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Abstract: The present paper deals with the retrofitting of unreinforced masonry (URM) buildings, 10 
subjected to in-plane shear and out of-plane loading when struck by an earthquake. After an 11 
introductive comparison between some of the latest punctual and continuous active retrofitting 12 
methods, the authors focused on the two most effective active continuous techniques, the CAM 13 
system and the Φ system, which also improve the box-type behavior of buildings. These two 14 
retrofitting systems allow us to increase both the static and dynamic load-bearing capacity of 15 
masonry buildings. Nevertheless, information on how they actually modify the stress field in static 16 
conditions is lacking and sometimes questionable, in the literature. Therefore, we performed a static 17 
analysis in the plane of Mohr/Coulomb, with the dual intent to clarify which of the two is preferable 18 
under static conditions and whether the models currently used to design the retrofitting systems 19 
are fully adequate. 20 
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1. Introduction 24 
Masonry is the most used material in the historical buildings of the European architectural 25 

heritage. The mechanical properties of these structures are often low, due to both the texture of the 26 
masonry and the poor quality of the mortar. In particular, masonry walls are often made up of two 27 
vertical layers (Figure 1), without any transversal links between them [1,2]. This wall geometry can 28 
produce instability problems of the external layer under the combined action of vertical and seismic 29 
loads. Furthermore, usually masonry buildings have wooden horizontal floors without any effective 30 
floor-to-walls connections. This increases the actual slenderness of each wall layer when the out-of-31 
plane actions load the masonry walls, in addition to the in-plane compressive and shear forces. 32 
Moreover, when a single layer forms the masonry wall, very often the wall texture is irregular. In the 33 
south-center Apennine area, for example, traditional masonry is made of calcareous stones of 34 
different size, almost knobble or rough-shaped, sometimes chaotically arranged, connected by low 35 
quality lime mortar [3]. As a final introductory remark, it is worth noting that, both in double and 36 
single layer walls, some parts of the same wall are often made of different materials, making the wall 37 
non homogeneous (Figure 1). 38 

The previous peculiarities make European historical structures particularly vulnerable to 39 
earthquakes, even for low-medium intensity, as some recent inestimable damages in Mediterranean 40 
regions testify. Therefore, strengthening of masonry structures is a topic of primary importance in 41 
Europe. 42 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 February 2019                   

©  2019 by the author(s). Distributed under a Creative Commons CC BY license.

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 February 2019                   doi:10.20944/preprints201902.0193.v1

©  2019 by the author(s). Distributed under a Creative Commons CC BY license.

Peer-reviewed version available at Materials 2019, 12, 1151; doi:10.3390/ma12071151

http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.20944/preprints201902.0193.v1
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ma12071151


 2 of 26 

 

 43 
Figure 1. Collapse of a double-layered masonry wall [1]. 44 

Recent studies in earthquake engineering are oriented to the development, validation and 45 
application of techniques to assess the seismic vulnerability of existing masonry buildings [4]. As far 46 
as the seismic risk in Italy is concerned, in 2011 Rota et al. [5] plotted typological seismic risk maps 47 
for the entire national territory, where the typological seismic risk is the convolution of vulnerability 48 
and hazard for a building belonging to a given typology. To build up the maps of the typological 49 
seismic risk, Rota et al. used data collected during post-earthquake surveys, after the earthquakes of 50 
Irpinia (1980), Abruzzo (1984), Umbria-Marche (1997), Pollino (1998) and Molise (2002), on more than 51 
91000 buildings. Subsequently, they assessed the vulnerability by adopting a damage scale similar to 52 
that defined in the European Macro-seismic Scale: five damage levels (from DS1 to DS5) in addition 53 
to the no damage case (DS0) make up the damage scale, as shown in Table 1. 54 

Table 1. Damage scale adopted in [5] to compute the typological seismic risk. 55 

 56 

Rota et al. computed the damage level for 23 building typologies. For the purposes of our 57 
discussion, we will instead consider only the building typologies collected in Table 2. As we can 58 
appreciate in Figure 2, the irregular layout is a serious factor of risk, since it increases the vulnerability 59 
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of masonry structures further. Note that the color scale in Figure 2 is different for each damage level, 60 
but is the same for a given damage level, therefore allowing direct comparisons between typologies, 61 
once established the damage level of comparison. 62 

Table 2. Building typologies selected from those of [5]. 63 

Label Building class 
No. of 
stories 

IMA1 Masonry – irregular layout – flexible floors – with tie rods and/or tie beams 1–2 
IMA2 Masonry – irregular layout – flexible floors– without tie rods and tie beams 1–2 
RMA2 Masonry – regular layout – flexible floors – without tie rods and tie beams 1–2 

 64 

 65 
Figure 2. Italian annual probability of exceeding DS1, DS3 and DS5 (in the columns) for the building 66 
typologies RMA2 and IMA2 defined in Table 2 (in the rows) [5]. 67 

Figure 3 shows the effect of connections on the annual damage factor for low-rise masonry 68 
buildings with irregular layout (IMA1 and IMA2, as defined in Table 2): the annual probability of 69 
losing the building is significantly higher when there are neither tie rods nor tie beams connecting 70 
the various structural elements of the building. In fact, when computing the average annual damage 71 
factor over the Italian territory for all the 23 building national typologies, the typologies with the 72 
highest national average annual damage factor are exactly those of the type IMA2, the irregular 73 
layout masonry buildings with flexible floors and without any tie rods and/or tie beams. This means 74 
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that ensuring a box-type behavior with good structural connections is of primary importance in 75 
retrofitting masonry buildings, particularly when the layout is irregular. 76 

 77 
Figure 3. Italian risk maps of the annual damage factor for masonry buildings with (IMA1) and 78 
without (IMA2) tie rods and/or tie beams [5]. 79 

In the following Sections, we will compare some of the latest masonry strengthening techniques, 80 
with particular focus on the ability to restore or improve the box-type behavior. 81 

2. State of the art on retrofitting techniques for masonry structures 82 
When dealing with the structural performance of masonry structures, the two major concerns 83 

are compressive and shear overloads, both under static and dynamic loads. Nowadays, there is a 84 
large variety of available techniques and materials for interventions on historical masonry 85 
constructions. Among them, two main techniques are distinguished [4]: rehabilitation (or restoration) 86 
and retrofitting. Rehabilitation uses materials of characteristics similar to the original ones and 87 
applies the same construction techniques, in order to correct the local damage of structural elements. 88 
In general, the objective of these works is to preserve the building in good conditions and in its 89 
original state, mainly to withstand the vertical loading generated by self-weight (dead load). 90 
Conversely, structural retrofitting intends to use modern techniques and advanced materials to 91 
improve the seismic performance of the building, by increasing its ultimate lateral load capacity 92 
(strength), ductility and energy dissipation. 93 

There are many techniques, in the literature, proposed in the past to increase the masonry 94 
strength for both compression and shear overloads or to restore the masonry performance after a 95 
damage. Most of these techniques derive from experiences on the use of FRP to enhance the load-96 
bearing capacity of concrete structures. This family of reinforcement techniques allows us to increase 97 
the local strength of the single structural element greatly, but, in most cases, does not have a 98 
significant impact on the overall performance of the structure, since attaining satisfactory connections 99 
between all the structural elements of the same structure is not easy at all. Consequently, increasing 100 
the stiffness of the weakest structural element generally results in an increased vulnerability of the 101 
adjacent ones or the structural connections. This latter case compromises the box-type behavior of 102 
the building. 103 

Moreover, the solutions adopted in historical masonry structures are usually subjected to some 104 
limitations and recommendations from heritage conservation organizations and statutory bodies, 105 
like the requirement of not changing the aesthetical and architectural value, often remarkable, which 106 
marks the border between a structure, we could say, simply old and one of historical interest. In 107 
general, in the case of retrofits for the seismic protection of cultural heritage, it is essential to take into 108 
account the compatibility, durability and reversibility (removability) of the intervention. Since FRP 109 
reinforcements are not always able to guarantee a conservative solution and the weakness of masonry 110 
connections is higher than the weakness of concrete ones, we need to promote the use of new 111 
materials, capable of satisfying both safety and conservation. 112 

In the following Sections, we will discuss the effectiveness of some innovative techniques of 113 
retrofitting, with particular focus on the techniques of active reinforcement. 114 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 February 2019                   Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 20 February 2019                   doi:10.20944/preprints201902.0193.v1

Peer-reviewed version available at Materials 2019, 12, 1151; doi:10.3390/ma12071151

http://dx.doi.org/10.20944/preprints201902.0193.v1
https://doi.org/10.3390/ma12071151


 5 of 26 

 

2.1. Active and passive strengthening 115 
Every current method of structural reinforcement falls into one of the two fundamental 116 

strengthening approaches, either passive or active reinforcement. The difference between these two 117 
major families of reinforcement techniques consists of how the structural retrofitting takes place: the 118 
strengthening elements of a passive reinforcement receive loads only from the structural element, 119 
when it deforms further, whereas the strengthening elements of an active reinforcement have a pre-120 
load that counteracts the deformation of the structural element from the moment of installation. 121 

For example, in the case of compressed, passively confined structural elements, the confinement 122 
pressure depends on the incremental lateral expansion of the reinforced element, generated by the 123 
axial load applied after retrofitting, due to the Poisson effect [6]. Therefore, if the incremental axial 124 
load is nonexistent or relatively small, the confining pressure is negligible and the external confining 125 
material does not have any effect on the load-deformation behavior of the structural element. 126 
Furthermore, in order to take full advantage of the confinement material, the structural element must 127 
have already undergone at least some type of damage [7]. Finally, the stiffer the structural element, 128 
the less effective the passive confinement. 129 

With the active confinement method, on the contrary, the confinement material provides the 130 
confinement pressure to the structural element, independently of the lateral strain. This means that 131 
the confinement pressure depends only on the material used and its stress of post- or pre-loading. 132 
The main advantage of this technique is that there is no need for damage to take full advantage of 133 
the confinement material. 134 

2.2. Some recent active retrofitting techniques for masonry buildings 135 

2.2.1. Punctual retrofitting techniques 136 
The shape memory effect of SMA (Shape Memory Alloy) materials seems to be an innovative 137 

suitable solution for the active strengthening of masonry structures [8]. In fact, it is possible to use 138 
SMA materials together with FRP wrapping, which provides a passive strengthening, to activate 139 
confinement in masonry columns [9]. Nevertheless, being an improvement of FRP applications, this 140 
technique inherits from FRPs the peculiarity of being a technique for local strengthening. Thus, its 141 
effectiveness in masonry buildings seriously depends on the quality of the structural connections. 142 

The strengthening category of “horizontal and vertical ties” – one of the four categories of 143 
strengthening techniques considered in Italian seismic codes [10,11] – is particularly suitable in the 144 
cases of not effective connections between walls or between walls and floors. Actually, the use of 145 
metal ties in structures made of brick masonry dates back to load-bearing masonry walls in the 1850’s 146 
[12]. Specifically, the first use of ties in the walls of brick masonry constructions took place in England, 147 
by using wrought iron ties in brick masonry cavity walls. Since then, the addition of different types 148 
of metal bars has become a common practice in interventions on old constructions. 149 

In their early applications, metal ties were horizontal bars, used to eliminate the horizontal thrust 150 
of arches, vaults and roofs, while the use of vertical tie-bars for reinforcement purposes became a 151 
custom only later. Both horizontal and vertical metal tie-bars are suitable to provide a better 152 
connection between structural elements at the floor level, ensuring a box-type behavior of the entire 153 
structure, but they act in different ways on the structure. In fact, while the horizontal tie-bars allow 154 
us to avoid all the out-of-plane turnover mechanisms of masonry walls, the vertical tie-bars are 155 
effective in avoiding every in-plane rotation of masonry elements. In both cases, it is fundamental to 156 
protect the metal elements against corrosion by means of a suitable covering or galvanization zinc 157 
plating or, in extreme cases, using stainless steel elements. Another disadvantage of this retrofitting 158 
system is the heavy weight of the metal bars. 159 

Depending on the aesthetical and architectural characteristics to preserve, it is preferable to 160 
install the tie-bars inside, rather than outside the masonry elements. In existing structures, the 161 
housing of internal tie-bars is made by drilling the walls (Figure 4 [4]) while, in new buildings, it is 162 
made by anchoring one end of a high-tensile steel rod, applying any additional corrosion protection 163 
and building the brickwork section around it [13]. One of the main advantages of internal 164 
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arrangements is that they protect steel against corrosion. In the case of external arrangements, the tie-165 
bars run near the walls or in grooves cut on the wall surface. When the vertical tie-bars are external 166 
and unbounded, they are discretely located at the wall corners or next to buttresses (Figure 5) such 167 
that architectural impacts can be minimized [14]. 168 

 169 

Figure 4. a) The GPO Tower (Sydney, Australia); b) Strengthening of GPO Tower with internal 170 
horizontal and vertical tie-bars [4]. 171 

 172 
Figure 5. a) Christchurch Arts Centre, Chemistry building (New Zealand); b) Horizontal and vertical 173 
cables for external post-tensioning were paired with companion horizontal tendons running parallel 174 
on the inside of the wall, in order to enhance a frame-type action of building response. 175 

Both for the inside and the outside arrangement, the anchorage is guaranteed by metal or 176 
concrete end plates that also allow the pre-stressing of the bars: in the first case (inside arrangement), 177 
post-tensioning can either be bonded when tendons are fully restrained, by grouting the cavity, or 178 
left unbounded by leaving cavities unfilled. 179 

Post-tensioning of masonry by means of vertical tie-bars offers the possibility to introduce any 180 
desired level of axial load in a wall to enhance strength, performance and durability of masonry 181 
structures [14–18]. In particular, the level of seismic improvement strongly depends on the level of 182 
pre-stressing force [19,20]. In fact, the compressive force provided by the vertical tendons enhances 183 
the strength, cracking behavior and ductility of the masonry walls, as well as having a restoring or 184 
self-centering effect, by reducing residual deformations after loading [21–24]. Moreover, the pre-185 
stressing helps avoiding brittle tensile failure modes of masonry walls and offers major advantages 186 
for the connection of vertical and horizontal members in precast construction [25]. 187 
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 188 
Figure 6. a) At the Christchurch Arts Centre, Chemistry building, the external vertical cables are 189 
connected to the structure through junction boxes, enhancing the compression caused by gravity 190 
loads to ensure that the wall stays in overall compression during shaking: b) Retrofit dating back to 191 
1984, with pairs of external unbonded tendons; c) Post-earthquake retrofit, with a stainless steel cable. 192 

During the 2010/2011 Canterbury earthquake sequence, the actual effectiveness of post-193 
tensioning unreinforced masonry (URM) was demonstrated by the performances of the Chemistry 194 
(Figure 5) and College Hall buildings – two stone masonry buildings within The Arts Centre of 195 
Christchurch (New Zealand) – which received post-tensioned seismic retrofits in 1984 [26]. Although 196 
the retrofits were subject to considerable budgetary constraints and both pre-stress losses and 197 
corrosion had decreased the efficiency of the retrofit system after 26 operating years, the post-198 
tensioning succeeded in improving the in-plane and out-of-plane wall strength significantly and 199 
limiting residual wall displacements. Consequently, the original post-tensioning system was 200 
renewed and reinstated, this time using steel cables (Figure 6) in order to avoid corrosion phenomena. 201 

 202 
Figure 7. The bell tower of the church of San Giorgio in Trignano (Italy): a) External view; b) 203 
Strengthening scheme of; c) Detail of the coupling between SMA and a vertical steel tendon [4]. 204 

It is worth mentioning that even the idea of post-tensioning unreinforced masonry dates back to 205 
the XIX century and found some of its early applications in England: the oldest known post-206 
tensioning method in England is the one utilized in 1825 to dig tunnels under the River Thames. In 207 
the same period, the post-tensioning of masonry found application also in Italy, in the Roman 208 
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Coliseum, to connect the internal walls, perpendicularly located, to the external ring, in order to 209 
protect them against out-of-plane loading that could cause overturning [27,28]. 210 

The weak-point of a post-tensioning method with metal bars is that there is no control or 211 
monitoring of the pre-stressing force, which changes throughout the years by temperature, corrosion 212 
and relaxation due to deformation of masonry (creep). 213 

An attempt to keep the applied force constant is represented by the combined device of the 214 
church of San Giorgio in Trignano, Italy (Figure 7), where SMA and vertical steel tendons were used 215 
together to increase bending and shear resistance. 216 

The difficulties to generate a good connection between bars and the excessive concentration of 217 
stresses induced by the anchorage to the masonry could lead to crushing. Also for these reasons, past 218 
intervention techniques in ancient masonry towers found application more as local strengthening of 219 
certain vulnerable structural parts than for a real improvement of the global behavior of the structure 220 
against earthquakes. In [29], Darbhanzi et al. provide one of the few investigations on the 221 
effectiveness of using vertical steel strips to improve seismic behavior of unreinforced masonry walls. 222 

2.2.2. Continuous retrofitting techniques 223 
In 1999, Dolce and Marnetto patented the CAM system (Active Confinement of Masonry), a 224 

reinforcement technique that allows us to get out of the logic of the building as a juxtaposition of 225 
single structural elements and to face the retrofitting of masonry structures as a whole [30]. The key-226 
idea that allows this change of viewpoint is the use of a continuous three-dimensional system of pre-227 
tensioned ties, able to “pack” the masonry structure, thus providing an advantageous state of tri-228 
axial compression. Actually, the main target of the CAM system is to improve the strength 229 
capabilities of masonry by adding a hydrostatic state of stress to the operational loads (Figure 8a). In 230 
Section 3.2 we will discuss whether the CAM system actually allows us to achieve this goal or not. 231 

The CAM system does not use bars to create ties: it consists of steel ribbons that form horizontal 232 
and vertical loops, passing through transverse holes (Figure 8a). The flexibility of the system allows 233 
rectangular, rhombic, triangular and irregular arrangements of the mesh. Moreover, the use of two 234 
staggered meshes, with the holes arranged in quincunxes as in Figure 8b, minimizes the number of 235 
holes. The ribbons (1-4 per loop) are clamped with a special tool that is able to apply a pre-stressing 236 
force, thus providing an active confinement to the masonry wall (Figure 8a). Therefore, the CAM 237 
ribbons strengthen the masonry in the same way as the metallic straps strengthen the packages in 238 
heavy applications. Because of this analogy, we will call the tensioned ribbons of the CAM system 239 
“the straps”. 240 

 241 

Figure 8. a) Typical setting of the CAM system; b) Connections between a double layer vertical wall, 242 
the upper R/C kerb and a door [1]. 243 

The pre-stressed steel ribbons behave like tie rods opposing to both deformation and 244 
disconnection of the building elements [2]. In particular, since the straps form both horizontal and 245 
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vertical closed loops, the CAM ribbons replicate the reinforcement scheme with horizontal and 246 
vertical ties. Nevertheless, the overall behavior of the CAM system is very far from that of traditional 247 
pre-tensioned horizontal and vertical ties, as the loop-shaped CAM ribbons bring several benefits 248 
[31]: 249 
• We no longer need to anchor ties into the masonry, because the ribbons close on themselves. 250 

This eliminates the problem of the excessive concentrations of stresses induced by the 251 
anchorages. 252 

• The straps are made of stainless steel. This avoids the typical corrosion problems of tie rods [32], 253 
which need of a suitable covering or galvanization zinc plating. 254 

• The cross-section of the straps is very small. This allows us not to increase the total weight of the 255 
structure too much. 256 

• Each strap is a bi-dimensional device. This allows the ribbons to provide in-plane and 257 
transversal post-compression at the same time. 258 

• The steel ribbons continue to wrap masonry even after masonry crushing. This is of fundamental 259 
importance for safeguarding life, as people do not risk that some part of the structure hits them, 260 
due to building collapse. 261 
The active confinement provided by the straps compacts the masonry wall and, if the wall is 262 

double layered (Figure 8b), improves the transversal links between the vertical layers. It is worth 263 
noting that also masonry jacketing – made of shotcrete and light steel net reinforcement – is suitable 264 
for connecting the vertical layers of a double-layered wall. Nevertheless, jacketing is a passive 265 
strengthening and, as such, suffers all the typical drawbacks of a passive reinforcement (discussed in 266 
Section 2.1). Moreover, it is preferable to avoid the use of concrete in old masonry buildings, to 267 
eliminate deformation incompatibilities between masonry and concrete and increases in mass and/or 268 
stiffness that enhance the attraction of seismic forces [33]. 269 

By running all along the masonry walls, both horizontally and vertically (Figure 9), the CAM 270 
system links together all the structural elements, thus establishing new wall-to-wall and floor-to-wall 271 
links and improving the existing connections between different structural elements, such as 272 
orthogonal walls, masonry and top kerb (Figure 8b), masonry and wooden beams. This gives rise to 273 
a box-type behavior, if lacking, and prevents out-of-plane mechanisms. In the particular case of the 274 
scaled structure shown in Figure 9, the model was tested by applying an increasing Normalized Peak 275 
ground Acceleration (NPA) up to 1.12g NPA, showing only minor damages, while an unreinforced 276 
model with the same geometry collapsed for NPA = 0.31g [30,34]. 277 

 278 
Figure 9. An example of reinforcement with CAM system: 2:3-scale model for testing on a shaking 279 
table [30]: a) Internal view; b) External view. 280 
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The CAM system is quickly applicable and highly reversible. The application of the system to 281 
existing structures requires the execution of small transverse holes, for the straps to pass through the 282 
wall. Since the total thickness of the straps is of the order of 6-8 mm, it is possible to contain the 283 
confining device within the normal plaster. This allows us to cover both the holes and the straps with 284 
mortar and plaster, hiding the reinforcement system under the surface. 285 

In those cases where the conservative constraints do not allow us to cover the surface of the wall 286 
with mortar and plaster, we can housing the ribbons in grooves, obtained by removing a superficial 287 
thin layer of the masonry (Figure 10a). Since the removed material can be easily restored after having 288 
clamped the straps (Figure 10a), the technique is little invasive also in masonry structures of historical 289 
interest. 290 

 291 
Figure 10. a) Arrangement in slit of a steel ribbon and the protective steel plates; b) Restoring of the 292 
cover stone material. 293 

Another continuous retrofitting system with stainless steel ribbons is the Φ system [35]. This 294 
latter retrofitting system is three-dimensional as the CAM system, but the ribbons do not pass 295 
through the thickness of the wall: some threaded bars make the transverse links (Figure 11), while 296 
the horizontal and vertical steel ribbons form flat loops on the internal and external faces of the wall 297 
(Figure 12). 298 

 299 

Figure 11. Housing of a threaded bar in a drilled hole [36]. 300 

 301 
Figure 12. a) Housing of ribbons on the internal face of the wall; b) Clamping of ribbons [36]. 302 
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 303 
Figure 13. Tightening of a threaded bar [36]. 304 

Once the ribbons have been clamped (Figure 12), the threaded bars are tightened with a torque 305 
wrench (Figure 13), providing a transverse compression to the wall. 306 

Due to the small thickness of the ribbons, we can house them in grooves as for the CAM system. 307 
The overall behavior after retrofitting is elastic-perfectly plastic. 308 

Since the stress of the ribbons can differ from the stress of the threaded bars, the in-plane post-309 
compression stress can differ from the out-of-plane (transverse) post-compression stress. Actually, 310 
the post-compression stress may differ even along the two directions of the midplane: as the post-311 
tensioned vertical ties are applicable only if the masonry is capable to bear a vertical overload, it is 312 
convenient to stress the horizontal ribbons only, leaving not loaded, or slightly loaded, the vertical 313 
ribbons. Anyway, in most real applications the stresses in both the vertical and the horizontal ribbons 314 
are close to zero. This means that the Φ system modifies the stress field of the masonry wall only 315 
along the transverse direction, leaving unchanged the compression stresses along the horizontal and 316 
vertical directions. 317 

3. An in-depth study of the three-dimensional continuous systems: the actual strengthening 318 
mechanisms 319 
The purpose of this Section is to investigate the actual benefits of the two continuous three-320 

dimensional strengthening systems: the CAM system and the Φ system. The comparison will allows 321 
us to understand which retrofitting system is more performing. 322 

3.1. The Φ system 323 
By starting our analysis on the continuous three-dimensional strengthening systems from the Φ 324 

system, we might ask ourselves what value of transverse stress optimizes the performances of a 325 
masonry wall. Indeed, the answer to this question is by no means trivial. 326 

For the sake of simplicity, let us assume that the stress in the ribbons is equal to zero and the 327 
transverse stress is constant, applied continuously to the wall by the retrofitting system. In these 328 
assumptions, each infinitesimal volume of the masonry wall is stressed as shown in Figure 14a, where 329 𝜎் is the transverse stress (out-of-plane stress provided by the retrofitting system), 𝜎௏ is the vertical 330 
stress (due to self-weight) and 𝜎௅ is the lateral stress (function of 𝜎௏ by means of Poisson’s ratio). 331 

Before the retrofitting system is applied, there are no constraints along the transverse direction 332 
of the wall and the out-of-plane stress is equal to zero: 333 𝜎் = 0. (1)

Figure 14b shows the static limit condition in the plane of Mohr/Coulomb for 𝜎் = 0, with the 334 
limit surface approximated by making use of the parabolic domain of Leon: 335 𝜏௡ଶ = 𝑐𝑓௖ ቆ𝑓௧௕𝑓௖ + 𝜎௡ቇ; (2)
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 336 
Figure 14. a) Stresses acting on the infinitesimal volume of the masonry wall; b) Limit condition in 337 
the plane of Mohr/Coulomb before the application of the retrofitting system. 338 

as usually done for masonry [37] and, more generally, for brittle materials [38–43]. In Eq. 2, 𝑐 is the 339 
cohesion, 𝑓௖  the compressive strength and 𝑓௧௕  the tensile strength. Moreover, in Figure 14b we 340 
assumed that the stresses of compression are positive. 341 

Since the greatest circle of Mohr is associated with the 𝑧 𝑥⁄  plane of Figure 14a (the blue circle 342 
in Figure 14b), the crisis occurs in a plane parallel to the y axis (sliding in the thickness of the wall), 343 
when the self-weight reaches a limit value depending on the shape of the parabolic domain. 344 

As discussed in Section 2.2, usually the Φ system does not modify the lateral and vertical stresses 345 
(𝜎௅ and 𝜎௏) significantly, while it provides an additional out-of-plane stress (𝜎்). Consequently, the 346 
radius and the position of the circle of Mohr associated with the 𝑦 𝑧⁄  plane (the green circle in Figure 347 
14b) do not change after retrofitting, while the radii and the positions of the remaining two circles 348 
change in function of the final value assumed by 𝜎். By increasing 𝜎் monotonically, starting from 349 
the initial value 𝜎் = 0, we can recognize the following three fields of behavior (where we have 350 
assumed that the initial condition is a limit condition): 351 
• 0 < 𝜎் ≤ 𝜎௅ (Figure 15): the greatest circle is associated with the 𝑧 𝑥⁄  plane (blue circle). Both 352 

the red and blue circles become smaller and move away from the limit surface. This increases 353 
the minimum distance between the greatest circle and the limit surface, distance that provides a 354 
measure of the safety factor. Thus, the higher the value of 𝜎் in this interval, the higher the 355 
safety factor. In other words, the retrofitting intervention is effective in this field. More precisely, 356 
it is all the more effective the higher the out-of-plane post-compression. At the end of the 357 
interval, when 𝜎் = 𝜎௅, the red circle degenerates into a point and the blue circle superimposes 358 
to the green circle. 359 

• 𝜎௅ < 𝜎் ≤ 𝜎௏  (Figure 16): the greatest circle is associated with the 𝑦 𝑧⁄  plane (green circle). 360 
When the out-of-plane compression, 𝜎் , increases from the value 𝜎௅  to the value 𝜎௏  (in 361 
absolute value), the radius of the red circle increases while the radius of the blue circle decreases. 362 
It could seem that the safety factor does not change in this interval: since the radius of the 363 
greatest (green) circle does not modify, the safety factor does not seem to depend on the value 364 
of 𝜎். In fact, the discussion about the safety factor is a bit more complex. As a matter of fact, 365 
retrofitting the masonry wall modifies the overall behavior of the wall, that is, modifies the limit 366 
surface, all the more as higher the stress of the threaded bars is. The new limit surface is a 367 
combination of the two limit surfaces of masonry and steel. Thus, it seems reasonable that the 368 
new limit surface is wider and flatter than the limit surface in Figure 16. In conclusion, if 369 
computed as the minimum distance between the greatest circle and the combined limit surface, 370 
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the safety factor slightly increases even in this interval. At the end of the interval, when 𝜎் = 𝜎௏, 371 
the red circle superimposes to the green circle and the blue circle degenerates into a point. 372 

 373 
Figure 15. Stress analysis in the plane of Mohr/Coulomb after retrofitting, for 0 < 𝜎் ≤ 𝜎௅ (Mohr’s 374 
circles before retrofitting in dashed lines, for comparison). 375 

 376 
Figure 16. Stress analysis in the plane of Mohr/Coulomb after retrofitting, for 𝜎௅ < 𝜎் ≤ 𝜎௏ (Mohr’s 377 
circles before retrofitting in dashed lines, for comparison). 378 

 379 
Figure 17. Stress analysis in the plane of Mohr/Coulomb after retrofitting, for 𝜎் > 𝜎௏ (Mohr’s circles 380 
before retrofitting in dashed lines, for comparison). 381 
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• 𝜎் > 𝜎௏ (Figure 17): the greatest circle is associated with the 𝑥 𝑦⁄  plane (red circle). Both the red 382 
and blue circles become greater. In particular, the red circle grows closer to the limit surface of 383 
masonry. This decreases the minimum distance between the greatest circle and the masonry 384 
limit surface. The minimum distance between the greatest circle and the combined limit surface 385 
also decreases, but slower than the previous one. In conclusion, in the third interval the 386 
combined safety factor decreases. Moreover, we can identify two limit values of 𝜎்: the first 387 
limit value of 𝜎் makes the red circle tangent to the masonry limit surface (Figure 18) and the 388 
second limit value, 𝜎் = 𝜎்௨, higher than the previous one (in absolute value), makes the red 389 
circle tangent to the combined limit surface. The crisis takes place for the second limit value and 390 
occurs in a plane parallel to the z axis. Thus, the retrofitting system modifies the crisis 391 
mechanism. 392 

 393 
Figure 18. First limit condition after the application of the retrofitting system (Mohr’s circles before 394 
retrofitting in dashed lines, for comparison). 395 

In conclusion, not all the values of out-of-plane stress are advantageous for the masonry wall 396 
and it is possible that high post-compression stresses bring the safety factor to decrease. In particular, 397 
to avoid the collapse of the wall it is necessary not to exceed the upper limit value 𝜎்௨ of 𝜎். The 398 
value of 𝜎்௨ depends on the shape of the combined limit surface, which takes into account both the 399 
elastic properties of masonry and the retrofitting layout. Anyway, if compared with the crisis 400 
mechanism of unreinforced masonry (sliding plane parallel to the y axis, as for the case in Figure 401 
14b), the post-retrofitting crisis mechanism activated for 𝜎் = 𝜎்௨ is less dangerous. In fact, in the 402 
first case the sliding plane separates the wall in an upper and a lower portion, with the upper one 403 
that falls down along the sliding plane, while, in the second case, the sliding takes place in the 404 
horizontal plane and both the portions (on the right and left of the vertical sliding plane) continue to 405 
stand. Finally, the maximum benefit in terms of safety factor occurs in the first variation interval of 406 𝜎் , 0 < 𝜎் ≤ 𝜎௅ , where 𝜎௅  does not assume a constant value inside the wall. In fact, since 𝜎௅ 407 
depends on 𝜎௏  by means of Poisson’s ratio, the higher the weight of the overlying masonry the 408 
higher the value of 𝜎௅. Consequently, the Φ system achieves maximum effectiveness when applied 409 
to the walls of the lower stories, where both 𝜎௅ and 𝜎௏ are maximum. 410 

3.2. The CAM system 411 
As anticipated in Section 2.2.2, the purpose of this Section is to verify whether the aim of 412 

providing a tri-axial compression state, by dividing the wall into units and packing each of them as 413 
shown in Figure 8a, is actually achieved or not by the CAM system. In particular, in Figure 8a the 414 
additional stress given by the retrofitting system is the same along each direction, that is, it is a 415 
hydrostatic state of stress. If this assumption were correct, the retrofitting would move the three 416 
circles of Mohr along the horizontal positive semi-axis for the same amount, equal to the hydrostatic 417 
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stress 𝜎ு, without varying their radii (Figure 19). As a result, the three circles – therefore also the 418 
biggest – would move away from the limit surface, thus increasing the safety factor. 419 

In this case, the benefit of applying the CAM system would be theoretically unlimited, as it is 420 
possible to increase the safety factor indefinitely in the plane of Mohr/Coulomb (the only upper limit 421 
is represented by crushing [44]). Nevertheless, the experimental tests do not confirm the theoretical 422 
unlimited increase in load-bearing capacity. The reason for this probably lies in a basic 423 
misunderstanding concerning the model shown in Figure 8a, when extended to describe the overall 424 
behavior of retrofitted walls: the masonry units obtained by drilling the wall are not individual 425 
volumes, but interact somehow. Thus, describing the overall behavior of a retrofitted wall as the 426 
juxtaposition of free volumes in space – subjected to a hydrostatic compression like the volume of 427 
Figure 8a – is not entirely adequate. 428 

 429 
Figure 19. How previous papers assume that the CAM system acts on Mohr’s circles (Mohr’s circles 430 
before retrofitting in dashed lines, for comparison). 431 

 432 

Figure 20. a) The internal stress-field assumed for the design of the CAM system in a wall [34,45]; b) 433 
Forces acting on one node of the CAM net, provided by the straps that pass through a common drilled 434 
hole [34]. 435 

This misunderstanding is evident in the model adopted for the design of wall retrofitting with 436 
the CAM system (Figure 20a [34,45]). In fact, the typical stress transfer scheme of the free unit in the 437 
space of Figure 8a is juxtaposed to fill the wall volume in Figure 20a, as if the packed units do not 438 
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interact in any way. In other words, the idea underlying the explicative model in Figure 20a is that 439 
the masonry units of the CAM system are placed side by side as the metallic gabions filled with stones 440 
in the retaining walls (Figure 21), with the adjunctive conditions that the “CAM gabions” compress 441 
the masonry units hydrostatically and independently of the surrounding masonry units. In reality, 442 
since the drilled holes of the CAM net are common to different masonry units (Figure 20b), each 443 
vertex of a unit is constrained by the surrounding units to an extent that depends on the position in 444 
the wall of the unit and the number of surrounding units (not necessarily three). In fact, evaluating 445 
the actual degree of constraint is not easy, because clamping and tensioning do not occur 446 
simultaneously in all straps. The order in which the straps are clamped and tensioned is very 447 
important, because relaxation and creep [46] may change the stress inside the straps and, ultimately, 448 
the constraint degree of the units. 449 

 450 
Figure 21. Metallic gabions for retaining walls and slope stabilization. 451 

 452 
Figure 22. Tie rods in the portico of Chiesa di Santa Maria Annunziata, Bologna, Italy. 453 

In the simplifying assumption that the stress is the same in all straps, the evaluation of the 454 
constraint degrees for the nodes of the CAM system is an extension to two-dimensional problems of 455 
the mono-dimensional pattern with tie rods that eliminate the horizontal thrusts (outward-directed 456 
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horizontal forces) on the nodes between the frontage arches of long porticos (Figure 22). In particular, 457 
each internal node of the portico of Figure 22 receives equal and opposite thrusts from the two arches 458 
on its left and right. Therefore, the total horizontal thrust in the frontage plane for the internal nodes 459 
is equal to zero. This means that only the tie rods at the ends of the portico are actually effective, 460 
while it is possible to remove the internal tie rods (in real applications, it is common practice to also 461 
apply the internal rods to avoid local problems due to subsidence). 462 

For the same reason, the node in Figure 20b and all the internal nodes of the CAM system, being 463 
subjected to pairs of equal and opposite forces in the plane of the wall, do not receive any in-plane 464 
force from the retrofitting system. The only nodal force not balanced by an equal and opposite force 465 
is the transverse force. 466 

Therefore, the actual mechanism of stress-transfer from the CAM net to the masonry wall is that 467 
shown in Figure 23, which replaces Figure 8a. This means that the vertexes of the internal masonry 468 
units cannot move neither along the horizontal nor the vertical direction, but only in the transverse 469 
direction. 470 

 471 

Figure 23. Mechanism of stress transfer in the assumption of perfect balanced in-plane forces. 472 

In conclusion, the CAM system does not allow us to obtain the desired strengthening 473 
mechanism, consisting of an additional hydrostatic state of stress on the masonry units. Moreover, in 474 
the previous simplifying assumption that the post-tension stress is the same for all straps, the 475 
masonry units are stressed by the CAM system in same way as by the Φ system with non-tensioned 476 
ribbons and, for each given 𝜎் , the safety factor is the same for both retrofitting systems. 477 
Nevertheless, it is worth noting that this assumption is acceptable only for internal nodes of very 478 
large continuous walls and nodes of the lower stories in multi-story buildings. In fact, the constraint 479 
degree for nodes of the upper stories strongly depends on whether the building has a top kerb or not. 480 
That is, if the top kerb is absent or very deformable, the constraint to the vertical displacements is 481 
low, in particular for the nodes far from the right and left ends. Consequently, when the stress of the 482 
vertical straps increases, those nodes can move downward. This increases the total vertical stress 𝜎௏ 483 
for the upper masonry units and, to a lesser extent, depending on Poisson’s ratio, even the total in-484 
plane lateral stress 𝜎௅. The modified values of 𝜎௏ and 𝜎௅ have a repercussion on the safety factor, 485 
which is no longer equal to the safety factor of the Φ system. In particular, for: 486 
• 0 < 𝜎் ≤ 𝜎௅ (Figure 24), where 𝜎௅ is the modified lateral stress, the greatest circle is associated 487 

with the 𝑧 𝑥⁄  plane (blue circle). As 𝜎்  increases (in absolute value), even 𝜎௏  increases (in 488 
absolute value), but ∆𝜎௏, the variation of 𝜎௏, is lower than ∆𝜎், the variation of 𝜎், because the 489 
constraint degree along the vertical direction is higher than the constraint degree along the 490 
transverse direction: 491 ∆𝜎௏ < ∆𝜎். (3)
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Due to Poisson’s effect, the variation of 𝜎௏ ultimately causes an increase of 𝜎௅, which is lower 492 
than the increase of 𝜎௏ because Poisson’s ratio is lower than 1: 493 ∆𝜎௅ < ∆𝜎௏. (4)

 494 
Figure 24. Stress analysis for 0 < 𝜎் ≤ 𝜎௅  (Mohr’s circles before retrofitting in dashed lines, for 495 
comparison). 496 

 497 
Figure 25. Stress analysis for 𝜎௅ < 𝜎் ≤ 𝜎௏  (Mohr’s circles before retrofitting in dashed lines, for 498 
comparison). 499 

 500 
Figure 26. Stress analysis for 𝜎் > 𝜎௏  (Mohr’s circles before retrofitting in dashed lines, for 501 
comparison). 502 
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Both the red and blue circles become smaller, while the green circle becomes greater. The 503 
minimum distance between the largest circle and the limit surface increases, but to a lesser extent 504 
than in the case of the Φ system (for each given 𝜎் in the interval). Thus, even for the CAM 505 
system, the higher the value of 𝜎் in this interval, the higher the safety factor, but the post-506 
retrofitting safety factor is lower than that achievable with the Φ system for the same 𝜎். The 507 
CAM retrofitting is effective in this interval, all the more as higher 𝜎் is. When 𝜎் = 𝜎௅, the red 508 
circle degenerates into a point and the blue circle superimposes to the green circle. 509 

• 𝜎௅ < 𝜎் ≤ 𝜎௏ (Figure 25), where 𝜎௅ and 𝜎௏ are the modified lateral and vertical stresses, the 510 
greatest circle is associated with the 𝑦 𝑧⁄  plane (green circle). As 𝜎்  increases, 𝜎௏  and 𝜎௅ 511 
increase as for the previous interval: 512 ∆𝜎௅ < ∆𝜎௏ < ∆𝜎். (5)

The radii of both the red and green circles increase, while the radius of the blue circle decreases. 513 
Moreover, the center of the green circle moves along the positive semi-axis of 𝜎௡. Shifting the 514 
center and increasing the radius of the green circle have opposite effects on the safety factor: the 515 
first increases the safety factor, while the second decreases the safety factor. Depending on which 516 
of the two effects prevails over the other, the safety factor can either increase or decrease. 517 
Moreover, the minimum distance between the green circle and the limit surface depends on the 518 
shape of the combined limit surface, that is, on the number of straps and their stress. In the 519 
absence of this information, it is not possible to discriminate whether the safety factor of the 520 
CAM system is higher than the safety factor of the Φ system in this interval, or not. When 𝜎் =521 𝜎௏, the red circle superimposes to the green circle and the blue circle degenerates into a point. 522 

• 𝜎் > 𝜎௏ (Figure 26), where 𝜎௏ is the modified vertical stress, the greatest circle is associated 523 
with the 𝑥 𝑦⁄  plane (red circle). 𝜎், 𝜎௏ and 𝜎௅ increase according to the inequalities (5). All 524 
the circles become greater, with the red circle that grows closer to the limit surface of masonry 525 
(and to the combined limit surface). This decreases the safety factor to but, for each given 𝜎், 526 
the safety factor of the CAM system is higher than that achievable with the Φ system. The crisis 527 
takes place when the red circle becomes tangent to the combined limit surface and occurs for a 528 
value of 𝜎்  that is higher than the 𝜎்௨  of the Φ system. Even for the CAM system, the 529 
retrofitting modifies the crisis mechanism, since the new sliding plane is parallel to the z axis. 530 
In conclusion, the CAM system performs better than the Φ system for high values of 𝜎், while 531 

it works worse than the Φ system for low values of 𝜎். 532 

4. A critical analysis of the design criteria for the CAM system 533 
In Section 3.2 we have shown that the CAM system does not provide an additional hydrostatic 534 

state of stress to the masonry walls, disproving what the authors who treated the CAM system in the 535 
past believed. Since the idea of an additional hydrostatic state of stress is the basic assumption that 536 
inspired the development of the CAM system, this means that the design criteria of the system do 537 
not match the actual mechanism of stress transfer (shown in Figure 23) and require revision. In fact, 538 
the formulas of the CAM system design manual [45] derive from the simplified model of stress 539 
transfer in Figure 20a, which does not take into account the interactions between adjacent masonry 540 
units. 541 

In particular, the design manual of Marnetto and Vari [45] distinguishes between horizontal and 542 
vertical straps, treating the horizontal straps as confinement reinforcement (like in a confined 543 
column) and the vertical straps as additional reinforcement, against bending. As a result, Marnetto 544 
and Vari model the masonry wall as a series of juxtaposed confined columns, which do not interact 545 
with each other (Figure 27). 546 

The formula chosen in [45] to calculate the design compressive strength, 𝑓௠௖ௗ (Figure 28), in a 547 
masonry wall that receives the confinement pressure 𝑓ଵ  from the horizontal straps of the CAM 548 
system is: 549 
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 550 
Figure 27. How the design criteria of the CAM system divide a masonry wall into juxtaposed confined 551 
columns to calculate the number of horizontal straps. 552 

 553 
Figure 28. Design constitutive relationships of masonry: unreinforced masonry (URM) in red, 554 
confined masonry in blue [45]. 555 

𝑓௠௖ௗ = 𝑓௠ௗ ቈ1 + 𝑘ቆ𝑓ଵ,௘௙௙𝑓௠ௗ ቇఈభ቉; (6)

where: 556 
• 𝑓௠ௗ is the design compressive strength of the unreinforced masonry (URM); 557 
• 𝑘 is a dimensionless coefficient of strength increase, which depends on the mass density, 𝑔௠, 558 

through the relationship: 559 𝑘 = 𝛼ଶ ቀ  𝑔௠  1000ቁఈయ
, (7)

with 𝑔௠ expressed in 𝑘𝑔 𝑚ଷ⁄  and both coefficients 𝛼ଶ and 𝛼ଷ equal to 1 (in the absence of 560 
proven experimental results that justify different assumptions); 561 

• 𝑓ଵ,௘௙௙ is the effective confinement pressure, that is, the confinement pressure 𝑓ଵ reduced by a 562 
coefficient of efficiency, 𝑘௘௙௙ ≤ 1, defined as the ratio between the effectively confined volume 563 
of the masonry wall, 𝑉௖,௘௙௙, and the volume of the masonry wall, 𝑉௠: 564 𝑓ଵ,௘௙௙ = 𝑘௘௙௙ ∙ 𝑓ଵ, (8)

𝑘௘௙௙ = 𝑉௖,௘௙௙𝑉௠ ; (9)

• 𝛼ଵ, in the absence of proven experimental results, is equal to 0.5. 565 
The coefficient of efficiency in Eq. (6) is a function of the confinement geometry through the 566 

coefficient of horizontal efficiency, 𝑘ு, and the coefficient of vertical efficiency, 𝑘௏: 567 
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𝑘௘௙௙ = 𝑘ு ∙ 𝑘௏; (10)𝑓ଵ,௘௙௙ = 𝑘ு ∙ 𝑘௏ ∙ 𝑓ଵ. (11)

It is worth noting that Eq. (6) is the same expression used in Italian technical regulation [47] for 568 
the calculation of the design compressive strength in a masonry column confined with FRPs, in the 569 
case of combined use of discontinuous external wrapping and internal bars (Figure 29). The 570 
expressions used in [45] for 𝑓ଵ, 𝑘ு and 𝑘௏, on the contrary, take into account the quincunx geometry 571 
of the CAM net. 572 

 573 
Figure 29. The cross-sectional area that is effectively confined in a column reinforced by both external 574 
wrapping and internal bars [47]. 575 

Called 𝐴௠  the cross-sectional area of the confined masonry wall, the design vertical load 576 
assumed in [45] is equal to: 577 𝑁ோ௠௖,ௗ = 𝐴௠ ∙ 𝑓௠௖ௗ. (12)

Therefore, contrarily to what prescribed in [47] for the FRP confinement, Marnetto and Vari do 578 
not apply any reduction factor to 𝑁ோ௠௖,ௗ when the confinement is provided by the CAM system. In 579 
other words, they neglect the difference between 𝐴௠  and the effectively confined cross-sectional 580 
area (Figure 29). 581 

Moreover, in the absence of specific normative indications for masonry, Marnetto and Vari 582 
propose to calculate the ultimate strain of the confined masonry, 𝜖௠௖௨ (Figure 28), by amplifying the 583 
ultimate strain of unreinforced masonry, 𝜖௠௨ (Figure 28), as for confined concrete [47]: 584 

𝜖௠௖௨ = 0.0035 + 0.015ඨ𝑓ଵ,௘௙௙𝑓௠ௗ . (13)

Finally, the authors of [45] estimate the bending contribution of the vertical straps by using the 585 
formulas of the reinforced masonry, provided in [11]. 586 

 587 
Figure 30. M-N interaction domain for a masonry wall reinforced with the CAM system [48]. 588 
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Figure 30 shows the M-N interaction domains resulting from Eqs. (6), (12), (13) and the formulas 589 
of the reinforced masonry, for a masonry specimen 200 cm high and 40 cm wide (𝑓௠ௗ = 1. 48 MPa) 590 
[48]. In particular: 591 
• The orange plot is the limit domain for unreinforced masonry; 592 
• The blue plot is the limit domain for confined masonry (only horizontal straps); 593 
• The red plot is the limit domain for masonry reinforced by the CAM system (both horizontal 594 

and vertical straps). 595 
From the comparison between the three limit domains in Figure 30 we could conclude – as 596 

claimed in [48] – that the CAM system significantly increases the resistant moments, in particular for 597 
high axial loads (blue area). In reality, our static analysis of Section 3.2 allows us to state that Figure 598 
30 overestimates the effect of the horizontal straps. In fact, since the CAM system confines the 599 
masonry wall only in the transverse direction (Figure 23), 𝑓௠௖ௗ increases due to the action of the 600 
transverse ribbons (through the Poisson effect), but not due to the action of the longitudinal ribbons. 601 
To be precise, the compressive stress in the longitudinal direction of the masonry wall does not 602 
increase due to the longitudinal ribbons, but increases slightly due to the impeded expansion in the 603 
longitudinal direction (Poisson effect) when the compressive stress increases in the transverse 604 
direction of the wall (due to the transverse ribbons). In other words, we can evaluate the stress 605 
increase in the longitudinal direction (useful to calculate 𝑓௠௖ௗ) only if we abandon the simplified 606 
model with single masonry columns in Figure 27 and take into account the mutual constraints 607 
between adjacent masonry units. In any case, the stress increase in the longitudinal direction due to 608 
the Poisson effect is lower than the stress provided by the longitudinal straps in the model with single 609 
masonry columns. 610 

Therefore, we can expect that Eq. (6) overestimates the value of 𝑓௠௖ௗ  supplied by the CAM 611 
system, thus leading to an overestimation of 𝑁ோ௠௖,ௗ  in Eq. (12). Moreover, the absence of any 612 
reduction factor in Eq. (12) – not justified by the authors of [45] – may cause a further overestimation 613 
of 𝑁ோ௠௖,ௗ. 614 

In conclusion, the blue area in Figure 30 should be less wide. This ultimately means that the 615 
design criteria proposed in [45] underestimate the number of horizontal straps needed to increase the 616 
load-bearing capacity of a masonry wall. 617 

5. Conclusions 618 
The static analysis on Mohr’s plane performed in this paper represents the first attempt to 619 

explain how the two most effective active continuous strengthening techniques, the CAM system and 620 
the Φ system, modify the stress field in masonry walls for variable transverse stress, 𝜎். In particular, 621 
we have shown that the actual strengthening mechanism of the CAM system is much more complex 622 
than the desired one, which should provide an additional hydrostatic state of stress to masonry walls. 623 
In fact, the additional stress state given by the CAM system depends on the constraint conditions, 624 
that is, on the position in the wall of the retrofitted masonry unit. In any case, contrarily to what the 625 
researchers working on the CAM system believed up to now, it is neither a hydrostatic nor a tri-axial 626 
state of stress, except near the free ends and the openings of the masonry wall. 627 

Moreover, from the comparison between the CAM system and the Φ system, we have found 628 
that: 629 
• For masonry units of the lower stories, where the constraint degree is very high – we can assume, 630 

infinite – along the in-plane directions, the two continuous retrofitting systems perform almost 631 
the same way. In particular, both provide the maximum increase of the safety factor for low 632 
values of 𝜎். 633 

• For masonry units of the upper stories, where the constraint degree is low – but never equal to 634 
zero – along the in-plane directions, the effectiveness of the continuous systems depends on the 635 
additional transverse stress provided by retrofitting. In particular, for low values of 𝜎் the Φ 636 
system is more effective than the CAM system in increasing the safety factor, for intermediate 637 
values of 𝜎் the safety factor achieved after retrofitting depends on the single intervention and 638 
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deserves further deepening and, finally, for high values of 𝜎் the maximum advantage in terms 639 
of safety factor is given by the CAM system. 640 
For both systems of continuous retrofitting, we cannot increase 𝜎் indefinitely: there exists an 641 

upper limit value of 𝜎் that we cannot overcome without damaging the masonry. In the event of 642 
damage, however, a sliding plane originates that does not give rise to the collapse of the wall, as it is 643 
a vertical plane and the sliding takes place in the horizontal plane. The upper limit value of 𝜎் 644 
depends on the lateral stress 𝜎௅, that is, on the position in the wall of the retrofitted masonry unit. 645 
Therefore, in a multistoried building each story has its own upper limit value of 𝜎். 646 

One of the main consequences of our static analysis is that it is not possible to properly evaluate 647 
the stress field in a masonry wall retrofitted by the CAM system without taking into account the 648 
interactions between adjacent masonry units. In particular, the model with single confined masonry 649 
columns – used to date for the design of the CAM retrofitting system – leads to underestimate the 650 
number of horizontal straps needed to increase the load-bearing capacity of a masonry wall under 651 
static loads. Therefore, the model with single confined masonry columns is not a suitable sizing 652 
criterion for the CAM system. This means that it is necessary to perform a more detailed stress 653 
analysis, in order to define new and more realistic design criteria for the improvement of load-bearing 654 
capacity under static loads with the CAM system. Anyway, this does not affect the effectiveness 655 
under dynamic loads of the CAM interventions designed with the current criteria. Actually, the box-656 
type behavior provided by the CAM system undoubtedly improves the seismic performance of 657 
masonry buildings, but it is the contribution of the CAM system after an earthquake damaged the 658 
masonry building that is even more relevant. In fact, since the net of the CAM system survives the 659 
collapse of the structure, allowing the building to keep standing, we may also consider the CAM 660 
system as a device of safeguarding life, integrated into the structure. 661 

6. Further developments 662 
Both continuous retrofitting systems are effective in increasing the ultimate load of walls 663 

subjected to in-plane loading (for the CAM system, see for example [1,2]). They are instead almost at 664 
all ineffective in improving the out-of-plane strength of walls. 665 

At the LiSG laboratory of the University of Bologna, we started an experimental program in 666 
order to investigate whether it is possible to modify or couple the basic scheme of the CAM with 667 
other retrofitting systems, to increase also the out-of-plane ultimate load of the masonry walls. See 668 
[49] for more details on the basic idea behind the experimental program and [50] for a compendium 669 
of the early results. 670 
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