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Abstract

Historic buildings are complex structures where all the composing elements are working
together. Studies made on heritage structures after seismic events show that timber roof
structures strongly influence the seismic response of masonry structures, being able to reduce
or enhance the out-of-plane displacement of the structure.

Starting from these observations, three different types of roof structures, from the 18th, 19th and
20th century, were introduced in the finite element simulation software SCIA Engineer. The roof
structures were placed subsequently on the same an 18th-century masonry building with ground
floor and two upper floors, respecting its geometric features. The simulations were performed
considering successively rigid, hinged or sliding connections between the roof and the masonry
structure. At the same time, the traditionally crafted joints of the roof structures were
consecutively modelled as hinged, rigid and semi-rigid (determined using three different
methods).

Ultimately the top horizontal displacement, inter-story drift and damage level of the masonry
structure were compared. The main scope of the study was to observe if roof structures would
have an influence on the seismic behaviour of the masonry building and if the compared
parameters would suffer any changes depending on the used roof structure type, roof to wall

connection and joints axial stiffness.
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Introduction

In historic buildings, all the composing structural elements are interlinked and are influencing
each other and the global structural behaviour of the building. Despite this, heritage buildings
are assessed individually ignoring the roof structure, while roof structure assessment
methodologies are also treating them as independent systems with only a little attention paid to
the link between the building and the roof (Cruz et al. 2015; D’Ayala and Riggio 2015; Riggio et
al. 2018).

Still in recent years studies performed after seismic events showed that roof structures can
enhance the effects of the seismic loads triggering the out of plane failure of exterior walls
(Parisi et al. 2008; Parisi et al. 2012; Parisi and Chesi 2014; Giresini et al. 2016; Parisi et al.
2016). On the other hand, studies also show that the use of timber elements connected to
masonry walls can reduce the effect of the seismic loads (Touliatos 1993; Touliatos 2005;
Tonna and Chesi 2015).

Therefore, starting from three characteristic roof structures from Timisoara, placed on an 18th-
century masonry structure, the study aims to identify how roof structures in this area are

influencing the seismic behaviour of unreinforced masonry structures.

1. Case study

For the study, a historic building from the city centre of Timisoara was considered, on top of
which three roof structures from different periods were placed in order to be able to make a
comparison of the effects of roof structures from various construction periods on the seismic

behaviour of the masonry structure.

1.1. The evaluated building

The analysed structure was built in the 18th century, comprising all the specific elements of that
period. Therefore, it has an L shape, with the main wing facing the street and a secondary
annexe building facing the interior courtyard. The main building has an underground level and

three levels above ground while the annexe building has only two floors above ground.
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The structure of this building was made using brick masonry with walls having a width of 90
centimetres on the ground floor decreasing down to 45 centimetres on the second floor.

The floors of the building also change with the height of the building: for the underground and
the ground storey a cross-vaulted floor was used and the two upper levels present a timber
beam flooring (Gaivoronschi et al. 2013). In order not to take the torsional effect due to the
interaction between the two wings into consideration, the analysis was only performed on the

main wing of the building.

1.2. The used roof structures

The three roof structures were chosen to be as different as possible in order to better
understand the influence of various roof types on the seismic behaviour of the chosen masonry
building.

The first roof (Figure 1) was typically built at the end of the 18th century. The structure is
composed of 2 layers of timber elements, the outer comprising only rafters connected by a
collar beam, forming the support for the roof envelope and the inner layer, which is composed of
compound rafters and straining beam, enhancing the rigidity of the frame (Figure 1a).
Secondary frames, placed between the main ones, preserve the outer layer elements (Figure
1b). All frames, are connected in the inferior part by a tie beam and in the longitudinal direction

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

o 170x200 18020

o 1752100 % —= - lomasl -
Tt e 190x200
E - *
180200

| ok e s
a) I I b I

12.43

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

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

of the structural type. A clear difference between main (Figure 2a) and secondary frames
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(Figure 2b) is also in this case visible, the main ones being composed of rafters supported by
struts which are additionally connected to the tie beam by compound rafters. An additional collar
beam is also inserted in the upper part of the frame. The secondary frames, on the other hand,
are only composed of rafters, connected to the main ones by eaves, intermediate and ridge
purlins.

The peculiar feature of this roof structure is the use of a grid of timber elements on the top of the
exterior walls of the building, which is additionally increasing the rigidity of the top part of the
walls.
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Figure 2 Second roof structure (a) main; b) secondary frame)

The third roof structure (Figure 3) belongs to a building which changed its appearance at the
beginning of the 20th century. The roof structure presents a clear example of a queen post
purlin roof, composed of rafters, compound rafters and two posts connected in the upper part by
a collar beam and in the inferior part by a tie beam. Due to the significant height of the roof, an
additional king post was placed in the upper part (Figure 3a). The secondary frames (Figure 3b)

are only composed of rafters connected by purlins (Keller and Mosoarca 2017).
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Figure 3 Third roof structure (a) main; b) secondary frame)
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2. Finite element simulations

Four three-dimensional models of the masonry structure were made using the finite element
analysis software SCIA engineer (Nemetschek 2013) in order to be able to compare the seismic
response of the building without roof structure and subsequently with each of the three chosen
roofs, by using a seismic spectral analysis with lateral forces. The models were made
respecting the geometrical properties of the main wing of the masonry building and the cross-

section of the timber elements (Figure 4).

a)

= Points where the horizontal displacement and inter-story drift were measured
—— Section where the internal forcas were obtained

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

Due to the reduced number of experimental tests concerning the mechanical properties of
timber elements in Timisoara and due to the diverse periods in which the roof structures were
built, for the study the minimum strength class according to EN 338 (Comite Europeen de
Normalisation 2016), D18 was chosen and for the masonry, historic brickwork with lime mortar
was considered (Table 1).

Table 1 Mechanical properties of the used materials

Oak Masonry

Self-weight 5.7 KN/m? Self-weight 1800 kg/m?
Tensile-strength ftok 11.00 NNmm?  Modulus of elasticity Eoos 750 N/mm?
Compressive-strength feok 18.00 N/'mm?  Compressive-strength  feox 1583 kKN/mm?

fo.00.k 4.80 N/mm? Partial safety factor YMm 1.00
Bending-strength frk 18.00 N/'mm?  Shear-strength fuk 200 kKN/mm?
Shear-strength fuk 3.50 N/mm? Flexular-strength ki 180 kN/mm?
Modulus of elasticity Eo.05 9500 N/mm? fxk1 360 kKN/mm?
Mean modulus of elasticity  Eomean 8 000 NN/mm?  Shear-modulus Gmean 300 N/mm?
Ego,mean 630 N/mm?

5
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Shear-modulus Gmean 590 N/mm?
Self-weight 5.7 kN/m?

2.1. Loads

For the study the seismicity of the Banat region was considered, the second seismic area of
Romania (Narita et al. 2016; Apostol et al. 2019a; Mosoarca et al. 2019). Here, mainly shallow,
crustal type earthquakes are happening, with a peak ground acceleration of 0.2g (Apostol et al.
2019b).

The seismic response spectrum used for the performed simulations was determined according
to the Romanian Seismic Design Code (2013) (Figure 5). Due to the layout of the assessed

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

Spectral acceleration [m's?]

0,50 1.00 1 5':." 2.00 2,50 3.00 3.50 -1.|.:lD
Period [s]

Figure 5 Seismic response spectrum for Timisoara

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

weight, automatically determined by the software according to the density of the material, dead
loads, live loads and snow loads, determined according to the national codes. The combination
was determined using the following equation also considering the correction coefficients of the

applied loads:

2.2. Semi-rigid modelling of timber joints
In order to better understand the structural behaviour of the historic roof structures, three
different support typologies were considered for the performed numerical simulations: rigid,

sliding (Wallner et al. 2014) and hinged and sliding. Subsequently for all the support scenarios,
6
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the traditionally crafted timber joints were considered rigid, hinged and semi-rigid determined
using 3 different equations, according to Holzer (Holzer 2015; Holzer 2016), the component
method (Descamps and Lemlyn 2009; Branco and Descamps 2015) and the equations
developed by Heimeshoff and Kdhler (Heimeshoff and Kohler 1989; Meisel 2015).

In order to be able to identify the assessed scenarios, each one of them was associated with
two numbers, the first one representing the support typology and the second number the joint

type (Table 2).

Table 2 Names of the assessed scenarios

SCENARIOS 1. Rigid-support 2. Sliding-support 3. Hinged-sliding-support
1. Rigid-joints S1.1. S$1.2. S$1.3.
2. Hinged-joints S2.1. S2.2. S2.3.
SEMI-RIGID JOINTS
3. Holzer S3.1. S3.2. S3.3.
4. Component-method S4.1. S4.2. S4.3.
5. Heimeshoff&Kohler S5.1. S5.2. S5.3.

Holzer (Holzer 2016) considers that it is not possible to accurately determine the stiffness of
individual joints and the effort is not necessary. He therefore proposes stiffness values for each
type of joint which would be useful in determining the general structural behaviour of historic

timber roof structures (Table 3).

Table 3 Axial stiffness of timber joints Hélzer [KN/m]

Joint type Tensile Compression
90° 30°
Notch joint 0 45
Tenon-Mortice joint 5/peg 60 20
Lap joint 5/peg 60 20

According to the component method, the axial stiffness of timber joints can be determined
based on the mechanical properties of the used timber and the geometric properties of the joints
(contact surface and connection angle) (Branco and Descamps 2015).

It can be determined using the following equation:
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Where Ea represents the elastic modulus of the timber at an a angle with the fibre; S, the
compressed surface of the joint, determined according to the joint type and | the notch length,
where the deformation caused by compression is assumed to occur:

E
EFa = 9

E, .
cos? a + =L sin? a
Eyg

_ Arafter
sina
h
2sina

In the case of tenon and mortise joints, the vertical load is transferred through the upper contact
surface (Avert) loaded at an a angle to the grain. A gap between tenon and mortise can be
assumed according to Branco and Descamps (Branco and Descamps 2015), so only the upper
contact surface was considered. On the other hand, the horizontal load is transferred through

the head of the tenon (Anoriz)-

k _ Eoz X Ahoriz
horiz — l—
horiz
Where 1,z = H/2
k _ Eq X Avert
vert — 1
vert

Where L,z = h/2

Heimeshoff and Kéhler (Heimeshoff and Kohler 1989) conducted in 1989 an extensive
experimental campaign in order to identify the behaviour of historic timber joints. An equation
was subsequently developed, which could be used to determine the axial stiffness of a historic
timber joint, considering only its geometric properties:

, b t, — 2.
kg = (45.2 — 42.1 x sin? a) X 7% 1+

531 x 0.1)

Where k. is the axial stiffness of the joint, in kKN/mm; a is the angle between the elements of the
joint, b the width of the base element in cm and t, the depth of the notch in cm.

Subsequently, after studies performed at the Graz University of Technology (Wallner et al.
2014), the equation was adapted for tenon and mortise joints, considering the width of the

compressed surface and the compressed area of the tenon

b= binserted element — btenon



A*
t, =
binserted element

185  Where

A" = binserted etement X t + Deenonxttenon
186 After the axial stiffness was determined using the three different methods, the high differences
187 between the results were observed. (Table 4). Even though both the component method and
188 the equations developed by Heimeshoff and Kohler take the geometric properties of the timber
189  joint into consideration, the main difference and reason of the high discrepancy of the result is
190 that the component method is also taking the mechanical properties of the timber into
191 consideration.

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

Component method  Heimeshoff and Kéhler Holzer

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
9
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3. Influence on the seismic behaviour of the assessed building

Subsequently, five main parameters were assessed: the horizontal displacement and inter-
storey drifts of every floor, the deformed shape of the building and the damage level and internal
forces recorded on the masonry walls. They were assessed for the building with no roof, the
building with the three roof structures with a full cross section and the 20% decayed roofs,

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

3.1. Displacement

In the first part of the study, the horizontal displacement of every floor of the masonry building
was evaluated. (Table 5).

For the first roof structure, the displacement of the first floor is quite similar for all the assessed
scenarios varying of about 5% between the complete section roof structure and the reduced
section one (Figure 6). At the second floor, the complete cross-section scenarios present a
mean reduction of the horizontal displacement of 10%, while the scenarios with decayed timber
elements is presenting a reduction of the horizontal displacement of only 5%. The increase of
the displacement, in this case, is around 10 up to 30%, compared with the complete cross-
section roof. Subsequently, the third floor presents the clearest decrease of the top horizontal
displacement of the building, around 50% for the complete cross-section timber elements and
around 40% in the reduced cross-section case. The decay of the timber elements is, therefore,
increasing the top horizontal displacement up to 30%, compared to the full cross-section.

The horizontal displacement analysis of the masonry building with the second roof structure
showed a different type of behaviour compared to the first one. The complete cross-section of
the timber elements causes a 5% increase of the horizontal displacement at the 1st floor while
the reduction of the cross section is increasing this displacement to up to 10%. Only above the
2nd floor the influence of the roof structure can be identified in this case, the roof structure with
complete cross-section reducing the horizontal displacement at the 2nd floor with 5% and at the

3rd floor with up to 40%. The decayed roof structure (Figure 6), on the other hand, is still

10
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increasing the horizontal displacement with 20% at the 2nd floor and is only reducing it on the
3rd floor with also 40%. The differences between the 2 cases range between 10 and 20%, the
main difference between them being on the 3rd floor, where the decayed structure is reducing
the horizontal displacement with up to 5% compared with the horizontal displacement obtained
with the complete cross-section roof.

The building with the 3rd roof structure is presenting a similar behaviour to the no roof structure
case, the horizontal displacement raising continuously until the top of the structure. The
complete cross-section roof is presenting a 10% reduction of the horizontal displacement at the
1st floor, 15% reduction at the 2nd and 30% and the 3rd floor. The decayed roof, on the other
hand, is presenting no changes at the 1st floor, a slight increase of 5% at the 2nd floor and
ultimately but 25% decrease of the horizontal displacement at the 3rd floor (Figure 6). By
comparing the two states of conservation of the roof structure, it was observed that the
displacement of the building with the decayed roof is with 15% higher at the 1st floor, 30%

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

Table 5 Displacement analysis and comparison

No roof . Roof 1 . Roof 2 . Roof 3
Displacement [mm] Displacement [mm] Displacement [mm]
100% -20% 100% -20% 100% -20%
1% 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
2" 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%
3" 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%

11
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Figure 6 Displacement of the masonry building considering all three decayed roof structures

3.2. Inter-story drift

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

Compared to the building without a roof, the presence of the first roof structure is causing a
different type of behaviour, the inter-story drift decreasing 5% at the 1st floor, 10% at the 2nd
and 70% at the 3rd floor. A slight difference between the two states of conservation of the roof

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

12
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increasing with up to 40%. Still, even the decay of structure is causing a reduction of the inter-
story drift at the 3" floor with up to 60% compared to the no roof structure case.

The presence of the second roof structure is causing a similar behaviour like the first one with
inter-story drift raising continuously until the 3rd floor, being up to 5% lower at the 1st floor, 10%
at the 2nd and ultimately 70% at the 3rd floor. In this case, the decay of the timber element is
raising the inter-story drift at the 1st and 2nd floor with up to 20% but is decreasing the drift with
80% on the 3rd floor. The decayed structure proves to have improved the behaviour of the
masonry building on the 3rd floor, presenting a drift up to 30% lower compared to the ideal roof.
The third roof structure proves out to have the lowest influence on the inter-story drift of the
building, reducing it with up to 10% at the 1st floor, 15% of the 2nd and only 25% at the 3rd
floor. The decayed roof, on the other hand, is also proving to have limited influence on the 1st
and 2" floor, increasing the inter-story drift with 10% of the 1st floor and 30% at the 2" put
significantly decreasing it at the 3rd floor with 45%. This decay of this roof structure is proving to
also significantly reduce inter-story drift of the 3rd floor, with up to 40% compared to the
complete cross-section timber element roof, but the 1% and 2™ floor are more affected due to

the increased inter-story drift.

Table 6 Inter-story drift analysis and comparison

No roof Roof 1 Roof 2 Roof 3
Inter-story drift [mm] Inter-story drift [mm] 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%

3.3. Deformed shape
While analysing the deformed shape of the building, it was observed that each roof structure is
influencing the deformation of the masonry building in a different way and that the state of

conservation of the timber elements is also having a significant influence on the deformation

13
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(Table 7). The building with no roof is presenting flexural deformation, with inter-story drifts
continuously raising until the top of the masonry structure.

The presence of the first roof structure is causing a shear deformation for most of the assessed
scenarios, but there are still cases where the masonry structure is presenting flexural
deformation. The decay of the timber elements, on the other hand, is not influencing the
deformation of the building, except for the S2.2 and S3.2 scenarios (see Table 2), where the
deformation is changing to flexural.

The second roof structure has a more evident influence on the deformation of the masonry
structure causing a shear deformation for almost all scenarios, except S1.2 and S1.3, where the
structure is suffering a flexural deformation. In this case, for the decayed timber elements, the
deformation also changes for these two scenarios to shear.

The third roof structure, with full and reduced cross-section, is presenting the most similar
deformation to the no roof structure case, all the assessed scenarios presenting flexural

deformation of the building.

Table 7 Deformed shape of the masonry building

Roof 1 Roof 2 Roof 3

100% -20% 100% -20% 100% -20%
S1.1.
S2.1.
S3.1. Shear Shear Shear Shear Flexural Flexural
S4.1.
S5.1.
S1.2. Shear Shear Flexural
S2.2. Shear Flexural Shear
S3.2. Shear Flexural Shear Shear Flexural Flexural
S4.2. Flexural Flexural Shear
S5.2. Flexural Flexural Shear
S1.3. Flexural Flexural Flexural
S2.3. Shear Shear Shear
S3.3. Shear Shear Shear Shear Flexural Flexural
S4.3. Flexural Flexural Shear
S5.3. Flexural Flexural Shear

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

al. 2014), according to the Eurocode 8, Part 3 and the FaMIVE procedure and based on

14
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experimental tests performed on masonry structures, the damage level of the assessed
structure was determined without and with the 3 chosen roof structures.

First, the damage level of the building without a roof structure was assessed. Considering the
in-plane prevalent behaviour of the structure, it was observed that it would suffer significant
damage at the 3rd floor for all the limit states, while the FaMIVE limit state is also presenting
significant damage at the 2nd floor. Out-of-plane, this structure would only suffer significant
damage according to the experimental limit state on the 3rd floor while the combined prevalent
behaviour also shows the presence of significant damage on the 3rd floor.

The presence of the 1st roof structure is significantly improving the damage state of the
masonry structure. Therefore, it was observed that in-plane the building would suffer significant
damage mainly at the 3rd floor only according to the FaMIVE limit state, while the out of plane
prevalent behaviour is presenting no damage at all. The combined prevalent behaviour also
presents significant damage on the 3rd floor but only for four scenarios from the assessed 15.
When reducing the cross-section of the timber elements, it was observed that in-plane the
significant damage is also appearing on the second level of the building, according to the
FaMIVE limit state and that more scenarios are presenting significant damage according to the
combined prevalent behaviour.

The second roof structure develops a different type of distribution of the damage levels.
Therefore, the building is presenting significant in-plane damage mainly at the 2nd or combined
at the 2nd and 3rd floor according to the FaMIVE limit state. This roof structure is also causing
no damage considering the out-of-plane prevalent behaviour and significant damage on the 3rd
floor for the combined behaviour. The reduction of the cross-section of the timber element is
shifting the significant damage towards the 2nd floor of the building at the in-plane prevalent
behaviour according to the FaMIVE limit state and for the combined prevalent behaviour.

The 3rd roof structure is presenting significant damage only at the 3rd floor according to all limit
states for all three assessed prevalent behaviours (in-plane, out-of-plane and combined). The
reduction of the cross-section of the timber elements is completely changing the damage state
of the building. The structure would not suffer any in-plane damage according to EC8 but would

suffer additional significant damage at the 2nd floor according to the FaMIVE limit state. The
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333

most peculiar observation is that the reduction of the cross-section of the elements is causing

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

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

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

scenario)
Roof 1 Roof 2 Roof 3
No roof 100% -20% 100% -20% 100% -20%
In-plane
EC8 Part 3
2" floor D.l D.I. D.I. D.I D.l. D.I. D.l
3" floor S.d. - ; - - S.d. D.I.
3scen.
» 2" + 3 floor - - - - - - -
a) FaMIVE
Q nd S.d. S.d. S.d. S.d.
© 2™ floor } 1scen. 5scen. 7scen. 12scen. Dl )
3 floor } S.d S.d Sd } S.d. }
9scen. 8scen. 1scen. allscen.
2nd + 3rd floor S d _ Sd Sd Sd _ Sd
T 2scen. 5scen. 3scen. allscen.
Experimental
2" floor D.l. D.I. D.l. D.I. D.l. D.I. D.I
3" floor s.d. D.I. S.d. D.I. D.I. S.d. S.d.
3scen. allscen. 12scen.
2"+ 3% floor - - - - - - -
Out of plane
) EC8 Part 3 D.l. D.I. D.I. D.l. D.l. D.I. D.I.
g 3" floor D.I. D.l. D.I. D.I. D.l. D.I. D.I.
(@) FaMIVE D.l. D.l. D.Il. D.l. D.l. D.l. D.I.
O 3" floor D.l D.I. D.I. D.I D.l. D.I. D.l
Experimental
3 floor s.d. D.I. D.I. D.I. D.. S.d. D.I.
5scen.
Combined
2" floor D.I D.l. D.l D.I 128.d. D.l D.I
scen.
3 floor sd. S.d. S.d. S.d. DI S.d. S.d.
4scen. 8scen. 3scen. allscen. allscen.

3.5. Internal forces

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

masonry walls were evaluated.

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

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

Therefore, while for the no roof structure scenario only compressive internal forces were
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339
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341
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343

344

identified for all the floors of the building, the presence of the roof structure is introducing
tension at the top of the building.

Evaluating the scenarios with complete cross-section of the timber elements it was observed
that the first roof structure is causing tensile interior forces for all the scenarios at the top of the
2nd floor, the second at the bottom and the top of the 2nd floor while the third roof structure is
keeping compressive interior forces at all the floors.

When reducing the cross-section of the timber elements, things change for all the assessed roof
typologies (Figure 7). The first one is presenting slightly higher tensile interior forces at the top
of the 2nd floor while the 2nd type is presenting tensile forces on the second floor, both up and
down. The 3" roof is also presenting tensile interior forces, but only for the semi-rigid joints,

determined according to the equations of the component method and Heimeshoff.
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346  Figure 7 Axial forces recorded for the building with the three assessed roof structures (reduced
347  cross section)

348

349  The shear forces and the bending moment are quite similar for all the three roof structures. For
350 the complete cross-section of the timber elements it was observed that the first roof structure
351 significantly influenced by the chosen joints and support scenarios. The highest internal forces
352  were identified at the 2nd floor for rigid support scenarios and minimum internal forces at the top
353  of the 1st floor while all the other scenarios are presenting a maximum at the top of the 1st floor
354  decreasing towards the 2nd floor. The second and third roof structure present similar

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

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

A peculiar feature of the shear force is the presence of negative internal forces at the bottom of
the 1st floor, due to the presence of the cross vault in that area. This behaviour was observed

for all the roof types and all the assessed scenarios.
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Figure 8 Shear forces recorded for the building with the three assessed roof structures

(reduced cross section)

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

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

elements (Figure 9).
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Figure 9 Bending moments recorded for the building with the three assessed roof structures

(reduced cross section)

4, Conclusions

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

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

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

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

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

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

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

383 e Reducing the damage level of the masonry structure;

384 e Changing the deformed shape of the building from flexural to shear depending on the
385 support and joint rigidity;

386 Besides, the study is highlighting

387 e the importance of the chosen joint stiffness, showing that hinged, rigid and semi-rigid
388 joints can change the seismic response of the building

389 ¢ that the decay of the timber elements is also changing the seismic behavior of the
390 building:

391 0 increasing the displacement and inter-story drift for the 18th-century roof

392 structure on all the floors;

393 o decreasing them for the 19th and 20th-century structures on the 3™ floor while
394 increasing them significantly on the 2nd floor.

395 Due to the complexity and diversity of historic roof structures, further studies are still necessary
396 in order to identify how other structural typologies are influencing the seismic behaviour of

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

399

400 List of notations

401 Kax is the axial stiffness of timber joints

402 Ea is the elastic modulus of the timber

403 a is the angle between the two timber elements composing the joint
404 S is the compressed surface of the joint

405 A is the compressed surface of the joint

406 Avert is the contact surface which transfers the vertical load through the joint
407 Anoiiz  is the contact surface which transfers the horizontal load through the joint
408 b is the width of the timber element composing the joint
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ty is the depth of the notch of the joint
D.l. Damage limitation
S.d. Significant damage

scen. Scenario
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