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Abstract 11 

 12 

Historic buildings are complex structures where all the composing elements are working 13 

together. Studies made on heritage structures after seismic events show that timber roof 14 

structures strongly influence the seismic response of masonry structures, being able to reduce 15 

or enhance the out-of-plane displacement of the structure.  16 

Starting from these observations, three different types of roof structures, from the 18th, 19th and 17 

20th century, were introduced in the finite element simulation software SCIA Engineer. The roof 18 

structures were placed subsequently on the same an 18th-century masonry building with ground 19 

floor and two upper floors, respecting its geometric features. The simulations were performed 20 

considering successively rigid, hinged or sliding connections between the roof and the masonry 21 

structure. At the same time, the traditionally crafted joints of the roof structures were 22 

consecutively modelled as hinged, rigid and semi-rigid (determined using three different 23 

methods). 24 

Ultimately the top horizontal displacement, inter-story drift and damage level of the masonry 25 

structure were compared. The main scope of the study was to observe if roof structures would 26 

have an influence on the seismic behaviour of the masonry building and if the compared 27 

parameters would suffer any changes depending on the used roof structure type, roof to wall 28 

connection and joints axial stiffness. 29 

 30 
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Introduction 33 

In historic buildings, all the composing structural elements are interlinked and are influencing 34 

each other and the global structural behaviour of the building. Despite this, heritage buildings 35 

are assessed individually ignoring the roof structure, while roof structure assessment 36 

methodologies are also treating them as independent systems with only a little attention paid to 37 

the link between the building and the roof (Cruz et al. 2015; D’Ayala and Riggio 2015; Riggio et 38 

al. 2018).  39 

Still in recent years studies performed after seismic events showed that roof structures can 40 

enhance the effects of the seismic loads triggering the out of plane failure of exterior walls 41 

(Parisi et al. 2008; Parisi et al. 2012; Parisi and Chesi 2014; Giresini et al. 2016; Parisi et al. 42 

2016). On the other hand, studies also show that the use of timber elements connected to 43 

masonry walls can reduce the effect of the seismic loads (Touliatos 1993; Touliatos 2005; 44 

Tonna and Chesi 2015). 45 

Therefore, starting from three characteristic roof structures from Timisoara, placed on an 18th-46 

century masonry structure, the study aims to identify how roof structures in this area are 47 

influencing the seismic behaviour of unreinforced masonry structures.  48 

 49 

1. Case study 50 

For the study, a historic building from the city centre of Timisoara was considered, on top of 51 

which three roof structures from different periods were placed in order to be able to make a 52 

comparison of the effects of roof structures from various construction periods on the seismic 53 

behaviour of the masonry structure. 54 

 55 

1.1. The evaluated building 56 

The analysed structure was built in the 18th century, comprising all the specific elements of that 57 

period. Therefore, it has an L shape, with the main wing facing the street and a secondary 58 

annexe building facing the interior courtyard. The main building has an underground level and 59 

three levels above ground while the annexe building has only two floors above ground.  60 
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The structure of this building was made using brick masonry with walls having a width of 90 61 

centimetres on the ground floor decreasing down to 45 centimetres on the second floor.  62 

The floors of the building also change with the height of the building: for the underground and 63 

the ground storey a cross-vaulted floor was used and the two upper levels present a timber 64 

beam flooring (Gaivoronschi et al. 2013). In order not to take the torsional effect due to the 65 

interaction between the two wings into consideration, the analysis was only performed on the 66 

main wing of the building.  67 

 68 

1.2. The used roof structures 69 

The three roof structures were chosen to be as different as possible in order to better 70 

understand the influence of various roof types on the seismic behaviour of the chosen masonry 71 

building. 72 

The first roof (Figure 1) was typically built at the end of the 18th century. The structure is 73 

composed of 2 layers of timber elements, the outer comprising only rafters connected by a 74 

collar beam, forming the support for the roof envelope and the inner layer, which is composed of 75 

compound rafters and straining beam, enhancing the rigidity of the frame (Figure 1a). 76 

Secondary frames, placed between the main ones, preserve the outer layer elements (Figure 77 

1b). All frames, are connected in the inferior part by a tie beam and in the longitudinal direction 78 

by additional eaves and intermediate purlins (Andreescu et al. 2016).  79 

 80 

Figure 1 First roof structure (a) main; b) secondary frame) 81 

 82 

The second roof structure (Figure 2) was built in the 19th century, presenting an evident change 83 

of the structural type. A clear difference between main (Figure 2a) and secondary frames 84 



4 

 

 

 

(Figure 2b) is also in this case visible, the main ones being composed of rafters supported by 85 

struts which are additionally connected to the tie beam by compound rafters. An additional collar 86 

beam is also inserted in the upper part of the frame. The secondary frames, on the other hand, 87 

are only composed of rafters, connected to the main ones by eaves, intermediate and ridge 88 

purlins.  89 

The peculiar feature of this roof structure is the use of a grid of timber elements on the top of the 90 

exterior walls of the building, which is additionally increasing the rigidity of the top part of the 91 

walls.  92 

 93 

Figure 2 Second roof structure (a) main; b) secondary frame) 94 

 95 

The third roof structure (Figure 3) belongs to a building which changed its appearance at the 96 

beginning of the 20th century. The roof structure presents a clear example of a queen post 97 

purlin roof, composed of rafters, compound rafters and two posts connected in the upper part by 98 

a collar beam and in the inferior part by a tie beam. Due to the significant height of the roof, an 99 

additional king post was placed in the upper part (Figure 3a). The secondary frames (Figure 3b) 100 

are only composed of rafters connected by purlins (Keller and Mosoarca 2017). 101 

 102 

Figure 3 Third roof structure (a) main; b) secondary frame) 103 
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2. Finite element simulations 105 

Four three-dimensional models of the masonry structure were made using the finite element 106 

analysis software SCIA engineer (Nemetschek 2013) in order to be able to compare the seismic 107 

response of the building without roof structure and subsequently with each of the three chosen 108 

roofs, by using a seismic spectral analysis with lateral forces. The models were made 109 

respecting the geometrical properties of the main wing of the masonry building and the cross-110 

section of the timber elements (Figure 4). 111 

 112 

Figure 4 The models of the finite element simulations (a) first; b) second; c) third roof structure) 113 

 114 

Due to the reduced number of experimental tests concerning the mechanical properties of 115 

timber elements in Timisoara and due to the diverse periods in which the roof structures were 116 

built, for the study the minimum strength class according to EN 338 (Comite Europeen de 117 

Normalisation 2016), D18 was chosen and for the masonry, historic brickwork with lime mortar 118 

was considered (Table 1). 119 

Table 1 Mechanical properties of the used materials 120 

Oak   Masonry   
Self-weight   5.7 kN/m³ Self-weight   1800 kg/m³ 
Tensile-strength ft,0,k 11.00 N/mm² Modulus of elasticity E0.05 750 N/mm² 
Compressive-strength 
 

fc,0,k 18.00 N/mm² Compressive-strength  fc,0,k 1583 kN/mm² 
fc,90,k 4.80 N/mm² Partial safety factor γM 1.00 

Bending-strength fm,k 18.00 N/mm² Shear-strength fv,k 200 kN/mm² 
Shear-strength fv,k 3.50 N/mm² Flexular-strength fx,k1 180 kN/mm² 
Modulus of elasticity E0.05 9500 N/mm²  fx,k1 360 kN/mm² 
Mean modulus of elasticity E0,mean 8 000 N/mm² Shear-modulus Gmean 300 N/mm² 
 E90,mean 630 N/mm²    
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Shear-modulus Gmean 590 N/mm²    
Self-weight   5.7 kN/m³    

 121 

2.1. Loads 122 

For the study the seismicity of the Banat region was considered, the second seismic area of 123 

Romania (Narita et al. 2016; Apostol et al. 2019a; Mosoarca et al. 2019). Here, mainly shallow, 124 

crustal type earthquakes are happening, with a peak ground acceleration of 0.2g (Apostol et al. 125 

2019b).  126 

The seismic response spectrum used for the performed simulations was determined according 127 

to the Romanian Seismic Design Code (2013) (Figure 5). Due to the layout of the assessed 128 

building and its irregular shape, the behaviour factor was considered 1.65. 129 

 130 

 131 

Figure 5 Seismic response spectrum for Timisoara 132 

 133 

The linear static analysis was performed using a load combination which considered the self-134 

weight, automatically determined by the software according to the density of the material, dead 135 

loads, live loads and snow loads, determined according to the national codes. The combination 136 

was determined using the following equation also considering the correction coefficients of the 137 

applied loads: 138 

  139 

 140 

2.2. Semi-rigid modelling of timber joints 141 

In order to better understand the structural behaviour of the historic roof structures, three 142 

different support typologies were considered for the performed numerical simulations: rigid, 143 

sliding (Wallner et al. 2014) and hinged and sliding. Subsequently for all the support scenarios, 144 
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the traditionally crafted timber joints were considered rigid, hinged and semi-rigid determined 145 

using 3 different equations, according to Hölzer (Holzer 2015; Holzer 2016), the component 146 

method (Descamps and Lemlyn 2009; Branco and Descamps 2015) and the equations 147 

developed by Heimeshoff and Köhler (Heimeshoff and Kohler 1989; Meisel 2015).  148 

In order to be able to identify the assessed scenarios, each one of them was associated with 149 

two numbers, the first one representing the support typology and the second number the joint 150 

type (Table 2).  151 

 152 

Table 2 Names of the assessed scenarios 153 

SCENARIOS 1. Rigid-support 2. Sliding-support 3. Hinged-sliding-support 
1. Rigid-joints S1.1. S1.2. S1.3. 

2. Hinged-joints S2.1. S2.2. S2.3. 
SEMI-RIGID JOINTS    

3. Hölzer S3.1. S3.2. S3.3. 
4. Component-method S4.1. S4.2. S4.3. 
5. Heimeshoff&Kohler S5.1. S5.2. S5.3. 

 154 

Hölzer (Holzer 2016) considers that it is not possible to accurately determine the stiffness of 155 

individual joints and the effort is not necessary. He therefore proposes stiffness values for each 156 

type of joint which would be useful in determining the general structural behaviour of historic 157 

timber roof structures (Table 3).  158 

 159 

Table 3 Axial stiffness of timber joints Hölzer [kN/m] 160 

Joint type 
 

Tensile 
 

Compression 
90° 30° 

Notch joint 0 45 
Tenon-Mortice joint 5/peg 60 20 

Lap joint 5/peg 60 20 
 161 

According to the component method, the axial stiffness of timber joints can be determined 162 

based on the mechanical properties of the used timber and the geometric properties of the joints 163 

(contact surface and connection angle) (Branco and Descamps 2015).  164 

It can be determined using the following equation: 165 

݇௔௫ ൌ
ఈܧ ൈ
݈
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Where Eα represents the elastic modulus of the timber at an α angle with the fibre; S, the 166 

compressed surface of the joint, determined according to the joint type and l the notch length, 167 

where the deformation caused by compression is assumed to occur: 168 

ߙܧ ൌ
଴ܧ

cosଶ ߙ ൅
଴ܧ
ଽ଴ܧ

sinଶ ߙ
 

ܵ ൌ
௥௔௙௧௘௥ܣ
sin ߙ

 

݈ ൌ
݄

2 sinߙ
 

In the case of tenon and mortise joints, the vertical load is transferred through the upper contact 169 

surface (Avert) loaded at an α angle to the grain. A gap between tenon and mortise can be 170 

assumed according to Branco and Descamps (Branco and Descamps 2015), so only the upper 171 

contact surface was considered. On the other hand, the horizontal load is transferred through 172 

the head of the tenon (Ahoriz).  173 

݇௛௢௥௜௭ ൌ
ఈܧ ൈ ௛௢௥௜௭ܣ

݈௛௢௥௜௭
 

Where ݈௛௢௥௜௭ ൌ  174 2/ܪ

݇௩௘௥௧ ൌ
ఈܧ ൈ ௩௘௥௧ܣ

݈௩௘௥௧
 

Where ݈௩௘௥௧ ൌ ݄/2 175 

Heimeshoff and Köhler (Heimeshoff and Kohler 1989) conducted in 1989 an extensive 176 

experimental campaign in order to identify the behaviour of historic timber joints. An equation 177 

was subsequently developed, which could be used to determine the axial stiffness of a historic 178 

timber joint, considering only its geometric properties: 179 

݇௔௫ ൌ ሺ45.2 െ 42.1 ൈ ଶ݊݅ݏ ሻߙ ൈ
ܾ
12

ൈ ሺ1 ൅
௩ݐ െ 2.34
2.34

ൈ 0.1ሻ 

Where kax is the axial stiffness of the joint, in kN/mm; α is the angle between the elements of the 180 

joint, b the width of the base element in cm and tv the depth of the notch in cm.  181 

Subsequently, after studies performed at the Graz University of Technology (Wallner et al. 182 

2014), the equation was adapted for tenon and mortise joints, considering the width of the 183 

compressed surface and the compressed area of the tenon 184 

ܾ ൌ ܾ௜௡௦௘௥௧௘ௗ	௘௟௘௠௘௡௧ െ ܾ௧௘௡௢௡ 
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௩ݐ ൌ 	
∗ܣ

ܾ௜௡௦௘௥௧௘ௗ	௘௟௘௠௘௡௧
 

Where 185 

∗ܣ ൌ 	ܾ௜௡௦௘௥௧௘ௗ	௘௟௘௠௘௡௧ ൈ ݐ ൅ ܾ௧௘௡௢௡ൈݐ௧௘௡௢௡ 

After the axial stiffness was determined using the three different methods, the high differences 186 

between the results were observed. (Table 4). Even though both the component method and 187 

the equations developed by Heimeshoff and Köhler take the geometric properties of the timber 188 

joint into consideration, the main difference and reason of the high discrepancy of the result is 189 

that the component method is also taking the mechanical properties of the timber into 190 

consideration.  191 

Table 4 Axial stiffness of timber joints of the three roof structures [kN/m] 192 

 Component method Heimeshoff and Köhler Hölzer 

Roof structure 1    

rafter-tie beam 316,658 50,421 60,000 

compound rafter - tie beam 658,904 56,442 60,000 

counterbrace - compound rafter 997,826 34,111 20,000 

counterbrace - straining beam 3,098,916 37,278 20,000 

straining beam - compound rafter 317,311 26,360 60,000 

collar beam - rafter 289,113 25,113 60,000 

rafter- rafter 141,931 3,039 60,000 

Roof structure 2    

compound rafter - tie beam 575,914 50,925 20,000 

brace - compound rafter 388,812 27,036 20,000 

compound rafter - strut 123,408 3,162 60,000 

rafter - wall plate 461,168 22,925 20,000 

post - rafter 86,029 2,145 60,000 

collar beam - rafter 662,028 22,808 20,000 

rafter- purlin 130,916 9,390 60,000 

strut - tie beam 186,850 15,067 60,000 

Roof structure 3    

passing brace - tie beam 214,714 43,385 20,000 

passing brace - post 265,950 43,385 20,000 

passing brace - collar beam 209,065 2,875 60,000 

passing brace - king post 228,001 2,875 60,000 

rafter - tie beam 236,759 17,235 20,000 

rafter - collar beam 228,001 14,762 20,000 

rafter - king post 227,129 4,949 60,000 

king post - collar beam 137,876 2,918 60,000 

post - tie beam 116,281 2,675 60,000 

 193 
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 195 

3. Influence on the seismic behaviour of the assessed building 196 

Subsequently, five main parameters were assessed: the horizontal displacement and inter-197 

storey drifts of every floor, the deformed shape of the building and the damage level and internal 198 

forces recorded on the masonry walls. They were assessed for the building with no roof, the 199 

building with the three roof structures with a full cross section and the 20% decayed roofs, 200 

according to the observations of Branco et al. (Branco et al. 2010). 201 

 202 

3.1. Displacement 203 

In the first part of the study, the horizontal displacement of every floor of the masonry building 204 

was evaluated. (Table 5). 205 

For the first roof structure, the displacement of the first floor is quite similar for all the assessed 206 

scenarios varying of about 5% between the complete section roof structure and the reduced 207 

section one (Figure 6). At the second floor, the complete cross-section scenarios present a 208 

mean reduction of the horizontal displacement of 10%, while the scenarios with decayed timber 209 

elements is presenting a reduction of the horizontal displacement of only 5%. The increase of 210 

the displacement, in this case, is around 10 up to 30%, compared with the complete cross-211 

section roof. Subsequently, the third floor presents the clearest decrease of the top horizontal 212 

displacement of the building, around 50% for the complete cross-section timber elements and 213 

around 40% in the reduced cross-section case. The decay of the timber elements is, therefore, 214 

increasing the top horizontal displacement up to 30%, compared to the full cross-section. 215 

The horizontal displacement analysis of the masonry building with the second roof structure 216 

showed a different type of behaviour compared to the first one. The complete cross-section of 217 

the timber elements causes a 5% increase of the horizontal displacement at the 1st floor while 218 

the reduction of the cross section is increasing this displacement to up to 10%. Only above the 219 

2nd floor the influence of the roof structure can be identified in this case, the roof structure with 220 

complete cross-section reducing the horizontal displacement at the 2nd floor with 5% and at the 221 

3rd floor with up to 40%. The decayed roof structure (Figure 6), on the other hand, is still 222 
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increasing the horizontal displacement with 20% at the 2nd floor and is only reducing it on the 223 

3rd floor with also 40%. The differences between the 2 cases range between 10 and 20%, the 224 

main difference between them being on the 3rd floor, where the decayed structure is reducing 225 

the horizontal displacement with up to 5% compared with the horizontal displacement obtained 226 

with the complete cross-section roof.  227 

The building with the 3rd roof structure is presenting a similar behaviour to the no roof structure 228 

case, the horizontal displacement raising continuously until the top of the structure. The 229 

complete cross-section roof is presenting a 10% reduction of the horizontal displacement at the 230 

1st floor, 15% reduction at the 2nd and 30% and the 3rd floor. The decayed roof, on the other 231 

hand, is presenting no changes at the 1st floor, a slight increase of 5% at the 2nd floor and 232 

ultimately but 25% decrease of the horizontal displacement at the 3rd floor (Figure 6). By 233 

comparing the two states of conservation of the roof structure, it was observed that the 234 

displacement of the building with the decayed roof is with 15% higher at the 1st floor, 30% 235 

higher at the 2nd floor but is decreasing with between 5 and 20% at the 3rd. 236 

 237 

Table 5 Displacement analysis and comparison 238 

 No roof 
Roof 1 

Displacement [mm] 
Roof 2 

Displacement [mm] 
Roof 3 

Displacement [mm] 
  100% -20% 100% -20% 100% -20% 

1st floor 2.18 ≈2.08 ≈2.15 ≈2.29 ≈2.42 ≈1.98 ≈2.20 
Compared to 100%  >+5…20%  >+10%  >+5…15% 

Compared to no roof -5% No difference +5% +10% -10% No difference 
2nd floor 7.28  ≈6.55 ≈7.05 ≈7.77 ≈8.69 ≈6.31 ≈7.62 
Compared to 100%  >+10…30%  >+10…20%  >+20…30% 

Compared to no roof -10% -5% -5% +20% -15% +5% 
3rd floor 19.86  ≈10.22 ≈11.81 ≈11.44 ≈11.33 ≈15.43 ≈14.44 
Compared to 100%  >+5…30%  <-5%  <-5…20% 

Compared to no roof -50% -40% -40% -40% -20% -25% 
 239 
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 240 

Figure 6 Displacement of the masonry building considering all three decayed roof structures  241 

 242 

3.2. Inter-story drift 243 

Starting from the displacement, the inter-story drift of every floor was determined. 244 

Compared to the building without a roof, the presence of the first roof structure is causing a 245 

different type of behaviour, the inter-story drift decreasing 5% at the 1st floor, 10% at the 2nd 246 

and 70% at the 3rd floor. A slight difference between the two states of conservation of the roof 247 

structure was also observed mainly and the 2nd and 3rd floor where the inter-story drift is 248 



13 

 

 

 

increasing with up to 40%. Still, even the decay of structure is causing a reduction of the inter-249 

story drift at the 3rd floor with up to 60% compared to the no roof structure case. 250 

The presence of the second roof structure is causing a similar behaviour like the first one with 251 

inter-story drift raising continuously until the 3rd floor, being up to 5% lower at the 1st floor, 10% 252 

at the 2nd and ultimately 70% at the 3rd floor. In this case, the decay of the timber element is 253 

raising the inter-story drift at the 1st and 2nd floor with up to 20% but is decreasing the drift with 254 

80% on the 3rd floor. The decayed structure proves to have improved the behaviour of the 255 

masonry building on the 3rd floor, presenting a drift up to 30% lower compared to the ideal roof. 256 

The third roof structure proves out to have the lowest influence on the inter-story drift of the 257 

building, reducing it with up to 10% at the 1st floor, 15% of the 2nd and only 25% at the 3rd 258 

floor. The decayed roof, on the other hand, is also proving to have limited influence on the 1st 259 

and 2nd floor, increasing the inter-story drift with 10% of the 1st floor and 30% at the 2nd but 260 

significantly decreasing it at the 3rd floor with 45%. This decay of this roof structure is proving to 261 

also significantly reduce inter-story drift of the 3rd floor, with up to 40% compared to the 262 

complete cross-section timber element roof, but the 1st and 2nd floor are more affected due to 263 

the increased inter-story drift.  264 

 265 

Table 6 Inter-story drift analysis and comparison 266 

 No roof Roof 1 
Inter-story drift [mm] 

Roof 2 
Inter-story drift [mm] 

Roof 3 
Inter-story drift [mm] 

  100% -20% 100% -20% 100% -20% 
1st floor 2.18 ≈2.08 ≈2.15 ≈2.29  ≈2.42 ≈1.95  ≈2.20 
Compared to 100%  > +5%  >+5%  >+5…10% 
Compared to no roof -5% No difference -5% +10% -10% No difference 
2nd floor 5.10 ≈4.47  ≈4.90 ≈5.48  ≈6.27 ≈4.37  ≈5.42 
Compared to 100%  >10…+40%  >+10…+20%  >+25…30% 
Compared to no roof -10% -5% -10% +20% -15% +5% 
3rd floor 12.58 ≈3.67  ≈4.75 ≈3.67  ≈2.64 ≈9.39  ≈6.82 
Compared to 100%  >+15…+20%  <-20…-30%  <-20…40% 
Compared to no roof -70% -60% -70% -80% -25% -45% 
 267 

3.3. Deformed shape 268 

While analysing the deformed shape of the building, it was observed that each roof structure is 269 

influencing the deformation of the masonry building in a different way and that the state of 270 

conservation of the timber elements is also having a significant influence on the deformation 271 
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(Table 7). The building with no roof is presenting flexural deformation, with inter-story drifts 272 

continuously raising until the top of the masonry structure.  273 

The presence of the first roof structure is causing a shear deformation for most of the assessed 274 

scenarios, but there are still cases where the masonry structure is presenting flexural 275 

deformation. The decay of the timber elements, on the other hand, is not influencing the 276 

deformation of the building, except for the S2.2 and S3.2 scenarios (see Table 2), where the 277 

deformation is changing to flexural. 278 

The second roof structure has a more evident influence on the deformation of the masonry 279 

structure causing a shear deformation for almost all scenarios, except S1.2 and S1.3, where the 280 

structure is suffering a flexural deformation. In this case, for the decayed timber elements, the 281 

deformation also changes for these two scenarios to shear. 282 

The third roof structure, with full and reduced cross-section, is presenting the most similar 283 

deformation to the no roof structure case, all the assessed scenarios presenting flexural 284 

deformation of the building.  285 

 286 

Table 7 Deformed shape of the masonry building 287 

 Roof 1 Roof 2 Roof 3 
 100% -20% 100% -20% 100% -20% 

S1.1. 

Shear Shear Shear Shear Flexural Flexural 
S2.1. 
S3.1. 
S4.1. 
S5.1. 
S1.2. Shear Shear Flexural 

Shear Flexural Flexural 
S2.2. Shear Flexural Shear
S3.2. Shear Flexural Shear 
S4.2. Flexural Flexural Shear 
S5.2. Flexural Flexural Shear 
S1.3. Flexural Flexural Flexural 

Shear Flexural Flexural 
S2.3. Shear Shear Shear 
S3.3. Shear Shear Shear 
S4.3. Flexural Flexural Shear 
S5.3. Flexural Flexural Shear 

 288 

3.4. Damage level 289 

Considering the ranges of the inter-story drift limit states presented by Vicente et al. (Vicente et 290 

al. 2014), according to the Eurocode 8, Part 3 and the FaMIVE procedure and based on 291 
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experimental tests performed on masonry structures, the damage level of the assessed 292 

structure was determined without and with the 3 chosen roof structures.  293 

First, the damage level of the building without a roof structure was assessed. Considering the 294 

in-plane prevalent behaviour of the structure, it was observed that it would suffer significant 295 

damage at the 3rd floor for all the limit states, while the FaMIVE limit state is also presenting 296 

significant damage at the 2nd floor. Out-of-plane, this structure would only suffer significant 297 

damage according to the experimental limit state on the 3rd floor while the combined prevalent 298 

behaviour also shows the presence of significant damage on the 3rd floor. 299 

The presence of the 1st roof structure is significantly improving the damage state of the 300 

masonry structure. Therefore, it was observed that in-plane the building would suffer significant 301 

damage mainly at the 3rd floor only according to the FaMIVE limit state, while the out of plane 302 

prevalent behaviour is presenting no damage at all. The combined prevalent behaviour also 303 

presents significant damage on the 3rd floor but only for four scenarios from the assessed 15. 304 

When reducing the cross-section of the timber elements, it was observed that in-plane the 305 

significant damage is also appearing on the second level of the building, according to the 306 

FaMIVE limit state and that more scenarios are presenting significant damage according to the 307 

combined prevalent behaviour. 308 

The second roof structure develops a different type of distribution of the damage levels. 309 

Therefore, the building is presenting significant in-plane damage mainly at the 2nd or combined 310 

at the 2nd and 3rd floor according to the FaMIVE limit state. This roof structure is also causing 311 

no damage considering the out-of-plane prevalent behaviour and significant damage on the 3rd 312 

floor for the combined behaviour. The reduction of the cross-section of the timber element is 313 

shifting the significant damage towards the 2nd floor of the building at the in-plane prevalent 314 

behaviour according to the FaMIVE limit state and for the combined prevalent behaviour.  315 

The 3rd roof structure is presenting significant damage only at the 3rd floor according to all limit 316 

states for all three assessed prevalent behaviours (in-plane, out-of-plane and combined). The 317 

reduction of the cross-section of the timber elements is completely changing the damage state 318 

of the building. The structure would not suffer any in-plane damage according to EC8 but would 319 

suffer additional significant damage at the 2nd floor according to the FaMIVE limit state. The 320 
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most peculiar observation is that the reduction of the cross-section of the elements is causing 321 

the complete disappearance of the damage for the out of plane prevalent behaviour. 322 

 323 

Table 8 Damage state of the masonry building for relevant floors and numbers of scenarios 324 

where the damage state appears (D.l. – Damage limitation; S.d. – Significant damage; scen. – 325 

scenario) 326 

   Roof 1  Roof 2  Roof 3  
  No roof 100% -20% 100% -20% 100% -20% 

In-plane        

C
O

D
E

S
 

EC8 Part 3        
2nd floor D.l. D.l. D.l. D.l. D.l. D.l. D.l. 

3rd floor S.d. - - - - S.d. 
3scen. D.l. 

2nd + 3rd floor - - - - - - - 
FaMIVE        

2nd floor - S.d. 
1scen.

S.d. 
5scen.

S.d. 
7scen.

S.d. 
12scen.

D.l. - 

3rd floor - S.d. 
9scen.

S.d. 
8scen.

S.d. 
1scen.

- S.d. 
allscen. - 

2nd + 3rd floor S.d. - S.d. 
2scen.

S.d. 
5scen.

S.d. 
3scen.

- S.d. 
allscen.

 

Experimental        
2nd floor D.l. D.l. D.l. D.l. D.l. D.l. D.l. 

3rd floor S.d. D.l. S.d. 
3scen.

D.l. D.l. S.d. 
allscen. 

S.d. 
12scen.

2nd + 3rd floor - - - - - - - 

Out of plane        

C
O

D
E

S
 EC8 Part 3 D.l. D.l. D.l. D.l. D.l. D.l. D.l. 

3rd floor D.l. D.l. D.l. D.l. D.l. D.l. D.l. 
FaMIVE D.l. D.l. D.l. D.l. D.l. D.l. D.l. 
3rd floor D.l. D.l. D.l. D.l. D.l. D.l. D.l. 

 Experimental        

3rd floor S.d. D.l. D.l. D.l. D.l. S.d. 
5scen. D.l. 

Combined        
 

2nd floor D.l. D.l. D.l. D.l. 
S.d. 

12scen. 
D.l. D.l. 

 3rd floor S.d. S.d. 
4scen.

S.d. 
8scen.

S.d. 
3scen.

D.l. S.d. 
allscen. 

S.d. 
allscen.

 327 

3.5. Internal forces 328 

In in the last phase of the study the axial force, shear force and bending moment on the 329 

masonry walls were evaluated.  330 

The axial force for the scenario without roof structure is presenting an apparent decrease with 331 

the elevation of the building. The presence of the roof structure is changing this completely. 332 

Therefore, while for the no roof structure scenario only compressive internal forces were 333 
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identified for all the floors of the building, the presence of the roof structure is introducing 334 

tension at the top of the building.  335 

Evaluating the scenarios with complete cross-section of the timber elements it was observed 336 

that the first roof structure is causing tensile interior forces for all the scenarios at the top of the 337 

2nd floor, the second at the bottom and the top of the 2nd floor while the third roof structure is 338 

keeping compressive interior forces at all the floors. 339 

When reducing the cross-section of the timber elements, things change for all the assessed roof 340 

typologies (Figure 7). The first one is presenting slightly higher tensile interior forces at the top 341 

of the 2nd floor while the 2nd type is presenting tensile forces on the second floor, both up and 342 

down. The 3rd roof is also presenting tensile interior forces, but only for the semi-rigid joints, 343 

determined according to the equations of the component method and Heimeshoff.  344 
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 345 

Figure 7 Axial forces recorded for the building with the three assessed roof structures (reduced 346 

cross section) 347 

 348 

The shear forces and the bending moment are quite similar for all the three roof structures. For 349 

the complete cross-section of the timber elements it was observed that the first roof structure 350 

significantly influenced by the chosen joints and support scenarios. The highest internal forces 351 

were identified at the 2nd floor for rigid support scenarios and minimum internal forces at the top 352 

of the 1st floor while all the other scenarios are presenting a maximum at the top of the 1st floor 353 

decreasing towards the 2nd floor. The second and third roof structure present similar 354 

behaviours between the assessed scenarios. The second roof structure is presenting high 355 
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interior forces at the top of the 1st floor and minimum the 2nd floor, while the 3rd roof structure is 356 

presenting the maximum interior forces at the 2nd floor and minimum at the top of the 1st. 357 

When reducing the cross-section, no changes were observed (Figure 8). 358 

A peculiar feature of the shear force is the presence of negative internal forces at the bottom of 359 

the 1st floor, due to the presence of the cross vault in that area. This behaviour was observed 360 

for all the roof types and all the assessed scenarios. 361 

 362 

Figure 8 Shear forces recorded for the building with the three assessed roof structures 363 

(reduced cross section) 364 

 365 

The bending moment analysis showed that all the roof structures are presenting a minimum 366 

bending moment at the bottom of the 2nd floor. Like in the case of the shear force no significant 367 
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differences were observed between the complete and the reduced cross section of the timber 368 

elements (Figure 9).  369 

 370 

Figure 9 Bending moments recorded for the building with the three assessed roof structures 371 

(reduced cross section) 372 

 373 

4. Conclusions 374 

The study presents, by using numerical simulations, a first attempt to identify the influence of 375 

historic roof structures on the seismic behaviour of historic masonry buildings. 376 

Due to their complex shape and interlinked elements, but also due to their connection to the 377 

masonry walls, historic roof structures from the 18th 19th and 20th century are significantly 378 

improving the seismic behaviour of masonry structures.  379 
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They are, according to the type:  380 

 Reducing the top horizontal displacement between 20 and 40%; 381 

 Reducing the inter-story drift from 25 up to 75%; 382 

 Reducing the damage level of the masonry structure; 383 

 Changing the deformed shape of the building from flexural to shear depending on the 384 

support and joint rigidity; 385 

Besides, the study is highlighting 386 

 the importance of the chosen joint stiffness, showing that hinged, rigid and semi-rigid 387 

joints can change the seismic response of the building 388 

 that the decay of the timber elements is also changing the seismic behavior of the 389 

building: 390 

o increasing the displacement and inter-story drift for the 18th-century roof 391 

structure on all the floors; 392 

o decreasing them for the 19th and 20th-century structures on the 3rd floor while 393 

increasing them significantly on the 2nd floor. 394 

Due to the complexity and diversity of historic roof structures, further studies are still necessary 395 

in order to identify how other structural typologies are influencing the seismic behaviour of 396 

heritage buildings, acknowledge their importance and be able to introduce new data into design 397 

codes. 398 

 399 

List of notations 400 

kax  is the axial stiffness of timber joints 401 

Eα is the elastic modulus of the timber 402 

α is the angle between the two timber elements composing the joint 403 

S is the compressed surface of the joint 404 

A  is the compressed surface of the joint 405 

Avert is the contact surface which transfers the vertical load through the joint 406 

Ahoriz is the contact surface which transfers the horizontal load through the joint 407 

b is the width of the timber element composing the joint 408 
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tv  is the depth of the notch of the joint 409 

D.l. Damage limitation 410 

S.d.  Significant damage 411 

scen.  Scenario 412 

 413 
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