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Abstract
All over the world, a large part of existing buildings is not adequate to satisfy the safety requirement and the thermal comfort 
criteria. For this reason, the interest in structural and energy retrofitting systems has steadily grown in the last decades. In 
this scenario, an innovative thermal resistant geopolymer mortar has been developed and used for Inorganic Matrix Com-
posite (IMC) systems aimed to a combined seismic and energy new retrofitting technique. The geopolymer-based IMC is 
able to ensure competitive mechanical properties with respect to the traditional lime-based IMCs and, at the same time, a 
significant reduction in thermal conductivity. In this paper, an experimental program is reported considering small-scaled 
masonry panels with double-side IMC-retrofitting and determining both the in-plane shear strength and the thermal resist-
ance. The experimental shear tests are aimed to compare the mechanical performance of the geopolymer innovative systems 
with those of the traditional lime-based ones. Moreover, the thermal resistance gain of the innovative solutions was measured 
and compared with traditional systems. The results evidenced the effectiveness of the proposed technique that significantly 
improved the performances of masonry walls from both the thermal and the mechanical point of view.

Keywords  Geopolymer mortar · Seismic retrofitting · Energy improvement · Inorganic-mortar-composite · Fiber reinforced 
cementitious mortar · Masonry shear test

1  Introduction

Nowadays, a large portion of the building heritage daily 
manifests issues related to poor seismic performance 
(Fig. 1a) and thermal deficiencies (Fig. 1b). It is estimated 
that, in the European Union, the annual cost of repair and 

maintenance of existing buildings represents about the 50% 
of the total construction budget [1]. For this reason, novel 
approaches to optimize the repair and renovation of the built 
heritage are highly sought by researchers, practitioners and 
policy makers. In addition, it was recognized in the existing 
building sector the biggest potential for savings in terms of 
both energy consumption and CO2 emissions [2].

As proved by the conspicuous literature and the consid-
erable interest of practitioners, Fiber-Reinforced Polymer 
(FRP) represents a well-known material involved in struc-
tural retrofitting. FRP-based systems have been widely expe-
rienced in civil engineering for strengthening applications, 
as reported in Refs. [3, 4]. Nowadays, undisputed advan-
tages are recognized in FRP application, as lightweight, high 
elastic modulus, high strength-to-weight ratio and corrosion 
resistance. Nonetheless, the use of organic mortar for bond-
ing leads to some acknowledged disadvantages, as suscep-
tibility to high temperature or humidity, brittle failure mode 
and inhibition of the breathability of the substrate.

A new composite-based system was assessed in order to 
overcome FRP’s drawbacks, namely the Inorganic Matrix 
Composite (IMC). Typically, the IMC is made of two 
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components: a fabric and a matrix. The former is an open 
grid which provides resistance, the latter is an organic mor-
tar which bonds the fabric to the substrate of the reinforced 
element. The achievement is a less resistant composite with 
respect to the traditional FRP (due to the lower fiber con-
tent per unit of matrix volume), but more porous (due to 
the voids in the inorganic matrix) and so able to guarantee 
the original breathability of the existing substrate. For this 
reason, the IMC was intended to be adopted in masonry 
structural rehabilitation and upgrade [5–8].

A largely experienced application of the IMC-system is 
related to the reinforcement of in-plane masonry walls. In 
case the reinforcement within the inorganic matrix is almost 
dry, the IMC is also called Fabric Reinforced Cementitious 
Mortar (FRCM) [9]; while the term Composite Reinforced 
Mortar (CRM) refers to FRP grid in a mortar layer thicker 
than 3 cm per side, according to Ref. [10]. In this field, the 
scientific papers adopted further nomenclature, as Textile 
Reinforced Mortar (TRM) [9], Cementitious Matrix Grid 
(CMG) [11], Inorganic Matrix Grid (IMG) [12].

The available literature concerning masonry walls retrofit-
ted with IMCs is now relatively conspicuous [12–56]. Never-
theless, the potential use of a combined system for mechanical 
and energy improvements in existing buildings is rarely con-
sidered within the experimental programs. Inorganic matrix 
is essentially a plaster for existing building; thus, it can be 
insulating oriented when a significant thickness associated to 
a sufficiently low thermal conductivity mortar is provided. In 
recent years, some researchers tried to assess an integrated 
system for seismic and energy retrofitting by combining IMC 
with insulation materials. The proposed systems were based 
on the use of a low-thermal conductivity mortar [28], or the 
incorporation of an insulating layer [57, 58]. In the first case, 
the low compressive strength of the mortar highlighted a lower 

gain in strengthening compared to traditional matrices. In the 
second case, the use of different layers led to a large thickness 
of the resulting system and to the necessity to ensure that ther-
mal bridges and interstitial condensation are avoided.

Therefore, the contribution of IMC-matrix for mechanical 
and thermal purposes is an open issue since few researchers 
focused on this topic, mostly referring to the performances of 
reinforced masonry wall.

In Refs. [59, 60] a novel geopolymer-based mortar was 
assessed in order to be adopted as IMC-matrix. The possibil-
ity of partially replace cement materials and use, for example, 
geopolymer binders in concrete and mortar is well-known 
and widely experienced in literature [61–66]. Due to the 
high-strength of geopolymer binders, the aggregate was fully 
substituted with expanded glass aggregate. The lightweight 
aggregate, involved instead of sand, contributed to reduce 
density and thermal conductivity of the proposed matrix. The 
mortar was finally compared with a traditional lime-based one, 
exhibiting similar mechanical properties and approximately 
two-fold reduction in thermal conductivity.

From a mechanical point of view, further investigations are 
required to better understand the role of the fragile matrix and 
the interface behavior (mortar-substrate and mortar-mesh). In 
fact, in case of FRP-like material, the polymeric matrix gener-
ally shows high mechanical properties with respect to the sub-
strate while the chemical adhesion leads to a uniform distribu-
tion of the strain within the internal reinforcement; contrarily, 
for the FRCMs, the mortar properties could be comparable 
to those of the substrate and the chemical adhesion between 
the fibers and the matrix is lower. Thus, after a certain level 
of tensile stress, the matrix exhibits cracking and the fabric 
tends to slip within the mortar in a not-uniform way, as dis-
cussed in Refs. [67]. In addition, when an inorganic binder is 
considered the impregnation of fibers within the single yarn 
appears also not uniform, since the poor capacity of the matrix 
to penetrate within the yarn. Therefore, only the external fibers 
are in contact with the mortar, and the yarn failure occurs by 
a combination of fibers sliding and rupture.

Based on the encouraging outcomes of the innovative sys-
tems presented in Refs. [59, 60] and considering the necessity 
to further investigate the role of the inorganic matrix in the 
structural response of strengthened elements, an experimental 
investigation was carried out on reinforced fired clay brick 
masonry panels under in-plane shear. The goals are to compare 
the performances of traditional IMCs (lime-based matrix) with 
respect to the innovative ones and to provide more insights 
about the effect of the inorganic matrix in the shear strength 
gain.

Fig. 1   Examples of a seismic damages (Durres in Albania, earth-
quake 2019) and b thermal deficiencies (Bari in Italy, historic build-
ing 2020)
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2 � Experimental program

The experimental campaign layout is summarized in Table 1. 
In particular, the label of the specimen, the type of masonry 
and the used strengthening systems are detailed. The follow-
ing series were involved:

•	 URM refers to Un-Reinforced Masonry walls, namely the 
control specimens;

•	 NHL refers to masonry panels strengthened by 3-cm 
thick Natural Hydraulic Lime (NHL) mortar layer per 
side;

•	 GPM refers to masonry panels strengthened by 3-cm 
thick GeoPolymer Mortar (GPM) per side;

•	 FRCM refers to masonry panels strengthened by a FRCM 
system made with a dry AR glass 12 × 12 mm2 fiber mesh 
and a 15 mm layer of NHL mortar;

•	 FRGM refers to masonry panels strengthened by a dry 
AR glass 12 × 12 mm2 fiber mesh in a 15 mm layer of 
GPM;

•	 CRM refers to masonry panels strengthened by a glass 
FRP mesh in a 30 mm layer of NHL mortar;

•	 CRGM refers to masonry panels strengthened by a glass 
FRP mesh in a 30 mm layer of GPM;

Table 1   Experimental campaign 
layout (* = unidirectional)

Label Strengthening

Matrix Fabric

Type Thickness 
(mm)

Type Mesh spac-
ing (mm)

Equivalent 
thickness 
(mm)

URM-1 –
URM-2
NHL-1 NHL 30 –
NHL-2
GPM-1 GPM
GPM-2
FRCM-1 NHL 15 AR dry glass 12 × 12 0.055

FRCM-2
FRGM-1 GPM
FRGM-2
CRM-1 NHL 30 GFRP 33 × 33 0.108

CRM-2
CRGM-1 GPM
CRGM-2
SRG-1 HDM 3 Galvanized steel – 0.097

SRG-2
SRGG-1 GPM
SRGG-2
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•	 SRG refers to masonry panels strengthened by Steel 
Reinforced Grout, a high-strength steel fabric in a 3 mm 
layer of High Ductile Mortar (HDM);

•	 SRGG​ refers to masonry panels strengthened by Steel 
Reinforced Geopolymer Grout, a high-strength steel fab-
ric in a 3 mm layer of GPM.

In every case, the strengthening was applied on both sides 
of the masonry panel without transversal connectors. Two 
specimens per series were manufactured according to the 
end-number in the label (e.g. URM-1 or URM-2). Thermal 
and mechanical tests were both performed on every system 
in order to determine shear strength, stiffness, ductility and 
thermal resistance. It should be underlined that the SRG 
and SRGG samples were not thermally tested, since the 
thickness of the matrix (< 10 mm) used, on the basis of the 
supplier indications, is not sufficient to guarantee an appreci-
able thermal resistance variation, with respect to the URM 
sample. However, the mechanical performances of SRGG 
system has been investigated aiming to evaluate its possible 
application in case of static and thermal retrofitting once a 
thicker layer of matrix will be utilized.

2.1 � Materials and sample preparation

Compression tests were performed on the clay brick 
(Fig. 2a), according to Ref. [68]. The joints’ mortar was 
characterized by both flexural (Fig. 2b) and compressive test 
(Fig. 2c), as prescribed in Ref. [69]. Tests revealed an aver-
age brick compressive strength equal to 24.06 MPa, a mor-
tar flexural strength of 3.25 MPa and a mortar compressive 
strength of 8.88 MPa. A total of six masonry wallets, made 
of three bricks and two horizontal joints (Fig. 2d, accord-
ing to Ref. [70]), were subjected to compression and the 
recorded average strength was 5.16 MPa.

The IMC-systems (FRCCM, FRGM, SRG, SRGG) were 
characterized according to Italian Standards for FRCM qual-
ification [71]. For every system, 9 coupons of the dimen-
sions prescribed in Ref. [71] were manufactured and labeled 
by adding IMC to the name of the masonry sample. In addi-
tion, all the fabrics involved in IMC-system were charac-
terized by direct tensile test, involving 9 samples for each 
fabric type. The matrices were characterized according to 

Ref. [69]. The stress–strain relationships of the IMC-sys-
tems are reported in Fig. 3. In detail, the stress was evalu-
ated dividing the applied load by the cross-section of the 
fabric, while the strain is measured referring to the utilized 
gauge length, equal to 10 cm. From the curves, the linear 
slopes of the initial and final phases were determined. FRCM 
and FRGM specimens exhibited a quasi bi-linear behavior 
(Fig. 3a) and a fabric-rupture failure, generally occurring 
in the middle of the coupon (see Fig. 4a, c). While, SRG 
and SRGG specimens exhibited a quasi tri-linear behavior 
(Fig. 3b) and a fabric-rupture failure, generally occurring 
near the gripping (see Fig. 4b, d). The tensile strength of 
FRCM (891 ± 142 MPa) is much lower if compared with 
SRG (1909 ± 115 MPa). Similarly, SRG manifested a higher 
ultimate strain (2.34 ± 0.21% versus 0.87 ± 0.17%). Even 
SRGG curve and properties were found comparable with the 

Fig. 2   Experimental test of: a 
clay brick, b mortar (compres-
sion), c mortar (flexural) and d 
masonry

Fig. 3   Stress versus Strain curve of: a FRCM, FRGM and b SRG, 
SRGG with relative dispersion



Journal of Building Pathology and Rehabilitation (2021) 6:31	

1 3

Page 5 of 24  31

ones of SRG, with a tensile strength and an ultimate strain 
equal to 1959 ± 118 MPa and 2.03 ± 0.22%, respectively. 
The steel fabric seems more exploited, since the tensile 
strength ratio between IMC systems and the corresponding 
fabrics was higher for SRG and SRGG (91.51% and 93.91%, 
respectively) with respect to FRCM and FRGM (45.71% 
and 44.53%, respectively). As concerns the CRM systems, 
the tensile properties of the GFRP grid have been evaluated 
involving 9 samples, according to Ref. [71]. 

The properties of the all the materials involved in the 
experimental campaign are listed in Table 2, where also the 
reference Standards are reported.

T h e  e x p e r i m e n t a l  p r o g r a m  i n v o l v e d 
510 mm × 510 mm × 120 mm masonry panels, as shown in 
Fig. 5a, made up of 250 mm × 120 mm × 55 mm clay bricks 
and lime-based mortar joints, 10 mm thick. In order to guar-
antee the uniform thickness of the mortar steel pins were 
utilized, as shown in Fig. 5b.

All the retrofitting systems were applied on the masonry 
substrate after the surface was cleaned and wetted in order to 
reduce the presence of dust and, at the same time, avoid the 
masonry’s water absorption from the retrofitting-mortar. As 
reported in the following figures, the sample was arranged 
ensuring that the retrofitted surface was horizontal. In such 
way, the preparation of the samples was easier and faster.

The NHL and GPM samples were prepared by applying 
the mortar-layer 30 mm thick, In Fig. 6a the sketch of NHL 
and GPM are illustrated, while the preparation of NHL and 
GPM are illustrated in Fig. 6b and c, respectively.

The same mortars were later adopted respectively as 
matrices in FRCM and FRGM with a dry AR (Alkali Resist-
ant) glass fiber mesh. The samples were manufactured as 

shown in Fig. 7. Firstly, half thickness of mortar was applied. 
After that, the fabric was placed and covered with the second 
layer of mortar. According to supplier recommendations, an 
adhesion promoter (IPN-01 type) was wet layout interposed 
between the matrix and the fabric, as shown in Fig. 8a, b, 
only in case of FRCM-system.

Similarly, the CRM and CRGM samples were prepared 
in two-steps per side in order to control fabric position, as 
illustrated in Fig. 9a. Even in this case, NHL and GPM were 
used as matrices, while a pre-impregnated GFRP mesh grid 
was incorporated in the systems.

Finally, the SRG and SRGG were assembled, as illus-
trated in Fig. 10a. For those samples, two pieces of fabric 
were needed to cover the wall side surface with an overlap 
length of about 10 cm.

2.2 � Test methods

The shear tests, in a diagonal compression configuration, 
were conducted by load control throughout a pump con-
nected to a hydraulic jack. The whole test setup is illustrated 
in Fig. 11. Steel shoes were utilized for applying the load 
along the diagonal of the panel. The contact length between 
the steel shoe and the masonry panel edge was 100 mm. A 
30-ton load cell was adopted for the load recordings; while 
the specimens was equipped with two Linear Variables Dis-
placements Transducers (LVDTs), located one per sides (A 
and B according to Fig. 11) and oriented in the vertical and 
the horizontal directions.

A 30 mm thick steel plate was placed at the bottom of 
the sample (under the steel shoe) in order to put-in-contrast 
the sample itself with the steel rigid frame and the hydraulic 
jack. The LVDTs were attached to the sample by means of 
epoxy-based putty and put in contact with a rigid steel bar 
(fixed to the masonry at the opposite extremity) in order to 
obtain a 500 mm measuring length. In addition, two cam-
eras were located (one per side) in front of the sample for 
video recording the cracking pattern evolution and catch the 
dominant failure mode. The data acquisition was obtained by 
electronically connecting the load cell and the two LVDTs to 
a control panel with a computer for the elaboration.

The thermal performance of the specimens was evalu-
ated by means of the experimental setup reported in Fig. 12. 
A side of the wall (Hot side) was continuously heated by 
four 250 W halogen lamps to ensure steady state conditions 
(Fig. 12a), while the other side (Cold side) was kept with-
out any thermal load (Fig. 12b). The halogen lamps were 
placed at the same positions for all the tests, according to 
the dimensions in Fig. 12c, d. Furthermore, a mono-dimen-
sional heat flux was guaranteed by placing an insulating ring 
around each wall (Fig. 12b). All the samples were initially 
painted with the same color (white) in order to homogenize 
the reflectance of radiation from external surfaces [74]. 

Fig. 4   IMC-systems cracking patterns: a FRCM, b SRG, c FRGM 
and d SRGG​



	 Journal of Building Pathology and Rehabilitation (2021) 6:31

1 3

31  Page 6 of 24

On the other hand, also in practical application a finishing 
painted layer is usually applied on mortar.

The surface temperature of both sides was monitored over 
the time by means of type K thermocouples until the Hot 
side of the wall reached a constant value. Moreover, the tem-
peratures distribution on the entire surface of the samples 
was checked through a thermal camera (e.g. in Fig. 13). The 

environmental temperature was determined using a thermo-
hygrometer placed around one meter far from the Cold side, 
it will be referred as Tout in the following. The emissivity 
of the surface of the specimens was measured involving a 
thermo-camera and placing a black adhesive tape of known 
emissivity on the surface itself [75]. The measurements 
were performed in an indoor laboratory, therefore the local 

Table 2   Properties of the 
materials involved in the 
experimental campaign

a  = 28 days value
b  = value provided by the supplier
c  = referred to fabric cross section

Sub-system Material Property Mean CoV (%) Standard

Wall Clay brick Compressive strengtha (MPa) 24.06 14 [68]
Thermal conductivityb (W m−1 K−1) 0.565 – –

Mortar joints Compressive strength (MPa) 8.88 10 [69]
Flexural strength (MPa) 3.25 7
Thermal conductivityb (W m−1 K−1) 0.83 – –

Strengthening system NHL-mortar Compressive strength (MPa) 9.10 3 [69]
Flexural strength (MPa) 3.10 7
Thermal conductivityb (W m−1 K−1) 0.83 – –

GPM-mortar Compressive strength (MPa) 5.93 5 [69]
Flexural strength (MPa) 2.15 6
Thermal conductivity (W m−1 K−1) 0.234 2 [72, 73]

HDM-mortar Compressive strength (MPa) 15.60 10 [69]
Flexural strength (MPa) 6.00 7
Thermal conductivityb (W m−1 K−1) 0.75 – –

AR glass fabric Tensile strength (MPa) 1929 14 [71]
Young's modulus (GPa) 108 16
Ultimate strain (%) 1.8 12

GFRP Grid Tensile strength (MPa) 1489 4 [71]
Young's modulus (GPa) 48 6
Ultimate strain (%) 3.1 7

Steel Tensile strength (MPa) 2086 3 [71]
Young's modulus (GPa) 184 7
Ultimate strain (%) 1.2 8

FRCM-IMC Tensile strength (MPa) 891 16 [71]
Ultimate strain (%) 0.87 19
Un-cracked slopec (GPa) 514 8
Cracked slopec (GPa) 77 5

FRGM-IMC Tensile strength (MPa) 868 11 [71]
Ultimate strain (%) 0.87 19
Un-cracked slopec (GPa) 229 10
Cracked slopec (GPa) 69 5

SRG-IMC Tensile strength (MPa) 1909 9 [71]
Ultimate strain (%) 2.34 9
Un-cracked slopec (GPa) 445 11
Cracked slopec (GPa) 136 7

SRGG-IMC Tensile strength (MPa) 1959 6 [71]
Ultimate strain (%) 2.03 11
Un-cracked slopec (GPa) 364 10
Cracked slopec (GPa) 124 5
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wind velocity measured with the hot wire anemometer and 
in proximity of the wall was zero or even negligible. Hence, 
the convective heat transfer coefficient (hc), which depends 
directly on the air velocity in proximity of the wall, will be 
assumed equal to zero in the transmittance computation [76].

Finally, small fragments including both the matrix and 
the fabric were dried and investigated by Scanning Electron 
Microscope (SEM) in order to investigate the interface zone. 
Secondary electron micrographs were acquired at 15 eV 
accelerating voltage, 35 spot size and 11 mm working dis-
tance (JEOL 6010LA SEM).

3 � Results and discussion

3.1 � Shear strengthening

The shear strength (τmax) was computed in all cases as the 
√2/2 of the maximum load (Pmax) divided by the net cross-
section of the masonry (An = 510 × 120 mm2), as reported in 
Eq. (1), [77]. The shear strain (γ) was calculated as the sum 
of the vertical and the horizontal deformations in absolute 
value (according to measures of the vertical and the horizon-
tal LVDT in Fig. 11) as reported in Eq. (2), [77]. In particular, 
the ultimate strain (γu) corresponds to sample fragile failure or 
to a stress drop of 20% with respect to the shear strength. The 

Fig. 5   URM sample: a sche-
matic (dimensions in mm), b 
preparation and c overview

Fig. 6   NHL and GPM samples: 
a schematic view and b sample 
preparation

Fig. 7   Schematic view of FRCM/FRGM samples

Fig. 8   Application of the adhesion promoter a before and b after the 
fabric installation
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shear elastic modulus (G) was herein assumed equal to the 
slope of the secant crossing the two points corresponding to 
the 5% and the 40% of the shear strength, as shown in Eq. (3). 
Since the test has been performed in load control the slope 
of the post-peak branch may be less accurate with respect to 
the initial one. Lastly, the ductility (µ) was calculated equal to 
the percentage scatter between the ultimate strain (γu) and the 
strain corresponding to the shear strength (γmax), according 
to Eq. (4).

(1)�max =

√
2

2

Pmax

An

(2)� =

||ΔLVDT1
|| + ||ΔLVDT2

||
gaugelength

(3)G =
�
0.4−�0.05

�
0.4

− �
0.05

Fig. 9   CRM/CRGM samples: 
a schematic view and b sample 
preparation

Fig. 10   SRG/SRGG samples: 
a schematic view and b sample 
preparation

Fig. 11   Diagonal shear test 
setup (dimensions in mm) [77]
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The experimental outcomes in terms of mechanical 
performances of both the URM and retrofitted specimens 
are reported in the present section. Each sample is pre-
sented by means of its shear stress–strain curve and the 
schematic view of the cracking pattern (Fig. 14). Moreo-
ver, colored markers (Fig. 14s) were used to point out the 
curve’s changes in slope linked to the crack development 
and failure modes. The same legend of colors was used 
on the schematic view of the samples in order to high-
light the relative cracking pattern and/or the area related 
to detachment phenomena. The mean shear stress–strain 
curves, obtained for each couple of similar specimens, are 
reported in Fig. 15.

3.1.1 � URM (Un‑Reinforced Masonry)

The URM panels both manifested a brittle shear perfor-
mance, as expected, with an almost linear behavior up to 
failure. URM-1 failed due to a single crack (red line and 
marker) mainly developed along one horizontal joint and 
the rupture of few bricks (Fig. 14a). It was noticed that the 
starting and ending points of the before mentioned crack was 
affected by the presence of the steel shoes, which caused a 
stress concentration at the angles of the panel during the last 
stages of load. In other words, the masonry panel split in two 
asymmetric parts which tended to slide past each other and 
push against the steel shoe. The maximum recorded stress 
was equal to 0.55 MPa.

URM-02 was again mainly affected by a sliding phenom-
enon (Fig. 14b). In this case, two cracks were clearly recog-
nizable: the former was along a horizontal joint and firstly 
opened (red line and marker), the latter had a step-stair 
shape including both vertical and horizontal joints (green 
line and marker). In this case, the strength of the sample was 
0.51 MPa. Despite the difference in cracking patterns of the 
two samples, the stress–strain curves recorded modest scat-
ter (Fig. 15a). The mean values of shear strength, modulus 
and ultimate strain were all taken as reference to discuss the 
mechanical improvements of the retrofitted samples. (see 
Table 3).

3.1.2 � NHL (Natural Hydraulic Lime)

In both the NHL panels a remarkable gain of the shear 
strength, which was found almost double with respect to 
the reference samples. Nonetheless, a substantial difference 
in shear strength between the two samples was recorded, 
as also evidenced by the different failure modes. In fact, 
NHL-1 (Fig. 14c) manifested a premature failure of one 
mortar layer, which suddenly full-detached (yellow marker 

(4)� =
�u − �max

�max

Fig. 12   Thermal test setup: a front view, b lateral view, c schematic 
lateral view and d schematic front view (dimensions in mm)

Fig. 13   Infrared thermography of a couple of specimens
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Fig. 14   Shear stress vs strain 
curve (τ-γ) and cracking pattern 
of: a URM-1, b URM-2, c 
NHL-1, d NHL-2, e GPM-1, f 
GPM-2, g FRCM-1, h FRCM-
2, i FRGM-1, j FRGM-2, k 
CRM-1, l CRM-2, m CRGM-1, 
n CRGM-2, o SGR-1, p SRG-2, 
q SRGG-1, r SRGG-2 and s 
legend
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Fig. 14   (continued)
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and area) in correspondence of a shear-stress lower than 
URM mean shear strength (0.53 MPa). Besides, the fail-
ure of the sample occurred due to the sliding phenomenon 
along the horizontal joint located at the middle of the panel 
(green marker and line), anticipated by a diagonal crack (red 
marker and line). Nonetheless, the shear strength recorded 
(0.82 MPa) was higher than the one of URM.

In case of NHL-2, adhesive detachment phenomena 
locally interested the area close to the top steel shoe, at 
both sides (Fig. 14d). Again, the cracking pattern revealed 
a step-stair failure accountable to the loss of bond between 
brick and mortar. In this case, the shear strength reached 
1.34 MPa. The experimental outcomes highlighted a poor 
adhesion between NHL-mortar and masonry substrate. 
Nevertheless, the mean curve (Fig. 15a) almost doubled 
the URM one in terms of shear strength and modulus. On 
the other hand, the increment of ductility was quite modest, 
about 30%.

3.1.3 � GPM (GeoPolymer Mortar)

The use of GPM-mortar proved to be efficient as retrofit-
ting system. In fact, both the samples recorded a remark-
able gain in terms of shear strength, stiffness and ductility. 
GPM revealed a crucial difference with respect to the NHL 
panels: the adhesion with the substrate was maintained also 
in the post-peak phase of the test, except for a very lim-
ited portion of plaster close to the top steel shoe for GPM-1 
(Fig. 14e). In detail, GPM-1 exhibited two main step-stair 

Fig. 15   Experimental shear stress vs shear strain curve (τ-γ) with rel-
ative scatter of: a URM, NHL, FRCM, CRM, SRG (a) and b URM, 
GPM, FRGM, CRGM, and SRGG​

Table 3   Shear capacity, strength, modulus and ductility of the masonry panels

V (kN) (∆LVDT1 + ∆LVDT2)max
(mm)

(∆LVDT1 + ∆LVDT2)ultimate
(mm)

τ
(MPa)

τa
(MPa)

τ/τ0
(–)

G
(GPa)

Ga
(GPa)

G/G0
(–)

μ
(%)

μa
(%)

URM-1 47.96 0.415 0.415 0.554 0.533 1 0.841 0.817 1 0 0
URM-2 44.41 0.445 0.445 0.513 0.793 0
NHL-1 70.81 0.325 0.459 0.818 1.081 2.03 1.55 1.844 2.26 43 32
NHL-2 116.25 0.385 0.480 1.343 2.137 21
GPM-1 64.32 0.330 0.680 0.743 0.817 1.53 1.437 1.547 1.89 162 130
GPM-2 77.04 0.435 1.050 0.89 1.657 99
FRCM-1 107.25 0.345 0.660 1.239 1.22 2.29 2.134 2.198 2.69 64 75
FRCM-2 103.88 0.305 0.465 1.2 2.262 85
FRGM-1 79.72 0.485 2.005 0.921 0.917 1.72 1.387 1.47 1.8 431 516
FRGM-2 78.95 2.850 3.150 0.912 1.554 601
CRM-1 112.36 0.220 0.290 1.298 1.398 2.62 3.936 4.27 5.23 32 61
CRM-2 129.58 0.290 0.430 1.497 4.612 91
CRGM-1 107.34 0.870 2.195 1.240 1.203 2.26 2.386 2.43 2.97 155 181
CRGM-2 100.93 0.945 2.895 1.166 2.467 206
SRG-1 128.11 0.395 2.620 1.480 1.455 2.73 1.344 1.50 1.84 348 318
SRG-2 123.79 0.500 2.955 1.430 1.662 288
SRGG-1 91.58 0.395 1.905 1.058 1.100 2.06 1.955 1.81 2.22 305 330
SRGG-2 98.85 0.555 2.620 1.142 1.672 356
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cracks developing in almost parallel direction: the former 
marked in red and the latter marked in green. The shear 
strength of GPM-1 was equal to 0.74 MPa.

Instead, GPM-2 failed due to a horizontal sliding (in red) 
and a few bricks rupture (in green), as shown in Fig. 14f. 
It can be remarked that the mortar has a significant con-
tribution in the shear behavior of retrofitted masonry even 
in absence of internal reinforcement. The main contribu-
tion was in term of strength since the cracks manifested at 
higher load-level if compared with URM-series; in fact, only 
after the damage of the plaster a significant opening of the 
masonry joints occurred. The ductility of the specimen was 
also affected by the GPM-plaster (as for the NHL), even 
if relevant higher contribution was recorded in presence of 
internal mesh, as reported in the next sections. GPM-2 failed 
at a higher stress level (0.89 MPa), with respect to GPM-1.

Thus, by observing the average results (Fig. 15b and 
Table 3), the strength gain is lower, if compared to the one 
of NHL (53% and 103%, respectively). However, a higher 
ductility (about 130%) was recognizable due to the more 
efficient adhesion between GPM-mortar and substrate.

3.1.4 � FRCM (Fabric Reinforced Cementitious Mortar)

The FRCM-series was characterized by the premature 
adhesive detachment of the plaster from the substrate. This 
failure is similar to that already reported in the previous 
subsections. Nonetheless, the presence of glass fabric led to 
a higher gain in shear strength, modulus and ductility, with 
respect to NHL.

FRCM-1 exhibited a stiff linear branch up to the develop-
ment of the first cracks (in red, Fig. 14g). In correspondence 
of the stress-peak (1.24 MPa), the panel cracked (in green) 
and, finally, the failure occurred with an adhesive detach-
ment of the FRCM-system for a large portion of the sample 
(in yellow).

A similar behavior was recorded for FRCM-2 (Fig. 14h), 
even if the detachment phenomena occurred before the peak 
stress attainment (1.20 MPa) and along a more modest area. 
In both cases, the fabric in the cracks appeared uncut, as 
clearly displayed in Fig. 14g, h. As can be also appreciated 
from Fig. 15a and Table 3, the average ductility (about 75%) 
is modest if compared with that obtained for GPM samples 
(about 130%), even if the latter did not include any fabric. It 
is felt by the author that the fabric trended to slip within the 
matrix with negative implication on the strength and ductil-
ity. The glass mesh appeared to be distorted inside the crack, 
demonstrating an inadequate tensioning of the fibers, prob-
ably due to the sliding phenomenon. Thus, the crisis at the 
interfaces mortar-fabric and mortar-substrate both affected 
the mechanical performances.

3.1.5 � FRGM (Fabric Reinforced Geopolymer Mortar)

The FRGM samples confirmed a substantial difference in the 
substrate/mortar bond with respect to the specimens retrofit-
ted with a traditional system (i.e. lime-based mortar). In fact, 
the retrofitting system remained attached to the sample even 
at the ultimate damage stage. Also, the interaction between 
the fabric and the mortar appeared improved with respect 
to FRCM samples. In fact, the fabric visible through the 
cracks appeared broken, evidencing a better exploitation of 
its tensile performance (see Table 2).

FRGM-1 exhibited a large plateau after a quasi-linear 
phase up to the maximum stress (0.92 MPa). A series of 
cracks along the diagonal of the panel characterized the cri-
sis of the sample, as reported in Fig. 14i. Thus, the failure 
mode was governed by the diagonal cracking of the masonry 
instead of the mortar joint sliding (as observed for the speci-
mens retrofitted with only the mortar). The panel acted as a 
strut in the vertical direction and a tie in the horizontal one. 
After the test ended, the FRGM layers were removed by 
means of hammering in order to observe the damage in the 
masonry. The FRGM was full attached to the masonry and 
the hammering isolated fragments of the retrofitting with 
portion of substrate on it, evidenced the high adhesion of 
the FRGM to the substrate.

FRGM-2 exhibited a similar behavior, with a local cohe-
sive detachment of the reinforcing layer which occurred in 
the area near the top steel shoe (Fig. 14j). After the peak 
stress (0.91 MPa, red marker), a significant ductile behavior 
was observed, with a slightly hardening trend (Fig. 14j). The 
failure of the sample occurred when a diagonal crack formed 
and split the masonry in two portions (green marker). When 
the test ended, the fabric was visibly broken.

In conclusion, the mean shear strength reachable with 
FRGM-retrofitted samples, 0.92 MPa, was slightly lower if 
compared with FRCM-retrofitted ones, 1.22 MPa. Nonethe-
less, this series was significant in manifesting high ductility 
gain (Fig. 15b and Table 3), reaching a mean value equal to 
516%, probably related to the improved interaction between 
the mortar layer and the substrate, as well as between the 
fabric and the mortar.

3.1.6 � CRM (Composite Reinforced Mortar)

The CRM demonstrated to be a very effective strengthening 
solution, as expected. In fact, the CRM-system was charac-
terized by a thicker mortar layers (minimum 30 mm) and a 
higher content of fibers per unit of length (along the side of 
the panel), besides a higher stiffness of the reinforcement 
since it is an FRP grid. However, the failure manifested 
very sudden involving both the substrate and the retrofitting 
system.
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CRM-1 exhibited an initial linear branch that gradually 
decreased its slope according to the formation of the first 
vertical crack, connecting the two steel shoes (in red), and 
the second crack in correspondence of the main diagonal (in 
green), as reported in Fig. 14k. The shear strength resulted 
equal to 1.30 MPa. The load bearing capacity was lost 
when the mortar layers detached in a brittle way, by adhe-
sive failure at the interface between mortar and substrate. 
This detachment manifested symmetrically on both sides 
covering almost one third of the plaster surface (in yellow). 
Finally, the mortar was hammered and investigated to ana-
lyze the GFRP grid, which appeared undamaged.

CRM-2 exhibited a quite similar behavior. Again, 
two main diagonal cracks opened up to the peak stress 
(1.50 MPa). After that, a residual strength was detected 
(Fig. 14l). The failure of the sample was firstly dominated 
by the CRM detachment (yellow area) from the substrate 
and secondly by an expulsion involving the external layer 
of mortar (yellow triangle). The latter phenomenon was 
observed just in case of GFRP reinforcement. In fact, the 
stiffness of the GFRP grid is not negligible and plays a cru-
cial role in promoting the split of the mortar layer when 
cracks open. The grid was deeply observed after the test and 
it wasn’t found any trace of damage.

The mean values reported in Table 3 highlighted a con-
siderable gain of shear strength (162%) and modulus (423%) 
with respect to URM, while the ductility was modest (61%). 
The issue related to ductility is likely accountable to the poor 
adhesion of lime-based mortar with respect to the substrate, 
according to the experimental results.

3.1.7 � CRGM (Composite Reinforced Geopolymer Mortar)

The CRGM reveled to be an efficient strengthening solution, 
as well. Nevertheless, a noteworthy difference in mechani-
cal behavior can be recognized. It is interesting to notice 
that by utilizing the same reinforcement of the CRM-series, 
a different matrix produced a significant different behavior 
especially in terms of ductility. This aspect demonstrated 
the fundamental role of the matrix and of the matrix/fabric 
interface which need further investigations in order to con-
sequently improve the available design models.

CRGM-1 showed a linear increase of the shear 
stress–strain relationship (Fig. 14m). This trend was modi-
fied when a group of thin diagonal cracks opened in the 
middle of the panel (in red). The load bearing capacity 
(1.24 MPa) was compromised when a second group of 
cracks manifested close to one corner (in green). The resid-
ual strength in the post-peak branch was more significant if 
compared with the one of CRM-series. The failure of the 
sample was governed by the cohesive detachment of the 
retrofitting system from the masonry (light blue area). In 

particular, tangible pieces of clay brick remained bonded 
to the CRGM-retrofitting when it was fully taken off. The 
GFRP grid resulted undamaged.

Even more ductile was the behavior of the CRGM-2 sam-
ple, as reported in Fig. 14n and Table 3, while the pre-peak 
trend was very similar. The shear strength was recorded at 
1.17 MPa. A relevant amount of energy was stored by the 
sample at increasing shear strain. Therefore, the failure was 
explosive and characterized by both the CRGM detach-
ment and the expulsion of the external mortar layer at one 
corner. When the sample was demolished, the fabric was 
found undamaged and the GPM-matrix evidenced a cohesive 
bond with the substrate. The substrate-matrix appears to be 
the weakest interface even if in this case a cohesive failure 
within the substrate occurs instead of the adhesive failure 
registered for CRM samples.

3.1.8 � SRG (Steel Reinforced Grout)

The SRG-system has the peculiarity of adopting a very thin 
mortar layer (3 mm per fabric layer according to the provider 
recommendation). In such a way, the direct contribution of 
the mortar to the shear strength is negligible. On the other 
hand, the matrix/fabric bond capacity is a crucial aspect. 
For this reason, the used matrix consists of a lime-based 
mortar including short fibers in order to limit the cracks 
opening. The manufacture provided a fabric roving with a 
30 cm width. Consequently, an overlap (10 cm) was needed 
in order to cover the entire surface of the panel. This techni-
cal aspect had a mechanical consequence, since the overlap 
was centered with respect to the panel.

SRG-1 was the sample with the highest shear strength 
(1.48 MPa) due to both the high tensile strength of the 
steel fiber and its relevant equivalent thickness (Fig. 14o). 
The linearity of the shear stress versus strain relationship 
changed once the development of a crack along the top 
horizontal joint appeared (in red). After that, a progressive 
sliding was observed corresponding to the overlap of the 
fabric (magenta triangle). This last damage involved only the 
SRG-matrix. The peak was achieved in correspondence of 
the crack appearing at the joint in the middle of the specimen 
(in green). After the test, the panel was found split in three 
prismatic parts. Fabric was apparently not broken.

The SRG-2 had a linear initial trend up to higher load 
level if compared with SRG-1 (Fig. 14p). For this sample, 
the crisis at the overlap level was the first to manifest. Conse-
quently, the two bodies near the opening slid past each other. 
The shear strength was equal to 1.43 MPa.

Definitely, the SRG-system did not fail by the masonry 
crush along the diagonal (i.e. compression line). The failure 
was dominated by sliding as for the URM, NHL and GPM 
series. The reason could be attributable to the steel fabric, 
which was unidirectional. Therefore, the absence of a mesh 
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did not allow the formation of the strut and tie mechanisms 
within the masonry. The average curve in Fig. 15a and the 
results in Table 3 reveal a ductile behavior and a higher 
strength with respect to CRM and FRCM.

3.1.9 � SRGG (Steel Reinforced Geopolymer Grout)

The specimens were manufactured in the same way of the 
SRG. The global behavior was comparable between SRG 
and SRGG showing relevant ductility and a collapse gov-
erned by sliding effect.

The SRGG-1, as reported in Fig. 14q, exhibited the first 
crisis at the overlap area. After that, a portion of external 
matrix detached (light blue) and the join sliding occurred. 
The failure of the retrofitting system was symmetric on both 
sides of the sample. The recorded peak of stress (1.06 MPa) 
was lower if compared with the mean value of SRG 
(1.45 MPa). The SRGG-2 had a comparable performance 
in term of strength (1.14 MPa), ductility and global rela-
tionship (Fig. 14r). In fact, the average curve illustrated in 
Fig. 15b was close to the experimental outcomes. The main 
difference between SRG and SRGG was the level of load 
corresponding to the detachment at the overlap area, around 
1.30 MPa and 1.00 MPa, respectively. Therefore, the open-
ing and sliding phenomena of SRGG occurred at lower stress 
level with respect to SRG. Contrastingly, similar values of 
ductility were reported in Table 3 for SRG and SRGG (i.e. 
318% and 330%, respectively).

3.1.10 � Comparison of strengthening systems

The IMC-strengthened walls exhibited a different behavior, 
related to the properties of the involved materials, namely 
the masonry, the fabric/grid and the matrix. Moreover, the 
bond performance is a crucial aspect, depending on the inter-
action at different interfaces: masonry/matrix and matrix/
fabric. It is evident that the combination of materials may 
produces a large spectrum of different failures and structural 

response, in terms of shear strength, modulus and ductility. 
From the analytical point of view, the matrix contribution is 
generally neglected in the available formulations, while the 
possible interface crisis is taken into account by introduc-
ing the effective tensile stress of the IMC-system, which is 
determined according to the minimum value between the 
bond capacity and the tensile strength of the fabric [71]. 
In this sense, the proposed experimental investigation may 
contribute also to get a more insight into the mechanical 
behavior of masonry panels strengthened by IMC systems, 
and to suggest possible improvements of available design 
relationships.

The ratio between the average shear strength obtained for 
all the tested panels and that referred to unreinforced panels 
is summarized in Fig. 16. Firstly, it can be observed that 
the shear strength’s gain obtained by using the innovative 
solutions (i.e. GPM, FRGM, CRGM and SRGG) was found 
significant, even if lower with respect to that registered for 
more traditional strengthening solutions (NHL, FRCM, 
CRM, SRG).

A relevant contribution of the matrix has been observed, 
when utilizing a significant thickness of mortar (i.e. 30 mm); 
in fact, even in absence of fabric, both the NHL and GPM 
matrices produced a significant gain of the masonry shear 
strength. For instance, the presence of NHL-layers basically 
doubled the shear capacity of the URM panels. In presence 
of both matrix and fabric it is difficult to determine the con-
tribution of each material, since the interaction at fabric/
matrix interface plays a relevant role. In any case, the fab-
ric/mortar combination provided a further strength incre-
ment. In fact, the application of the FRCM led to a 129% 
gain of shear capacity with respect to NHL (103%), with a 
halved mortar thickness Even with the presence of fabric, 
the geopolymer-based system exhibited a lower shear capac-
ity gain (72%). The CRM and SRG panels led to the high-
est shear strength gain, i.e. 162% and 173%, respectively. 
For the former, the comparison with results obtained for 
NHL (same kind of mortar used as external layer and same 

Fig. 16   Shear strength gain
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thickness) clearly evidenced the significant contribution of 
the GFRP grid. Referring to SRG, it should be evidenced 
that the combination of high-performance fibers with a spe-
cific matrix (HDM) furnished a relevant strength gain even 
with a very reduced mortar thickness (3 mm). The same 
reinforcement (GFRP and steel) used with the innovative 
mortar gave satisfactory results, i.e. 126% and 106% strength 
gain, respectively. Basically, the most performant systems 
in terms of shear strength were those involving the GFRP 
or steel fabric (i.e. CRM, CRGM, SRG and SRGG), due to 
the higher performances of the reinforcement, the thicker 
layer of mortar in the first cases, the improved interaction 
between reinforcement and mortar also of mechanical type, 
the improved adhesion between mortar and substrate in the 
case of the proposed GP matrix.

As regards the shear modulus, it was mainly affected by 
the stiffness of the matrix but also by the stiffness of the 
reinforcement and its capacity of stress distribution with 
consequent limitation of wide cracks opening at low load 
levels. This property was generally found lower for the inno-
vative solutions, as reported in Fig. 17. In fact, NHL and 
GPM panels almost doubled stiffness when compared with 
URM ones. Even with a half matrix thickness, FRCM and 
FRGM manifested shear modulus values similarly to NHL 
and GPM, respectively, thanks to the presence of the fabric. 

Moreover, for the stiff GFRP grid combined with a thicker 
mortar layer (CRM and CRGM samples) the highest values 
in terms of shear modulus were recorded (4.27 GPa and 2.43 
GPa, respectively). The initial stiffness of SRG and SRGG 
is mainly related to the fabric, with a negligible contribution 
of matrix, that has been used with a very narrow thickness.

All the retrofitted samples manifested a relevant duc-
tility, as clearly showed in Fig. 18, more evident when 
the geopolymer matrix was utilized. In fact, NHL samples 
exhibited a quite moderate ductility (32%), while GPM 
ones manifested a higher ductility (130%), even in absence 
of fabric. Also, in case of IMC retrofitting, the effect of 
the mortar on the ductility can be appreciated; the ductil-
ity value resulted equal to 75%, 516%, 61% and 181% for 
FRCM, FRGM, CRM and CRGM samples, respectively. 
Significant and comparable ductility values were found for 
SRG (318%) and SRGG (330%), likely due to the specific 
fiber-reinforced mortar (HDM) involved in SRG-system. 
In fact, the fibers within the mortar mix are aimed to 
enhance the ductility of the mortar itself.

The results in terms of ductility are strictly linked to 
the observed cracking patterns and failure modes. The 
use of GPM-based reinforcement demonstrated a larger 
shear strain capacity with respect to the NHL-based ones, 

Fig. 17   Shear modulus com-
puted for masonry panels

Fig. 18   Ductility computed for 
masonry panels
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because micro-cracks opened progressively within the 
entire reinforced surface, as illustrated in Fig. 19.

To sum up, the proposed geopolymer-based systems 
showed a lower shear strength when compared to the 
relative lime-based systems; while an improved masonry/
matrix and matrix/fabric interaction was observed, respon-
sible of the observed higher ductility values, as already 
reported in the previous section. For instance, Fig. 20a 
illustrates a typical adhesive detachment of NHL-based 
samples from the substrate, while Fig. 20b reports the 
cohesive detachment of GPM-based samples from the sub-
strate, testified by deep portions of clay bricks on CRGM 
surface, in contrast with the superficial patina found on 
the CRM surface.

3.2 � Energy retrofitting

A thermal test, focused on evaluating the difference in 
temperature profiles once the steady state is reached, was 
conducted for all the specimens as previous described. The 
thermal transmittance U was computed in relation to the 

experimental set-up, according to Ref. [78], as stated in 
Eqs. (5)–(6). The so-computed experimental results can-
not be considered as the precise transmittance values, in 
absolute terms. Nonetheless, the aim of the investigation is 
to compare the relative thermal characteristic of the speci-
mens, therefore the performed measures can be considered 
effective for that scope.

where:

•	 R’ is the thermal resistance of the wall;
•	 Rint is the contribution of internal convective resistance 

(0.13 m2 K W−1);

(5)
R�

=
Twh − Twc

5.67�tot

[(
Twc

100

)4

−

(
Tout

100

)4
]

+ hc
(
Twc − Tout

)

(6)U =
1

Rint + R� + Rext

Fig. 19   Cracking patterns of a 
FRCM and b FRGM

Fig. 20   Adhesive detachment of 
a CRM and cohesive detach-
ment of b CRGM
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•	 Rext is the contribution of external convective resistance 
(0.04 m2 K W−1);

•	 Twh is the surface temperature referred to the hot side of 
the wall;

•	 Twc is the surface temperature referred to the cold side of 
the wall;

•	 εtot is the emissivity of the wall, assumed equal to 0.93;
•	 Tout is the environmental temperature, as previous dis-

cussed;
•	 hc is the convective heat transfer coefficient, here 

assumed equal to zero, as previous discussed;
•	 U is the thermal transmittance of the wall.

3.2.1 � URM

The URM samples were tested in order to establish a ref-
erence benchmark, recording surfaces temperatures for 
24 h (roughly 12 h to heat the sample and 12 h to let it 
cool down). In Fig. 21a, the results related to URM ther-
mal test are reported. In particular, the red line represents 
the hot surface’s temperature, i.e. the surface exposed to 
halogen lamps. This curve reached a maximum at ~ 56 °C, 
before dropping down in the cooling stage. On the other 
hand, the blue curve shows the temperatures recorded at 
the cold surface. The curve started growing after ~ 1 h, 
when the heat flow reached the cold side of the wall. Even 

the decline of temperature (at ~ 12 h) manifested a modest 
delay with respect to the red curve, due to the well-known 
relevant thermal inertia of the masonry [79]. Finally, the 
green curve draws the environment temperature versus 
the time during the test. The value of environment tem-
perature (referred as Tout in Eq. 5) was utilized in thermal 
transmittance computation.

3.2.2 � NHL vs GPM

NHL and GPM results were arranged in the same graph 
(Fig. 21b) in order to compare the thermal behavior of 
the specimens during the test. Again, the orange and red 
curves represent the hot side of NHL and GPM, respec-
tively. While, the blue and cyan ones represent the cold 
side of GPM and NHL, respectively. In the heating stage, 
NHL exhibited a faster increase of temperature up to the 
peak (~ 56 °C), with respect to GPM. Nonetheless, the lat-
ter reached a higher temperature (~ 57 °C) at steady-state 
condition. In the cooling stage, both the specimens exhib-
ited a delay in the decrease phase of the curve, which took 
longer time with respect to URM. Thus, the thermal iner-
tia of the wall was increased by applying the mortar layer. 
The difference recorded between the peaks of cyan and 

Fig. 21   Temperature profiles on both sides of: a URM, b NHL vs GPM, c FRCM vs FRGM and d CRM vs CRGM
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blue curves suggests that a substantial change in thermal 
behavior is obtained.

3.2.3 � FRCM vs FRGM

A comparison between temperature profiles on both sides 
of FRCM and FRGM is reported in Fig. 21c. The behavior 
of the curves is similar to those in Fig. 21b, despite dif-
ferent values were recorded. The orange curve (FRCM) 
reached a peak at ~ 57  °C, while the red one (FRGM) 
exhibited a slower increase, up to ~ 60 °C. The blue curve 
drew the cooling stage of FRGM and the cyan one of 
FRCM, exhibiting a small increase (due to thermal iner-
tia) before the decrease in temperature. Even in this case, 
the cyan and blue curves exhibited a difference linked to 
different thermal transmittance.

3.2.4 � CRM vs CRGM

CRM and CRGM results (Fig.  21d) substantially con-
firmed the ones obtained with NHL and GPM (Fig. 21b). 
As expected, the presence of the GFRP mesh can be 
neglected in terms of thermal transmittance. The orange 

and red curves (hot side of CRM and CRGM, respectively) 
and the blue and cyan ones (cold side of CRM and CRGM, 
respectively) exhibited a very small scatter with respect 
to the curves of NHL and GPM. Even in this case, the 
lime-based solution exhibited a fast increase up to the 
peak-temperature (~ 56 °C), even if the geopolymer-based 
one reached a higher temperature (~ 57 °C) at steady-state 
condition.

3.2.5 � Comparison of energy retrofitting systems

The so-collected data were used to compute the thermal 
resistance and transmittance of the wall according to 
Eqs. 5–6. All the values are reported in Table 4. A thermal 
transmittance equal to 2.082 W m−2 K−1 was estimated 
for URM. The lime-based retrofitting systems exhibited 
lower thermal transmittances, equal to 1.862 W m−2 K−1 
(FRCM) and 1.554 W m−2 K−1 (NHL). Thus, the applica-
tion of a layer which is not generally oriented to thermal 
insulation can lead to a thermal transmittance reduction, 
as shown in Fig. 22. In fact, the FRCM and NHL mani-
fested a reduction of 11% and 25%, respectively. Con-
versely, geopolymer-based retrofitting systems are prone 
to be adopted for an integrated system, aimed to improve 
both thermal capacity and mechanical resistance. A ther-
mal transmittance equal to 1.126 W m−2 K−1 was com-
puted for FRGM and equal to 1.051 W m−2 K−1 for GPM. 
Indeed, FRGM and GPM exhibited a greater reduction of 
thermal transmittance of 46% and 50%, respectively with 
respect to URM panels. As already discussed, CRM and 
CRGM highlighted that the thermal contribution of the 
fabric can be neglected, which is a useful information for 
energy retrofitting design purposes.

3.3 � SEM analysis

To gain more insight into the fabric/matrix interface behav-
ior, the SEM electron micrographs were acquired in the 
secondary electron (SE) with a magnification equal to 500 
X (FRGM, FRCM, CRM and CRGM) and 100 X (SRG 
and SRGG). Basically, the inorganic matrix is less able 

Table 4   Surface temperature, 
thermal resistance and 
transmittance of the masonry 
panels

Twh
(°C)

Twc
(°C)

Tout
(°C)

R’
(m2 K W−1)

U
(W m−2 K−1)

U/U0
(–)

URM 56.13 32.85 19.60 0.310 2.082 1.00
NHL 56.79 30.48 20.60 0.474 1.554 0.75
GPM 55.87 27.23 20.60 0.781 1.051 0.50
FRCM 59.83 34.03 21.83 0.367 1.862 0.89
FRGM 57.13 28.85 21.83 0.718 1.126 0.54
CRM 57.83 30.65 20.71 0.473 1.555 0.75
GRM 56.17 27.47 20.76 0.771 1.063 0.51

Fig. 22   Thermal transmittance of the samples
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to impregnate the fiber (differently from the epoxy-based 
resin commonly used in FRP). The bond is mainly due to 
the mechanical contribution developed by the matrix pass-
ing through the grid voids and getting in contact with the 
exposed surface of the fibers [80]. However, an adhesion 
contribution is also offered, depending on the kind of matrix. 
The substantial difference in adhesion contribution can be 
addressed to the different chemical compounds within the 
binder of the mortars and, consequently, to the different 
hydration products [59].

The micrographs of FRCM (Fig.  23a) and FRGM 
(Fig. 23b) reveled a fundamental difference in the matrix/
fabric interaction. In case of FRCM, the fabric and the lime-
based matrix appears two clearly different phases with a very 
limited contact area, mainly involving the external surface of 
the yarns. On the contrary, the FRGM-matrix appears able 

to penetrate within the yarns, guarantying a larger contact 
area, with the matrix surrounding at least the whole lateral 
surface of the external filaments. This capacity is probably 
related to the small particle size of the fly ash. This observa-
tion confirmed the role of the geopolymer-matrix outlined 
in the previous paragraphs. In fact, the FRGM was more 
ductile and allowed a better stress transfer within the fibers 
(they were found cut after the test).

In case of CRM-like systems, the bond adhesion was 
related to the contact between the organic matrix and 
the inorganic one (matrix of the GFRP grid). The SEM-
images of CRM and CRGM are illustrated in Fig. 23c and 
d, respectively. It was noticed that the CRM-grid was fully 
detached from the lime-based matrix and only the external 
film of resin remained on the inorganic matrix (darker zone 
in Fig. 23a). On the other hand, the adhesion between the 

Fig. 23   SEM micrographs of 
a FRCM, b FRGM, c CRM, d 
CRGM, e SRG and f SRGG​
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matrix and the grid seems improved in the case of CRGM. 
In fact, the inorganic matrix reduced its contact with the grid 
more gradually, as testified by the particles of geopolymer 
on the pre-impregnated fibers shown in Fig. 23b.

Finally, the micrographs of SRG and SRGG are illus-
trated in Fig. 23e and f, respectively. The contact surface 
of the samples was the same in all cases; likewise, a similar 
behavior (especially for the ductility) was recorded in the 
mechanical tests of SRG and SRGG.

If the matrix/masonry interaction is easy to realize 
because it depends essentially on the roughness of the 
masonry and the chemical adhesion capacity of the matrix, 
the matrix/fiber interaction is more complex since it requires 
micro-scale analysis. In the uncracked stage, the matrix 
demonstrated to affect significantly the strength of the 
plastered masonry. When the matrix is cracked, the further 
shear strength gain is mainly guaranteed by the fabric. In this 
case, the ductility is more or less evident depending on the 
interaction between matrix and reinforcement. For example, 
when dealing with steel or GFRP fabric, the yard is a com-
pact element with high stiffness; thus, the interaction with 
the matrix is manly of mechanical type. On the other hand, 
when considering dry glass mesh the yard is composed by 
numerous filaments placed side-by-side and clearly distin-
guishable in the 500 × zoom in. Thus, the matrix impregna-
tion is more possible.

The SEM pictures evidenced how this impregnation 
depends on the type of matrix, as also illustrated in the draft 
of Fig. 24. In fact, by considering the same glass fiber yard, 
the GPM was found to be more in contact with the filaments 
because the geopolymer nature of the matrix (i.e. less vis-
cous than the lime-based mortar and assessed with smaller 

particles) allowed the confinement of the externally-placed 
filament (see Fig. 23b) and to reach a partial exposed sur-
face of few internal filaments. This capacity was definitely 
not attributable to the NHL-matrix which covered a more 
limited exposed surface consisting on the perimeter of the 
filament’s group or rather the lateral surface of the yard (see 
again Fig. 24). For this reason, the tensioning of the fila-
ments was found different between FRCM and FRGM. The 
former exhibited a significant sliding of the core filaments 
with respect to the border one. The latter showed a more 
uniform behavior, with a consequent more uniform distribu-
tion of stresses within the filaments. For this reason, when 
the matrix was cracked the GPM-based IMC-retrofitting was 
able to provide larger ductility to the masonry.

4 � Conclusions

The experimental investigation presented in this paper is 
focused on fired clay brick masonry panels retrofitted with 
different IMC-systems. The main aim was to compare the 
mechanical and thermal performances of the different ret-
rofitted samples. At this scope, commercially available IMC 
products were used and evaluated in comparison with simi-
lar systems obtained by replacing the matrix with a new 
geopolymer-based mortar with improved thermal properties.

The following remarks can be pointed out:

1.	 The mechanical tests evidenced that geopolymer-based 
systems lead to a similar shear capacity gain with respect 
to the traditional ones, despite a lower initial shear mod-
ulus was found. Moreover, a higher ductility improve-
ment in case of geopolymer-based IMCs was recorded. 
In particular, the sample retrofitted with the traditional 
FRCM-system exhibited a ductility value equal to 75%, 
while the installation of the innovative solution, namely 
FRGM, led to a ductility value equal to 516%.

2.	 All the geopolymer-based IMCs manifested a much 
higher thermal insulation potential with respect to the 
traditional systems. Comprehensibly, the biggest scatter 
in thermal resistance ratio (~ 25%) was recorded com-
paring the thicker IMC-systems, i.e. NHL vs. GPM and 
CRM vs. CRGM. For example,

3.	 SEM analysis was involved to better understand the 
mechanical behavior of the fabric/matrix interface. As 
already mentioned, the geopolymer-based IMCs led to a 
considerable ductility improvement. This outcome was 
also related to the micro-structural interaction of sub-
strate, matrix and fabric. Through SEM micrographs a 
larger exposed area (i.e. the contact surface between the 
matrix and the fibers) was detected for FRGM system, 
which is accountable for the higher level of impregna-

Fig. 24   Matrix versus fabric’s filaments interaction in tensile stress 
state: FRCM (top) and FRGM (bottom)



	 Journal of Building Pathology and Rehabilitation (2021) 6:31

1 3

31  Page 22 of 24

tion. The combined analysis of mechanical test and SEM 
images evidenced as a higher level of impregnation leads 
to a higher exploitation of fabric at the post-peak stage 
and, consequently, to a higher ductility. Further investi-
gations are suggested in order to better understand the 
fabric/matrix bonding

The results obtained in this experimental campaign seem 
very promising, the progress of the research in this topic will 
allow to validate the founds herein reported and furnish reli-
able indications for design purposes.
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