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Abstract

In the region of Groningen (NL), human-induced earthquakes initiated by gas extraction are
causing structural damage. In that area, the building stock is mainly composed of unrein-
forced masonry (URM) buildings with light and flexible timber floors and roofs. Thus, an ex-
perimental campaign was arranged for assessing the in-plane response of these diaphragms,
and a retrofitting method was developed, consisting of an overlay of plywood panels screwed
to the existing sheathing around their perimeter. This light, reversible stiffening measure
showed a great increase in the in-plane strength, stiffness, and energy dissipation of the
floors. Subsequently, an analytical model was developed, showing very good agreement with
experimental results, and enabling the design of retrofitting interventions with this technique.
Starting from the formulated model, a user-supplied subroutine was implemented in the finite
element software DIANA FEA, allowing to represent the in-plane response of the diaphragms,
including their energy dissipation. Finally, the impact of this retrofitting intervention on a
case study of an existing building was evaluated by means of nonlinear time-history analyses.
The results of numerical analyses show that the user-supplied subroutine accurately describes
the in-plane behaviour of the retrofitted timber floors. Besides, the proposed retrofitting tech-
nique greatly increases the global seismic performance of the building, compared with both
its as-built configuration and to stiffer and less reversible strengthening measures.

Keywords: Timber floors, Seismic Rehabilitation, Retrofitting, Seismic capacity, Masonry.




1 INTRODUCTION

In-plane response of timber diaphragms greatly influences the seismic response of existing
unreinforced masonry (URM) buildings. As-built floors are often too flexible to withstand in-
plane loads without causing the out-of-plane collapse of the walls. Hence, a proper retrofitting
of the diaphragms, as well as an improvement of their connections to the walls, have to be
performed. In this framework, several strengthening techniques have been investigated in the
recent years [1]-[14], aiming at enhancing the seismic properties of the existing diaphragms.
Among these techniques, reversible ones are usually preferred when they are applied to mon-
umental structures, because of their lower impact [15].

Retrofitting interventions on timber diaphragms appear to be urgent and delicate in the re-
gion of Groningen, in the northern part of the Netherlands, where earthquakes induced by gas
extraction are causing structural damage. The seismic events up to now have been light and
have not caused collapses, but according to probabilistic studies, more intense events might
occur. In that area, the building stock is mainly composed of URM low-rise buildings with
light and flexible timber floors and roofs. This construction typology is widely present and
very vulnerable to horizontal loads, because the buildings were not designed to withstand
earthquakes, since seismic events were absent until recently. Thus, in 2018-19 a full-scale test
campaign, recalled in Section 2, was arranged at Delft University of Technology for assessing
the in-plane response of as-built and strengthened timber diaphragms typical of the Groningen
area. The retrofitting measure consisted of an overlay of plywood panels screwed to the exist-
ing sheathing around their perimeter. This light, reversible strengthening measure showed a
great increase in the in-plane strength, stiffness, and energy dissipation of the floors [14].

In this work, the analytical and numerical modelling of the refurbished floors is presented.
An analytical model was firstly developed to enable a detailed design of the retrofitting inter-
vention with the proposed strengthening technique. The formulated model, presented in detail
in [16] and recalled in Section 3, estimates well the floors’ strength, stiffness and energy dis-
sipation, including pinching behaviour.

After these first steps, the impact of this retrofitting intervention in a case study of an exist-
ing building was evaluated by means of nonlinear time-history analyses. Three configurations
were studied: an as-built one with flexible floors; one where a stiff and not reversible retrofit-
ting intervention was applied, such as the cast of a concrete slab on the existing diaphragms;
one where the proposed strengthening method was applied. For the latter case, given the high
amount of energy dissipation of floors already at limited in-plane deflection, and their charac-
teristic pinching behaviour, it was important to model in detail their seismic response for fully
evaluating the impact of this retrofitting method. For this purpose, starting from the developed
analytical model, a user-supplied subroutine was implemented in the finite element software
DIANA FEA [17], allowing to represent the global in-plane response of the diaphragms. In
this way, it was possible to simulate the nonlinear behaviour of both masonry (already fea-
tured by the software) and timber floors. The subroutine implementation is presented in Sec-
tion 4, while results from the analyses on the case-study building are discussed in Section 5.

2 IN-PLANE EXPERIMENTAL TESTS ON TIMBER DIAPHRAGMS

To gain more insight into the in-plane behaviour of timber diaphragms with Dutch features,
an experimental campaign was arranged at Delft University of Technology [14]. The floors
were initially tested in their as-built configuration, and then retested after being strengthened
with an overlay of plywood panels screwed along their perimeter to the existing sheathing.
Prior to testing, portions of diaphragms were extracted from existing buildings in the Gro-
ningen area, so that the material properties of the tested samples could be accurately replicat-
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ed and representative for the actual floors. Five full-scale samples representing half of a floor
were tested in a vertical configuration (Fig. 1): two specimens were tested parallel to the joists
(DFpar-1, DFpar-2) and two perpendicular to them (DFper-3, DFper-4), the last represented
a roof pitch (DRpar-5). For the strengthened samples, the same nomenclature was adopted,
adding the letter s at the end of each specimen name. As can be noticed from Fig. 1, the retro-
fitted floors exhibited a great improvement in strength, stiffness, and energy dissipation. To
facilitate a detailed design of retrofitting interventions by adopting the proposed strengthening
technique, an analytical model was formulated, which is presented in the next section. For fur-
ther details on this experimental campaign, the reader can refer to [14].
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Figure 1: Main characteristics and cyclic in-plane response of the timber diaphragms; floors tested parallel (a)
and perpendicular to the joists (b), roof pitch (c) [ 14].



3 ANALYTICAL MODELLING OF THE STRENGTHENED DIAPHRAGMS

3.1 General

The starting point for the formulation of the model was the evaluation of the load-slip be-
haviour of the screws fastening planks and plywood panels (Section 3.2). Based on their re-
sponse, the global in-plane response of the diaphragm was then derived analytically (Section
3.3). The developed calculation model enables a good prediction of the diaphragms’ in-plane
behaviour [16], as shown in Section 3.4.

3.2 Evaluation of the load-slip behaviour of the fasteners

Besides the experimental campaign on full-scale floors, tests were also performed on four-
teen small-size replicates for evaluating the response of the screws connecting plywood pan-
els and planks. These specimens were composed of a plank and a plywood panel portion
fastened together by means of two screws (Fig. 2). The samples were tested in shear, under
the quasi-static reversed-cyclic loading protocol of ISO 16670 [18]: seven replicates were
tested parallel to the main direction of the plank, and the other seven orthogonal to it (Fig. 2a).
Similar load-slip curves were obtained between the two loading directions (Fig. 3).

Based on the obtained results, the load-slip response was modelled by means of a combina-
tion of a linear and a parabolic branch, representing the initial stiffness and the global behav-
iour, respectively [16]. A continuous curve was created with an extension of Foschi’s load-
slip model for nails [19]. With the proposed model, both post-yielding and softening behav-
iour of the fasteners can be described. The equation of the curve was defined as follows:

Fy=(Fo+ads+bdd)[1 - exp(— Ko dy/Fo)] > 0; with >0, 5 <0 (1)

In Eq. 1, F and d; are the force and displacement of the screw, respectively; Fo, @ and b are
the coefficients of the parabola representing the global behaviour, while Kj is the slope of the
line representing the initial stiffness. This curve fits the experimental points with R?> = 0.83
when the panel is loaded parallel to the plank, and with R?> = 0.95 if the force is applied per-
pendicular to it (Fig. 3). As a failure criterion, the ultimate displacement was considered as
the one for which the transferred load drops below 80% of the peak strength during the sof-
tening phase, in agreement with the provisions of ISO 16670 [18] and EN 12512 [20]. As a
last consideration, a scatter is present in the data points and the backbones, as it is usually ob-
served when analysing tests on timber joints. Yet, since a large number of screws is used in
the whole floor, the global behaviour will approach the average trend.

Loading orthogonal to the
plank’s main direction

/ ’—‘< ) f Y L] L]
Loading parallel \1\9-) 2 .
to the plank's «—— = L * i -~
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1 o
| :k) . 9
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Figure 2: Samples prepared for testing the screws fastening the plywood panels to the existing sheathing:
schematic description (a) and example of specimen (b) [16].
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With the aforementioned procedure, it is possible to construct the load-slip curve starting
from experimental tests, but in order to further generalize the proposed model, a fully analyti-
cal estimation of the curve was proposed as well [16]. This generalization was also necessary
because some of the full-scale strengthened floors had different characteristics from the small-
size replicates: sample DFpar-2s featured 24 mm planks, and in specimens DFpar-2s, DFper-
3s, DFper-4s screws with a 5 mm diameter were used [ 14]. Therefore, the parameters Ko, Fo,
a and b were also estimated according to formulations from standards or literature.

The initial stiffness Ko was found to be well predicted with the expression provided in [21]
for non-predrilled nails, thus Ko = 50 d'7, with d nominal diameter of the screw.

Fo can be predicted starting from the knowledge of the maximum force Fqx determined
according to EN 1995 [22] and Johansen’s theory [23] for timber-to-timber joints, and with a
screw sufficiently slender to develop two plastic hinges. Then, Fo can be estimated as Fiu/8
(Fig. 4).

To determine the parameters a and b, three points crossed by the parabola have to be iden-
tified. The last quantity to be estimated is thus the slip duax of the screw at Fiuar. To this end,
firstly the expression of EN 409 [24] can be used for determining the angle a at which the
screws’ bending moment is evaluated, and adopting for its calculation the shank or inner di-
ameter d of the screw. Secondly, the distance (b1 + b2) between the two plastic hinges ac-
cording to Johansen’s theory [23] is determined. By combining these two quantities, the slip
at Fax can be estimated as dimax = (b1 + b2) tan(a) (Fig. 4). The parabola is thus now identified
by the three points (0, Fo), (dmax, Finax), and (2dmax, Fo). Further details on the analytical deri-
vation of the proposed load-slip curve can be found in [16].
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Figure 3: Proposed load-slip curve (dashed) in comparison to experimental data points and backbones for the
direction parallel (a) and perpendicular to planks (b). The main parameters of the equation are also reported [16].
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Figure 4: Comparison between the analytically derived curve and the ones obtained from the experimental
data [16]. In the reported equations, the same notation as in EN 1995 [22] and EN 409 [24] is used.

3.3 Prediction of the global response of the retrofitted diaphragms

The floors were retrofitted by screwing plywood panels along their perimeter to the exist-
ing sheathing. This type of refurbishment is particularly advantageous, because the screws are
placed in such a way that it is possible to identify their specific contribution to the overall re-
sisting mechanism. With reference to Fig. 5, when the strengthened floor is subjected to a hor-
izontal load and the panels are vertically arranged, the force is subdivided among the columns
of panels, and the screws are opposing to it with their stiffness. Each column of panels is sub-
jected to rotation and sliding: the rocking behaviour is taken into account by considering the
vertical screws, while the (very limited) slip is evaluated through the horizontal screws (Fig.
5). In general, the diaphragms retrofitted with this method can be regarded as very similar to
timber shear walls. Therefore, once the load-slip response of the single screw is known, the
global behaviour can be predicted by considering equilibrium relations [16].

Rocking (vertical rows of
screws)

..... : . =T +

o : S
---------- <= B || O | S Sliding (average number

of horizontal screws)

N~

Figure 5: Determination of the global floors’ response from single screws through equilibrium relations [16].
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Additionally, the evaluation of energy dissipation was essential, because the strengthened
diaphragms proved to provide significant values of equivalent hysteretic damping, of approx-
imately 14-15% [25]. In order to consider this potentially beneficial effect in numerical mod-
elling, an analytical formulation for determining the evolution of pinching cycles was
proposed [16].

The pinching behaviour implies the presence of a residual force at zero displacement: this
load approximately corresponds to the force causing the very first yielding of the tested sam-
ple. In the analytical curve equation, Fo is the intercept on the y-axis (force) of the parabola
representing the global response of the specimens. To capture the very first yielding on the
analytical curve, the intercept on the y-axis assumed for the pinching cycle was 2/3Fy, a value
around which the initial slope of the curve starts to change.

Starting from this first intercept, the pinching cycle can be estimated for a certain ampli-
tude identified by a point (J., Fc(dc)) on the curve. As a first step, two lines are determined:
one joining the points (0, 2/3Fo) and (¢, Fe(dc)), and one crossing the point (J¢, Fe(dc)) with
slope Ko (Fig. 6, step 1). Then, the bisector of these two lines is found (step 2). In step 3, the
remaining part of the cycle is defined: firstly, the line joining (0, 2/3Fo) and the point on the
bisector having x-coordinate equal to d./2 is determined; secondly, a line parallel to the former
one intersects the branch having slope Ko, starting from the point (0, -2/3Fp).

In step 4, the whole multilinear cycle is determined, and could already be used for software
implementation, as it was exemplified in [16]. The negative part of the pinching cycle (points
B’, C’, D’ of Fig. 6) is antisymmetric to the positive one, as is assumed for the backbone
curve equation. For a more refined evaluation of both pinching and damping properties of the
diaphragms, this multilinear cycle is used in step 5 to construct four exponential branches,
smoothening the straight lines, again similarly to Foschi’s formulation. The equations of these
branches are reported in Section 4.3, in which the implementation of the user-supplied sub-
routine is presented. A graphical representation of them is given in step 6 of Fig. 6, showing
the pinching cycles evolution.

3.4 Comparison between analytical and experimental results

By combining the derived analytical curve and the pinching cycles estimation, the cyclic
response of the tested diaphragms was predicted: the reliability of the developed model can
now be evaluated by comparing the analytical results with experimental ones. Therefore, this
section presents a comparison of the analytical backbone (always depicted in red) and an es-
timated representative pinching cycle (always shown in dark blue), with the experimental hys-
teretic cycles (light blue). The results are shown in Figs. 7-9 for a diaphragm tested parallel to
the joists (sample DFpar-1s, Fig. 7), a floor tested perpendicular to the joists (sample DFper-
4s, Fig. 8), and the roof pitch (Sample DFper-5s, Fig. 9); both the global behaviour and the
initial response (up to 20 mm displacement) are displayed. For a more detailed comparison
and overview, the reader is referred to [16]. As can be noticed, the analytical model proves to
well predict the in-plane behaviour of all diaphragms, also when variations are present with
respect to the reference tests on plank-plywood panel joints. In general, the initial stiffness
and pinching response are accurately captured by the model, along with strength and dis-
placement at failure of the specimens.
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Figure 7: Comparison between analytical backbone (red) and a representative pinching cycle (dark blue) with the
experimental hysteretic response (light blue) for sample DFpar-1s: global (left) and initial (right) response [16].
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4 NUMERICAL MODELLING OF THE STRENGTHENED DIAPHRAGMS

4.1 General

Given the great improvement in relevant seismic properties of the retrofitted timber dia-
phragms, it was important to properly model their in-plane response. In this way, the poten-
tially beneficial effect of their energy dissipation, provided at an already limited deflection,
could be described. Yet, when considering existing URM buildings with timber floors, the
behaviour of the diaphragms is usually simplified in numerical models. Existing or not stiff
diaphragms are often modelled as (very flexible) linear elastic orthotropic slabs [26], while
after retrofitting them the hypothesis of infinitely stiff diaphragms is frequently assumed, giv-
en its compliance with the pushover method [27].

Therefore, the potential energy dissipation of the floors is neglected, and their global in-
plane response is not fully considered. However, if it is possible to properly account for both,
then an optimized design of the retrofitted diaphragms could be achieved, so that the floors
can become an additional source of energy dissipation for the buildings in which they are pre-
sent. In order to further investigate these aspects, the aforementioned analytical model was
implemented in a user-supplied subroutine to be imported in the software DIANA FEA, ver-
sion 10.4 [17]. This software already featured an advanced nonlinear model for masonry, but
lacked suitable materials and constitutive laws for modelling timber floors. In the following
sections, the adopted modelling strategy, the subroutine implementation, and its validation are
discussed.

4.2 Modelling strategy for timber floors

In order to properly capture the in-plane and out-of-plane behaviour of the diaphragms,
while simultaneously implementing the analytical model, a macro-element strategy was
adopted (Fig. 10). The floors were modelled by combining linear elastic shell elements, for
representing the out-of-plane behaviour under static vertical loads, and nonlinear macro-
elements overlapped to them for describing the in-plane behaviour.

These macro-elements consisted of six trusses: four rigid trusses connected to form a quad-
rilateral, and two nonlinear trusses placed diagonally (Fig. 10), in which the nonlinear in-
plane behaviour of the floor was implemented adopting the proposed analytical model. This
modelling strategy proved to be accurate and efficient, and was also adopted in past research
studies [28], [29]. For the linear elastic orthotropic shells, the flexural characteristics were as-
signed considering an equivalence between the actual inertial properties of the joists, and
those of the slab, so that the same vertical deflection could be achieved.

In-plane behaviour QOut-of-plane behaviour

Rigid linear trusses

Q O

Linear elastic orthotropic
flat shell elements with

+ equivalent flexural

characteristics and density

O ‘

Nonlinear trusses with implemented
analytical model

Figure 10: Adopted strategy for modelling in-plane and out-of-plane behaviour of timber diaphragms.
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4.3 Implementation of the user-supplied subroutine

In order for the user-supplied subroutine to be compatible with the DIANA FEA environ-
ment, the constitutive laws for the diagonal trusses of the macro-elements were implemented
adopting the FORTRAN 90 programming language. Two types of input variables are required
by the software: user-specified initialization parameters (not changing within the subroutine
calculations), and initial state variables (varying during subroutine calculations, e.g. for de-
termining loading and unloading points). As output, DIANA FEA requires user-supplied sub-
routines to provide the stress-strain relation, to be adopted at every calculation step.

Three relevant parameters for initialization were chosen: the strain &y at peak stress Gmax,
the peak stress onax itself, and the initial elastic modulus Ko (Fig. 11). These parameters are
known, once the retrofitting of the diaphragm is designed through the analytical model, ac-
cording to the expected seismic loads. Besides, ten initial state variables were adopted, neces-
sary for describing all loading and unloading branches, and their initial value was set to 0.
With reference to Fig. 11, these variables are the maximum strains ever reached in tension and
compression (&maer and & max, respectively), and the stress-strain coordinates identifying the
end of the loading and unloading branches in tension (points (& ,07/) and (&.u ,0%u), TESPEC-
tively) and compression (points (&, ,0c1) and (&.ul ,0cu1), respectively). Through these varia-
bles, the pinching behaviour during unloading and reloading can be defined. The constitutive
laws implemented through the user-supplied subroutine are now presented for the tensile
branch only, since the compressive one follows antisymmetric relations.

The material follows the tensile loading branch as long as ¢ > 0 and & > & max, With the
constitutive law of Eq. 2 (Fig. 12, blue branch):

o =(oy+ac+b)l—-exp(-Koeloy)] )

In Eq. 2, 0y = 0ma/8, following the analytical derivation presented in Section 3.2.

(o2
' N
Omax ==
(8c,ul ’Gc,ul)/ e
(gt,ul 7o-t,ul) gmax

Figure 11: Representation of the input parameters for the user-supplied subroutine.
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Figure 12: Loading, unloading and reloading branches implemented in the user-supplied subroutine.

After reaching & max, the tensile unloading phase is defined if € > 0, £ < &ma, and & < &,
with & initial strain at the beginning of the current step. In this case, the response is distin-
guished between the case in which the unloading starts from the envelope curve (at & max, yel-
low branch of Fig. 12), and when the unloading occurs after a reloading phase (red branch of
Fig. 12). In the first case, &= &max, and the constitutive law is formulated as (see Fig. 12 for
the meaning of the various parameters):

Gzﬁ,ul = Otmax — [Gt,max —Poul — K4(5_ 5t,max)] {1 - GXP[ZKO(«S‘— tgt,max)/(at,max _pO,ul)]} (3)

In the second case, instead, the relation is (& # & max):

o= o011 — (01— fru) {1 — exp[2Ko(& — &1)/(ai1 — frun)]} 4)

Finally, the tensile reloading phase is defined if £ > 0, & < &g max, and & > &, according to
the constitutive law of Eq. 5:
o= o+ (fii — onw) {1 — exp[-2Ko(e— gu)/(fi1 — Oru)]} 5)
with:
ﬁ,l = Otmax — [O-t,mwc —po,— K4(8_ 5t,max)] {1 - eXp[D‘KS(&'— 8t,max)/(o-t,max _pO,l)]} (6)
and:
D = 1 + ((S‘t,max/((}‘n'lax)3 (7)
With reference to Eq. 7, the parameter D is a factor accounting for the progressive degrada-

tion of the pinching cycles, becoming progressively less stiff when the floor drift increases
(Fig. 6, step 6).
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4.4 Validation of the user-supplied subroutine

As already presented in section 3.4, the analytical model proved to be accurate for predict-
ing the global in-plane response of the retrofitted timber diaphragms. Since the model was
implemented in the user-supplied subroutine, very close results were expected, useful to vali-
date both the subroutine itself, and the adopted modelling strategy for timber diaphragms.

As validation example, a retrofitted timber diaphragm with similar characteristics to sam-
ple DFpar-1s was modelled. A 4x6 m floor was considered, supported on the long sides, hav-
ing as in-plane properties an initial stiffness of 10 kN/mm, and a strength of 150 kN activated
at 60 mm displacement. The floor featured 60x130 mm joists at a heart-to-heart distance of
500 mm, while the thickness of both plywood panels and planks was 18 mm. The elastic
modulus of timber was assumed to be 10000 MPa. On the basis of these characteristics,
equivalent input properties were determined for the elements in the numerical model.

The modelled diaphragm consisted of a mesh of 1x1 m macro-elements (capturing the in-
plane response), overlapped to flat shell elements (accounting for the out-of-plane behaviour),
as shown in Fig. 13. The three initial parameters, required by the user-supplied subroutine for
determining the constitutive law of the nonlinear diagonal trusses, can be derived from geo-
metrical considerations. Starting from the whole floor deflection u, the displacement J of a
truss is given by:

0 = (u cos a)/m ®)

where a is the angle between the truss and the loading direction (Fig. 13), and m the number
of macro-elements rows parallel to the applied load in half of the floor (in this case, m = 2).
The shear force F/2 is then subdivided among the s trusses in one macro-elements row, and
transformed into an axial force NV on a single one:

N=F/(2 5 cos a) ©))

From the knowledge of the geometrical relations for NV and d, also the initial stiffness of the
diagonal trusses can be calculated. For convenience, a unitary section was adopted for the
truss elements, so that force and stress could be coincident in their values.

The properties of the shell elements were derived by considering an equivalence in flexural
properties between the joists and the slab, defining an equivalent elastic modulus E.;:

Eeq = EtimberIjoists/]slab ( 1 0)

where Jjisis s the sum of the moments of inertia of the single joists, and s is the moment of
inertia of the slab, defined by attributing to the shell elements a thickness of 36 mm (planks
and plywood panels). According to the reference system of Fig. 13, the elastic modulus Ee,
was assigned to all directions, while the shear moduli were different: a value of 0.1 MPa was
assigned to Gy, because the in-plane behaviour was already described by the macro-elements,
while Gx: = Gz, = Eey/16 (similarly to an actual timber material). The main material properties
assigned to the model are summarized in Table 1. Hinged supports were placed to the two lat-
eral edges parallel to the application of the in-plane load (Fig. 13).

The floor was firstly subjected to a linear static analysis to verify the equivalence in flexur-
al properties between the slab and the joists (Fig. 14a). Both the self-weight and a vertical
load of 1.5 kN/m? were applied. Then, two in-plane cyclic analyses were performed, one to
assess the global cyclic behaviour (Fig. 14b), and one in which local loops were imposed (Fig.
14c). These analyses were displacement-based, and the displacement was applied at the floor
midspan (Fig. 13). Finally, a time-history analysis was conducted (Fig. 14d), subjecting the
floor to a scaled seismic signal, representative for the Groningen area.



As can be noticed (Fig. 14), both out-of-plane and in-plane behaviour of the floor are
properly captured by the adopted modelling strategy and the implemented subroutine. The
deflection under vertical loads proved the correct application of the flexural properties to the
shell elements: the obtained displacement was practically coincident with the one calculated
analytically by considering the floor joists. With regard to the in-plane response, strength,
stiffness, energy dissipation and pinching behaviour are well described in all in-plane analyses,
with a response quite close to that of reference sample DFpar-1s (Fig. 7a).

Cyclic loading

o -

0 .,

. > 0
""""

o

.
.....
'''''
.....
.
RS

Shell elements
(out-of-plane response)

Figure 13: Model of the retrofitted diaphragm for the validation of the user-supplied subroutine.

Table 1: Properties adopted in the floor model.

Function Element type Property Value

Rigid trusses Elastic modulus E; (MPa) 1010
Macro-elements
representing the Emax 0.01
in-plane behaviour
of the floor Diagonal trusses Omax (MPa) 12000
Ko (MPa) 5520000
Shell elements Elastic moduli E., E,, E. (MPa) 62000

describing the out-
of-plane response

of the floor Shear moduli G, G-, (MPa) 3880

Shell elements In-plane shear modulus G, (MPa) 0.1
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Figure 14: Results from the analyses conducted for the validation of the user-supplied subroutine and the overall
modelling strategy for timber floors: out-of-plane static analysis under vertical loads (a); complete displacement-
based in-plane cyclic analysis (b); displacement-based in-plane cyclic analysis with local loops (c); in-plane
time-history analysis under an induced Groningen earthquake accelerogram (d).

S CASE STUDY: A MASONRY DETACHED HOUSE WITH TIMBER FLOORS

5.1 Introduction

The implemented user-supplied subroutine opened up the opportunity to analyse the bene-
ficial impact of a dissipative retrofitting of timber diaphragms in an existing URM building.
The effect of floors strengthened with plywood panels, and thus with a light, reversible tech-
nique, was compared to that of the as-built configuration, and of another not reversible retro-
fitting measure, widely applied also in the past, and namely the cast of a reinforced concrete
slab on the existing diaphragms. Several studies have already shown that the latter retrofitting
measure could be detrimental for masonry buildings [28]-[30], and not advisable if the con-
struction is protected or part of the architectural heritage of a certain context [15]. Yet, the



need of stiffening in their plane the existing, inadequate floors, combined with design rules
based on the hypothesis of infinitely stiff diaphragms [27], could often result in realizing a
concrete slab. This intervention undoubtedly increases the overall seismic masses, but con-
temporarily improves the static out-of-plane behaviour of the floor, and also the in-plane ca-
pacity of walls. After applying these retrofitting measures, or similar ones making the floors
almost infinitely stiff, the contribution that is missing is the potential energy dissipation that
the floors could provide. If, instead, the diaphragms are strengthened with a dissipative tech-
nique, allowing efficient shear transfer and horizontal loads redistribution, and at the same
time a controlled deflection, then their role can be quite beneficial. With the adopted retrofit-
ting solution, this advantageous effect can be obtained, and through the user-supplied subrou-
tine it can be evaluated through numerical analyses, fully accounting for the nonlinear in-
plane response of the floors.

5.2 Characteristics of the analysed building

A detached house typical of the Groningen area was selected as the case-study building
(Fig. 15). This URM low-rise house has a relatively simple structure, but some irregularities
are present, such as the position and shape of wall openings, and the thickness of the walls,
not constant along the height, with gables featuring a single-leaf wall (100 mm thick) instead
of the ground floor double-wythe walls (210 mm thick). Besides, one more single-leaf wall
was present, supporting one of the floors approximately at midspan, in correspondence to the
staircase (Fig. 15). Three configurations were studied: one represented the as-built house with
flexible diaphragms; in the other two, the floors were retrofitted with plywood panels or with
a concrete slab. The properties of masonry, reported in Table 2, were assumed to be the same
for the three configurations. The adopted values are in line with the characteristics of medi-
um-low quality masonry: these material properties fall on the conservative side with respect to
experimental tests performed on both existing and replicated Dutch masonry [31], [32], and
were also defined according to calibration studies [33]. Shell elements with the implemented
DIANA FEA Engineering Masonry Model [34] were used for modelling the masonry.

For all configurations, nonlinear incremental dynamic analyses were performed, by sub-
jecting the house to seven accelerograms of induced earthquakes retrieved from the seismic
database of the Nederlands Normalisatie-instituut (NEN) [35]. The main loading directions x
and y were studied separately, therefore a total of 42 analyses were performed. The signals
were referred to an average peak ground acceleration (PGA) of 0.17g, and are shown in Fig.
16; a Rayleigh damping of 2% was considered in the analyses. While for walls a density of
2000 kg/m? was assumed, for the diaphragms the density values included the self-weight of
structural elements, a dead load of 1.00 kN/m? (accounting for further elements such as non-
structural walls, finishes, plants, pipes), and 30% of the live load, equal to 1.75 kN/m? for
Dutch residential buildings [36].

The as-built configuration featured flexible diaphragms: the 4.0x4.6 m floor presented
75x180 mm joists at a heart-to-heart distance of 800 mm; the 4.6x6.8 m floor had 60x160
mm joists arranged at 750 mm heart-to-heart distance; the roof presented 50x105 mm rafters
at 900 mm heart-to-heart distance; all diaphragms had 18 mm thick planks. These structural
properties were translated in the numerical model by following the modelling strategy for
shell elements described in Section 4.2. In this case, because of the very small energy dissipa-
tion observed from tests on replicated as-built floors [14], the diaphragms were modelled with
linear elastic orthotropic shell elements (thus without overlapping the nonlinear macro-
elements), whose properties are reported in Table 3. The in-plane shear moduli of the dia-
phragms were derived by considering the flexural properties of the planks or the joists [14].
These values would correspond to equivalent shear stiffnesses of 108 to 216 kN/m, and are
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thus in line with other similar stiffness estimations for existing floors from literature [3], [4],
[7], [8], [11]-[14]. From an in-situ inspection, it was noticed that a timber wall plate sur-
rounded the whole roof, and the floor joists were also connected to this structure. Therefore, a
continuous hinged connection was assumed between diaphragms and walls at the floors sup-
ports. A continuous connection among masonry walls was assumed as well. In general, the
main elements of vulnerability due to the diaphragms flexibility, are related to the lack of
seismic load redistribution among the walls in the x direction, and to the very low stiffness of
the roof structure in the y direction, with possible local collapses of the north and south wall
gables. These issues were confirmed by the observed failures, as discussed in the next section.

(I

South side East side

Nbrth side N . . West .s.ide. .

7000

8400

G e 1 AT

4600

Plan view 3D model view
Figure 15: Main properties and geometry of the case-study building.
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Figure 16: Adopted signals for time-history analyses; their average response spectrum is also reported. Data
from NPR 9998 Webtool [35].
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The following modelling strategies were adopted for the building with retrofitted floors:

In the configuration with diaphragms retrofitted by casting a concrete slab on them,
the floors were also modelled with linear elastic orthotropic shell elements, having
the properties of structural reinforced concrete (Table 4). The thickness of the slab
was 50 mm, as it would commonly be realized in practice [1], [6], [27]-[30].

For the configuration featuring floors retrofitted with plywood panels, the model-
ling strategy discussed in section 4.2 was adopted: besides the linear elastic ortho-
tropic shell elements, also the nonlinear macro-elements were present. The
retrofitting interventions on the diaphragms were designed according to the global
in-plane capacity of the piers, and conservative out-of-plane drift limits for the
walls. The maximum base shear of the house (approximately 450 kN) was evaluat-
ed through a preliminary pushover analysis applied to the configuration with stiff
diaphragms, and then the loads at floor and roof level were estimated through the
lateral force method. The retrofitting intervention was designed accordingly,
providing sufficient strength to activate in-plane failure mechanisms, but at the
same time deflection capacity. With regard to this latter aspect, to prevent out-of-
plane walls failure, the maximum midspan displacement, at which the diaphragms
reached their strength, was fixed at 2% of the out-of-plane walls (or gables, for the
roof) height. This value is in line with the 2.5% global drift suggested by New Zea-
land standards [37], which includes, however, also the displacement contribution of
the in-plane walls. The potential stiffening effect of the out-of-plane walls was con-
servatively not taken into account, also because of the presence of large openings.
Besides, use of dry screed made of loose material was assumed. Table 5 reports the
properties of the retrofitted diaphragms adopted as input for the numerical model.

Table 2: Properties adopted for masonry shell elements based on [31]-[33].

Property Value

Young modulus E parallel to bed joint(MPa) 1500
Young modulus £ perpendicular to bed joint (MPa) 2000
Shear modulus G, (MPa) 800

Mass density p (kg/m?) 2000

Bed joint tensile strength f; (MPa) 0.15
Fracture energy in tension Gr1 (N/mm) 0.01
Compressive strength f. (MPa) 14
Fracture energy in compression G, (N/mm) 30
Friction angle (°) 34
Cohesion (MPa) 0.2

Fracture energy in shear (N/mm) 0.1




Table 3: Properties adopted for the shell elements (thickness = 18 mm) representing the flexible diaphragms.

Property Value
4.0x4.6 m floor 4.6%6.8 m floor Roof
Young moduli E,, E, E. (MPa) 978000 620000 405000
In-plane shear modulus G., (MPa) 12 7 6
Shear moduli G, Gz, (MPa) 61125 38750 25312
Mass density p (kg/m?) 9440 9270 6170

Table 4: Properties adopted for the shell elements (thickness = 68 mm) representing the concrete slabs.

Property Value
4.0x4.6 m floor 4.6x6.8 m floor Roof
Young moduli E\, Ey, E- (MPa) 30000 30000 30000
Shear moduli Gy, Gy, G-, (MPa) 12500 12500 12500
Mass density p (kg/m?) 4336 4290 4250

Table 5: Properties adopted for the macro-elements and shell elements (thickness = 36 mm) representing the
diaphragms retrofitted with plywood panels.

Property Value
4.0%4.6 m floor 4.6x6.8 m floor Roof
Macro-elements
Emax 0.027 0.019 0.012
Omax (MPa) 12700 21200 13700
Ko (MPa) 2490000 5980000 5980000
Shell elements
Young moduli Ex, Ey, E. (MPa) 122000 77500 50700
In-plane shear modulus Gy, (MPa) 0.1 0.1 0.1
Shear moduli G, G, (MPa) 7640 4840 3170
Mass density p (kg/m?) 4940 4860 3310

5.3 Results of the time-history analyses and discussion

The three configurations of the house were subjected to the seven signals shown in Fig. 16,
by progressively scaling them until collapse. The results in terms of PGA at collapse of the
configurations are presented in Fig. 17. The reference design response spectrum (2475 years
return period) for the location of the house (Godlinze) corresponded to an expected maximum
PGA of 0.17g: as can be noticed, the as-built configuration already collapsed at this level of
intensity under almost all signals, making a retrofitting intervention necessary to increase the
seismic performance of the house. Instead, the floors stiffened with a concrete slab greatly
improve the capacity of the building, but the best performance is obtained with the plywood
panels overlay, in both directions. The latter retrofitting intervention is easily applicable, light,
reversible, and provides a beneficial energy dissipation to the diaphragms, improving even
more the seismic capacity of the house.
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Figure 17: PGA at collapse for the three configurations in the x (left) and y direction (right).

The effect of the diaphragms on the response of the building is represented in Fig. 18: the
base shear-displacement curves are reported at collapse, and refer, as a representative example,
to signal 1 applied in the x direction (the weakest); the control node for displacement corre-
sponds to the centre of mass of the roof. The as-built configuration shows a very flexible re-
sponse: the floors undergo large displacements at an already limited signal amplitude, and the
in-plane walls are not brought into play. Besides, the crack pattern (Fig. 18a) shows a partial
out-of-plane collapse of the 100 mm thick central wall, and of the north gable, probably due
to torsional effects.

A very different situation is noticeable with the floors retrofitted with concrete slabs. In
this case, the failure of the building is fully related to the in-plane walls, and a beneficial re-
distribution of horizontal loads is achieved among the various walls; the force-displacement
graph also confirms a typical in-plane failure of masonry (Fig. 18b).

A hybrid response between the first two configurations is obtained when the floors are ret-
rofitted with plywood panels: a larger displacement capacity of the diaphragms together with
an in-plane failure of the walls is noticeable (Fig. 18c). The crack pattern is similar to that ob-
served for the concrete slab configuration, with a slightly higher amount of damage in the out-
of-plane walls, because of the lower stiffness of the floors. Yet, the beneficial dissipative ef-
fect of the diaphragms leads to a 30% higher performance of the building in terms of PGA.

The possibility of withstanding more intense earthquakes does not only depend on the low-
er seismic mass provided by the reversible retrofitting intervention, but also because of its en-
ergy dissipation capacity. In fact, first of all, the higher mass of the concrete slab has a
beneficial effect on the in-plane capacity of the wall, which is increased due to the larger ver-
tical precompression applied. Secondly, by performing a modal analysis, the fundamental pe-
riod of the house retrofitted with concrete slabs resulted as 0.1 s, while for the configuration
with diaphragms strengthened with plywood panels it was 0.14 s. In both cases, the structure
in the elastic phase is stiff, as expected when studying a low-rise masonry building; however,
the plateau of the design average response spectrum starts at a period of 0.19 s (Fig. 16).
Since the displacement capacity of the diaphragms retrofitted with plywood panels immedi-
ately brings into play their nonlinearity (including pinching cycles and energy dissipation),
this configuration has a rapid increase of its period, and becomes quickly subjected to the
maximum spectral acceleration. When concrete slabs are present, the diaphragms can be re-
garded as infinitely stiff, thus the response is approximately linear elastic until the in-plane
capacity of the weakest wall is reached. The combination of a higher precompression on the
walls (and therefore a higher in-plane strength) with a limited displacement capacity, com-
pared to the floors retrofitted with plywood panels, implies a slower evolution of the period
due to nonlinearities, and the spectral plateau is reached at a later stage. Nevertheless, the re-
versible retrofitting still shows a higher capacity, confirming its beneficial dissipative role.
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Figure 18: Base shear vs. roof displacement response and crack opening (Ecw1) pattern of the three configura-
tions: as-built (a), floors strengthened with concrete slabs (b), diaphragms retrofitted with plywood panels (c).
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The dissipation provided by the floors is furtherly highlighted by Figs. 19 and 20, both
showing the positive effect of the plywood panels retrofitting on the response of the building.
Fig. 19 compares the in-plane behaviour of the most solicited wall at the collapse PGA for the
concrete slab configuration, and the same response with the plywood panels overlay. As can
be noticed, in the latter case the wall has not yet reached its capacity, but has just started to
behave nonlinearly. Fig. 20 shows the total hysteretic energy dissipated by the structural
components of the house: the amount of energy dissipated by the floors is relevant and, espe-
cially in the early phase of an earthquake, this can helpfully reduce in-plane loads on the walls.

As last consideration, in [25] a value of equivalent hysteretic damping ratio £ = 15% was
determined for the diaphragms retrofitted with plywood panels. The difference in PGA at col-
lapse between the configuration with stiff floors and that with the dissipative diaphragms was
on average 30% (Fig. 17). This result appears to confirm the obtained 15% damping ratio: if
the floors were retrofitted with plywood panels, and for a simplified modelling (e.g. a pusho-
ver analysis) they were assumed as stiff, their dissipative contribution could be taken into ac-
count by considering an overdamped spectrum reduced by the factor # = [10/(5+&)]"2 [38]. It
is interesting to notice that # = 0.71 for & = 15%, a value suggesting that the collapse response
spectrum could indeed correspond to approximately 30% higher spectral acceleration when a
dissipative retrofitting of the floors is designed, and in addition to the further nonlinear con-
tribution of the in-plane masonry walls.
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Figure 19: Comparison between the in-plane response of the most solicited wall under the application of signal 4
in the configuration having floors strengthened with concrete slabs (left) and with plywood panels (right).
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Figure 20: Hysteretic energy vs. time response under seismic signal 1 for the building having floors retrofitted
with plywood panels: the dissipative role of the diaphragms is evident.



6 SUMMARY AND CONCLUSIONS

In this work, starting from an experimental campaign on as-built and strengthened timber
diaphragms, the analytical and numerical modelling of the retrofitted floors was presented,
including an application to a case-study existing building.

The strengthening technique, consisting of an overlay of plywood panels screwed along
their perimeter to the existing sheathing, showed a great improvement in strength, stiffness
and energy dissipation of the diaphragms. In order to enable the design of the proposed retro-
fitting method, and to account for the nonlinear and dissipative response of the floors, an ana-
lytical model was formulated, starting from the load-slip behaviour of the single screws
fastening plywood panels and planks. The analytical model shows good agreement with the
experimental results, and can be adopted to determine the relevant seismic properties of the
retrofitted diaphragms.

The formulated model opened up the opportunity to implement a user-supplied subroutine
in the software DIANA FEA: the subroutine validation demonstrated that an accurate numeri-
cal modelling of the in-plane response of the floors can be achieved. Then, the proposed retro-
fitting intervention was applied to the case-study of an existing building, and the seismic
response was compared to both that of the as-built house, and that of a configuration in which
the floors were stiffened with concrete slabs. The numerical time-history analyses showed that
the diaphragms retrofitted with plywood panels can greatly improve the seismic capacity of
the building, mainly because high energy dissipation is provided, and already at limited de-
flections. This allows to beneficially dampen the in-plane loads on the walls, obtaining the
best performance, even in comparison to the configuration retrofitted with concrete slabs.

Therefore, the choice of light, reversible and dissipative retrofitting like the proposed one
could be not only a more suitable technique for seismic strengthening of buildings belonging
to architectural heritage, but also more beneficial in improving seismic capacity compared to
stiffer, not reversible, and less sustainable techniques.
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