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A B S T R A C T   

In recent years the interest is arising towards systems for the combined structural and energy retrofit of existing 
structures. In the present paper a retrofit system consisting in a lightly reinforced concrete wall realized within 
formwork blocks in expanded clay is proposed; the shape of the blocks allows the introduction of an insulation 
layer with high isolation capacity. The system is conceived to work in parallel with the existing masonry 
structure: the realized reinforced concrete wall acts as a shear panel devoted to carry on the horizontal seismic 
actions, being the existing masonry walls in still in force to sustain vertical loads. Opportune connections are 
realized in correspondence of the horizontal floors’ levels to transfer only the horizontal actions. Conceptual 
design, together with application to a real case study existing masonry building that allows to size and detail the 
panel, is presented. The results of experimental tests with horizontal forces on the proposed system are shown, as 
well as the calibration of a simple model able to estimate its dissipative performance as function of structural 
details and material properties.   

1. Introduction 

Unreinforced masonry buildings represent the majority of the exist
ing Italian residential heritage; according to ISTAT database [1], the 
masonry typology is the widest diffused over the Country, i.e. 57% are 
masonry structures against the only 29% of reinforced concrete (RC) one 
and the 13% of buildings realized with different materials and con
struction techniques (steel, steel-composite, mixed masonry/reinforced 
concrete, etc.). About the 84% of the residential buildings was realized 
between the end of the 2nd World War and the 1990 s, the 15% before 
1919, the 11% in the period 1919÷1945 and only the 14% after 1990: 
being therefore mostly realized before the enactment of specific design 
rules to prevent (or limit) damages due to earthquakes, many structural 
deficiencies exist concerning the performance against horizontal ac
tions. The situation gets even worst if we consider that such buildings 
are approaching the end of their nominal life and the need of relevant 
retrofit interventions. Recent and past seismic events (L′Aquila 2009, 
Umbria-Marche 1997, Centro-Italia 2016) evidenced the high seismic 
vulnerability of existing masonry buildings, with severe damages in 

terms of human losses, partial or global failures and loss of artistic 
values, hard to be recovered due to the strong economic effort required. 
Many solutions are proposed for the seismic retrofit of existing masonry 
buildings, spacing from traditional techniques such as the use of chains, 
masonry strengthening, etc. to the introduction of innovative 
base-isolation systems [2,3] or of damping devices [4,5,6], these last 
ones often difficult to be applied considering the need of preserving the 
original nature of the artefact. Recently, in the wide European scenario, 
the interest is arising in the development of combined solutions able to 
improve, together with the structural performance, the energy con
sumptions. Improving the energy capacity has become essential to 
match the EU Commission’s aim of achieving a highly efficient and 
decarbonised building stock by 2050 [7]: after a long period where 
improving the seismic behaviour and reducing the energy consumptions 
were addressed separately, the Energy Performance of Buildings Direc
tive [8] planned a common framework including energy performance 
strategies, reduction of fire safety and seismic risk prevention for 
buildings, highlighting how the energy refurbishment may be lost when 
earthquakes happen in lack of adequate structural interventions, and 
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vice-versa [7–11]. Pohoryles et al. [9] proved the connection between 
the high values of CO2 emission and energy waste and the wide per
centage of buildings elder than 50 years old, characterized by inade
quate energy performance. 

Several solutions exist able to join the energy refurbishment and the 
seismic retrofit of existing masonry buildings. To mention only few, 
Bournas [12] proposed the combination of a Textile Reinforced Mortar 
(TRM) jacketing and thermal insulation materials applied to both ma
sonry and RC buildings. Borri et al. [13] studied the shear performance 
of wall panels reinforced with Glass Fibre Reinforced Polymer (GFRP) 
meshes embedded into lime-based mortars, able to join benefit in terms 
of both structural performance and thermal conductivity. Baek et al. 
[14] proposed a hybrid solution for the seismic and energy retrofit 
consisting of prefabricated Textile Reinforced Concrete (TRC) panels 
including capillary tubes for the energy upgrading, the so-called Textile 
Capillary Tube Panels (TCPs). The systems proposed by Facconi et al. 
[15], Longo et al. [16], Gkournelos et al. [17] also deserve to be 
mentioned, applied even to buildings characterized by high artistic 
value. Other possibilities consist in the adoption of exoskeletons, i.e. the 
realization of two separate structures coupled with non-dissipative 
connections aiming to achieve an in-plane rigid behaviour with sepa
rate response to seismic actions [18–21]. 

The present work deals with the development of an innovative so
lution for the combined seismic and energy retrofit of existing struc
tures, preliminary conceived for unreinforced masonry buildings. The 
general idea is the introduction of lightly RC walls realized by casting in 
expanded-clay formworks blocks, working in parallel with the existing 
building. The geometry of the blocks was studied to allow, besides the 
concrete cast, the introduction of a Neopor® layer for the energy 
refurbishment. A single intervention is then able to provide seismic 
(thanks to the RC panels) and energy retrofit (thanks to the insulated 
layer). The system was proposed in the framework of a scientific 
collaboration between University of Pisa and PAVER Costruzioni S.p.A. 
who developed, in the past, a similar system for the realization of new 
buildings [22,23]. The overall research project joints experimental tests 
and numerical simulations aiming to provide practical indications to 
designers for the application of the proposed system. The present paper 
is an excerpt of the whole work dealing with the conceptual develop
ment of the retrofit system, its preliminary design and the numerical 
application to a representative case-study building to prove its structural 
and energy benefit. The experimental investigation of the stand-alone 
panel under lateral load excitation is also presented, being funda
mental to assess its impact on the existing building. Even if the system is 
similar to the one already adopted for new constructions, the employ
ment of a reduced thickness needs to perform accurate investigations to 
validate the reliability of current indications [22,23]. A further experi
mental phase, concerning the application of the retrofit panel to the 
existing wall under lateral/seismic actions is actually ongoing and will 
be the topic of a following paper. 

2. Design and application of the proposed retrofit system 

2.1. Conceptual design 

The proposed retrofit system consists in a lightly RC wall realized 
using expanded-clay formwork blocks working in parallel to the existing 
masonry structure. The retrofit panel is connected to the masonry walls 
only in correspondence of the horizontal storeys and owns an individual 
foundation system. The so-realized RC shear wall acts therefore as a 
bracing system facing horizontal seismic actions, while the vertical loads 
are carried out by the existing structure. It is applied all around the 
building perimeter, realizing a sort of exoskeleton able to improve the 
energy performance and the in-plane seismic behaviour and to prevent 
the out-of-plane mechanisms of the existing masonry walls. 

The thickness of formwork blocks is 235 mm: it allows the intro
duction of an internal concrete cast, reinforced vertically and 

horizontally, and the interposition of the isolation layer (Fig. 1). The 
proposed system retraces the concept of the BioPLUS® one, widely 
tested in 2010 and whose deep numerical analyses allowed the elabo
ration of proper design indications [23]. The application, the di
mensions and the structural performance of the proposed retrofit system 
however differ from BioPLUS® and require the elaboration of specific 
design indications when applied to existing structures. The geometry 
and disposition of the formwork blocks, following alternated rows, and 
the presence of internal horizontal ribs (Fig. 1) make the concrete cast to 
be not continuous, nor horizontally neither vertically. Tùhe reinforce
ment layout consists in a single layer of longitudinal rebars and in a 
double rebars’ layer in the transversal direction, respecting the 
geometrical ratio limitation (i.e. ρmin equal to 0.20%) required for RC 
walls [24,25]. 

The connection between the retrofit panel and the existing masonry 
wall is realized in correspondence of the existing RC beams of the hor
izontal storey slabs (if present); steel L-bent connectors suitably sized, 
spaced and embedded in the RC beams through resins’ injections can be 
used. If the concrete curb lacks, an opportune connection system shall be 
organized using, for instance, additional supporting steel structures. 
This is, for instance, the case of masonry buildings realized with timber 
storeys, with beams resting directly upon the walls: in such cases, steel 
beams (L section) can be used to recreate, all along the perimeter, the 
box behaviour. The retrofit system is then fixed to the steel curb through 
adequate connectors. The economic effort, excluding the costs of the 
steel material, are comparable in the two different situations. The 
foundation system shall be designed to transfer the seismic actions to the 
ground: if the existing foundation is large enough and can resist the 
horizontal loads, the retrofit panels can be directly lie on it; otherwise, 
new RC beams, adjacent and anchored to the existing ones, shall be 
realized. This last case will require, undeniably, a higher economic effort 
due to excavation, formworks, concrete casting and reinforcements, etc. 
The limited thickness of the proposed retrofit system, however, makes 
highly probable that the existing foundation will be able to host the 
retrofit panel. Preliminary in-situ investigations on the existing building 
are required as in the case of any other retrofit intervention. 

From an operational point of view, the layer of polystyrene insu
lating material is introduced within the formwork blocks during the 
processing phase, so that blocks are ready to be assembled for the 
following concrete casting, that will fill the remaining portion with 
nominal thickness equal to 100 mm. The concrete casting shall be 
realized after the introduction of suitable sized vertical and horizontal 
reinforcements. In case of presence of an existing foundation able to host 
the retrofit panel (for dimensions and bearing capacity) injection 
grouting will be used to anchor adequately sized connectors able to join 
the retrofit panels to the existing foundation. On the contrary, if the 
realization of a new specific foundation beam is needed, the first steps 
will be the excavation, the positioning of adequate formworks and the 
concrete casting, paying attention to the pre-disposition of connection 
rebars between the foundation beams and the retrofit panels. After the 
realization of the perimeter retrofit panels and the casting of the con
crete curbs, connections will be realized at the horizontal floor levels 
using, for instance, adequate steel L-bent connectors or, alternatively, 
chemical injection anchors opportunely sized and spaced along the curb. 

2.2. Preliminary design of the retrofit system 

The preliminary design of the retrofit panel was performed by 
considering its application to existing masonry walls with different ge
ometry, providing an initial estimation of the rebars’ layout (diameter, 
spacing, amount) and of the following design actions. The existing walls 
were supposed to belong to a typical unreinforced masonry two-storey 
building made up of solid double-headed bricks with clay mortar and 
thickness equal to 25 cm. The choice of the thickness of the existing 
masonry walls depended upon the in-depth analysis of the Italian 
building heritage of the XX century, being the most representative 
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masonry typologies the full-brick masonry one (single block dimensions 
250 mm × 125 mm x 55 mm used double headed or positioned in 
thickness) and the hollow DoppioUNI one, with comparable dimensions. 
The horizontal storey was considered to weight upon the existing wall. 
The mechanical properties of the existing structure were derived from 
Circ.7/2019 [26]. 

The influence of the slenderness ratio (defined as L/H ratio, being H 
and L respectively the height and the length of the panel) was analysed 
being relevant for the out-of-plane performance in case of reduced wall 
thickness (i.e. like the present situation). Considering the blocks’ ge
ometry (Fig. 1) and the need of introducing the isolation layer for the 
energy refurbishment, a concrete cast with nominal thickness 100 mm 
was realized; concrete class C25/30 (S4) and rebars B450C were used. 

Following, initially, the indications provided by [23], an equivalence 
was made between the non-continuous concrete cast realized within the 
blocks and a continuous RC wall of equivalent thickness (teq) provided 
by Eq. (1), being L the length of the panel and Aeff the total concrete area 
in correspondence of the transversal section. 

teq = Aeff
/

L (1) 

The equivalent thickness of the retrofit panel (nominal casting of 
100 mm) was equal to 82.89 mm. 

The formulation proposed by [23], adopted for the pre-design, was 
validated by the experimental tests presented in the following, necessary 
operation since geometry and loading conditions differ from the typical 
ones of new buildings. Refined numerical fibre nonlinear models were 
realized using different software, including DIANA® - specific for ma
sonry structures and SAP2000® - simpler in application especially 
insight of providing practical design and modelling indications for en
gineers. Results were similar, since the general assumptions made for the 
constitutive laws of the materials and connectors were the same. Bidi
mensional shell elements were used for both the existing masonry wall 
and the retrofit panel. Rigid links at storeys’ level spaced by 20 cm to 
simulate the transfer of the only horizontal actions from the existing wall 
to the retrofit panel. At ultimate limit state, the stiffness of masonry and 
concrete elements was reduced to account for cracking phenomena [27, 
28]. 

Loads’ evaluation was performed according to [27]; the material 
density of the existing masonry was equal to 18 kN/m3, the permanent 
loads of the retrofit system amounted to 3.775 kN/m2 (including the 
formwork blocks, the concrete cast and the isolation layer) and, for 
horizontal storeys, G1, G2 and Qk were assumed equal to 3.0 kN/m2, 
3.0 kN/m2 and 2.0 kN/m2. The design seismic action was evaluated 
with reference to the building from which the panels were extracted, 
considering a nominal life (VN) equal to 50 years and use class (CU) II, 
Pistoia as location, soil foundation category C and topographic category 

T1. A behaviour factor equal to 1.50 was assumed, considering the ret
rofitted structure a mixed masonry/concrete building and actually 
lacking further information. 

The two conditions before (existing wall) and after (existing wall+
RC panel in formwork blocks) the retrofit application were compared in 
terms of stiffness, shear action, seismic masses, etc. using the results of a 
linear dynamic analysis with response spectrum. Table 1 shows the 
values of Sd(T1) - spectral acceleration corresponding to T1, Wed - 
participating mass and Ved – resulting shear force. 

The increase of the stiffness of the whole system was evident, with 
the following decrease of the vibration period shifting from 0.299 s to 
0.118 s (in case of L/H 1:1). The demand acting on both the existing and 
the retrofit panels was evaluated in terms of bending, axial force and 
shear actions. For the determination of the capacity, the formulations 
provided by current standards for masonry and lightly RC walls were 
used [24,27]. Rebars’ layout of the retrofit panel resulted in horizontal 
rebars 2ϕ6/20 (two layers) and vertical rebars ϕ10/25 (single layer) 
symmetrically positioned with respect to the panel’s section. After 
retrofit, as expected, about all the shear actions were carried out by the 
retrofit panels, unloading the existing masonry panels that become, 
therefore, secondary elements (the shear demand decreased from 
76.2 kN to 10.9 kN in case of L/H (1:1), Table 2). The decrease of the 
flexural demand was also appreciated. 

Table 2 shows the results of bending and (sliding) shear assessment 
for the different L/H ratios. 

The connection between the retrofit panel and the existing wall was 
designed using L-rebars ϕ12/30 grouted through epoxy resins. The 
assessment of the connection system accounted for two different criteria, 
i.e. [24] for shear action at the interface with concrete cast and [29] for 
chemical anchors in concrete. Assuming the use of 3ϕ12 per linear meter 

Fig. 1. Typical formwork blocks used for the realization of the retrofit panels.  

Table 1 
Main results of linear static analysis on considered elements in terms of seismic 
mass and shear action (demand actions). Lev.I: 3.0 m, Lev.II: 6.0 m.   

L/H (1:1) L/H (2:1) L/H (1:2) 

3.0 × 3.0 (2 
floors) 

6.0 × 3.0 (2 
floors) 

1.5 × 3.0 (2 
floors) 

before after before after before after 

T1 [s]  0.299 0.118 0.192 0.077 0.643 0.248 
Sd(T1) [g]  0.363 0.331 0.363 0.295 0.260 0.363 
WEd [t]  Lev.II 9.67 11.41 19.34 22.83 6.10 6.97 

Lev.I 11.77 15.26 23.55 30.52 7.15 8.89 
Tot 21.44 26.67 42.89 53.35 13.25 15.86 

VEd [kN]  Lev.II 47.43 51.89 94.85 92.41 21.32 34.45 
Lev.I 28.87 34.69 57.74 61.77 12.5 21.98 
Tot 76.3 86.58 152.59 154.19 33.82 56.43  
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(B450C), the resulting shear resistance (31.4 kN/m) satisfied the de
mand coming from numerical simulations (17.5 kN/m). 

Buckling analyses were performed to assess the out-of-plane behav
iour of the retrofit panel and the need of accounting for II order effects. 
The nominal stiffness method [24] was used, including geometric 
non-linearities but linear modelling materials, accounting for reduced 
cracked stiffness and rebars’ contribution. Conservatively, the 
tension-stiffening effect was neglected. The elastic stiffness of the sec
tion was evaluated through a fiber model, neglecting the concrete tensile 
strength and assuming, as flexural stiffness of the section for the entire 
development of the wall, the cracked section’s one. No buckling issues 

were revealed for the panel; the need of accounting for II order effects 
was, on the other hand, highlighted in case of reduced thickness and 
increased panel’s length, requiring in-depth solutions. 

2.3. Application to a representative existing masonry building 

The application of the retrofit system to a real unreinforced masonry 
case-study building located in Piacenza (Italy) was analysed. The gen
eral layout of the building is given by Fig. 2, with overall plan di
mensions of about 14.0 m x 8.50 m and interstorey height up to 3.50 m. 
The masonry walls were made up of brick type ‘Doppio UNI’ with 

Table 2 
Results of safety assessment on the considered masonry walls before and post retrofit.  

L/H Section NEd [kN] MEd [kNm] VEd [kN] MEd/MRd VEd/VRd VEd/VRd Condition 

(sliding) 

(1:1) Bottom 251.0 360.3 76.2 1.46 2.07 0.40 Before retrofit 
Top 212.0 155.4 76.2 0.69 1.14 0.43 
Bottom 253.1 52.3 10.9 0.21 0.13 0.06 After retrofit 
Top 214.1 23.0 10.9 0.10 0.14 0.06 

(2:1) Bottom 511.9 745.2 152.5 0.50 1.05 0.40 Before retrofit 
Top 439.9 363.9 152.5 0.39 0.96 0.42 
Bottom 516.0 102.9 17.8 0.10 0.11 0.05 After retrofit 
Top 444.0 58.3 17.8 0.06 0.11 0.05 

(1:2) Bottom 165.1 159.6 33.8 2.34 N.V. 0.49 Before retrofit 
Top 147.1 75.0 33.8 1.14 1.07 0.51 
Bottom 166.3 33.9 7.0 0.50 0.15 0.10 After retrofit 
Top 148.3 16.3 7.0 0.25 0.16 0.11  

Fig. 2. a) Plan and b) main front view of the considered case study building with application of the proposed retrofit system.  
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thickness range 30÷50 cm (different dispositions of the blocks were 
used). Horizontal RC storeys with hollow-bricks and concrete slabs 
40 mm and perimeter curbs were considered. The roof cover presented 
cellular reduced-height walls directly lying on the ceiling storey. The 
compression (fc) and shear (fv0) strength of the existing masonry were 
respectively equal to 345 and 20 N/cm2; the elastic moduli E and G 
respectively 1500 and 500 MPa and the density 9.20 kN/m3. 

The analysis of the structural performance in the state-of-art condi
tion was performed according to [27]. G1 and G2 permanent loads were 
equal to 3.0 kN/m2 and 3.7 kN/m2 for the interstorey slabs (1st level) 
and to 5.1 kN/m2 and 0.6 kN/m2 for the roof cover. The live loads Qk 
were equal to 2.0 kN/m2 (1st floor level, residential building) and 
1.2 kN/m2 (roof cover, snow action). Seismic action was evaluated 
considering a nominal life (VN) equal to 50 years, use class (CU) II, soil 
category C and topographic category T1. A conservative behaviour fac
tor equal to 1.50 was assumed, lacking more detailed information about 
the mixed RC-masonry structure. 

Results of safety checks in the state-of-the-art condition evidenced 
issues of the existing masonry walls towards bending and shear actions 
(sliding shear, mainly) in presence of seismic action, requiring therefore 
retrofit for masonry walls # 1, 2, 5, 6, 7, 8, 9 (Fig. 2), while no criticisms 
were revealed towards static combinations. The application along the 
whole perimeter of the retrofit system was then proposed: following the 
preliminary design performed at element level, and considering the 
entity of bending and shear demand coming from the analysis, retrofit 
panels (nominal thickness 100 mm, teq 82.89 mm) reinforced with ver
tical ϕ10/25 and horizontal 2ϕ6/20 (two layers) rebars were applied 
(Fig. 2). Concrete class 25/30 (S4) and reinforcing steel type B450C 
were adopted; for the connection to the existing masonry walls, resins 

and mortar for grouting were employed. 
The increase of the mass and of the stiffness of the existing building, 

whose T1 shifted from 0.136 s to 0.087 s (Y-direction) and from 0.104 s 
to 0.073 s (X-direction) were appreciated. The decrease of the design 
spectral acceleration coupled to the increase of the seismic mass caused 
an overall 10% increase of the shear action was achieved (i.e. from 622 
to 682 kN in X direction, and from 628 to 701 kN in Y direction). Safety 
checks in the post-retrofit condition (i.e. bending, axial force, shear 
accounted for both masonry walls and the equivalent lightly RC walls) 
were performed according to current standards. As a consequence of the 
D/C ratios higher than 1.0 in correspondence of wall #2 and of the 
corner portion between walls #1 and #2, to ensure the overall satis
faction of safety checks, an increased rebars’ amount was introduced, i. 
e. additional ϕ14/25 (vertical) and 2ϕ8/20 (horizontal). Fig. 3 shows an 
example of the proposed retrofit panel and of its application to the 
masonry wall. 

Although the present work deals with the analysis of the structural 
benefit when the proposed system is applied to existing masonry walls, it 
shall be marked that its application even allows a relevant improvement 
of thermal performance of the existing masonry wall. For instance, when 
applied to the case study building, the thermal transmittance U of the 
external wall can reduce from the value of 1.32 W/m2K (pre-applica
tion) to the value of 0.30 W/m2K (post-application) ( Table 3). 

3. The experimental test campaign 

Two testing phases, focused on the performance of the single retrofit 
panel (Phase 1) and on the combined performance of the existing 
+ retrofit system (Phase 2), were organized. Phase 1 included axial and 

Fig. 3. Example of application of the retrofit system to a masonry wall (standard reinforcement, vertical and horizontal).  
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diagonal compression tests, tests to assess the buckling resistance of the 
retrofit panels against out-of-plane actions and monotonic and cyclic 
tests for the in-plane performance. Tests of Phase 1 are actually 
concluded together with their in-depth elaboration and is presented in 
the following paragraphs. Phase 2, actually ongoing, includes mono
tonic and cyclic tests on the combined system existing walls + retrofit 
panels, assuming two different masonry typologies representative of the 
majority of buildings realized more than 50 years ago (i.e. full-brick with 
clay mortar and hollow bricks type ‘Doppio UNI’). Tests of Phase 2 are 
ongoing and results will be presented in a following paper. It shall be 
noted that results of Phase 1, hereafter presented, are necessary for the 
organization of Phase 2 investigations on the combined ‘existing 
+ retrofit’ system, in terms of acting loads, expected forces and dis
placements, etc. 

All tests were performed at the Laboratorio Ufficiale per le Esperienze 
sui Materiali da Costruzione of Pisa University; the specimens, as well as 
the other components required for the setup and tests’ execution were 
provided by Paver Costruzioni s.r.l . 

3.1. Compression and diagonal compression preliminary tests 

3.1.1. Design of the specimens 
Panels for monotonic axial compression load tests were about 

100 cm x 100 cm x 23.5 cm ( Fig. 4a and Fig. 5a), consisting of 5 
alternated rows of formwork blocks; the reinforcements’ layout was 
widespread as possible. Flat horizontal faces were realized to ensure the 
perpendicular distribution of the axial load on the cross-section area. 
Two steel plates were introduced at the top and the bottom of the panel, 
together with leveling Teflon sheets to optimize load redistribution. 

Specimens for diagonal compression tests were about 142 cm x 
142 cm x 23.5 cm (square specimens), consisting in 7 alternated rows of 
formwork blocks (Fig. 4b and Fig. 5b). The horizontal reinforcements 
(2ϕ6/20) were welded at the ends to small steel plates (70×50×6 mm); 
for the vertical reinforcements (1ϕ10/25), plates 40×50×6 mm were 
used. To assure the load being applied centered with respect to the 
concrete wall, two opposite corners of the sample were realized without 
the formwork and the isolation layer and two ‘steel corners’ were 
introduced in adherence to the concrete wall, interposing a Teflon layer 
for leveling the surfaces. To limit the deformations in proximity of the 
corners, the first rib of the formwork block, facing the corner, was also 
removed. 

3.1.2. Test setup 
In case of axial compression tests, a rigid steel beam allowed the 

load’s uniform redistribution on the specimens. The ultimate load (Fmax) 
was measured; vertical and horizontal displacement transducers (LVDT) 
with measuring length range 0÷200 mm were used for deformations. 
The continuous acquisition of loads and displacements allowed to 
determine the stress-strain diagrams and the corresponding ultimate 
compression strength of the samples. The load was applied in three 
following steps till the achievement of half of the expected maximum 

Table 3 
Main results of structural analysis in terms of seismic weights and shear forces 
before and after the intervention.   

Y-direction X-direction 

before after before after 

T1 [s] 0.136 0.087 0.104 0.073 
Sd(T1) [g] 0.222 0.192 0.203 0.183 
WEd [t] Lev. II (6.00 m) 98.4 119.3 98.4 119.3 

Lev.I (3.00 m) 202.3 269.6 202.3 269.6 
Tot 341.5 445.5 341.5 445.5 

VEd [kN] Liv.2 (6.00 m) 296.0 304.5 266.5 254.5 
Liv.1 (3.00 m) 290.5 336.5 318.5 382.0 
Tot 622.0 682.0 628.0 701.0  

Fig. 4. Test setup and instrumentation for a) compression and b) diagonal compression tests.  
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load, whose values was estimated through preliminary numerical sim
ulations; each loading step was kept constant for about one minute to 
measure the deformations. The load was finally increased until failure 
with a testing rate of 4 kN/sec. 

For the execution of diagonal compression tests, the specimens were 
placed in the machine rotated by 45◦ respect to the loading direction. 
The load was applied in correspondence of the corner, preventing local 
failures thanks to the adoption of the rigid steel corners for load redis
tribution. LVDT were positioned along the two diagonals on the two 
sides of the specimens; additional ones were used to measure the vertical 
displacement of the bottom steel beam for load application. The tests 
were performed monotonically increasing the load till failure, with a 
testing rate of about 1.0 kN/sec. 

3.1.3. Experimental tests’ results 
According to [23], compression and diagonal compression tests were 

devoted to determine the ratio between secant stiffness corresponding to 
maximum load and secant stiffness corresponding to the 30% of the 
maximum load. For compression axial load tests, the expected failure 
load – according to numerical simulations performed – was 1952 kN; the 
values achieved during the tests were respectively equal to 1412 and 
1846 kN. In the first sample, the reduced load was related to the un
perfect realization of the concrete cast leading to the concentration of 
stresses mainly in correspondence of one side of the concrete wall and to 
the premature failure of the sample. The ratio K(Fmax)/K(0.3Fmax), whose 
evaluation is prescribed according to [23], resulted equal to 2.23 and 
1.38 respectively for the first and the second sample, the first value 
reflecting the unperfect casting. 

In case of diagonal compression loads, the expected failure load, 
once again according to numerical simulations, was 480 kN, against the 
values achieved during the tests, equal to 466 kN and 401.2 kN. Several 
adjustments were required during the first test: the unperfect realization 
of the specimen leaded to the premature cracking in correspondence of 
the corner where the load was applied and to the onset of local buckling 
phenomena. The specimen was therefore unloaded and then reloaded 
after the adoption of specific precautions to achieve the global failure of 
the sample. The numerical predictions, performed considering the 
equivalent continuous RC wall with equivalent thickness defined 

according to (1) were almost reliable in estimating the structural per
formance of the system if the concrete cast is adequately compacted and 
if defects are avoided. 

This preliminary tests, despite the limited relevance in the overall 
scenario, evidenced the need of the accurate realization of the concrete 
cast since strongly influencing the tests’ results ( Table 4). 

3.2. Out of plane tests for buckling performance 

3.2.1. Design of the specimens 
Specimens were designed to be representative of slender panels in 

existing buildings; resulting dimensions were equal to 150 cm × 285 cm 
x 23.5 cm (L/H ratio about 1:2). The specimens consisted of 14 rows of 
formwork blocks organized as presented in Fig. 6a; where needed, 
blocks’ dimensions were adapted through circular saw cutting. Concrete 
class C25/30 (S4) and rebars B450C were used; the nominal thickness of 
the concrete layer was equal to 100 mm. Vertical (ϕ10/25) and hori
zontal (2ϕ6/20) rebars were adopted; steel plates (70×70×6 mm and 
40×50×6 mm, respectively) were introduced to fix the rebars at the two 
ends for avoiding slippage during the test and to provide adequate 
support during the assembly. 

In correspondence of the first and of the last rows, the formwork ribs 
were removed to provide continuity to the concrete cast. RC beams were 
introduced in correspondence of the top and of the bottom sections of 
the specimen allowing the connection to the testing machine. The con
crete cast was realized in two steps, providing continuity to re
inforcements and an efficient compacting despite the reduced thickness 
of the concrete layer. 

3.2.2. Test setup 
Tests were performed using a universal compression machine Mohr 

& Federhaff with 3000 kN of capacity. A preliminary check of the cor
rect realization of the specimens (verticality, effective thickness of the 
concrete layer, etc.) was performed, since strongly influencing results as 
proved by previous tests. Due to the shape of the formwork blocks and to 
the position of the insulation layer, the concrete cast was not centered 
with respect to the blocks: supporting components were then introduced 
to ensure the axial load be applied only on the concrete layer. A rigid 

Fig. 5. a) axial compression tests, b) diagonal compression tests, c) buckling tests.  

S. Caprili et al.                                                                                                                                                                                                                                  



Engineering Structures 303 (2024) 117573

8

steel beam was used to transfer the axial load to the specimen: the load 
was then uniformly redistributed on the surface achieving uniform 
displacements in correspondence of the loaded areas. Steel plates and 
levelling Teflon layers were also placed at the top and bottom of the 
specimen. 

An increasing monotonic load was applied until failure (i.e. when a 
20% load decrease is achieved) with testing rate equal to 3.0 kN/sec. 
Load acquisition was performed continuously through a 3000 kN ca
pacity load cell; to measure the of the out-of-plane displacements, core 
LVDT transducers (length range equal to 0÷200 mm and 0÷100 mm) 
were used, respectively in correspondence of H/4, H/2 and H/6. Spring 
transducers were placed in correspondence of the bottom steel beam 
(Fig. 6b). Temporary steel structures were designed to support the 
technicians during testing operations, to allow the placing of the in
strumentations and to measure and monitor the out-of-plane 
displacements. 

3.2.3. Experimental tests’ results 
The failure mechanism involved the three upper blocks’ rows of the 

specimens, for about the whole specimen’s length from the right side 
(Fig. 7b-d). The out-of-plane buckling mechanism, mainly located in 
correspondence of half of the height, was associated to the development 
of an inclined failure surface. The horizontal failure plane generated on 
the left side of the sample (Fig. 7b) was, on the other hand, traced back 
to the instant immediately following the failure due to buckling, i.e. the 
rotation of the upper base of the specimen following the lack of support 
on the opposite side. Thanks to the top and bottom RC beams, simulating 
the effective conditions of the retrofit panel in existing buildings (i.e. a 
double restrained wall) leaded to values of the load activating buckling 
up to 2655 kN, higher respect to what achieved from simulations. It can 
be therefore concluded that no buckling issues are expected for the 
design nominal thickness 100 mm. 

3.3. Tests for horizontal monotonic and cyclic loads 

3.3.1. Design of the specimens 
Specimens for horizontal monotonic and cyclic tests were realized 

with different geometries, with L/H ratios (about) 1:2, 1:1 and 4:3 ( 
Fig. 8). Considering the dimension of the formwork blocks, the resulting 
height of the panel (excluding the RC top beam) was 284 cm; the lengths 
were, respectively, equal to 150, 300 and 400 cm. Each specimen was 
provided by a proper foundation system and by a RC top beam of di
mensions, for all L/H, equal to 60 × 30 cm and 20 × 25 cm. 

The typical reinforcement layout of the panels consisted in hori
zontal rebars 2ϕ6/20 connected at the ends to steel plates of dimensions 
70×70×6 mm and vertical reinforcements ϕ10/25 continuous till the 
top RC beam, where an opportune anchorage was realized. Hook rebars 
ϕ10/25, overlapping the vertical bars for about 70 cm, were used for the 
connection with the foundation. This latter presented longitudinal bars 
ϕ16 and stirrups ϕ10/10 cm (middle section) and ϕ10/5 cm (end sec
tions). Before casting, holes were realized in the foundation to allow the 
connection to the laboratory strong floor. The top RC beam, centred with 
the RC layer, showed longitudinal bars 3ϕ16 (top and bottom) and 
stirrups ϕ8/25; holes were realized in the concrete casting (spaced by 
375 mm) for the connection to the loading system. 

Concrete class C25/30 was used, with slight variations in the 

different castings and values of the cylindric concrete strength of the 
walls (fcm) varying between 25.6 and 31.3 MPa. Higher average values 
were achieved for the foundation (36.9 MPa) and for the RC top beam 
(48.9 MPa). B450C rebars with yielding (fy) and tensile (fu) strength 
respectively equal to 508 and 597 MPa (specimen 4:3) and 533 and 
614 MPa (specimens 1:1 and 1:2) were used, with Agt values around 9%. 

3.3.2. Test setup and instrumentation 
One horizontal monotonic and two cyclic tests were performed for 

each geometrical configuration. The setup and instrumentation were the 
same for all the different L/H ratios (with necessary adaptations), 
speeding up the assembly and de-assembly procedures. Panels were 
subjected to a vertical load simulating the weight of an upper panel of 
similar dimensions, in case of application to two-storeys buildings (the 
retrofit system is conceived not to carry on vertical loads coming from 
horizontal storeys). Horizontal displacements were applied in a quasi- 
static way, avoiding relevant dynamic effects, using hydraulic jacks 
anchored to the steel contrast frame of the laboratory of Pisa University. 
The uniform redistribution of the load, applied in correspondence of the 
top RC beam, was guaranteed by a rigid steel transverse beam (Fig. 10). 

The whole test setup therefore consisted in: (a) the vertical load 
application system, (b) the horizontal displacement/load transfer sys
tem, (c) the supporting steel structures avoiding out-of-plane mecha
nisms, simplifying the assembly operations and allowing to control the 
test’s execution. 

The vertical load was introduced through 4 Dywidag rebars ϕ27 
connected to the contrast base frame; the application system was sym
metric with respect to the axis of the RC layer and the load was kept 
constant for the whole test’s duration. Two hydraulic jacks (Enerpac RC 
108, stroke ± 203 mm, load capacity 101 kN), located between two 
HEB200 (one top, one bottom) providing the correct load redistribution 
on the panel, were introduced (Fig. 10). 

The horizontal displacements were applied through two hydraulic 
jacks (stroke ± 250 mm, load capacity 400 kN) connected, from one 
side, to the steel contrast wall of the laboratory and, from the other side, 
to the rigid steel transverse beam allowing the load application in cor
respondence of the top RC beam of the retrofit panel. The rigid trans
verse beam, made up of HEM160 and similar profiles (Fig. 11), was 
connected to the retrofit panel through 2UPN140 located on the two 
opposite sides of the RC top beam. The connection between the UPN and 
the rigid transfer beam was realized through 4M4 class 8.8 spaced by 
375 mm. To join the UPN profiles to the RC beam, passing M27 were 
introduced in holes prepared before casting and fixed through chemical 
injection grouting. 

The connection to the laboratory strong floor was realized through 
the RC foundation system, adequately rigid not to overcome de
formations affecting both the test’s execution and the results’ interpre
tation. Two different steel frames were realized for the connection 
laboratory/foundation: a steel top frame made up of HEB400 used to fix 
the sample allowing the correct behaviour of the shear contrasts and a 
bottom frame realized with composite UPN200 beams and overhanging 
IPE360, allowing the anchorage of the sample through M27 rebars 
(Fig. 11). 

Two supporting steel braced frames were, finally, introduced to 
prevent out-of-plane mechanisms during the tests, forcing the specimen 
to move only in-plane. 

Table 4 
Summary of results achieved from axial compression and diagonal compression tests.  

Compression tests Fmax 30% Fmax δmax δ0.30 Kmax K0.30 Aeq σ 

[kN] [kN] [mm] [mm] [N/mm] [N/mm] [mm2] [MPa] 

Axial n.1 1411.2 470.4 15.5 11.5 91308 41064 82890 17.02 
n.2 1845.7 615.2 7.4 3.4 248053 179223 82890 22.27 

Diagonal n.1 466.0 139.8 21.8 7.2 21376 19417 - - 
n.2 405.9 121.8 18.8 8.7 21590 14064 - -  
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Fig. 6. a) Specimen for buckling test; b) test setup and instrumentation.  
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The instrumentation layout was designed to measure and control the 
load entity and the deformation trend during the test. Vertical, hori
zontal and diagonal transducers, load cells and inclinometers were used. 
Load cells were located in correspondence of each hydraulic jack; in- 
plane displacements at the top, bottom and middle height of the spec
imen were monitored through LVDT transducers with adequate 
measuring length (Fig. 11). Relative slip between the laboratory strong 
floor and the steel frames of the basement, due to possible adjustments 
of the shear contrasts during the loading phase, were checked. Diagonal 
deformations and vertical deformations between the retrofit panel and 
the foundation and between the retrofit panel and the top RC beam were 
also measured. 

Fig. 9 shows several images of the specimens during the assembly 
phase on the strong floor of the laboratory of Pisa University. 

3.3.3. Tests’ execution and results 
The vertical load was applied before the displacement history to 

represent the effective condition of existing buildings, and kept constant 
for the whole duration for all the tests. The axial loads applied at the top 
of the specimens, estimated according to preliminary numerical simu
lations, were respectively equal to 22.64 kN, 42.73 kN and 59.93 kN for 
L/H ratio equal to (1:2), (1:1) and (4:3). 

According to the indications provided by [23], the load (or 
displacement) increments should allow the evaluation of the elastic 
stiffness of the panel and the modification of the performance due to 
cracking (for bending and/or shear forces), the yielding of the rebars and 
other possible degradation effects, e.g. concrete crushing, rebars’ 
buckling, sliding between foundation and panel, rupture of the rebars, 
etc. 

Monotonic tests were performed till the achievement of a relevant 
failure mode. Fig. 12 shows the results of the monotonic tests for the 
different L/H ratio; the corresponding maximum values of horizontal 
load and top displacement (purified by small displacements in corre
spondence of the foundation system, measured through the ad-hoc 
transducers) are summarized in Table 5. Absolute values of the hori
zontal displacements are presented. As visible, differences around 30% 
were achieved for specimens (1:1) and (4:3); specimen (1:2) highlighted 
a lower stiffness, corresponding to higher displacements. 

For all the L/H ratio specimens, damages were concentrated at the 
connection between the foundation system and the panel, leaving the 
rest of the panel almost undamaged. As visible from Fig. 13, severe 
cracks were observed in correspondence of the base section under pos
itive bending action (right side of the specimen), in relation to the load 
application direction. The sudden drops of the load, visible from Fig. 12, 
were associated to the rupture of the rebars in correspondence of the 
connection surface between the RC foundation system and the specimen, 
and to the following cracking of the formwork block (Fig. 13). 

Cyclic tests were performed according to the lateral load displace
ment history presented in Fig. 14a; for each displacement increment, 
three cycles were performed according to the general protocol proposed 
by ECCS45 [30] procedure and considering the displacement yielding 

value as derived by the monotonic performance. For each geometrical 
configuration, two cyclic tests were performed. 

The results of the experimental cyclic tests, in terms of load/drift 
diagrams, are presented in Fig. 14(b), (c) and (d) respectively for spec
imens (1:1), (4:3) and (1:2). The drift was evaluated with reference to 
the sum of the panels’ height (284 cm) plus half of the RC top beam 
height. The behaviour was almost symmetric (Table 6), as expected 
considering the reinforcement layout. 

In case of specimens (1:1) (Fig. 14b), despite the symmetry of ach
ieved loads, one sample (test #2) showed lower values of the horizontal 
capacity, with maximum values respectively equal to − 230 kN and 
+ 226 kN against ± 270 kN of the other specimen (test #1) and of what 
observed during the monotonic test. This variation, even if not so rele
vant, may be related to the unperfect realization of the concrete cast 
inside the formwork blocks and to the related material properties. 

In case of specimens (4:3) (Fig. 14c), one test (test #2) highlighted a 
strong asymmetric performance, with maximum loads respectively 
equal to − 457 kN (→) and + 395 kN (←); in the other case, the 
behaviour was symmetric but with values of the maximum horizontal 
load (about ± 400 kN) lower than the one highlighted during the 
monotonic test. The asymmetry of the cyclic performance was probably 
caused by the unperfect realization of the specimen, and this is related to 
the concrete casting and to the possible shift of rebars. These last con
siderations can be made also for specimens (1:2); as visible from 
Fig. 14d, in case of test 2 the cyclic performance is highly asymmetric, 
with achieved load values equal to − 75.6 kN (→) and + 91.3 kN (←). 

Similarly to what observed during the monotonic tests, for all the 
different configurations, the main issues were related to damages in 
correspondence of the connection between the foundation system and 
the different specimens (Fig. 15), with sudden failures of longitudinal 
rebars (ϕ10) in tension in the right or left side of the base section in 
relation to the direction of the horizontal load. Rebars failures are well 
recognizable in the diagrams, since related to the sudden decrease of the 
load. The typical pinching effects of RC wall systems under horizontal 
loading conditions was strongly recognizable in all the specimens. 

4. Numerical modelling and calibration 

Numerical modelling and simulations of the retrofit panel were 
performed; results were used to check the reliability of design assump
tions and to perform additional investigations about the structural 
behaviour, the dissipative capacity, the influence of rebars layout etc. 
The current scientific literature provides different modelling approaches 
for simulating and analysing RC walls, in relation to the geometric 
properties, to the relevant performance (flexural/ductile, shear/brittle) 
and to the modelling level (i.e. single wall, whole building, etc.). 
Takayanagi and Schnobrich [31] proposed a block model for the RC 
wall, where the single panel was divided into a defined number of blocks 
modelled through a rotational nonlinear spring in the middle section, 
accounting for axial force/bending interaction. Mono-dimensional 
models to represent bi-dimensional panels were often adopted in the 

Fig. 7. Out-of-plane buckling tests: a) test’s assembly, b), c), d) failure of the specimens, details.  

S. Caprili et al.                                                                                                                                                                                                                                  



Engineering Structures 303 (2024) 117573

11

Fig. 8. Specimen for horizontal tests (L/H ratio equal to 1:1): a) overall view and b) details of reinforcements and realization of RC top beam and foundation system.  
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Fig. 9. Assembly of the specimen setup on the strong floor of the laboratory of Pisa University (different L/H ratio specimens).  

Fig. 10. Test setup, specimen with L/H ratio (1:1).  
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past thanks to the reduced computational effort, despite the strong 
simplification introduced. Orakcal et al. [32] proposed a macro-fibre 
model made up of a linear central elastic element with nonlinear axial 
and rotational springs at the ends. The connection with other compo
nents was realized through rigid end zones; opportune constitutive laws 

for springs, representing the performance of the panel, allowed to ac
count for stiffness variation in relation to the acting loads. Further de
velopments were proposed: for instance, the MVLEM (Multiple Vertical 
Line Element Model) coupled several macro-fibre models with the aim of 
correctly representing the flexural performance, introducing two rigid 
beams in correspondence of the top and bottom levels. The model pro
posed by Fishinger et al. [33] optimized the described MVLE model 
introducing a horizontal spring representing the bending/shear inter
action. Panagiotou et al. [34] proposed a nonlinear truss model to 
describe the cyclic performance of RC panels, comparing the combined 
axial/bending/shear behaviour of a generic RC wall under in-plane ac
tions to a nonlinear strut-and-tie model. Experimental tests were used 
for calibration; a good representation of the post-cracking behaviour, 
the peak horizontal capacity, the deformation performance, etc. was 
achieved. 

In the present work, a simplified mono-dimensional model was 
proposed for the retrofit panel; despite all the above-mentioned limits, it 
proved to be a reliable preliminary tool for representing the structural 
performance of the proposed system. 

Fig. 11. Overall test setup with connection to the strong floor and the strong wall of the laboratory, supporting steel structures and localization of test instru
mentation (specimen with L/H ratio 4:3). 

Fig. 12. Monotonic horizontal load/displacement diagrams for the three 
different specimens. 

Table 5 
Summary of monotonic horizontal tests on specimens.  

L/H specimen Fmax dmax d (Fmax) Fmax /d(Fmax )

[kN] [mm] [mm] [N/mm] 

1:2 86.73 27.26 16.59 5227.8 
1:1 274.4 23.94 13.35 20556.1 
4:3 484.1 27.32 16.90 28646.1  
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4.1. Model description and calibration 

A simplified mono-dimensional nonlinear model was elaborated to 
represent the structural monotonic and cyclic performance of the retrofit 
panel; the only concrete layer with equivalent thickness (teq) defined by 

Eq. (1), neglecting the contribution provided by the formwork blocks, 
was considered. The model was realized using OpenSees® [35]. A 
‘nonlinearBeamColumn’ element was used to represent the RC wall, 
whose transversal section was defined according to the effective length 
of the considered panel in relation to the different L/H geometry, being 

Fig. 13. Tests’ execution and damages in correspondence of the connection between the foundation system and the sample.  

Fig. 14. Cyclic test: a) displacement history; load/displacement behaviour of specimens a)1:2, b) 1:1 and c) 4:3.  
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the effective height (H) of the panel (and of the monodimensional 
element) equal to 284 cm, and modelled as a fibre section (Fig. 16). The 
horizontal reinforcements (ϕ6/25) were not introduced in the model, 
being not adequately anchored and therefore not able to provide a 
sufficient confinement contribution. The position of vertical rebars in 
the model slightly differ from the effective one, as a consequence of the 
shift from the ‘real’ system with transversal ribs to the modelled 
continuous concrete wall. The RC section was modelled as symmetric in 
terms of rebars disposition as in the effective system. 

The panel was considered fully restrained in correspondence of the 
bottom section, thanks to the presence of the foundation system; the RC 
top beam (reproducing the RC curb of horizontal storeys) was modelled, 
again, through a ‘nonlinearBeamColumn’ with adequate section 

(23.5 ×30 cm). 
For concrete, the ‘uniaxialMaterialConcrete04′ model was used, able 

to reproduce the stress-strain compression performance proposed by 
Popovics [36] until concrete crushing; for the unloading and reloading 
performance, the Karsan-Jirsa [37] law was adopted. Concrete tensile 
strength was neglected. 

The values of fc, E, G and initial stiffness as well as concrete de
formations (εc2 and εcu) were calibrated basing on experimental tests on 
materials. For steel rebars, the ‘Multilinear Material’ model was used for 
the monotonic behaviour while for the cyclic performance, the hyster
etic material law was adopted, whose parameters were calibrated basing 
on experimental tests’ results on rebars B450C. Second order effects 
were introduced in the model. Fig. 17 shows the result of modelling 
calibration for the monotonic performance. As visible, the model is able 
to correctly reproduce the experimental performance, in terms of ach
ieved loads and failure modalities. The achievement of the maximum 
deformation of rebars corresponds to the sudden drop of the load due to 
the rebar’s failure, as observed during the test; the same can be said for 
the crushing of the concrete cover, well appreciated during the experi
mental test (Fig. 15). Slight variation of the stiffness is visible in the 
elastic range, that do not anyway influence the achievement of load and 
displacement values as observed during the experimental phase. 

The model is also able to correctly reproduce the cyclic behaviour as 
shown by Fig. 18, for all considered L/H configurations. 

Exploiting the results of monotonic numerical analyses, the values of 
the behaviour factors (q) were evaluated according to the formulation 
proposed by Eq. (2) [38]: 

q =
Vu

Vy
•

du

dy
(2) 

Table 6 
Summary of results coming from experimental cyclic tests (load and 
displacements).  

Specimen 
(L/H) 

Test # Load 
direction 

Fmax 

[kN] 
Disp max 

[mm] 
drift 

1:2 Test 1 
(07.07.2022) 

→ -78.56 -29.56 -10.0% 
← 77.37 + 30.07 10.1% 

Test 2 
(21.07.2022) 

→ -75.64 -34.68 -11.7% 
← 91.34 + 33.09 11.2% 

1:1 Test 1 
(22.03.2022) 

→ -269.54 -19.82 -6.7% 
← 266.51 + 18.75 6.3% 

Test 2 
(27.04.2022) 

→ -230.70 -20.29 -6.8% 
← 226.71 + 19.69 6.6% 

4:3 Test 1 
(03.02.2022) 

→ -401.13 -25.93 -8.7% 
← 403.35 + 26.33 8.9% 

Test 2 
(13.06.2022) 

→ -475.18 -24.47 -8.3% 
← 391.74 + 19.95 6.7%  

Fig. 15. Cyclic tests’ execution and details of damage in correspondence of the RC foundation connections (1:2 and 4:3).  

Fig. 16. Schematization of slightly RC wall with equivalent thickness, FEM Model.  

S. Caprili et al.                                                                                                                                                                                                                                  



Engineering Structures 303 (2024) 117573

16

being Vu and du respectively the ultimate base shear and top displace
ment, Vy and dy the base shear and displacements corresponding to the 
yielding. Both ultimate and yielding points were evaluated in corre
spondence of the achievement of ultimate and yielding chord rotations, 
whose formulation is provided by the equations C8.7.2.7b and C8.7.2.5 
of [26]. 

Table 7 shows the values of curvatures (χ), plastic hinge length (Lpl) 
evaluated according to equation C.8.7.2.6 of [26], chord rotations (ϑ) at 
ultimate and yielding conditions for specimens with L/H (1:1) and (4:3). 
Achieved values are aligned with what expected by a slightly reinforced 
concrete wall designed in medium/low ductility class, with a slightly 
higher performance in case of specimen (1:2). 

4.2. Parametric analysis 

A parametric analysis was performed to assess the influence of the 
variation of relevant parameters on the structural response of the retrofit 
panel. As known, the tested specimens were characterized by different 
L/H ratios for representing the possible different configurations of the 

existing masonry buildings, owned the same longitudinal and vertical 
reinforcements’ layout and rebars’ diameter (because of both design 
requirements and practical needs for assembly and standardization 
during the construction phase) and the same concrete strength class. The 
variability of the longitudinal reinforcement ratio ρ0 (i.e. 0.4%, 0.5% 
and 0.7%), however respecting the limits required for RC walls [24,25], 
and that of the concrete compressive strength (i.e. 20, 30 and 40 MPa) 
were considered. Note that the variability of the above-mentioned pa
rameters is limited by the restrictions introduced, from one side, by 
guidelines actually existing for RC systems with formwork blocks [22, 
23], and from the other side, by practical requirements related to the 
reduced dimensions of the blocks themselves. Fig. 19 shows the results 
of the parametric analyses performed for the different specimens. 

The increase of the longitudinal reinforcement ratio caused the in
crease of the base shear resistance in the retrofit panel: for specimens 
with L/H (1:1) and (4:3) the increase, evaluated respect to the reference 
condition with ρ0 equal to 0.4%, was respectively around 35% and 70% 
for ρ0 equal to 0.5%, 0.7%; in case of L/H (1:2) the variation was lower, 
with values up to 25% and 60% respectively for ρ0 equal to 0.5% and 

Fig. 17. Numerical calibration of the model basing on monotonic experimental tests: L/H a) 1:2, b) 1:1 and c) 4:3.  

S. Caprili et al.                                                                                                                                                                                                                                  



Engineering Structures 303 (2024) 117573

17

0.7%. Obviously, the base shear increase corresponded to a progressive 
decrease of the displacement capacity, with lower values of top 
displacement when the ultimate unconfined concrete or, alternatively, 
the ultimate steel rebars’ deformation was achieved. In any case, the 
ultimate condition of the retrofit panel was always associated to the 
rupture of longitudinal bars in tension. Similar considerations can be 
made concerning the influence of the variation of the concrete strength, 
where a modest increase of the base shear force associated to higher 

concrete strength was appreciated, not significantly influencing the 
structural response of the element. 

4.3. Preliminary simulations on the retrofitted masonry wall 

Preliminary numerical simulations were performed on the retrofitted 
system (i.e. existing masonry wall + retrofit panel). A nonlinear model 
of the retrofitted wall was realized using OpenSees® [35]: the model 

Fig. 18. Numerical calibration of the model basing on cyclic experimental tests for specimens a) 1:2; b) 1:1, c) 4:3.  

Table 7 
Achieved behaviour factor and relative evaluation parameters.  

L/H χy χu Lpl ϑy ϑu dy Vy du Vu q 

(mm-1) (mm-1) (mm) (rad) (rad) (mm) (kN) (mm) (kN) (-) 

1:2 2.0 * 10− 6 2.0 × 10− 5 990 0.00641 0.0145 19.1 70 41.9 75 2.31 
1:1 9.6 * 10− 7 1.05 × 10− 5 990 0.00527 0.0087 15.7 226 24.9 214 1.50 
4:3 7.5 * 10− 7 1.22 × 10− 5 1006 0.00506 0.0097 14.8 470 29.1 355 1.49  
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Fig. 19. Parametric analysis for: a) L/H (1:2) for reinforcement ratio; b) L/H (1:2) for concrete strength; c) L/H (1:1) for reinforcement ratio; d) L/H (1:1) for 
concrete strength; e) L/H (4:3) for reinforcement ratio; f) L/H (4:3) for concrete strength. 
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consisted in two mono-dimensional nonlinear elements used to repre
sent, respectively, the retrofit panel (according to what already pre
sented in the previous paragraph) and the masonry existing wall, with 
thickness equal to 250 mm (Fig. 20). NonlinearBeamColumn elements 
with fibre section were used for each panel; two L/H ratios, equal to 1:2 
and 1:1 were considered for the simulations. The two elements were 
considered fully restrained in correspondence of the bottom section, 
thanks to the presence of the rigid foundation system. At the top of el
ements, RC curbs were introduced with adequate dimensions. Connec
tions between the two panels, in correspondence of the top level, was 
realized using rigid link elements able to transfer the only horizontal 
actions. Vertical loads respectively equal to 148 kN and 22.64 kN (for 
L/H 1:2) and to 200 kN and 42.75 kN (for L/H 1:1) were applied in 
correspondence of the masonry wall and on the retrofit panel, ac
counting for the effective loads acting on a masonry wall extracted from 
a real building (for example the one presented in chapter 2) and for the 
weight of a similar retrofit panel, i.e. in presence of a second floor level. 

For the masonry wall, the values of mechanical properties were 
derived from experimental tests performed on DoppioUNI blocks and 
poor cement mortar (aiming to represent a real existing wall), providing 
values of compression strength and elastic modulus E respectively equal 
to 5.90 MPa and 5700 MPa. A limited the tensile strength was also 
introduced. For the equivalent thickness concrete panel (teq equal to 
82.89 mm) the same modelling assumptions already presented in §4.1 
were adopted. 

Fig. 21 shows the results in terms of load – displacements curves of 
the coupled system in the two different L/H configurations (1:2) and 
(1:1) achieved from a simple nonlinear pushover analysis with 
increasing horizontal action. In the figures, the pushover curves are 
presented for the coupled system, the single masonry wall and the 
retrofit panel. Load-displacement curves were stopped in correspon
dence of the achievement of a relevant collapse criterion, i.e. the 
reaching of the ultimate rotation in case of the retrofit panel and in the 
coupled system (being its performance under seismic action governed by 
the RC wall introduced) and the trigger of the first relevant collapse 
modality (shear or bending) for the masonry panel. A strong improve
ment of the structural performance of the existing masonry wall can be 
appreciated, with the maximum horizontal load sustained shifting from 
35 kN to 118 kN (for the 1:2 L/H configuration) and from 95 kN to 

360 kN (for the 1:1 L/H configuration), highliting how the resulting 
performance of the retrofitted system is governed by the proposed 
retrofit panel one, in terms of both forces and displacements. 

5. Conclusions 

A new solution for the combined seismic and energy retrofit of 
existing masonry buildings, realized through the application of lightly 
RC walls made by expanded-clay formwork blocks is presented and 
deeply analysed both numerically and experimentally. The proposed 
system is aligned with the European Commission’s goals, whose interest 
in improving the seismic performance and reducing the energy con
sumptions together is progressively growing up. The geometry of the 
blocks allows the realization of a RC layer (with nominal thickness 
100 mm), reinforced both vertically and horizontally, together with the 
introduction of an insulation panel. The system is conceived to work in 
parallel with the existing building: the panels are connected to the 
masonry walls only in correspondence of the horizontal storeys through 
opportune steel anchorages, carrying on the horizontal actions while the 
vertical loads weight upon the existing masonry walls, becoming 
therefore secondary elements. The conceptual design and its optimiza
tion through the application to an existing residential case-study 
building are presented, showing the ability of the proposed system of 
satisfying the safety requirements imposed by current standards, 
improving the bearing performance against shear, in-plane and out-of- 
plane bending actions. Preliminary indications about design, rein
forcement layout, connection to foundation and to the existing structure 
are provided. The typical reinforcing layout consists in a double layer of 
horizontal reinforcements together with a single layer of vertical rebars, 
leaving meanwhile the possibility of being increased if necessary, 
compatibly with the blocks’ geometry and the reduced thickness of the 
concrete casting. 

Experimental in-plane and out-of-plane tests on the proposed stand- 
alone retrofit panel have been performed: they represent the first step of 
a wider research project aiming at investigating the effects of the pro
posed system when applied to existing masonry buildings. Besides, 
experimental tests allow to assess the reliability of actual indications for 
the design of lightly RC walls in formwork blocks. Results evidenced a 
typical failure modality with the breaking of the vertical rebars in 

Fig. 20. Schematization the preliminary model representing the coupled system existing masonry wall + retrofit panel.  
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correspondence of the connection with the foundation system, denoting 
a relatively brittle collapse performance as expected from ordinary 
slightly RC walls due to the reduced amount of longitudinal reinforce
ment. A simple numerical monodimensional model has been finally 
elaborated and calibrated basing on experimental results, showing a 
good capability, besides the strong simplification, in representing the 
experimental performance. Parametric analyses have been performed 
with the aim of assessing the influence of relevant parameters (i.e. the 
reinforcement ratio – in the range foreseen by current standards; the 
concrete strength class) and of evaluating the possibility of extending 
the adoption of the proposed system to a wide range of existing situa
tions, even if the effective variations of such entities are practically 
limited by both current practical indications and by the reduced thick
ness of the blocks. As a general remark, experimental tests allowed to 
assess the reliability of current guidelines [22,23] normally adopted for 
new constructions in lightly reinforced concrete walls with formwork 
blocks. Further experimental tests are actually ongoing for assessing the 
performance of the combined retrofit panel + existing walls. 
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