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Abstract 

An experimental research was carried out at the EUCENTRE Foundation in Pavia aimed at evaluating the in-plane 

seismic behaviour of an innovative modular steel reinforcement system for load-bearing walls (named Resisto 5.9), 

designed by Progetto Sisma. The main purpose of the research concerned the preliminary evaluation of the lateral 

in-plane performances of existing masonry walls reinforced with the proposed system, also in relation to the non- 

reinforced case. Object of this campaign was, in particular, a solid clay brick and lime mortar masonry with 

“header bond” pattern. The performed experimental tests included firstly the mechanical characterization of bricks, 

mortar, masonry and of the anchors of the reinforcement system. Subsequently, the seismic parameters were 

analyzed by carrying out cyclic in-plane pseudo-static tests on two full-scale walls of the same size, one non-

reinforced and one reinforced through the Resisto 5.9 system, subjected to the same boundary conditions and 

compression level. The cyclic behaviour of the masonry walls was studied in terms of elastic stiffness, lateral 

resistance, displacement capacity and energy dissipation, depending on the observed damage mechanism. 

Keywords: Load-bearing masonry; experimental in-plane response; masonry seismic strengthening; external steel 

modular system. 
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Summary 

An experimental study was conducted at the EUCENTRE Foundation, Pavia, in order to assess the plane seismic behaviour 

of an innovative modular steel reinforcement system for load-bearing masonry (Resisto 5.9) designed by Progetto Sisma. 

The main purpose of the research was evaluation of the lateral in-plane performance of load-bearing masonry walls 

reinforced with the proposed system also in relation to the unreinforced situation. The subject of the research campaign was, 

in particular, a solid brick and lime mortar masonry with a “header” bond. The experimental tests conducted first allowed 

the mechanical characterisation of the bricks, mortar and masonry and the anchoring of the reinforcement system. Seismic 

parameters were then analysed by means of the execution of cyclic tests on the pseudo-static plane on two walls of equal 

size in full scale, one unreinforced and the other reinforced by means of the application of the Resisto 5.9 system, both 

subjected to the same end restraint conditions and compression level. The cyclic behaviour of masonry walls was studied in 

terms of elastic stiffness, lateral strength, energy displacement and dissipation capacity, according to the damage mechanism 

they are subjected to. 

Keywords: Load-bearing masonry; experimental in-plane response; seismic masonry reinforcement; external modular steel 

reinforcement system. 

 

 

 
 

1. Introduction 

On the national and international scene, studies and applications of innovative reinforcement systems for existing load-

bearing masonry buildings are spreading, including several integrated systems which aim to ensure an improvement in 

seismic performance combined with energy efficiency of the building. For example, systems consisting of thin reinforced 

concrete slabs cast in situ within layers of insulating material or solutions made of cold-formed profiles coupled with 

wood/laminate panels and insulating panels or wood reinforcement systems have been developed, such as the one recently  
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tested at the EUCENTRE Foundation and consisting of wooden frames fixed to the inner surface of the masonry walls and 

building floors onto which “OSB” wood fibre boards are nailed (Miglietta et al., 2021). 

This is where Resisto 5.9, a modular steel system designed by Progetto Sisma. The reinforcement system, integrated with 

thermal cladding (thus ensuring an improvement in the energy performance of buildings), is also intended to ensure an 

increase in the degree of connection between the orthogonal walls (encouraging building box action of the building), an 

increase in the degree of connection between the walls and horizontal structures, limitation of the possibility of out-of-plane 

overturning of walls, an effective absorption of unopposed horizontal thrust, improved distribution of seismic actions 

between the wall bays of the building and an improvement of the seismic performance of pier elements and coupling beams. 

The system fulfils requirements for retrofitting works for buildings with bearing walls as established in the Technical 

Standards for Construction NTC2018, as one of the options for wall reinforcement provided for therein. 

An experimental campaign was conducted in 2020 at the ShakeLab of the EUCENTRE Foundation in Pavia aimed at the 

preliminary evaluation of the in-plane seismic behaviour of the Resisto 5.9 system. The main purpose of the research was 

evaluation of the lateral in-plane performance of load-bearing masonry walls reinforced with the proposed system also in 

relation to the unreinforced situation. The subject of the study was, in particular, a solid brick and lime mortar masonry with 

a “header” bond. The experimental tests conducted first allowed the mechanical characterisation of the bricks, mortar, 

masonry and the anchoring of the reinforcement system. Seismic parameters were then analysed by means of the execution 

of cyclic tests on the pseudo-static plane on two walls of equal size in full scale, one unreinforced and the other reinforced 

by means of the application of the Resisto 5.9 system, both subjected to the same end restraint conditions and compression 

level. The cyclic behaviour of masonry walls was studied in terms of elastic stiffness, lateral strength, energy displacement 

and dissipation capacity, according to the damage mechanism they are subjected to. 

The results of the research showed that the application of Resisto 5.9 did not result in substantial increases in elastic 

stiffness and lateral strength of the masonry wall but did produce a significant increase in deformation capacity and 

ductility, especially in ultimate conditions, as well as greater residual strength and slower degradation of stiffness/strength, 

thus ensuring less fragility of the wall in ultimate conditions. 

 

 
2. Description of the seismic reinforcement 

The Resisto 5.9 reinforcement system (Figure 1) consists of suitably interconnected steel elements (frames) that are 

connected to masonry. The metal frames, obtained by the cold folding and laser cutting of 3 mm thick galvanised 

S250GD+Z structural steel (yield strength of steel fy =350 MPa, breaking strength of steel fu=330 MPa), are rectangular in 

shape (except for special completion pieces) with standard dimensions of 1150 mm x 1500 mm and consist of an L-shaped 

cross-section frame measuring 80 mm x 80 mm and flat horizontal beams 50 mm wide and diagonal bracing. Holes along 

the frame enable anchoring to masonry and the connection of modules. The modules must be adhesive-laid onto the external 

surface of the wall, aligned and connected to masonry by means of non pass-through anchors of equal pitch (between 700 

and 1000 mm). Anchoring must be chemical and requires the injection of a specific resin into holes of suitable diameter and 

depth, followed by the insertion of class 8.8 M14 steel threaded bars. Each model is also connected to adjacent modules by 

means of class 8.8 M12 steel bolts. Frames must be positioned to ensure the continuity of reinforcing elements vertically, 

horizontally and diagonally (Figure 2) without foundation connection. Finally, the system is completed by metal 

plates/profile corners for the connection of metal modules on all the building façades to achieve a continuous framing of the 

entire structure. 

 

 
3. Legislative framework 

In its application as reinforcement of load-bearing masonry buildings, the Resisto 5.9 modular steel system system 

combines aspects of novelty and originality to such an extent that there is to date neither established literature on the subject 

nor specific regulatory references. 

However, the System fall within one of the wall reinforcement options pursuant to the Technical Standards for Construction 

NTC2018 Circular, as stated in C8.7.4.1 – “4. Increased capacity of walls”, the most salient part being cited here below: 

"Walls may be reinforced by means of integrative cooperating structural elements installed on the surface; such elements 

may, for example, be made of steel (reticular structures consisting of plates/ tapes) or wood (panelling). Suitable 

connections must enable the cooperation of existing walls and the reinforcement”. 

In structural terms, the purpose of the Resisto 5.9 System is the seismic improvement/updating of bearing masonry 

buildings pursuant to §§ 8.4.2 and 8.4.3 of Technical Standard for Construction NTC 2018, and it is generally implemented 

as a global intervention, in order to requalify the structure as a whole. This objective may be pursued by improving the 
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Figure 1 
Resisto 5.9 reinforcement system (top). 

 
 

Figure 2 

Example of the application of 
the Resisto 5.9 reinforcement 
on a wall with openings (left). 
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performance levels of local mechanisms /kinematics (or "mode I", for example out-of-plane bending of façades), or by 

acting on global mechanisms (or "mode II", linked to the behaviour of the entire building's structural elements within their 

own plane), as stated in § 8.7.1 of the NTC 2018 and §§ C8.7.1, C8.7.1.2 and C8.7.1.3 of the Circular of NTC2018. 

In some particular cases, the system can also be used in local interventions, pursuant to § 8.4.1 of the Technical Standards 

for Construction NTC 2018, which can therefore affect individual wall portions or elements, in order to reduce the 

vulnerability of the structure when subjected to local mechanisms/kinematics. 

The national and international frameworks do not contain adverse indications as to the use of this system, which can be 

defined as a special metal bracing system applied directly to masonry, as a solution for the reinforcement of bearing walls. 

As described in detail in the previous paragraph, the modular system is manufactured by the cold folding of thin galvanised 

steel sheets. The steel elements used (profiles and bolts) are standardized in NTC 2018, with reference to § 4.2 and § 11.3, 

the sub-section of which § 11.3.4 gives specific guidance for steelwork structures. In particular, § 11.3 also provides 

reference for the evaluation of the mechanical properties of the steel and bolts used in the reinforcement system and for the 

material identification, qualification and acceptance procedures. For the structural design and verification of steel elements 

and bolted connections, the regulatory reference is § 4.2 in the case of non-seismic actions and § 7.5 for seismic actions. 

 With regards to anchoring on masonry, reference can instead be made to EAD Guidelines 330076-00-0604 (EOTA 2014) 

and Technical Reports TR-053 (EOTA 2016a) and TR-054 (EOTA 2016b). 

 

 
4. Choice of wall type 

The choice of wall type to be tested was conditioned by a series of preliminary assessments of the most widespread types 

used in national construction, resulting in the selection of: masonry made of solid bricks and lime mortar followed by an 

analysis aimed at identifying the most appropriate characteristics of the elements (bricks and mortar) and of the masonry 

bond, such as to guarantee the expected level of performance. In particular, solid bricks and mortars with relatively low 

mechanical properties were chosen, typical of existing construction (compressive strengths of bricks and mortars less than 

20 MPa and 1.5-2.0 MPa respectively) and a “header” bond was chosen. This guarantees the minimum shear strength 

among those typical of Italian construction (Figure 3) due to the lesser meshing effect between the courses of bricks (based 

on the analytical formulations prescribed in Circular NTC 2018, as reported, for example, in Albanesi and Morandi [2021). 

Furthermore, this bond is also the one characterised by the greatest number of vertical mortar joints per course of bricks and, 

as a result, the one for which the anchoring of the reinforcing frame to the masonry may be less effective, under the 

reasonable assumption that anchoring in mortar is less effective than that in brick. 

The geometry of the in-plane cyclic test specimens (referred to as UBPS01 for the unreinforced and RBPS01 for the 

reinforced, respectively) was defined as follows: thickness 250 mm, height 2435 mm (37 courses of bricks), length 2330 

mm (18 bricks), as illustrated in Figure 4. These dimensions were fixed on the basis of the dimensions of the standard 

reinforcement system modules and taking into account the indications for mounting it on the wall (in particular, the distance 

from the free edge of the wall), the masonry bond adopted, the nominal dimensions of the bricks (250 x120 x 55 mm) and 

the thickness of the horizontal and vertical mortar joints (approximately 10 mm), with the intention of forcing a shear failure 

of the unreinforced wall, which is more critical than a buckling failure. 

 

 

 

 

 

 
 

 

Figure 3 - Masonry bonds typical of national construction taken into account for the definition of the specimens (from left to right): “header”; “Flemish”; “English bond”; 
“Gothic”. 
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Figure 4 - Nominal dimensions of specimen RBPS01 for cyclic compression-shear test (dimensions in mm). 

 

 

 

 

The specimens were made above reinforced concrete foundations (length 3300 mm, thickness 1200 mm and height 400 

mm) equipped with vertical holes for fixing to the laboratory floor using post-tensioned threaded steel rods and lifting hooks 

for handling and packing during transport. A 2 cm thick joint in class M15 mortar was made between the first course of 

bricks of the specimens and the reinforced concrete base. 

A reinforced concrete kerb (length 3000 mm, height 400 mm and thickness 400 mm) made of class C35/45 fibre concrete 

and with class B450C reinforcement was placed for both tests at the top of the walls. The kerb-wall connection was 

guaranteed through the creation of a 2 cm thick joint in high-performance, anti-shrinkage mortar in order to ensure perfect 

adhesion between the two elements under the action of the lateral forces. To further improve adherence, grooves were made 

during the construction of both specimens in the vertical joints of the last course of bricks, into which the mortar could 

penetrate the construction of the joint. 

 

 
5. Masonry characterisation and reinforcement system anchoring tests 

For the characterisation of elements and masonry, measurements were made at the Official Laboratory for the Testing of 

Materials and Structures of DICAr (Department of Civil Engineering and Architecture) of the University of Pavia to assess 

the geometric properties of the bricks (UNI EN 771-1 and UNI EN 772-16) and experimental tests were carried out to assess 

the vertical compression (UNI EN 771-1, UNI EN 772-1 and NTC 2018) and indirect tensile strength (UNI 8942-3 and 

RILEM TC 76-LUM.A3) of bricks, the bending and compressive strength (UNI EN 1015-11) of mortar, the vertical (UNI 

EN 1052-1) and diagonal (ASTM E519-02) compressive strength of masonry on walls and the shear strength (UNI EN 

1052-3, "Procedure A") on masonry assemblies. 
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Table 1 shows the results of the tests conducted. 

 

Table 1 - Results of material characterisation tests (average μX value and average square deviation σX). 
 

 L [mm] b [mm] h [mm] fbm [MPa] fb [MPa] fbt [MPa] fbl [MPa] 

μ 
X 

254.4 121.8 54.8 19.22 12.5 2.11 0.25 

σ 
X 

0.5 0.4 0.9 1.13 – 0.51 0.14 

        

 fm [MPa] f [MPa] E [MPa] ft [MPa] G [MPa] fv0 [MPa] μ [-] 

μ 
X 

1.22 7.03 3991 0.319 2586 0.15 0.61 

σ 
X 

0.39 0.32 194 – * – * – – 

 
Note: L length of brick, b thickness of brick, h height of brick, fbm vertical compressive strength of brick, fb normalised vertical compressive strength of brick, 
fbt indirect tensile strength of brick, ffl bending strength of mortar, fm compressive strength of mortar, f vertical compressive strength of masonry, E elastic 
modulus of masonry, ft tensile strength through diagonal cracking of masonry, G tangential elastic modulus of masonry, fv0 shear strength in the absence of 
axial masonry action, μ coefficient of friction of masonry; * the evaluation was carried out based on a single test. 

 

 

Lastly, pull-out and shear tests were conducted on anchoring inserted in masonry for the fixing of metal modules. The 

results of the tests, the details of which are omitted here for the sake of brevity, showed a breaking load of the anchors, with 

characteristics corresponding to those actually adopted for construction of the reinforcement system of specimen RBPS01, 

in the range of 9-18 kN for pull-out strengths and in the range of 10-14 kN for shear strengths, depending on the test 

configurations (anchor in mortar or brick, M12 or M14 bars, 2 different types of resin). 

 

 
7. Cyclic shear-compression in-plane tests 

7.1 Test apparatus 

Cyclic pseudo-static shear-compression tests on masonry walls were conducted at the experimental ShakeLab laboratory of 

the EUCENTRE Foundation. 

The test apparatus was installed on a three-dimensional configuration consisting of two orthogonally positioned reaction 

walls and a strong floor. The system includes three hydraulic actuators servocontrolled by means of solenoid valves: two 

arranged vertically and one horizontally. The vertical actuators are suspended from steel b which are part of a strikers 

system attached to the reaction wall parallel to the specimen plane and above it, while the horizontal actuator is instead 

fixed to the perpendicular wall. The test set-up is illustrated in Figure 5, with reference to the unreinforced wall. 

 

 

 

Figure 5 - Test set-up. 
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The tests were carried out under the assumption of a double restraint constraint condition, realised by appropriately setting 

the variation of the forces transmitted to the specimens by the vertical actuators. 

7.2 Test instrumentation and acquisition 

Numerous displacement transducers were installed on the specimens according to the diagram shown in Figure 6, showing: 

• In red, the “basic” instrumentation diagram (24 potentiometers) adopted for both test specimens, which made it possible 

to monitor the horizontal displacement at the top of the wall, the shear and bending deformations of the wall, any out-of-

plane displacements of the wall, any relative creep between wall and foundation, between foundation and strong-floor, 

between wall and kerb and between kerb and steel beam and any deformations of the vertical actuator striker system; 

 

 
 

Figure 6 

Diagram of test set-up 
instrumentation: 
potentiometers used for both 
tests are in red; additional 
potentiometers used for the 
reinforced test are in blue. 
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• In blue, the additional instrumentation (30 potentiometers) used during the test carried out on the reinforced specimen, 

which also made it possible to monitor the horizontal and vertical displacement of the reinforcing frame with respect to 

the foundation, kerb and wall, any local creep (horizontal and vertical) between the anchoring bars of the steel frame and 

the wall, the off-plane inflection of the diagonal stiffening plates of the steel frame. 

7.3 Test procedure 

The test sequence began with the application of the vertical load to the test apparatus through the two vertical actuators, with 

zero horizontal displacement. In particular, an axial load level corresponding to an average compression on the section of 

0.50 MPa was imposed on the top of the walls, assumed as a representative value for walls of the selected type in existing 

buildings and such as to guarantee a shear failure of the unreinforced wall, based on the preliminary calculations according 

to the strength formulations prescribed by the national regulations (NTC 2018 and relative Circular), with reference to the 

geometry adopted and the mechanical properties derived from the characterisation tests conducted. Each test then continued 

with application of shear action through the horizontal actuator, with an initial phase in “force control” followed by a load 

history in “displacement control” at increasing values of nominal drift. In particular, three complete repetitions of the 

pull/push sequence (positive load-pull, negative load-push) were performed for each force or displacement level considered. 

During the “force control” phase, maximum force levels corresponding to approximately one quarter (cycle “1F”) and one 

half (cycle “Fbis”) of the analytical estimate of the shear strength Fmax of the unreinforced wall were applied. The next cycle 

(“2F”) was carried out in “displacement control”, with the target of twice the displacement dma measured during cycle 

“1Fbis”. Cycles were then applied in “displacement control” at increasing values of nominal drift (identified with “S” and 

numbered progressively) according to a predetermined sequence of displacement levels at the top of the specimen, until 

critical damage conditions were reached, at which point the test was interrupted. 

Figure 7 illustrates the test protocol, showing the last cycle reached during each of the two tests: specifically, the test on 

UBPS01 was stopped upon completion of cycle "5S" (nominal drift 0.25%), whereas the test on RBPS01 was stopped half 

way through the second pull-push sequence of cycle "10S" (nominal drift 1.00%). The time duration of each cycle (three 

repetitions of the pull/push sequence) was kept constant during the test (approximately 600 seconds), increasing the 

displacement speed of the horizontal actuator at each cycle in proportion to the target force or displacement level. 

7.4 Experimental results of cyclic tests 

The following sections show the results of the cyclic tests on the two specimens in terms of hysteretic force-displacement 

curves (in particular, displacement was measured at the upper end of the masonry panels) and the respective global 

envelopes. 

The evolution of the damage in the specimens at the different cycles is also documented, up to the imminent collapse 

condition, at which each test was interrupted. 

7.4.1 Hysteretic force-displacement cycles 

Figure 8 and Figure 9 show the hysteretic force-displacement curves relative to the tests conducted on specimen UBPS01 

and specimen RBPS01, respectively. The individual cycles carried out during each test are highlighted in different colours  

 

 

 
 

 

Figure 7 -Testing protocol for pseudo-static in-plane cyclic tests. 
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Figure 8 

Hysteresis force-displacement 
cycles of test UBPS01 
(corresponding envelope in 
bolder black line). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 9 

Hysteresis force-displacement 
cycles of test RBPS01 
(corresponding envelope in 
bolder black line). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
and the global envelope curve, defined by considering all the cycles for each test, up to the maximum displacement level 

reached, regardless of the completion of the corresponding cycle (in the case of test RBPS01, therefore, including the last 

cycle, even though it has not been completed), is represented in black with a thicker stroke. 

Figure 10 shows the global envelopes of the hysteretic cycles of the two walls (envelopes on the three cycles). The 

comparison shows that reinforcement of specimen RBPS01 did not produce substantial increases in initial elastic stiffness 

and maximum strength compared to the unreinforced specimen UBPS01. However, a better ultimate limit state 

performance of the reinforced wall is evident, which showed a significant increase in deformation capacity (nominal in-

plane drift of 1.00%) compared to the unreinforced wall, which reached the condition of imminent collapse at a nominal 

level of drift of 0.25%. 

In the case of specimen UBPS01, the maximum force was reached at the first visible damage (cycle “2S”, nominal drift 

0.10%). Before the peak was reached, the curve showed a slight decrease in slope. Subsequent cycles then recorded a 

rapid degradation of the wall response in terms of both strength and stiffness until the test was interrupted due to the risk 

of imminent collapse of the masonry wedges into which the wall was divided by the cracks, the opening of which reached 

the size of half a brick head (50-60 mm). 

In the case of specimen RBPS01, the experimental response was substantially similar to that of the unreinforced wall up 

to cycle “2S”. The curve then developed into a pseudo-horizontal characterised by slight variations in the maximum
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Figure 10 

Comparison of cyclic 
response of the global 

envelopes of specimens 
UBPS01 and 

RBPS01. 

 

 
 

 

 
 

force level at increasing levels of imposed displacement, up to cycle “7S” (nominal drift 0.40%). Starting from cycle “8S” 

(nominal drift 0.50%), a slow degradation of the response was recorded until the test was interrupted at cycle “10S” 

(nominal drift 1.00%). 

7.4.2 Evolution of the damage 

The following Figure 11 and Figure 12 document the evolution of the damage in the two specimens at different cycles 

(for brevity, only from the cycle at which the cracks began to develop) up to the condition of imminent collapse. In 

particular, the images document the state of the specimens at the end of the cycles. 

Both walls showed diagonal shear cracking with the formation of bi-diagonal cracks, predominantly in the vertical and 

horizontal mortar joints and to a more limited extent in the bricks. These cracks began to form in the case of test 

RCBPS01 during cycle “2S” (nominal drift 0.10%) and in the case of test RBPS01 during cycle “3S” (nominal drift 

0.15%). They then increased in number and amplitude as the levels of displacement imposed in the subsequent cycles 

increased. 

 

 
 

Figure 11 
Evolution of the damage at 
the end of the cycles of test  

UBPS01. 
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Figure 10 

Evolution of the damage at the 
end of the cycles of test 
RBPS01. 
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In the case of specimen RBPS01, some cracks also developed in the wall starting from cycle “2S” at the horizontal mortar 

joints: initially (cycle “2S”) between the first and second courses of bricks at the base of the wall (Figure 13) and 

subsequently also at the level of further joints, at the top and along the height of the wall. Along these cracks, starting 

from cycle “5S” (nominal drift 0.25%) in correspondence with which the unreinforced wall had already reached the 

condition of imminent collapse, the system gradually developed a torsional behaviour, probably to be attributed to the 

different stiffness of the two sides of the masonry wall due to the presence of the reinforcement system (Figure 14) with 

progressive out-of-plane dislocation of the wall portions in correspondence with the horizontal and diagonal cracks, up to 

high drift values (1.0%). 

Before the last cycle of each test (cycle “5S”, nominal drift 0.25%, in the case of specimen UBPS01 and cycle “10S”, 

nominal drift 1.00%, in the case of specimen RBPS01), the wall was propped for safety reasons due to the high level of 

damage reached before bringing the specimen to a condition close to collapse, as evident from the last images in Figure 

11 and Figure 12. 

All in all, a superior performance of the reinforced wall is shown, which showed a significant increase in deformation 

capacity, approximately 4 times that of the unreinforced wall, achieving a drift in the plane of 1.00% compared to 0.25%
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Figure 13 - Pass-through cracks in the horizontal mortar joints of specimen RBPS01. 

 

 

 

 
Figure 14 - Damage due to torsional behaviour of specimen RBPS01 (at the end of the test). 
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of the specimen without reinforcement. Moreover, when subjected to the same degree of drift, tests indicated a significant 

reduction of damage with UBPS01 system, as is also evident from Figure 15, which compare the damage state of both 

specimens at the end of the nominal drift cycle 0.25%, indicating the condition of incipient collapse of specimen 

UBPS01. 

7.5 Interpretation of experimental results 

The experimental results were interpreted in order to identify the main seismic parameters of interest, such as elastic 

stiffness, lateral strength, displacement capacity, secant stiffness and energy dissipation capacity. 

In particular, the results obtained are shown in Table 2 in terms of: 

• Elastic phase stiffness kel, defined as the average of the absolute values referred to the three pull-push cycles in the test 

protocol, considering the pull branch and the push branch separately (the elastic stiffness of each branch is obtained by 

plotting the secant of the experimental envelope at point 0.70·Vi,max, where Vi,max is the maximum shear on the curve); 

• Maximum force Vmax, defined as the maximum of the absolute values referring to the three cycles, considering the pull 

branch and the push branch separately; 

• Force at maximum drift on last completed cycle Vθmax, defined as the minimum of the absolute force values 

corresponding to the maximum and minimum displacements evaluated over the three cycles at the last imposed 

displacement level for which the pull-push sequence was completed (cycle “5S”, nominal drift 0.10% for test UBPS01; 

cycle “9S”, nominal drift 0.75% for test RBPS01); 

• Force at maximum drift at the last imposed displacement level Vθmax,u, defined as the minimum of the absolute force 

values corresponding to the maximum and minimum displacements referring only to the pull and push branches of the 

last test sequence (regardless of its completion: in the case of specimen UBPS01, this value corresponds to Vθmax having 

completed the pull-push sequence for the last imposed displacement level. In the case of specimen RBPS01, the value 

was defined with respect to the two pull branches and the one push branch completed in the last cycle of the test, 

“10S”); 

• Drift at maximum force θVmax, defined as the minimum of the absolute values referring to the three cycles, considering 

the pull branch and the push branch separately; 

• Drift corresponding to a degradation equal to 20% of the maximum strengthθ20%drop, defined as the minimum of the 

absolute values referring to the three cycles, considering the pull branch and the push branch separately; 

• Maximum drift on last completed cycle θmax, defined as the minimum of the absolute force values corresponding to the 

maximum and minimum displacements evaluated over the three cycles at the last imposed displacement level for which 

the pull-push sequence was completed (cycle “5S”, nominal drift 0.10% for test UBPS01; cycle “9S”, nominal drift 

0.75% for test RBPS01); 

 

 

 

 

Figure 15 
Comparison of the level of 

damage of specimens 
UBPS01 and RBPS01 at the 

end of cycle “05S” 
(nominal drift 0.25%). 
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• Maximum drift at the last imposed displacement level θmax,u, defined as the minimum of the absolute values 

corresponding to the maximum and minimum displacements referring only to the pull and push branches of the last test 

sequence (regardless of its completion: in the case of specimen UBPS01, this value corresponds to θmax having 

completed the pull-push sequence for the last imposed displacement level. In the case of specimen RBPS01, the value 

was defined with respect to the two pull branches and the one push branch completed in the last cycle of the test, “10S”). 

 
The relationships between the different force levels and between the various drift levels described above are also reported. 

 

 

 

 
Table 2 - Experimental results. 

 

Specimen kel [kN/mm] Vmax [MPa] Vθmax [MPa] Vθmax,u [MPa] Vθmax/Vmax [-] Vθmax,u/Vmax [-] Vθmax,u/Vθmax [-] 

UBPS01 190.7 239.4 71.5 71.5 0.30 0.30 1.00 

RBPS01 188.7 238.9 155.4 127.7 0.65 0.53 0.82 

 
Specimen θVmax θ20%drop θmax θmax,u θmax/θVmax θmax,u/θVmax θmax/θ20%drop θmax,u/θ20%drop 

 [%] [%] [%] [%] [-] [-] [-] [-] 

UBPS01 0.08 0.14 0.23 0.23 2.72 2.72 1.67 1.67 

RBPS01 0.10 0.57 0.75 0.95 7.56 9.61 1.32 1.68 

 

 

 

 
7.5.1 Elastic stiffness and lateral strength 

As can be seen from the comparison of the experimental results shown in Table 2, application of the reinforcement 

system did not affect the initial stiffness and lateral strength of specimen RBPS01, which are fully comparable to those of 

specimen UBPS01, in the order of 190 kN/mm and 239 kN, respectively. 

7.5.2 Deformation capacity and “ductility” 

Both specimens suffered shear failure with bi-diagonal crack formation. Damage began to develop in the two walls in a 

visually appreciable manner for imposed drift levels between 0.10% (cycle “2S”, specimen UBPS01) and 0.15% (cycle 

"3S”, specimen RBPS01). Starting from these drift levels, diagonal cracks formed in the horizontal and vertical mortar 

joints, with a “staircase” pattern, which then developed in amplitude and number as the level of imposed displacement 

increased. The drift at maximum force θVmax was slightly higher in the case of the reinforced specimen (0.10%) than in the 

case of unreinforced specimen (0.08%). This level of deformation, characterised by the onset of cracking, can be 

considered as representative of the Damage Limit State (DLS) of the two walls, according to the definition proposed by 

NTC2018 as suggested by Morandi et al. (2018) and Morandi et al. (2021). 

The deformation capacity of the two walls at the Life-Safety Limit State (LSLS) which, according to NTC2018 is 

associated with reaching the strength reduction condition of 20% of the maximum strength, was 0.14% for specimen 

UBPS01 and 0.57% for specimen RBPS01 (Table 2). However, it is important to note that, at these levels of in-plane 

displacement, the walls were shown to possess additional deformation capacity resources, as is evident from the envelope 

trends of the experimental curves ((Figure 10), the photographic documentation of the crack patterns reported in Figure 11 

and Figure 12 and theθmax/θ20%drop (e θmax,u/θ20%drop) ratio in Table 2. 

Considering also the maximum deformation capacity of the walls, it can be seen that this was 0.23% for specimen 

UBPS01 and 0.95% (with reference to the maximum imposed displacement level) for specimen RBPS01 (Table 2), with 

an increase of more than 4 times. At these levels of in-plane displacement, at which residual strength was measured at 

30% and 53% of the maximum force, respectively, the walls showed very pronounced damage (as evidenced by the 

photographic documentation shown from Figure 11 to Figure 14), while still retaining a margin of safety to vertical 

actions. These levels of drift can therefore be taken as identifying the achievement of the Collapse Prevention Limit State 

(CPLS) for shear failure for the two specimens, as defined in NTC2018. 

Finally, analysing the ratio θmax/θVmax (e θmax,u/θVmax), which represents an estimate of “ductility”, it can be seen that 

specimen RBPS01 provides significantly higher values compared to the unreinforced one, equal to 7.56 (θmax,u/θVmax = 

9.61) against 2.72, with an increase that is between approximately 280% and 350%. 



In-plane seismic response of load-bearing masonry reinforced with modular steel cladding 

18 

 

 

 

 

 

7.5.3 Secant stiffness of walls 

The secant stiffness degradation k of specimens UBPS01 and RBPS01 during the evolution of the two cyclic tests is 

illustrated in Figure 16 and Figure 17 respectively as the imposed drift level increases. In particular the variation of the 

stiffness k was calculated for each envelope curve of the positive and negative half-cycles of loading as the slope of the 

joining lines of the origin of the reference system with the points corresponding to the maximum level of displacement 

(positive or negative) reached for each imposed nominal level of drift. 

It can be seen that there was a substantially similar change in the three cycles of each test in the stiffness of the system, as 

can be seen from the curves obtained, which are substantially coincident. Taking this into account, Figure 18 shows the 

comparison of the secant stiffness degradation of the two walls, referring only to the cycle obtained from the envelope of 

the points of the experimental curve relative to the first pull-push sequence for each imposed displacement level. As can 

be expected from the comparison of the envelopes of the cyclic response (Figure 10), it can be seen that the two curves 

have essentially the same trend up to a drift of 0.10% while, for greater drift values, specimen UBPS01 undergoes a more 

abrupt reduction in secant stiffness. 

 

 

 

Figure 16 - Damage due to torsional behaviour of specimen RBPS01 (at the end of the test). 

 

 

 

Figure 17 - Damage due to torsional behaviour of specimen RBPS01 (at the end of the test). 
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Figure 18 - Definition of parameters for evaluation of equivalent viscous damping. 

 

 

7.5.4 Energy dissipation capacity 

Hysteretic dissipation energy was examined in terms of equivalent viscous damping. This parameter, considering a single 

force-displacement cycle, can be expressed as a function of the dissipated energy Wd and the elastic energy at the peak 

displacement We with the following expression: 

 

  
 

  

 

where W + and W - are the elastic energies corresponding to the maximum positive and negative displacements, respectively 

(Figure 19). 

Figure 20 and Figure 21 report the values of the equivalent viscous damping ξeq for the two specimens as a function of the 

drift reached for each level of imposed displacement (defined as the average of the absolute values referred to the pull and 

push branches), separately considering the envelope of the points of the cyclic curves corresponding to the first, second 

and third pull-push sequences provided by the test protocol. The hysteresis cycles of the two walls are characterised by 

relatively high values of equivalent viscous damping, as is to be expected from walls subject to shear damage (see, for 

example, Morandi et al., 2021), with an increasing trend as the level of imposed drift increases, from initial values of 5% 

to maximum values of 40-45% or more at the highest levels of drift reached. 

 

 
 

Figure 19 - Comparison of the change in secant stiffness of specimens UBPS01 and RBPS01(referring to the first cycle). 
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Figure 20 - Variation of equivalent viscous damping in test UBPS01. 

 

 

 

Figure 21 - Variation of equivalent viscous damping in test RBPS01. 

 

 

 
 

In the case of specimen UBPS01, a sharp reduction from the previous level is observed in the second and third repetition 

of the pull/push sequence at the last imposed drift level. 

In the case of specimen RBPS01, when a drift of the order of 0.15% is reached (cycle “3S”, at which the first diagonal 

cracks in the wall develop), a significant reduction in the slope of the curve is observed, resulting in a smaller increase in 

energy dissipation, which asymptotically lies between 30-35% for the three repetitions at a nominal drift of 0.75% (cycle 

“9S”). This aspect is related to the fact that the damage to the wall, which contributes to the increase in energy 

dissipation, is counteracted and limited by the presence of the reinforcement system, which therefore controls the 

dissipation. The peak of energy dissipation therefore occurs at the last level of drift reached by the test (0.95%, cycle 

“10S” interrupted). 

Finally, with particular reference to the first pull/push sequence of each cycle Figure 22 shows the comparison between 

the behaviour of the two specimens, highlighting the better performance of specimen RBPS01. 
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Figure 22 - Comparison of the variation of the equivalent viscous damping of specimens UBPS01 and RBPS01 (with reference to the first pull/push sequence). 

 

 

 

 

 
8. Conclusions 

The article presents the results of experimental research conducted at the EUCENTRE Foundation aimed at an initial 

evaluation of the seismic behaviour of an innovative modular steel reinforcement system for load-bearing masonry (Resisto 

5.9) designed by Progetto Sisma. 

The research first involved the basic characterisation of the masonry system (solid brick and lime mortar masonry with 

“header” bond) and the anchors of the reinforcement system through tests aimed at determining the geometric and 

mechanical properties of the materials and elements. Seismic parameters were then investigated by means of the execution 

of cyclic tests on the cyclic tests on the pseudo-static plane on two walls of equal size in full scale, subjected to the same 

constraint conditions and level of compression, one of which was reinforced by applying the Resisto 5.9 system. The cyclic 

behaviour of the two walls was studied in terms of elastic stiffness, lateral strength, displacement capacity, secant stiffness 

degradation and energy dissipation. 

The two specimens showed a shear damage mechanism by diagonal cracking, through the development of “staircase” 

cracking mainly in the horizontal and vertical mortar joints starting from comparable levels of imposed displacement, 

although slightly higher in the case of the reinforced specimen (0.10% against 0.08%, in terms of drift at peak force). These 

values correspond to a deformation limit normally associated with a Damage Limit State (DLS) (see for example Morandi 

et al., 2018). 

When comparing the results of the cyclic tests performed, it was found that the reinforcement of the wall generated no 

increase in the response of the specimen either in terms of initial elastic stiffness or maximum strength compared to the 

unreinforced wall. However, better performance of the reinforced wall at the ultimate limit state became evident, associated 

with a Collapse Prevention Limit State (CPLS) according to NTC2018, with a very significant increase (more than 4 times) 

in the ultimate deformation capacity compared to the unreinforced wall (maximum drift of 0.95% compared to 0.23%). The 

ductility of the reinforced wall was also found to be significantly higher than that of the wall without reinforcement. 

Furthermore, the reinforced specimen also manifested a greater residual resistance and slower deterioration of resistance and 

secant stiffness compared to the unreinforced specimen, thus indicating lower fragility at the ultimate limit state. 

The deformation capacity corresponding to the attainment of a strength reduction of 20% of the maximum strength, a 

condition commonly associated with the Life-Safety Limit State (LSLS), was also strongly increased in the reinforced 

situation, going from a drift of 0.14% in the case of the unreinforced specimen to 0.57% for the reinforced specimen, again 

an increase of more than 4 times. 

Therefore the reinforcement system enables the limitation of wall damage when subjected to the same level of displacement, 

consequently increasing the deformation limits, with particular reference to the ultimate limit states (life safety limit state, 

and collapse limit state), confirmed by the analysis of energy dissipation results, which indicate how the reinforced 

specimen effectively prevents the development of wall damage. 
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Ultimately, the improved performance of the reinforcement system can be summarised in the following terms, compared to 

the behaviour of the unreinforced wall: 

• Slight increase in deformation capacity under service conditions (DLS); 

• Significant increase in deformation capacity and ductility in ultimate conditions (LSLS and CPLS); 

• Higher residual strength and slower degradation of stiffness and strength and, therefore, lower brittleness in ultimate 

conditions. 

 
In conclusion, although it is obviously essential to further explore and supplement certain aspects of the research, in light of 

the first experimental results, the proposed reinforcement system provides very promising results with respect to seismic 

actions in the plane of the walls, substantially improving their behaviour especially in relation to the ultimate limit states 

(LSLS, CPLS). 

A subsequent phase of the experimental campaign, which is currently underway, is aimed at evaluating the seismic 

behaviour of further reinforced wall configurations (in particular, double UNI masonry) and reinforcement details (more 

specifically, connection of the modular system to the foundation and the floor kerb) by performing pseudo-static in-plane 

cyclic tests. In addition, a numerical investigation campaign is aimed at evaluating the seismic parameters (stiffness, 

strength and deformation capacity/ductility) of reinforced load-bearing masonry walls by performing parametric analyses 

using advanced FEM modelling by varying wall properties. 
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