sara SL06 three-axial 

velocimeters arranged at the edges of the three levels (ground, first and top), respectively. The characterization 

was performed using both environmental noise, which included the effects of construction site activities, and 

impulses caused by the fall of a concrete cylinder weighing about 5 kN from varying heights, up to about 5 m, 

as the source of stress. Spectral analysis of the recorded signals was performed, both for environmental noise 

and for impulse tests, calculating the power spectra density (PSD) for all sensors and the cross spectral density 

(CSD) between significant couples of sensors.  

       

Figure 5.  Dynamic characterization: tests with mass drop.  

    

  (a)     (b)    (c)  

Figure 6.  Dynamic characterisation in the transversal direction: (a) building 1 (b) building 2 and (c) sensor 

layout.  

From the analysis of the power spectral densities and cross spectral densities of the environmental noise test, 

resonance frequencies were identified. The impulse tests gave similar results in terms of modal shapes, with 

values of the eigen- frequencies a little lower, because of a nonlinear behaviour generated by a greater energy 

input. To evaluate the damping, the recording obtained at the top in the two orthogonal directions were filtered 

in small interval containing the eigen- frequencies. The experimental frequencies and the estimated damping 

are reported in Table 1. The damping was estimated by means of the logarithmic decrement method.  

 
Table 1. Results of dynamic characterization 
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Modal shape 
Building 1 
frequency 

Estimated 
damping 

Building 2 
frequency 

Estimated 
damping 

 Hz % Hz % 

1 - Flexural, transversal 6.05 3.0 7.43 5.3 

2 - Flexural, transversal 8.18 3.0 10.00 5.3 

3 - Flexural, longitudinal 9.88 5.9 12.30 4.5 

4 - Torsional  11.90 NA 15.70 NA 

5 Pushover tests 

Both structures, i.e., the as-built building (building 1) and the strengthened one (building 2), were subjected to 

the action of incremental lateral forces, applied to the intermediate and upper floor by means of the pushing 

device. Such forces were applied into an inverse triangular configuration, representative of a distribution of 

seismic forces which is proportional to a linear mode shape pushing profile. The pushing phases were 

organized into different steps and alternated with cycles of full unloading; thus, it is possible to underline 

stiffness changes of both buildings during the tests. The tests were carried out almost until collapse, through 

sub step of the loading phases. These sub steps were initially determined in terms of force increments, ΔF, 

which better describe the elastic behaviour of the buildings. The used ΔF are lower for building 1 (nearly equal 

to 30 kN each) and higher for building 2, nearly 100 kN. Once the buildings show a change from elastic to 

inelastic behaviour, namely, when the force becomes nearly the same while the displacements continue to 

increase, the steps were updated through increments of displacement, Δu, equal to 5 mm per each step.  

In the tests, the transducers were used to survey the displacements at several points of the specimen, to 

evaluate storey drifts, deformation in compression and in tension of the piers and the spandrels of the shear 

walls, uplift and sliding between foundations and shear walls or in the areas immediately below the points of 

application of the loads. During the tests, the plot of the base shear (the sum of the forces applied at the two 

elevations) against the drift (mean recorded by the LVDTs at roof level) was monitored for sudden 

developments test. Diagonal displacements of shear walls, single piers and spandrels were also observed for 

the occurrence of some local damage (cracks, dislocations, etc.). 

In Figure 7, the crack pattern at the end of the pushing tests and the related pushover curve for building 1 are 

reported. The maximum base shear was 396 kN, while the maximum displacement was 53.5 mm. The cracks, 

underlined by red solid lines in Figure 7a, are located on both spandrels and piers. Such cracks highlight the 

portion of wall subjected to compression forces, which is mainly the pier located between the openings, but 

also the sliding due to shear experienced by the RC ring beam, located at the roof level. By focusing on the 

pushover curve, it is possible to observe a quite stiff initial elastic behaviour, up to a lateral force of 335 kN 

with a displacement of nearly 5 mm, while the post-elastic one is characterized by a displacement of 47 mm. 

The maximum value of the inter-storey drift recorded during the tests is close to 1.1% of the storey height, at 

the upper storey. Such value can be associated to the chord rotation experienced by the vertical pier. It is 

worth to observe that the Italian Standard NTC 2018 associates the ultimate displacement for a seismic action 

having a 5% exceedance probability in 50 years, to a chord rotation that ranges between 0.5 and 1.0% for 

masonry piers subjected, respectively to sliding shear and to axial force plus bending moment in their plane. 

The drift shown by building 1, together with the reported crack pattern, underline the coherence of the building 

performance when subjected to lateral loads, with the code prescription for the safety assessment of the 

Collapse prevention Limit State (CLS). The tests were stopped once it was recorded a significant reduction of 

the force resisted by the building, avoiding possible detachments of masonry and a dangerous total collapse. 

 



WCEE2024  M. Morici et al. 

 
 

8

 

Figure 7. Crack pattern (a) and pushover curve (b) of the as-built building (or building 1) 

Similarly, in Figure 8 the crack pattern at the end of the pushing tests and the related pushover curve for 

building 2 are shown. The cracks, marked in red, underline the portion of the masonry subjected to 

compression, while no sliding due to shear appears at the floor levels. The cracks are notably thinner and 

located in specific zones of the façade, if compared to those of building 1. After the strengthening intervention, 

the behaviour of the building when subjected to lateral forces became more dominated by an in-plane rocking 

motion, rather than sliding due to shear. For what concerns the pushover curve, it is worth to observe that the 

base shear sustained by the building was 1087 kN, that is 2.74 times that resisted by building 1. Regarding 

the displacements, instead, the maximum one experienced by building 2 is 1.8 times higher than that of 

building 1, that is 94.6 mm. The transition from elastic to inelastic behaviour happened for a force close to 

1000 kN and a displacement of 12.7 mm. This force is nearly 3 times the one that characterized building 1. 

For what concerns the inter-storey drift, the maximum value is observed at ground storey, conversely to what 

happened for building 1, with a maximum drift ratio equal to 1.8% and a value of 1.3% at the first storey. The 

drift ratio values are higher than that recommended by the NTC 2018 for unreinforced masonry piers subjected 

to axial force and bending, and closer to the reinforced masonry one. These results contribute to testify the 

effectiveness of the applied technique. Moreover, the ultimate capacity seems to be associated to a ductile 

mechanism (bending) rather than the sliding shear or the diagonal one, which are brittle failure mechanisms.  
 

 

Figure 8. Crack pattern (a) and pushover curve (b) of the strengthened building (or building 2) 

In Figure 9 the uplift that building 2 suffered towards the end of the pushing tests is reported. This uplift 

happened on the windward side, close to the pushing device, where the base of the building was in tension, 

while the façade opposite to the device was in compression. The tests were stopped when the uplift was nearly 

equal to 100 mm and the phenomenon involved 2/3 of the length of the building base. It is useful to remember 

that the buildings were supported by shallow foundations, on which it was practically impossible to determine 

and to verify the real effectiveness of the connection at the base of the building. It is worth noting that the 

strengthened structure resisted an horizonal force capable to activate a rotation opposed by the building 

weight. Consequently, there is the possibility that, during a seismic dynamic action, the shallow foundation in 
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combination with this strengthening intervention may result in a rigid-body movement (rocking and/or sliding) 

of the base before reaching a seismic force able to strongly damage the masonry structure. 

 

 

Figure 9. Detail of the uplift of the left corner close to the steel frame 

6 Numerical simulation of the pushover test 

The pushover test was simulated by means of a force-based equivalent frame formulation. Piers and spandrels 

are modelled by beam elements, respectively with vertical and horizontal axis, with deformable and rigid zones. 

The rigid zones are located at the intersection between beam elements (node panels), while the deformable 

parts are defined using the formulation by Dolce (1991) for the piers and the free span of the openings for the 

spandrels.  

The behaviour of pier and spandrel elements was assumed to be elastic-plastic with displacement limit. The 

elastic phase was defined by considering the in-situ tests reported in Section 2.2 of the present paper, while 

shear and bending damage and failure were considered by means of plastic hinges. The flexural and shear 

strengths were evaluated according to NTC (2018). The mechanical properties adopted for buildings 1 and 2 

are reported in Table 2. 

 
Table 2. Mechanical properties of masonry in the numerical simulations 

 f (MPa) fv0 (MPa) τ0 (MPa) fh (MPa) E (MPa) G (MPa) 

As-built masonry 4.550 0.152 0.076 2.275 1278 549 

Masonry strengthened on 2 sides 5.460 0.384 0.193 2.730 3800 1500 

Masonry strengthened on one side 5.005 0.245 0.123 2.502 2453 981 
 
The comparison between experimental and numerical pushover curves is reported in the following figures. 
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Figure 10. Building 1 pushover curves: experimental (red) and numerical (blue).  

 

  

Figure 11. Building 2 pushover curves comparison: experimental (red) and numerical (blue). 

The numerical results are in reasonable agreement in terms of strength, for building 1. In the building 2 

simulation, there is an underestimation of the strength by about 10%. The displacement capacity is well 

reproduced in the ground storey, but the activation of mechanism in the ground and first storey are not fully 

detected by the numerical simulations. 

7 Conclusions 

In the present paper full-scale on-site pushover tests on two similar buildings located in Castel di Lama (Ascoli 

Piceno, Italy) was described. Building 1 was tested as built, repaired after suffering the 2016-2017 Central Italy 

seismic events. Building 2 was strengthened with a composite reinforced mortar system on the internal and 

external sides at the ground storey and only on the external side at the first storey. This intervention difference 

was adopted to test a strengthening solution that would allow inhabitants to stay in their dwellings.  

Tests were carried out almost until collapse for both buildings, using two hydraulic jacks connected to a steel 

structure, that was placed on a reinforced concrete support. In building 1, a first storey mechanism was 

observed. In building 2, the mechanism involved both the ground and first storeys, and a local uplift on the 

windward corner. 

To complete the study, a numerical simulation of the buildings was implemented. The buildings were modelled 

with a force-based equivalent frame procedure. The results allowed to estimate the maximum strength of both 

buildings, but the correct mechanism was not always identified opening the way to future improvements. 
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