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7 ABSTRACT

8 The paper deals with the development of an innovative Portland-free lightweight structural plaster to 

9 improve the seismic performance and the energy efficiency of poor quality stone masonry buildings.  

10 In particular, one-part alkali-activated slag-based mortars were manufactured with different 

11 lightweight glass aggregate contents to be mechanically compatible with historic stone walls (28-day 

12 compressive strength up to 8 MPa) and to serve as a thermo-insulating layer (specific mass lower 

13 than 1000 kg/m3). Results indicate that the Portland-free alkali activated-based plaster manufactured 

14 with expanded glass aggregates and air entraining agent is able to provide a 28-day compressive 

15 strength equal to 8 MPa and a thermal conductivity of 0.35 W/mK due to density close to 700 kg/m3. 

16 Moreover, by using methylcellulose (MC), modified starch (MS), polypropylene fibers, shrinkage 

17 reducing admixture (SRA) and silane-based surface treatment, it is possible to ensure an excellent 

18 adhesion to the substrate, the absence of micro-cracks and detachments and a very low water 

19 absorption coefficient. 
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23 1. INTRODUCTION

24 The growing attention to the preservation of the historical heritage has remarkably boosted research 

25 in the field of the structural rehabilitation, drawing the scientific community toward the investigation 

26 of the conservation state and the mechanical properties of the materials [1–3], the modelling and the 
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27 analysis of the structural response of unreinforced and reinforced masonry constructions [4–7], as 

28 well as toward the conceptual design of effective and targeted strengthening techniques [8–11]. The 

29 vulnerability of the existing historical masonry constructions under static and dynamic loads was 

30 repeatedly observed, particularly in the aftermath of recent Italian seismic events [9,12–15]. 

31 Structural conceptual design with respect to static and seismic actions, global layout of the masonry 

32 walls, location of the openings, constructive details, material properties, texture of the stone or 

33 brickwork, as well as environmental conditions and other parameters were shown to affect the 

34 structural response.

35 Interestingly, the assessment of the quality of the masonry was shown to stand as a prerequisite to 

36 any other in-depth study on the existing construction. Quality of the masonry is the result of the 

37 quality of the constitutive materials, the effectiveness of the bonding between the elements, the 

38 accuracy of the arrangement of the stonework and structural details, level and extension of material 

39 decay [3]. The most relevant evidence of poor quality of stoneworks is the absence of mutual-

40 interlocking of the leaves, resulting in three-leaf walls (Figure 1). Conglomerate-like and random 

41 rubble stonework, particularly those with rounded pebbles are also acknowledged as poor quality 

42 masonry typologies. Other evidences of poor quality are: stacked rather than staggered head joints, 

43 irregular and discontinuous bed joints, thick joints, very weak or dusty mortar with no cohesion or no 

44 mortar in rubble or pebble stonework, porous stones or bricks with weak bonding to mortar, extended 

45 crack patterns, and so forth. [3].

46 Quality of the masonry plays a major role on both the static and seismic response of the construction. 

47 The load bearing capacity under static loads strictly depends on the constructive details of the walls, 

48 quality of the materials and their interaction. Poor quality masonry typologies may fail for the onset 

49 of local failure mechanisms, such as local detachment and buckling of the masonry leaves, 

50 substantially reducing the compressive, shear and flexural strength of the wall [16]. As for the seismic 

51 behavior, poor quality of the masonry, particularly in the case of three leaf walls, may dramatically 

52 anticipate the failure of the wall, which may be triggered by the out-of-plane overturning of the lee-
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53 ward leaf (Figure 2). In the worst cases, the walls may crumble prior to the onset of the typical local 

54 mechanisms under the dynamic excitation induced by the earthquake (Figure 2, [9,14]). The 

55 crumbling effect exhibited by poor quality masonry under seismic conditions is emphasized in the 

56 case of those superficial earthquakes (typical in the Italian territory) introducing large vertical 

57 vibrations, which further weaken the mutual bond between the units, reducing internal compaction of 

58 the masonry by extending possible internal micro cracks and spreading local disruption.

59 Furthermore, quality of the masonry also influences the effectiveness of the most common seismic 

60 mitigation measures, such as perimeter ties or floor and roof diaphragms. Perimeter ties rely on the 

61 onset of a tied-arch mechanism, with the compressed arch-strut developing within the masonry wall 

62 thickness. Poor quality may inhibit the onset of the resisting compressed arch within the masonry 

63 wall, and may jeopardize the effectiveness of the tie anchorages by the arch supports [9,17]. Floor 

64 and roof diaphragms require effective connections to the masonry walls; whose envisioned 

65 performance can only be attained if the connectors are embedded within good quality masonry walls 

66 [17,18]. Neither techniques can be therefore addressed until the quality of the masonry has been 

67 restored or improved.

68 Different technical solutions have been proposed to consolidate poor quality masonry walls, such as 

69 random rubble stonework or three-leaf stone masonry walls. To date, the upgrade of their static and 

70 seismic performances can be pursuit by repointing or deep repointing, grout injections, jacketing and 

71 transversal tying of the external leaves, or by partial replacement of masonry wall portions [4,19].

72 Repointing and deep repointing of the bed-joints consists in the partial replacement of the mortar 

73 joints with a new lime-based mortar of improved compactness and durability [20,21]. The mechanical 

74 properties of the repointing material should be similar to those of the original wall to avoid abrupt 

75 changes in the wall stiffness. In the case of continuous bed joints, the repointing can be strengthened 

76 through the insertion of steel or fiber reinforced polymer bars along the bed joints. The effectiveness 

77 of this technique may be limited, particularly in the case of very thick walls, provided that the 

78 repointing penetration depth is limited. Continuous grid of high strength steel cords placed into the 
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79 mortar joints, having the nodes secured by means of metal through-rods, may improve the capacity 

80 of the wall by also improving the transverse connection of the leaves [22,23]. 

81 Injections of low-pressure hydraulic lime-based grouts is a widespread consolidation technique, often 

82 suitable for multi-leaf masonries. Injections are aimed at increasing the compactness and consistency 

83 of the masonry by filling the internal cracks, voids, collar joints and cavities, thereby improving the 

84 bond between the units [24]. Chemical, physical and mechanical compatibility of the grout with the 

85 original materials, as well as specific injection protocols are necessary to ensure the efficiency and 

86 durability of the intervention. The grout mix-design must be calibrated for each treated wall. Actual 

87 injectability of the masonry wall should also be assessed. Injectability depends on the network and 

88 percentage of the voids of the inner leaf, which must be sufficiently large as to enable the penetration 

89 and diffusion of the grout, but not too large to avoid its percolation and dispersion through the 

90 interstices. Also, when the binding of the stone elements is provided by very weak mortar or earthen-

91 based mortars (Figure 1), injections may be ineffective, given that bonding of the injected material to 

92 the surface of the stones is unreliable. Particularly in the latter case, the injected grout could hardly 

93 adhere to the dirty stone elements, which would not be washed even with extended flushing of clean 

94 water. For all these reasons the envisioned strengthening of the masonry wall could not be attained 

95 and the effectiveness of the injections must be attentively verified through in-situ testing [25].

96 Transversal tying of the external leaves significantly improves the interlocking of the leaves and 

97 introduces a beneficial confining action, which can be further increased through slight pretension of 

98 the ties. The technique inhibits the local buckling of the single leaf, thus increasing the load bearing 

99 capacity, and substantially increases the ductility of the masonry walls [3].To be effective, the tie 

100 spacing must be sufficiently small, and shorter than the thickness of the wall; only in these conditions 

101 the confined masonry core is sufficiently extended to improve the behavior of the masonry wall.

102 None of these techniques secures the wall with respect to possible disassembly induced by the vertical 

103 acceleration typical of superficial earthquakes. 
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104 Jacketing with structural plaster and transversal tying of the external leaves is often proposed to 

105 improve the in-plane capacity of the stone walls against seismic actions [26]. The existing plaster is 

106 removed and the exposed masonry is finished with a new plaster layer. Two different layouts can be 

107 adopted: single-side or double-side strengthening. The latter represents the best option as it maintains 

108 symmetry along the wall. The technique remarkably increases the in-plane resistance to shear sliding, 

109 diagonal tensile cracking, and flexure, depending on the material properties and thickness of the 

110 coating layer, as well as on the height-to-thickness ratio of the masonry wall. The beneficial effect is 

111 triggered by the additional layers, which can withstand large in-plane actions. Tying rods avoid 

112 instability or detachment of the coating layer from the support. 

113 The same technique can also be adopted to increase the load bearing capacity with respect to both 

114 vertical and horizontal actions of random rubble and concrete-like stone masonry, whose capacity 

115 depends on the internal cohesion, the aggregate interlocking between the elements, and residual 

116 tensile strength after cracking, as well as on the possible confinement stress level [16]. In this 

117 application, the thin coating, together with the tying steel rods, provides a beneficial restraining 

118 confinement action to the masonry cross section, introducing a triaxial stress state, improving ductility 

119 and resistance of the existing stonework against both vertical and horizontal actions (Figure 2). To 

120 this end, lime based plasters strengthened with GFRP mesh may be adopted [22]. Cement based 

121 plaster should be discarded for incompatibility in the case of existing masonry with binding lime 

122 mortars. Alternatively, the effectiveness of GFRP mesh inserted into a thin layer made of an inorganic 

123 matrix was ascertained by many researchers [27,28]. The technique is quite invasive and does not 

124 apply in the presence of valuable plasters or frescoes, nor to listed buildings of historical value or to 

125 exposed stonework. However, it is worth noting that in the case of random rabble stone masonry of 

126 lower artistic value the technique substantially improves the mechanical properties of the buildings 

127 and represents a quite effective retrofit solution. It also provides a vertical tightening restraint against 

128 possible masonry disassembly induced by strong vertical acceleration. 



6

129 By adopting a thermal-insulating plaster, the same technique can be conveniently enhanced to 

130 improve the energy efficiency of the construction [22,29], thus generating a tangible benefit that can 

131 partly pay for the integrated energy-structural renovation. Due to the poor structural and thermal 

132 performances of the existing masonry structures, other combined solutions have recently been 

133 proposed for the combined renovation of unreinforced masonry structures. As an example, 

134 Triantafillou et al. [30] are studying an innovative structural and energy retrofitting system using 

135 TRM combined with thermal insulation. However, although insulating panels are more efficient from 

136 an energy point of view than thermal plasters, this system is less adaptable for the application on 

137 existing poor quality stone masonry walls.

138 In this scenario, a new material based on alkali-activated slag is conceived to serve both as structural 

139 plaster and as thermo-insulating layer to improve the structural performance and the energy efficiency 

140 of poor quality masonry typologies, particularly random rubble stone masonry walls. The use of 

141 alkali-activated materials in restoration and conservation of existing structures seems to be very 

142 promising due to the outstanding properties at fresh and hardened state [31,32] as well as the 

143 durability in severe environments [33–35] and the very low environmental impact [36,37]. However, 

144 several topic concerning the compatibility between the substrate and the repair materials [38,39] and 

145 the durability in presence of wet and dry cycles [40] need to be better understand. In this paper, the 

146 major goals are achieved by adopting a lightweight glass aggregate eco-compatible Portland-free 

147 binder based on alkali-activated slag having the compressive strength of a good quality masonry (28-

148 day compressive strength up to 8 MPa) and a reduced specific mass (lower than 1000 kg/m3) in order 

149 to reduce the coating layer transmittance. The effectiveness of the reinforcement deriving from the 

150 use of alkali-activated slag-based plasters on three leaf masonry wall systems will be the main topic 

151 of a future article. 

152 2. EXPERIMENTAL PROGRAM

153 The experimental campaign to characterize the best mortar for the outlined application was planned 

154 in two phases. The purpose of the first one was to evaluate the essential characteristics of the mortars 
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155 at different lightweight aggregate content and to identify the ideal mix proportioning that meets the 

156 general requirements in terms of strength and specific mass. In the second stage, several tests were 

157 carried out on the previously selected mortar to obtain a more detailed characterization of its behavior, 

158 and to evaluate the compatibility between the mortar and the GFRP mesh was investigated by means 

159 of mechanical tests and optical microscope observations.  

160 2.1 Materials

161 Three different series of lightweight plasters were manufactured: a traditional Portland-free mortar 

162 (hereafter referred as ‘TP’) manufactured with hydrated lime (HL) CL90-S (according to EN 459-1) 

163 and ground granulated blast furnace slag with 28-day pozzolanic activity index equal to 0.76 (GGBFS 

164 according to EN 15167-1 and EN 196-5) and two innovative alkali-activated slag-based mixtures 

165 (hereafter referred as ‘IP’) with two different alkaline reagents/precursor ratios. According to Coppola 

166 et al. [41], a blend of alkaline reagents in powder form (sodium metasilicate pentahydrate : potassium 

167 hydroxide : sodium carbonate = 7 : 3 : 1) was used to produce the innovative plasters with the dosage 

168 of the alkaline reagents equal to 20% and 24% by binder mass. The physical properties, the chemical 

169 composition and the laser granulometry of binders were reported in Table 1, Table 2 and Figure 3. 

170 Moreover, in Figure 4, the XRD pattern of GGBFS was reported, which shows a typical amorphous 

171 hump around 25° and 35° 2θ that reflects the short range order of CaO-Al2O3-MgO-SiO2 glass 

172 structure as reported by Wang and Scrivener [42]. 

173 Table 1 – Physical properties of binders (HL: hydrated lime; GGBFS: ground granulated blast furnace slag)

D50 [μm] Specific surface [cm2/g] Specific mass [g/cm2]

HL 3.00 4670 2.12

GGBFS 12.42 3440 3.13

174

175 Table 2 - Chemical composition of binders (wt.%) (HL: hydrated lime; GGBFS: ground granulated blast furnace slag)

CaO Al2O3 SiO2 SO3 Fe2O3 TiO2 K2O MgO

HL 94.05 1.79 1.48 / 0.73 / / 1.95

GGBFS 45.56 10.35 32.93 1.58 0.23 2.25 0.72 6.38
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176 The water was adjusted in order to attain the same workability at the end of mixing, equal to 160 mm 

177 ± 10 mm by means of a flow table. An air-entraining agent (AEA) based on cocamide diethanomaline 

178 (according to EN 934-2 and EN 480-2) was added to the mix at 2 kg/m3 to lighten the mortars, 

179 reducing, at the same time, the tendency to bleeding and segregation [43]. In addition, the natural 

180 siliceous aggregates (NA) were replaced by expanded recycled glass aggregates (EGA), properly 

181 combined to meet the Bolomey curve (Table 3 and Figure 5). Alkali activated plasters were prepared 

182 using a mixer with planetary motion in accordance with “Dry mixing method” proposed by Bayuaji 

183 et al. [44]. In particular, the mixing procedure followed five steps: i) the slag cement, alkaline reagents 

184 in powder or flakes, the admixtures and water are placed into the bowl; ii) the mixer starts mixing at 

185 low speed for 30 seconds; iii) the aggregates are added to the compound and mixing proceeds at high 

186 speed for 60 seconds; iv) the mixing stops for 90 seconds; v) the mixing procedure is completed for 

187 further 60 seconds at high speed.

188 Table 3 – Physical properties of aggregates (NA: Natural siliceous aggregate, EGA: expanded recycled glass aggregates, the numbers 

189 represent the particle sizes)

Specific mass [g/cm3] Water absorption [%]

NA 0 – 0.25 2.64 0.20

NA 0.25 – 0.50 2.70 0.76

NA 0.50 – 1.00 2.58 0.77

NA 1.00 – 2.00 2.61 0.89

NA 2.00 – 2.50 2.62 1.02

EGA 0 – 0.50 0.70 0.86

EGA 0.5 – 1.00 0.50 0.92

EGA 1.00 – 2.50 0.40 1.18

190 On the second stage of the experimental campaign, due to the high shrinkage of alkali-activated slag-

191 based materials [45,46], methylcellulose (MC), modified starch (MS), polypropylene fibers (length 

192 6.5 mm, aspect ratio 200, tensile strength 40 MPa, elastic modulus 1.5 GPa) and shrinkage reducing 

193 admixture (SRA) were also added to the mortar in order to minimize the risk of cracking and 

194 detachments of plaster (Table 4). 
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195 Lastly, the properties of the GFRP mesh (epoxy-vinylester resin as a polymer and glass fibers) 

196 adopted to reinforce the structural jacketing was reported in Table 5.

197 Table 4 – Properties of admixtures and fiber (AEA: air-entraining agent, MC: methylcellulose, MS: modified starch, SRA: shrinkage 

198 reducing admixture)

Property AEA MC MS SRA Fibers

Composition
Cocamide 

diethanolamine

Hydroxypropyl 

cellulose

Hydroxypropylated 

starch
Ethylene glycol Polypropylene

Specific mass 

[g/cm3]
0.99 1.39 1.30 0.95 0.91

199

200 Table 5 - Properties of the GFRP mesh (provided by the supplier)

Property Value Standard

Mesh size 33 x 33 mm CNR-DT 203/2006

Average thickness 3 mm CNR-DT 203/2006

Weight 1000 g/m2 --

Glass fiber Glass AR – ZrO2 ≥ 16% ASTM C1666M-07

Polymer epoxy-vinylester resin --

Fiber/resin ratio 65/35 by weight --

201 2.2 First phase

202 Three different series of plaster (TP, IP20 and IP24) were manufactured by varying the EGA/NA 

203 ratio according to the composition reported in Table 6. Workability was measured by means of flow 

204 table according to EN 1015-3.  Specific mass at fresh state and entrapped air were detected in 

205 accordance with EN 1015-6 and EN 1015-7, respectively. Specimens 40 x 40 x 160 mm3 were 

206 produced, cured for 24 hours in mold and then stored in a climatic chamber at 20°C and R.H. 60%. 

207 Specific mass at hardened state, compressive and flexural strength were also determined on three 

208 specimens for each age and composition (EN 1015-11). 

209 2.3 Second phase

210 During the second stage, several tests were carried out on the mortar that reached the target 

211 performances (IP24-100) and on the same mixture manufacturing by adding MC, MS, SRA and fibers 
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212 (IP24-100LS) (Tables 7 - 8). In addition to the tests conducted on the first phase, setting time was 

213 measured by means of Vicat apparatus (EN 196-3). Secant modulus of elasticity (Es, in accordance 

214 with method B, EN 12390-13) on 28-day cured cylindrical specimens (diameter 100 mm, h/d:2) was 

215 evaluated by means of compression testing machine (BRT1000) and linear variable displacement 

216 transducers applied on the mortar samples. Furthermore, three specimens 40 x 40 x 160 mm3 were 

217 used to estimate the 28-day dynamic modulus of elasticity (Ed) in accordance with EN 12504-4 (direct 

218 transmission). A thin layer of glycerol paste was interposed between the mortar surface and the 

219 transducers of the ultrasonic digital indicator tester (UDIT) in order to ensure an adequate acoustical 

220 coupling between the specimen and the transducers. The UDIT measures the transmission time of 

221 ultrasonic pulse, allowing to calculate the velocity of ultrasonic pulse, note the length of the specimen 

222 (160 mm). Ed can be calculated through Equation 1:

𝐸𝑑 =
𝑣2𝜌[(1 ‒ 2𝛾) ∙ (1 + 𝛾)]

(1 ‒ 𝛾)
(1)

223 with v: velocity of the ultrasonic pulse (m/s), ρ: specific mass at hardened state (kg/m3) and γ: 

224 Poisson’s modulus (assumed equal to 0.20) [47]. In addition, bond strength by pull-off was 

225 determined on mortars applied with different thicknesses (20 mm and 45 mm) on a traditional brick 

226 (5.5 cm x 12 cm x 25 cm) wall after 28 days from casting according to the procedure proposed by EN 

227 1542. Drying shrinkage was also measured over time on prismatic specimens stored 24 hours after 

228 the mixing in a climatic chamber at a controlled temperature and humidity (T = 20°C, R.H. = 60%). 

229 Moreover, capillary water absorption coefficient of plasters was investigated according to EN 13057. 

230 The thermal conductivity of plaster was determined by hot box method using a heat flow meter 

231 according to EN 1934 (Figure 6). The mortar was applied on a panel (120 cm x 80 cm) manufactured 

232 with lightweight bricks (30 cm x 24.5 cm x 19.5 cm) and traditional Portland cement-based mortar. 

233 The thickness of the plaster (applied on both surfaces) was 35 mm. The surface temperatures and the 

234 heat flow were measured for 168 hours by setting an internal temperature of 0°C and an external 

235 temperature of 20°C. Finally, GFRP mesh was embedded in 400 x 400 x 40 mm3 mortar specimen 
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236 and GFRP samples were immersed in 1M Na(OH)2 solution in order to evaluate the degradation 

237 promoted by the alkaline environment [48] on the epoxy-vinylester resin. The damage degree of 

238 GFRP mesh was evaluated through optical microscope observations and measuring the tensile 

239 strength loss (ISO 527-4) after 40 days in alkaline environments.  

240 Table 6 - Composition of mortars (nomenclature: TP: traditional lime-based plasters, IP20 and IP24: innovative alkali-activated slag-

241 based plasters with alkaline reagents/binder ratio in mass equal to 20 and 24 respectively, the following number represents the 

242 EGA/NA ratio) (GGBFS: ground granulated blast furnace slag; HL: hydrated lime; NA: Natural siliceous aggregate; EGA: expanded 

243 recycled glass aggregate; AEA: air-entraining agent)

GGBFS

[kg/m3]

HL

[kg/m3]

Alkaline 

reagents

[kg/m3]

NA

[kg/m3]

EGA

[kg/m3]

Water

[kg/m3]

AEA

[kg/m3]

TP-0 290 70 1080 215 2

TP-10 290 70 970 25 215 2

TP-20 290 70 865 55 215 2

TP-30 290 70 755 80 215 2

TP-60 290 70 430 160 215 2

TP-80 290 70 215 210 215 2

TP-100 290 70 265 215 2

IP20-0 275 55 990 165 2

IP20-10 275 55 890 25 165 2

IP20-20 275 55 790 50 165 2

IP20-30 275 55 690 75 165 2

IP20-60 275 55 395 145 165 2

IP20-80 275 55 200 195 165 2

IP20-100 275 55 245 165 2

IP24-0 270 65 1005 155 2

IP24-10 270 65 905 25 155 2

IP24-20 270 65 805 50 155 2

IP24-30 270 65 705 75 155 2

IP24-60 270 65 400 150 155 2

IP24-80 270 65 205 200 155 2

IP24-100 270 65 250 155 2

244
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245 Table 7 - Composition of mortars IP24-100 and IP24-100LS (GGBFS: ground granulated blast furnace slag; EGA: expanded 

246 recycled glass aggregates with particle sizes; AEA: air-entraining agent; MC: methylcellulose, MS: modified starch, SRA: shrinkage 

247 reducing admixture)

Composition [kg/m3] IP24-100 IP24-100LS

GGBFS 270 270

Alkaline reagents 65 65

EGA 250 250

Water 155 155

AEA 2 2

MC 0.40

MS 0.15

SRA 5.00

Fibers 2.70

248

249 Table 8 - Specimens manufactured for each test

Test Ages Format specimens Number of specimens

Compressive and flexural 

strength, specific mass
1, 7, 28 days Beam 40x40x160 mm3 3 for each ages

Secant modulus of elasticity 28 days
Cylinder h/d : 2

d : 100 mm
6 for each ages

Dynamic modulus of elasticity 28 days Beam 40x40x160 mm3 3 for each ages

Bond strength 28 days Thickness: 20 and 45 mm 8 pull-off for each thickness

Dry shrinkage up to 100 days Beam 40x40x160 mm3 3 for each ages

Water absorption 28 days Beam 40x40x160 mm3 3 for each ages

Thermal conductivity 28 days Thickness: 35 mm 2 test 

250

251 3. RESULTS

252 3.1 First phase

253 3.1.1 Rheological properties

254 The water dosage to obtain the targeted workability varies by varying the type of mortars. In fact, in 

255 alkali-activated slag based plasters (IP), the amount of water to achieve 160 mm spreading decreases 

256 as the alkaline reagents dosage increases due to the plasticizing and deflocculating effects of sodium 

257 silicate explained by Kashani et al. [49]. On the contrary, traditional mortars (TP) require higher 

258 mixing water dosages, generally greater than 30-35% compared to the innovative mixtures. 
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259 Furthermore, the water content is not affected by the EGA/NA ratio due to the similar water 

260 absorption of the aggregates used (Table 6). 

261 The air content of mortars at fresh state does not change as the lightweight aggregate dosage varies 

262 (Table 9). On the other hand, the air-entraining agent efficiency seems to be influenced by the nature 

263 of binder used (alkali-activated slag or slag/hydrated lime). Indeed, the innovative plasters IP show 

264 an entrapped air equal to 35% while the traditional plasters TP are limited to 25%. The specific mass 

265 both at fresh and hardened state decrease with the increase of the EGA/NA ratio, independently of 

266 binder used (Figure 7-8). In particular, by manufacturing traditional mortars containing only 

267 expanded glass aggregates EGA, it is possible to reach density close to 930 kg/m3 at fresh state and 

268 870 kg/m3 at hardened state, while innovative plasters IP exhibit lower densities of about 150 kg/m3 

269 with respect to TP both at fresh and hardened state due to the higher air content.

270 3.1.2 Mechanical properties

271 Figure 9-11 show that the mechanical strength of GGBFS/lime-based mortars (TP) are not influenced 

272 by the EGA/NA ratio. In fact, regardless of the aggregate used, the compressive strength is quite 

273 small (about 2.5 MPa at 28 days). On the contrary, the innovative mortars based on alkali-activated 

274 slag (IP) show much higher strength than those measured in traditional plasters, and the compressive 

275 strength decreases with the increase of EGA/NA ratio similarly to the specific mass. In detail, the 

276 innovative plasters IP manufactured only with expanded glass aggregates guarantee strength between 

277 5.5 MPa (IP20-100) and 8 MPa (IP24-100) with a density at the hardened state close to 700 kg/m3. 

278 Furthermore, in Figure 12 it is possible to notice that, for the innovative mixtures, the compressive 

279 strength at 28 days from casting is directly proportional to the specific mass. As a matter of fact, the 

280 use of an aggregate of poor mechanical properties strongly penalizes the performance of the mortars. 

281 On the other hand, according to Neville [43] and Dzturan et al.[50], in presence of a very weak matrix 

282 like that of traditional plasters TP, this effect is negligible. 



14

283 In conclusion, the alkali-activated slag-based plaster manufactured with only expanded glass 

284 aggregate IP24-100 combines an extreme lightness (density close to 700 kg/m3) with mechanical 

285 strength (28-day compressive strength equal to 8 MPa), which may be considered the upper bound 

286 for the use as a thermal reinforced plaster for the upgrade of existing poor quality masonry. Depending 

287 on the masonry the strengthening is proposed for, mechanical properties as well as thermal properties 

288 can be modified by appropriately modifying the mix design. 

289 Table 9 - Entrapped air and mechanical strength of mortars

Specific mass [kg/m3] Compressive strength [MPa]Entrapped air 

[%] Fresh Hardened 24 hours 7 days 28 days

TP-0 25 1620 1540 0.51 2.41 2.57

TP-10 25 1590 1480 0.45 2.31 2.54

TP-20 25 1470 1420 0.45 2.18 2.54

TP-30 25 1390 1380 0.44 1.99 2.40

TP-60 25 1170 1080 0.39 1.89 2.31

TP-80 25 1050 990 0.41 1.60 2.18

TP-100 25 930 870 0.40 1.39 2.03

IP20-0 35 1510 1450 6.50 11.03 13.18

IP20-10 35 1480 1400 5.96 10.40 11.26

IP20-20 35 1295 1230 5.68 9.88 10.34

IP20-30 35 1250 1190 4.47 7.20 8.31

IP20-60 35 1050 990 3.94 6.72 7.89

IP20-80 35 900 830 3.12 5.46 6.18

IP20-100 35 710 690 2.85 4.89 5.51

IP24-0 35 1550 1520 7.85 12.53 15.03

IP24-10 35 1500 1460 6.75 11.52 13.28

IP24-20 35 1360 1330 6.87 11.02 11.95

IP24-30 35 1290 1250 6.29 10.36 10.88

IP24-60 35 1100 1070 5.67 9.89 10.23

IP24-80 35 970 920 3.49 9.03 9.86

IP24-100 35 760 720 2.85 7.17 8.26

IP24-100 LS 35 770 725 2.91 7.24 8.19

290

291 3.2 Second phase

292 In this stage, the results of the tests carried out on the mortar that reached the target performances 

293 will be presented. In particular, the properties of mortars manufactured with (IP24-100LS) and 
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294 without (IP24-100) the addition of MC, MS, SRA and fibers were analyzed. Finally, the results of the 

295 test carried out on the GFRP mesh will be presented. 

296 3.2.1 Rheological properties

297 The addition of admixtures able to reduce the shrinkage-induced cracking does not change the amount 

298 of water at equal workability, specific mass and air content. Furthermore, the initial and final set 

299 measured by needle of Vicat (50 minutes initial set, 140 minutes final set) are similar to those of 

300 traditional plasters based on Portland cement and lime [51], resulting perfectly compatible with the 

301 construction needs.

302 3.2.2 Elasto-mechanical properties

303 There are no changes in the mechanical strength between the mortar IP24-100 and IP24-100LS (Table 

304 9). The addition of ethylene glycol, unlike on traditional Portland mixture [52] or on normal-weight 

305 alkali-activated slag-based mortars [53,54], does not appear to affect negatively the development of 

306 elasto-mechanical properties of alkali-activated slag-based plaster manufactured with only expanded 

307 glass aggregate. The elastic modulus of IP mortars is very low, close to 1.5 GPa for the secant 

308 modulus Es and 2.50 GPa for the dynamic modulus Ed (Table 10). The Young’s modulus of the IP is 

309 so low because this property depends strongly on the rigidity of the aggregate and on the 

310 characteristics of the binder paste [43]. The EGA have poor elasto-mechanical properties that thus 

311 minimize the stiffness of the mortar. Moreover, at the same strength class, Coppola et al. [55] and 

312 Thomas et al. [56] have shown that alkali-activated slag-based mortars are characterized by lower 

313 elastic modulus than those Portland cement mortars. The reduction of Ed and Es in IP respect to TP is 

314 a consequence of the high shrinkage of slag-based mortars which caused microcrack formation. 

315 Table 10 - Elastic modulus of mortars

IP24-100 IP24-100LS

Es [GPa] 1.50 1.50

ρ [kg/m3] 870 875

v [km/s] 1.85 1.85

Ed [GPa] 2.50 2.50
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316 3.2.3 Shrinkage 

317 Dry shrinkage of innovative plaster is given in Figure 13 that shows very high free shrinkage of alkali-

318 activated materials compared to mixtures manufactured with traditional binders, as widely reported 

319 in the scientific literature [45,57,58]. The addition of admixtures and fiber reduced shrinkage in alkali-

320 activated slag mortars by up to 50%. Palacios et al. [53] explains that this beneficial effect of the 

321 shrinkage reducing admixture (SRA) is primarily due to: firstly, the decrease in the surface tension 

322 of water in the porous system and the concomitantly smaller internal stress when the water evaporates; 

323 secondly, and most importantly, the redistribution of the porous structure, because the admixture 

324 increases the percentage of pores with diameters ranging from 0.1 to 1.0 µm, which exhibit a capillary 

325 stress much lower than the smaller pores that prevail in mortars without admixture. This redistribution 

326 of the pores is due to the decrease of the capillary stress of the water that SRA induces during the 

327 mixing process. 

328 Furthermore, due to the low elastic modulus and the limited shrinkage of innovative plaster, tensile 

329 stress induced by restrained shrinkage is still low, preventing the mortars from cracks and 

330 detachments. This behavior was verified through the application of thin layers of plaster on brick 

331 stored in extra-dry conditions (R.H. < 30%) to emphasize the risk of cracking and detachment (Figure 

332 14). In particular, a 2 cm-thick layer of IP24-100 after a few days was totally detached from the 

333 support, while the plaster manufactured with the addition of admixtures and fibers IP24-100LS 

334 showed no detachments or cracking up to 1 year. Moreover, no cracks were observed on the panels 

335 used for thermal conductivity (Figure 6) and adhesion tests.          

336 3.2.4 Bond strength

337 The bond strength between alkali-activated slag-based plasters and the masonry is one of the key 

338 engineering properties for this kind of applications. In particular, it requires the jacketing to be 

339 strongly adhesive to the substrate after final setting.  As it can be seen from Table 11, the bond 

340 strength values are higher when the mortar has been applied with a lower thickness. In the case with 

341 s= 45 mm a 100% cohesion failure was observed in the alkali activated mortar layer, indicating that 
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342 the repair material is the weakest part of the system. This behavior is probable due to the greater 

343 probability of finding faults that strongly influence the tensile strength of the material. On the other 

344 hand, the failure type was more variable in the case with s=20 mm, where the observed failures were 

345 both cohesion failure in the mortar layer and adhesion failure along the interface surface (Figure 15). 

346 Table 11 - Bond strength of mortars IP24-100LS applied on the substrate with two different thicknesses (t=20mm and 45mm)

Adhesion strength [MPa] and failure type

t = 20 mm t = 45 mm

1 1.05 Cohesive 0.17 Cohesive

2 0.68 Cohesive 0.23 Cohesive

3 0.59 Cohesive 0.50 Cohesive

4 0.93 Interface 0.31 Cohesive

5 1.16 Cohesive 0.41 Cohesive

6 1.01 Interface 0.44 Cohesive

7 1.04 Interface 0.20 Cohesive

8 0.64 Interface 0.38 Cohesive

347

348 3.2.5 Thermal properties and energy saving 

349 The conductivity of ordinary concrete strongly depends on its composition. In general, density does 

350 not appreciably affect the conductivity of ordinary concrete, however, due to the low conductivity of 

351 air, the thermal conductivity of lightweight concrete varies with its density. The method to determine 

352 the thermal resistance of plaster requires the measurement of surface temperatures and heat-flux 

353 through the test wall by the use of heat-flux meters. The thermal resistance R is given by:

con j = 1 ,…., n𝑅𝑡𝑜𝑡 =  
∑𝑛

𝑗 = 1𝑇𝑠𝑤𝑗 ‒ 𝑇𝑠𝑐𝑗

∑𝑛
𝑗 = 1𝑞𝑗

  (2)

354 with: Tsw = surface temperature on the test wall warm side [K]

355 Tsc = surface temperature on the test wall cold side [K]

356 q = transmission heat loss through a wall per unit area [W/m2].

357 Note the thermal resistance of the brick wall Rbw, the thermal resistance of the plaster Rp can be 

358 obtained according to the following relationship:
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𝑅𝑝 = 𝑅𝑡𝑜𝑡 ‒ 𝑅𝑏𝑤 (3)

359 The thermal conductivity λ of the plaster is obtained from the ratio between the thickness (t) of the 

360 plaster layer during the test and the thermal resistance of the product. 

361 Table 12 - Thermal properties of plasters

IP24-100LS LP 

Thermal resistance Rp [m2K/W] 0.101 --

Thickness tp [mm] 35 --

Thermal conductivity λp [W/mK] 0.35 0.80

362

363 The value of the thermal conductivity of the lightweight plaster (0.35 W/mK) is lower by about 75% 

364 compared to a traditional mortar based on Portland cement and lime (~ 1.30 W/mK) [43]. On the 

365 other hand, comparing the thermal conductivity of IP24-100LS with those of a traditional lime plaster 

366 (LP), the difference between the conductivity values is around 55% at equal strength class (Table 12) 

367 [59]. This behavior is due to the replacement of traditional aggregates with expanded recycled glass 

368 aggregates [43].

369 Furthermore, by using a building thermal modeling computer program [60], the energy consumption 

370 of a 100 m2-detached house in central Apennine mountains (L’Aquila, Italy) was evaluated by varying 

371 the thermal properties of reinforced plaster used. In particular, the simulation was carried out with 

372 two reinforced plasters (IP24-100LS and LP) applied with a thickness of 6 cm on a stone masonry 

373 wall. As reported in Table 13, the use of lightweight mortar instead of traditional reinforced plaster 

374 on a stone masonry building leads to a reduction in energy consumption up to 31 kWh/m2 year (-

375 20%).

376

377

378
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379 Table 13 - Thermal properties of detached house estimated adopting a building thermal modeling computer program [49]

IP IP-LP LP

Stratigraphy IP-masonry-IP IP-masonry-LP LP-masonry-LP

Thickness [cm] 6 + 60 + 6 6 + 60 + 6 6 + 60 + 6

Wall thermal transmittance 

[W/m2K]
1.277 1.458 1.712

Building energy consumption 

[kWh/m2 year]
165 146 134

Energy saving [%] - 20% -12% --

380

381 3.2.6 Water absorption

382 The absorption coefficient of the lightweight plaster (2.78 kg/m2h0.5) is higher compared to a 

383 traditional mortar based on Portland cement and lime (~1.63 kg/m2h0.5) [43]. A higher value of 

384 absorption coefficient could cause a reduction in thermal resistance of plaster on site, due to the water 

385 saturation of external layer during raining periods. For this reason, an alchil-alcoxisilane-based 

386 coating was applied on IP24-100LS surface in order to reduce the water absorption of mortar. As 

387 reported in Figure 16, applying the waterproofing material, is possible to reduce the absorption 

388 coefficient up to 80%, reducing the risk of saturation of the plaster and, hence, preserving the thermal 

389 resistance of the external plaster.

390 3.2.7 Characterization of the GFRP mesh

391 The potential degradation promoted by the alkaline environment on the GFRP mesh is finally 

392 evaluated. The GFRP mesh consists of two types of fiber (twist and flat). The tensile ultimate load of 

393 fibers was evaluated (ISO 527-4) and values similar to those shown in the technical data sheet were 

394 obtained. In particular, the fiber failure occurred for tensile loads close to 2.05 kN for twist fibers and 

395 3.37 kN for flat fibers. 

396 The same tests were carried out after 40 days of embedding in the lightweight plaster IP24-100LS or 

397 after 7 days in Na(OH)2 solution. However, strength losses were not observed following exposure to 

398 strongly alkaline environments (Tab. 14). In addition to the tensile test, optical microscope 
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399 observations were also carried out. Figure 17 shows the GFRP mesh exposed to different 

400 environments: reference fibers (left), fibers after 40 days embedded in lightweight plaster (center), 

401 fibers after 7 days in 1M Na(OH)2 solution (right). It is possible to observe that the GFRP mesh, 

402 especially the resin surface, did not suffer any degradation.

403 Table 14 – Tensile load of GFRP in different environment

Tensile load [kN]

As received After 40 days in plaster After 7 days in 1M Na(OH)2 solution

Twist fibers 2.05 1.99 2.01

Flat fibers 3.37 3.20 3.27

404

405 4. CONCLUSION

406 In this paper, a lightweight cement-free reinforced plaster to be applied in GFRP-reinforced jacketing 

407 interventions for the energy upgrading and seismic retrofitting of poor quality masonry buildings was 

408 developed. Analyzing the experimental data, it is possible to conclude that:

409  The use of expanded recycled glass aggregates (EGA) instead of natural siliceous aggregates 

410 (NA) and the addition of air-entraining agent (AEA) reduce the specific mass at fresh and 

411 hardened state of mortars up to 750 kg/m3;

412  The traditional plaster TP provides mechanical strength of about 2-2.5 MPa, while the 

413 Portland-free plaster IP24-100LS is able to provide a 28-day compressive strength equal to 8 

414 MPa and a thermal conductivity of 0.35 W/mK due to density close to 700 kg/m3, which 

415 match the target fixed in this research as the upper bound for this kind of applications;

416  The high free-shrinkage of alkali-activated slag based-plaster was strongly reduced by using 

417 a blend of admixtures that are able to reduce the shrinkage to values close to those of Portland-

418 based mortars;

419  The reduced shrinkage and the low elastic modulus ensure an excellent adhesion to the 

420 substrate (up to 1.16 MPa) and the absence of micro-cracks and detachments;
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421  By using an alchil-alcoxisilane-based coating is possible to reduce the water absorption of 

422 mortar up to 80%, avoiding the saturation of plaster on site during raining periods;

423  The GFRP mesh showed a high resistance to alkaline environments and is therefore perfectly 

424 suitable for this type of application.
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431 LIST OF FIGURES

432 Figure 1. Examples of poor quality masonry stonework: (a) concrete-like masonry wall with earthen-

433 based mortar and (b) three-leaf wall cross section. 

434 Figure 2. (a) Collapse or partial failure induced by poor quality of the stonework; (b) ineffectiveness 

435 of perimeter ties and (c) of the connection of roof diaphragms in the case of poor quality masonry 

436 stonework.

437 Figure 3 - Laser granulometry of binders

438 Figure 4 – XRD pattern of GGBFS

439 Figure 5 - Granulometry of aggregates

440 Figure 6 - Thermal characterization of innovative plaster

441 Figure 7 - Specific mass at fresh state at different expanded glass aggregate content

442 Figure 8 - Specific mass at hardened state at different expanded glass aggregate content

443 Figure 9 - 24-hour compressive strength at different EGA/NA ratios

444 Figure 10- 7-day compressive strength at different EGA/NA ratios

445 Figure 11 - 28-day compressive strength at different EGA/NA ratios

446 Figure 12 - Correlation between compressive strength and density of mortars

447 Figure 13 - Free shrinkage of mortars up to 100 days

448 Figure 14 - Test on a brick: IP24-100 (left) and IP24-100LS (right).

449 Figure 15 – Bond strength tests on IP24-100LS plaster

450 Figure 16 - Capillary absorption of mortars with (IP24-100LS(S)) and without (IP24-100LS) alchil-

451 alcoxisilane-based coating

452 Figure 17 - Optical microscope observations: reference fiber (left)), fibers after 40 days embedded in 

453 lightweight plaster (center), fibers after 7 days in 1M Na(OH)2 solution (right).
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