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Abstract. Existing heritage buildings are often composed of diverse structural typologies,
representing a challenge for structural analysis. This work investigates the use of nonlinear
static analysis to assess the seismic behaviour of hybrid timber-masonry buildings. The
proposed methodology includes the use of Lumped Plasticity Models (LPM) and Macro-
Mechanical Finite Element (FE) approaches to simulate the response of structures composed
of timber frames and masonry walls. Benchmark experiments on timber and masonry specimens
subjected to lateral loads are used to calibrate the constitutive laws governing the behaviour
of the proposed models. The calibrated models are used to appraise the seismic response of an
existing timber-masonry building located in the historical centre of Valparaiso (Chile). The
results predict the nonlinear acceleration-displacement capacity of the buildings, as well as the
expected damage of the structure, revealing the potential local and global failure mechanisms.

1 INTRODUCTION

Hybrid timber-masonry buildings represent a significant amount of the built heritage in
seismic prone territories. Past earthquakes demonstrated the good performance of these types
of structures against seismic loads, especially for the case of the timber frame typologies.
However, the study of hybrid structures is often compromised by a high number of uncertainties
due to the variety of the structural typologies, the nature of materials, the complexity of the
connections or any singularity, which may influence the response of the structure.

Numerical analyses are increasingly used to assess the seismic behaviour of existing
buildings. Available modelling strategies usually deal with timber or masonry structures
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separately for the case of homogeneous building typologies. Few research studies could address
the modelling of heterogeneous timber-masonry structures in the available literature [1,2].

This research contributes to develop a systematic methodology for the nonlinear static
analysis (NSA) of hybrid timber-masonry structural systems subjected to lateral loads. The
models were developed with the structural earthquake engineering software SAP2000 v20. The
methodology involves a preliminary study of different benchmark experiments used to calibrate
the models. An experimental campaign considering bare frame and infilled frame specimens of
the Pombalino typology [3] were selected for the numerical calibration of the FE models. A
Lumped Plasticity Model (LPM) was proposed for the NSA of timber frame structures. The
LPM assumes that nonlinear behaviour is lumped in springs at the members’ ends, i.e. where
the connections are located, while the timber elements are idealized by using linear elastic
isotropic material properties. The infill within the frame was modelled employing the
Equivalent Strut Method (ESM). This simplified approach idealizes the infill with a diagonal
strut with in-plane strength and stiffness equivalent to that of the uncracked solid masonry
panel. Two experimental tests on unreinforced masonry (URM) walls loaded in-plane [5] and
out-of-plane [6] were selected to calibrate the macro-mechanical FE models. Such an approach
idealized the masonry as a homogeneous material, making no distinction between their
components, [7,8]. The nonlinear constitutive law of the masonry material is based on the model
proposed by [16], defining the stress-strain behaviour and failure criteria.

The seismic behaviour of a hybrid timber-masonry building existing in the historical centre
of Valparaiso (Chile) was simulated using the calibrated models, combining LPMs and macro-
mechanical FE models representing the timber and masonry load-bearing systems respectively.
The NSA applied in the two main directions of the building allowed to predict the capacity of
the structure, as well as the main collapse mechanisms.

2 CALIBRATION OF THE MODEL

3.2 Numerical simulation of experiments on timber frames

The calibration of the timber frame model was developed by simulating two benchmark
experimental tests on a bare frame, and an infilled frame of a Portuguese Pombalino wall tested
under lateral loads [3]. Both specimens were composed of a main frame of posts and beams
braced with St Andrew's crosses, as shown in Figure 2b. Half-lap carpentry joints connected
the post and beams of the frame, as well as the diagonals between them, while nails connected
the diagonal at the inner sides of main frame elements. The proposed LPM concentrated the
nonlinear behaviour of the connections at the ends of the frame members by using either
nonlinear hinges or nonlinear springs.

Figure la displays the experimentally obtained moment-rotation law of the half-lap
connection, as derived from the experimental tests reported in [3]. Nonlinear rotational hinges
were assigned at each half-lap connection within the main frame. Due to the lack of
experimental data for the diagonal connection, sensitivity analyses were developed to define its
axial nonlinear stiffness. Linear elastic models were used to determine the stiffness of the
connection by decreasing this value up to reach a good agreement with the global stiffness of
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the model. The axial linear stiffness of the connection was estimated as 9050 kN/m.
Subsequently, nonlinearities were integrated into the model by defining the maximum capacity
of the connection, estimated as 26 kN by performing sensitivity analyses according to the
procedure reported in [4]. The deformational relationship governing the response of the
connection was defined with an initial linear behaviour up to the maximum capacity, followed
by a softening branch, as shown in Figure 1b. The yield displacement of the model dy was
determined following the Equation (1):

d,=F,/k )

Where F), is the maximum capacity and k& is the obtained linear stiffness. The ultimate
displacement was assumed as the same reached by the half-lap connection in the test (0.05 m),
when the central connection failed and the remaining connections no longer worked [3].
Nonlinear axial springs were assigned at each node where the diagonals meet the panel.
Moment releases were assigned at the ends of the diagonals to avoid transmission of bending
moment to these elements. Linear elastic frame elements were used to represent the timber
members using the isotropic linear elastic material properties of the timber specimen specified
in [3]. A vertical pre-compression of 25 kN at each post of the frame and a horizontal
displacement of 0.1 m at the top beam were applied to simulate the loading conditions of the
experiment. The global stiffness of the panel, calculated as 2.60 x 10° kN/m, and the maximum
capacity, equal to 55 kN, were properly captured by the model, as shown in Figure 2a. The local
and global collapse mechanisms predicted by the model were also in accordance with those
occurred in the experiment. The structure entered in the plastic range once the nonlinear axial
springs at the end of the diagonals reached their maximum capacity. After that, the connection
at the centre of the panel experimented a high shear stress exerted by the diagonals in
compression, leading to the ultimate capacity of the rotational hinges at this location, and the
total collapse of the frame.
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Figure 1: Nonlinear relationships for the connections in the LPM of the Pombalino frame: (a) Half-lap and (b)
diagonals.
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Figure 2: Results of bare frame with the lumped plasticity model: (a) numerical vs experimental capacity curves
and (b) collapse mechanisms.

The influence of the infill in the response of the timber frame specimen was simulated
applying the ESM proposed by [9, 10]. The ESM assumes that the contribution of the masonry
infill panel can be represented by an equivalent compression strut of width @ given by Equation

Q).
w= /;—Z +k, /d 2

Where o is the width of the frame, in m, d is the diagonal length of the infill panel, in m, and
Anis a relative stiffness coefficient computed by Expression (3). k; and k> are constant values

dependent of A, as reported in [11].
4 ’Em esin(26) (3)
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Where En is the elastic equivalent modulus of the complete cracking stage on the infill, in
kN/m?; e is the thickness of the infill panel, in m; @ is the angle whose tangent is the infill
height-to-length aspect ratio, in rad; Ec is the expected modulus of elasticity of the frame
material, in kN/m?; I is the moment of inertia of the columns, in m*; /4 is the height of the
infill panel, in m; and /4 is height of the column measured between centre lines of the beams, in
m.
The nonlinear deformation acceptance criterion of the equivalent strut was determined
following the methodology described in [11,12]. The lateral load-displacement relationship
defined in [11] was adopted to determine the deformational control-scheme of the panel. The
stiffness of the strut kmf. corresponding to the complete cracking stage is given by Equation (4).
E,ew
k’"f":mT “

The resistance of the panel is simulated by an equivalent failure compressive strength (Gor)min
which considers the most probable failure mode that may occur in both conventional tests and
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real structures subjected to seismic action, as detailed in [11]. The lateral strength of the
equivalent strut Hmax is given by Equation (5).

Hmax:(o—br)mm ew (5)

The stiffness coefficient A, of the equivalent strut for the infill frame panel was 12.3
considering the geometrical and mechanical properties of the materials defined in [3]. The width
of the strut was calculated as 0.21 m considering the coefficients k1 and k> equal to 0.47 and
0.04 respectively. The linear stiffness of the panel kmf. Was calculated as 49740 kN/m by
applying Expression (4). A characteristic shear diagonal tension failure mode was predicted for
the panel with (obr)min equal to 240.9 kN/m?. Lastly, the maximum lateral strength Himax resulted
as 5.56 kN. Figure 3 displays the obtained load-displacement relationship of the strut based on
[12]. The equivalent strut is modelled using linear elastic frame elements pin-connected to the
surrounding frame to avoid rotation resistance. Nonlinearities are introduced into the model at

the end nodes of the strut using nonlinear axial hinges defined with the load-deformation
relationship shown in Figure 3.
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Figure 3: Load-displacement relationship of the equivalent strut model for the infill of Pombalino frame.
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Figure 4: Results of infilled frame with the lumped plasticity model: (a) numerical vs experimental capacity
curves and (b) hinges developed.
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Figure 4a compares the experimental load-displacement capacity curve with that predicted
by the LPM of the Pombalino infilled frame. The model captures properly the global stiffness
of the frame, and the maximum capacity is slightly underestimated as shown in Figure 4a. The
nonlinearities started to appear when the axial springs of struts and diagonals reached their
maximum compressive capacity at the displacement of 0.018 m. After this phase, a progressive
failure of the rotational hinges in the main frame occurred until the global collapse of the frame
(see Figure 4b). This prediction is consistent with what occurred in the experiment, when the
diagonals separated from the main frame inducing the first loss in stiffness, followed by the
collapse of the half-lap connections.

2.1 Numerical simulation of experiments on masonry walls

The calibration of the masonry models was developed by simulating two benchmark
experiments of in-plane and out-of-plane loaded URM panels. Macro-mechanical FE models
were prepared by applying the shell formulation available in the SAP2000 environment. The
shells are four-node formulation objects configured by four-point numerical integration to
compute the stiffness, and 2-by-2 Gauss integration points to evaluate the stresses, internal
forces, and moments at the nodes. This formulation combines membrane and plate behaviour
in planar or three-dimensional structures simulating the in-plane and out-of-plane behaviours
[13]. Layered shell sections allow the integration of the material nonlinearities in all of the three
membrane stress components of each layer. The material model adopted for the simulation of
masonry is based on the Darwin-Pecknold theory [14] and the Vecchio-Collins behaviour [15]
available in SAP2000 code. The model represents the compression cracking and the shear
behaviour considering predetermined stress-strain formulations. A co-axially rotating smeared
crack model considers both cracking and crushing of the material. A parabolic stress-strain
relationship has been chosen to determine the compressive behaviour of the material, while the
tensile response is defined as the 5% of the compressive strength with an exponential softening
behaviour. The compressive behaviour of masonry is determined considering the analytical
model proposed by [16], as described by Equation (6).

fo Em o /Em )© (6)
[T (; a/
Where fm and &n are the compressive stress and strain in masonry respectively, and ¢'n is the
peak strain corresponding to f'm A, B, and C are coefficients describing the shape of the curve,
being A= 6.4, B=5.4 and C=1.17 [17]. The Coulomb friction model of the material is considered
as follows:

(N

T=c+to tan @

Where c is the cohesion, o is the normal stress and tan ¢ is the friction between the elements.
A friction angle ¢ equal to 23° was used to define the shear model as recommended in [17,18].
The FE model is discretized considering a mesh formed by 258 rectangular shell elements of
0.18 x 0.28 m? and 310 nodes. The section of the shells was defined with only one layer of 0.31
m thickness, and four integration points along the thickness direction. Figure 5 shows the
uniaxial compression-tension constitutive laws of masonry as defined by the material properties
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obtained in [5]. The compressive stress-strain relationship was modified considering a perfectly
plastic behaviour (dashed line in Fig. 5a) as suggested in [17], in order to allow the model to
reproduce correctly the base rotation of the piers in the experiment. A vertical pre-compression
of 200 kN was applied at each pier of the wall, followed by a lateral displacement of 0.03 m
applied at a height of 3.00 m on the left side of the wall simulating the experimental loading
conditions. All the nodes at the base were restrained in all the DOFs to reproduce the rigid
support conditions. NLA was performed to capture the initial yielding and plastic behaviour of
the model, and compute the load-displacement curve.
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Figure 5: Stress-strain relationships for the in-plane masonry model: (a) compression and (b) tension.

Figure 6a compares the experimental load-displacement response of the wall with the one
predicted by the model, revealing a very good agreement in terms of reached stiffness and
capacity. The formation of diagonal strut mechanisms at the piers and the spandrel emulated
correctly the failure mechanisms occurred in the experiment. Figure 6b shows the principal
compressive strain contour of the wall at the end of the test, with the residual resisting
mechanism. The diagonal struts and the damage at the piers of the FE model are in agreement
with those occurred in the experiment.
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Figure 6. In-plane loaded masonry model results: (a) capacity curve and (b) principal compressive strain
contour.
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The masonry wall tested under out-of-plane loads [6] corresponds to a solid specimen
without openings of 4.00 m width x 2.5 m height x 0.11 m thickness. Return walls of 0.45 m
length were built-in at both sides of the specimen to provide a realistic full moment contact
along the vertical edges. The wall was subjected to a vertical precompression of 100 kN/m? at
the top of the wall, followed by a uniform pressure applied under displacement control at the
surface of the panel. Given the symmetrical layout of the specimen, only half part of the wall
was modeled considering appropriate symmetrical boundary conditions. The model was
discretized into 240 shell elements of 0.15 x 0.15 m?. The section of the shells was set with one
layer of 0.11 m and five integration points along the thickness direction. Figure 7 shows the
uniaxial compression-tension constitutive laws for masonry considering the mechanical
properties obtained by [6].
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Figure 7: Stress-strain relationships for the out-of-plane model: (a) compression and (b) tension.

NLA was executed under displacement control simulating the load conditions of the
experiment. Figure 8 compares the experimental pressure-displacement curve with the one
predicted by the FE model, where almost no difference was obtained in terms of initial stiffness
and maximum pressure capacity. The predicted damage patterns accurately represent what
occurred in the experiment. Diagonal mechanisms due to tensile damage appeared at the surface
of the wall once the model reached its maximum capacity. After this point, the damage is
concentrated at the central part of the surface, as shown in Figure 8b. Figure 8c showed that
vertical cracking occurs also at the intersections of the return walls with the front one. The
above mechanisms are in agreement with those occurring in the experiment, where a
characteristic “x” shape cracking emerged at the surface of the wall due to bending moment
resisted by the diagonal cracks, followed by the progressive opening of the central crack in the
middle surface of the panel [6].
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Figure 8: Out-of-plane loaded masonry model results: (a) capacity curve and (b-c) principal tensile strain
contour after reaching the maximum load (horizontal displacement of 0.015 m).

3 SEISMIC ASSESSMENT OF A HYBRID TIMBER-MASONRY BUILDING

The calibrated models were used to evaluate the seismic capacity of a hybrid timber-masonry
building existing in the historical centre of Valparaiso (Chile). The case-study is composed of
timber frame structure following the platform-frame configuration, while two perpendicular
sidewalls are made of URM. The timber frame walls are constituted by stud elements of 0.1 x
0.1 m? cross-section, spaced 0.4 + 0.6 m each between the top and bottom sills, and braced with
diagonal elements. The studs are connected using mortise-and-tenon carpentry connections,
while the diagonals are nailed to the posts. Adobe blocks fill the external walls of the fagade.
The storeys are composed of joists of 0.12 x 0.05 m? spaced 0.4 m each other, disposed
perpendicularly between parallel walls. The masonry walls have staggered configuration along
their elevation, decreasing their sections along the height of the building, and the joists are
embedded within the masonry bricks.

Hybrid LPM and macro-mechanical FE models were built to simulate the behaviour of the
building under lateral loads. The characteristic mechanical properties of the oak timber were
used to define the frame elements. The maximum bending moment of the mortise-and-tenon
connection was estimated based on the theoretical model proposed by [19] as 3.6 kNm. The
moment-rotation backbone was assumed to be the same as the half-lap model already calibrated
in the simulation of the Pombalino frame. Lastly, the diagonal connection was assumed to have
the same behaviour of the connection by contact in the Pombalino model too, since they present
equivalent configuration and geometry. Nonlinear rotational hinges and axial springs were used
to represent the mortise-and-tenon and diagonal connections within the frame, respectively. The
material model of masonry was defined using the characteristic mechanical properties of URM
proposed by [20].

The results demonstrated that masonry walls had a central role in the lateral response of the
building since they contribute to resist a major part of the applied load. However, the overall
ductility of the structural system is strictly dependent on the intrinsic fragility of these structural
members. Figure 9 displays the acceleration-displacement relationships predicted by the model,
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while Figure 10 shows the FE results in the X and Y directions. In the X direction, the model
entered in the plastic phase once a tensile crack appeared at the base of the overturning masonry
wall perpendicular to the applied load (Figure 10a). Some of the axial hinges of the timber
frames parallel to the applied load then started to reach their ultimate capacity. In this case, the
total collapse of the building was provoked by the global overturning mechanisms around the
base of the masonry walls. The analysis in the Y direction showed the highest stiffness and
capacity. In this case, the characteristic global collapse of the model is governed by the shear
sliding mechanism formed at the base of the masonry walls parallel to the applied load (Figure
10b), while the hinges of the frame did not reach their ultimate capacity.
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Figure 9: Capacity curves obtained for the hybrid timber-masonry building in Valparaiso, Chile, in the (a) X and
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4 CONCLUSIONS

This paper has presented a numerical study of timber frame and URM structures subjected
to lateral loads, aimed to assess the seismic behaviour of hybrid timber-masonry buildings. A
Lumped Plasticity Model (LPM) was calibrated to represent benchmark experiments on timber
frames, including infill by means of Equivalent Strut Model (ESM). A macro-mechanical FEM
was used to simulate the behaviour of in-plane and out-of-plane loaded masonry tests. The
calibrated reference models were used to prepare a hybrid model, including both timber frames
and masonry walls, of an existing building located in the historical centre of Valparaiso (Chile).
The simulation predicted the collapse mechanisms of the building along its principal directions,
showing that masonry walls play an important role in the resisting system. In X direction, the
collapse is due to overturning of the largest masonry wall perpendicular to the applied load,
with consequent failure of some of the connections in the timber frames. In Y direction, a sliding
shear mechanism occurs at the base of the masonry wall parallel to the applied load, with no
apparent damage in the timber frame.
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