
Contents lists available at ScienceDirect

Engineering Structures

journal homepage: www.elsevier.com/locate/engstruct

Seismic evaluation of Romanian traditional buildings with timber frame and
mud masonry infills by in-plane static cyclic tests

Andreea Dutua,⁎, Mihai Nistea, Iulian Spatarelua, Daniel Ioan Dimaa, Shoichi Kishikib

a Technical University of Civil Engineering Bucharest, Romania
b Tokyo Institute of Technology, Yokohama, Japan

A R T I C L E I N F O

Keywords:
Traditional
Timber
Mud masonry
Experiments
Seismic evaluation

A B S T R A C T

The Romanian territory has an important seismic potential in Europe, with the Vrancea source. The most de-
structive seismic events that occurred in Romania in the 20th century (November 10, 1940 and March 4, 1977)
have revealed a high level of seismic vulnerability of the built environment. An important part of this built
environment is represented by historical buildings, including the traditional ones (timber frame and infills from
various materials as brick, stone, adobe, etc.). The investigations after seismic events from November 10, 1940
and March 4, 1977, revealed that the traditional buildings did not suffer any or important damages, thus showed
their particular seismic behavior.

Both the experience after similar seismic events from other countries as Turkey, Haiti, China, Myanmar, etc.
and research studies from countries like Portugal, France and Japan, revealed an unexpected good behavior of
such of buildings. Therefore, in this paper the results of the static cyclic tests on walls are presented. The test
specimens were built according to the findings of the field investigations done on traditional buildings from
Romania which are briefly presented hereby. The typology on which this paper focuses is the one found as
predominant in the investigated areas (around the Vrancea seismic source).

1. Introduction

The present paper has as goal the seismic evaluation of traditional
buildings with timber frame and mud masonry infill, which have
proven over the time to be an earthquake resistant structure and with a
remarkable architectural potential. Many countries in the world have
structures with timber skeleton and masonry infill or other kind of in-
fills, representing valuable heritage.

In some countries, timber framed walls were built most for aesthe-
tical and architectural purposes (i.e. Germany, France, Czech Republic,
etc.), although they may have structural role at least under gravita-
tional loads. In others countries, they also have an earthquake re-
sistance contribution (i.e. Portugal, Italy, Turkey, etc.) [1]. Timber
framed masonry (TFM) system is also being presently used as re-
construction solution of areas that were destroyed by major earth-
quakes (i.e. Portugal, Pakistan) [1].

In most of the countries where these types of buildings are found,
except Portugal and Italy, they were built without being based on any
design regulation, but there are some situations (i.e. Turkey), where
even if they date since 15th century, it was observed how people

adapted their houses to local seismicity and made the structure as
earthquake resistant as possible. Their behavior under earthquakes
could be seen after some strong events as Kocaeli 1999, Kashmir 2005
or Haiti 2010. In the Izmir seismic event it was noticed that even if their
damage state was advanced, at least they still stood up, while other
types of structures fell [2]. In some situations, buildings with timbered
masonry showed few damages (minor cracks, plaster falls, etc.), while
poorly executed reinforced concrete structures near them collapsed or
showed extensive damage [3].

Experimental studies were previously carried out for different con-
figurations [4–9]. The common result was confirmation of the excellent
behavior of in plane masonry infilled timber frames under cyclic
loading, which is characterized by a significant ductility. Detailed and
simplified numerical models were also developed for timber frames
with masonry infills [10–12].

In Romania, in the last years, the studies on earthquakes produced
an increase in the awareness of the population and authorities. For
example, the most seismic exposed cities from Romania are Bucharest
and Iasi. In Bucharest, according to seismic code P100-1/1992 the ag
(maxim expected seismic ground acceleration) was 0.20 g and today,
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attic.

3. Experimental programme

3.1. Test configurations and experimental setup

Based on the field investigations, it was decided to reproduce and
build wall specimens, with the investigated types for static cyclic in-
plane loading tests. The present paper focuses on the first typology, as
being the predominant one in the field investigation. Due to the

variation of the details of the houses, even when part of the same ty-
pology, it was decided to take one representative house and follow its
details. It was observed that for type one, the house usually had a height
of 2.7 m (from foundation until underneath the roof). In the same time,
the best height for the testing frame setup was for 2.4m. The maximum
in-plane dimension of specimens it is 300×240 cm, and the scale was
slightly reduced (1:0.88) so they can fit into the reaction frame. The test
specimens have the dimensions as in Figs. 25 and 26.

Timber skeleton for S1 and S2 specimens is composed by vertical
(columns), horizontal (stringers) and bracing timber elements (Pinacea)
with 12×12 cm cross section. Both wall specimens have masonry infill
(mud bricks with rough dimensions of 24×11.5×6.3 cm and earth
mortar) and the parameter is the position of the diagonal timber brace.

The bottom connections are mortise-tenon type with nails and the
upper ones are cross – halving type with nails (Fig. 27). The bricks are
traditional, made from the local clay in Viperesti area. The walls to be
tested are executed by a sub-contracted construction company, which
had to follow as much as possible the real situation, according to the
field investigation findings. In this respect, most of the used materials
were collected from the Viperesti area (earth and bricks). The con-
struction was done by first erecting the timber frame and fix it to the
position, and afterwards laying the earth bricks, connected with the
earth mortar.

Tests were conducted in a static cyclic regime on a self-balanced
reaction frame provided with two horizontal hydraulic jacks with the
maximum capacity of 1000 kN (228mm stroke) and one vertical hy-
draulic jack with the maximum capacity of 2000 kN (100mm stroke).
Test setup is shown in Fig. 28 and Fig. 29.

The measurement system consisted of wire displacement transdu-
cers recording the lateral displacement of the specimen at the top (D1)
and middle (HM) of the wall and inductive displacement transducers to
measure the vertical displacement in two points (D3 and D4, on the
backside of the wall), at the bottom of the edge columns (Fig. 28).
Another two inductive displacement transducers were used to measure
the horizontal slippage of the bottom timber beam against the reaction
slab (D2), and also the upper beam against the loading beam. Rotation
of the connections were measured by inductive displacement transdu-
cers, in pairs of two for each connection (left and middle bottom).

Axial load was applied at the top of the wall, with the value of 26
kN, representing the roof’s weight and snow load. Although efforts were
done to keep it constant, due to the big capacity of the jack (2000 kN) it
had a 20% variation during the loading, and was controlled manually.
Lateral load was applied manually and although the strength of the
walls was very small compared to the capacity of the testing system, the
accuracy was acceptable to obtain good results. The testing system has
pantograph, but enough rotation was allowed by the way the axial load
was applied: in between the loading beam and the upper timber beam
of the specimen small steel plates were applied, through which the axial
load was transmitted to the columns only. The specimen was fixed at
the lower part to the reaction slab by steel bolts, and same system was
used to connect it to the loading beam.

Average compressive strength for earth (mud) was obtained as
2.6 MPa. Compression tests were also conducted for masonry prisms
made of mud bricks with layout as in Fig. 30. The average compressive
strength was 1.86MPa while the Young’s modulus, determined as the
secant stiffness corresponding to 1/3 of the maximum strength value,
was 0.6 GPa. The timber is Romanian fir (Pinaceae), with an average
specific weight of 385 kg/m3 and an average moisture content of 15%.

3.2. Loading protocol

The CUREE Caltech standard protocol for wood frames was used
with a loading history consisting of initiation cycles, primary cycles,
and trailing cycles Fig. 31. Initiation cycles were executed at the be-
ginning of the loading history to check loading equipment, measure-
ment devices, and the force-deformation response at small amplitudes

Fig. 12. Upper structure of the house (Fig. 9 was made after this house).

Fig. 13. Description of the type 1 structure – main specific structural elements.

Fig. 14. House with a partial basement.
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[19]. The choice of the protocol is made in reference to previous ex-
periments to be able to compare the test results [20]. The reference
displacement, Δ, was chosen based on previous experimental test ob-
servations as an 80-mm displacement at the top of the wall [21]. The
input deformation, the shear angle, δ, was used to cancel the rocking by
subtracting from the drift (displacement at the top of the wall) the

deformation of the wall produced by the uplift in the bottom connec-
tions. This allows observation of the pure shear behavior of the wall. δ
was calculated with the following equation:

=

−

−

−δ D D
Height

D D
Width

1 2 3 4

(1)

where D1, D2, D3, D4=measured displacements. Fig. 28 presents the
test setup on the reaction frame and the displacement controlled
loading protocol.

4. Experimental results

The experimental test results were assessed in terms of strength,
stiffness, energy dissipation, damping ratio and ductility, with reference
to ASTM 2126-09 [28] and EN 12512. Bi-linearization was applied
using equivalent energy elastic-plastic (EEEP) method given in [22],
and both methods a (for curves with two well defined linear parts) and
b (for curves without two well defined linear parts) described in [23].
Both sides of the hysteretic loops were considered for analysis of me-
chanical properties. Results are shown in Table 1, for S1, and Table 2,
respectively, for S2. The specific force, displacement and stiffness va-
lues that characterized each bilinear capacity curve are also reported
according to the criteria based on the ductility ratio defined by [23].

Where: Fu is the force at the failure limit; du is the displacement at
the failure limit; K0 is the initial stiffness of the envelope curve; Kpl is
the post-elastic stiffness of the envelope curve; F0 is the residual force;
Fy is the force at yielding limit; dy is the displacement at the yielding
limit; α is the elastic stiffness of the bi-linear capacity curve; μ= du/dy is
the ductility ratio. The parameters were defined as in [24]. Fig. 32
shows the hysteresis loop and envelope curves for both specimens in
terms of horizontal force and top displacement (including uplift of
connections). Figs. 33 and 34 show the bi-linearization curves for both
S1 and S2.

Yielding condition is defined based on the bi-linearization methods
that was used, and thus giving the variation in elastic branch stiffness
values, and also in the ductility values. Results show that for S1,
method b from EN12512 [22] is giving closer results to the envelope
curve, this being due to the not clear two linear parts. But for S2 it
overestimates the ultimate force, and thus method “a” seems closer to
the envelope curve.

4.1. Specimen S1

Figs. 35 and 36 show the wall specimen in the undamaged state and,
respectively, after the last cycle of test. The S1 specimen didn’t fail until
0.053 rad (∼5.3% drift) when the stroke of the jack reached the limit. It
did not show any significant damage except local compression per-
pendicular to grain in the upper cross-halved connections (Fig. 37) and
pull-out of the braces which on reverse cycles went back into original

a. The foundations are made only from stone (river 
rocks)

b. The diagonals are stopped below the upper 
connection between beam and column, and the last

row of bricks is laid in an inclined position

Fig. 15. Details of traditional house with timber skeleton and brick masonry infill (Type 1) from Teiș village, Dâmbovița county.

Fig. 16. Structural timber elements in “paianta” houses: columns and braces which do not
intersect at the bottom.

Fig. 17. Structural timber elements in “paianta” houses: columns and braces which do
intersect at the bottom.
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positions (Fig. 39). The uplift in the bottom connections were not sig-
nificant (Fig. 38 ). Some initial defects from the execution did not in-
fluence the behavior (Fig. 40).

Out of plane behavior of the infill was significant (Figs. 41 and 42 ),
starting in the areas below the diagonal brace. Mud mortar was initially
cracked due to the shrinkage from the drying, as in the real situation.
This is a common property of the mud, and due to this, every year, the
owners usually make small repairs with new mud, applying a new layer
and thus infilling the cracked walls (due to shrinkage). With the de-
tachment of the infill from the frame, due to the large deformation at
the top, the infill can easily fall).

Damages appeared after 0.01 rad (∼1.1% drift), such as cracks in
the infills at the bottom, attributable to large displacement at the top.
Masonry panels separated from the timber frames after the first cycle of

a)                                      b) c)
Fig. 18. (a) Stone foundations (river rocks); (b) bracings positioned at the corner’s house; (c) The diagonals are stopped below the upper connection between beam and column, and the
last row of bricks is laid in an inclined position.

Fig. 19. Clamps used for timber elements connections.

Fig. 20. Nails and cross-halving for timber elements connection.

Fig. 21. Mortise tenon connection.

Fig. 22. Detail of pile foundation connected to the bottom beam with steel clamps.
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the loading protocol. The tests reveal around 13mm uplift of the
bottom connections. The masonry infill cracked, starting from the
bottom, and increasing towards the upper part of the wall. It has little

contribution in the stiffness of the wall, since almost from the begin-
ning, the infill was cracked (shrinkage) and easily detaching from the
timber frame. However, the confining effect of the frame, keeps the
infill in place and through shear sliding, it dissipates energy, which is an
important contribution in the seismic behavior.

The strength of the mortar is highly important because the use of a
weak mortar can direct the energy to dissipate in the mortar joints
through cracking and, consequently, sliding. This type of damage was
clearly observed in S1 (Fig. 36).

4.2. Specimen S2

Figs. 43 and 44 show the wall specimen undamaged and, respec-
tively, in the last cycle of the test. The S2 specimen didn’t fail until
0.048 rad (∼5.6% drift) when the stroke of the jack reached the limit. It
showed significant uplift in the connections (Figs. 45 and 46) and pull-

Fig. 23. Detail of floor in an abandoned house.

Fig. 24. Detail of roof structure in an abandoned house.

Fig. 25. Specimen S1 (from type 1)-timber and brick masonry infill structure with the
diagonal bracing lower than the upper timber joint [cm].

Fig. 26. Specimen S2 (from type 1)-timber and brick masonry infill structure with the
diagonal bracing connected to the upper timber joint (normal) [cm].

Fig. 27. Mortise-tenon (Detail A) and cross halving connections (Detail B) [cm].
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out of the braces which on reverse cycles went back into original po-
sitions (Fig. 46). The reverse input of the tenon into the mortise in the
beams also influenced the hysteresis, giving some stiffness immediately
after unloading (Fig. 32). Out of plane behavior of the infills was sig-
nificant (Fig. 47), similar to S1 specimen.

Damage appeared after 0.01 rad (∼1.1% drift), such as minor
cracks in the infills, attributable to large deformation of the wall and
also detachment of the upper beam with local compression

perpendicular to grain of timber, where the diagonal brace pushes the
upper beam. Masonry panels separated from the timber frames after the
first cycle. The tests reveal up to 25mm uplift of the bottom connec-
tions. The masonry infill cracked, starting from the bottom, and in-
creasing towards the upper part of the wall. As in the case of S1, effect
of the infill, was to dissipate energy by shear sliding in the joints, and
also to oppose the buckling of the diagonal and being thus subjected to
compression. The diagonal braces have the main contribution in car-
rying the lateral load.

4.3. S1 vs. S2

Comparison between the two specimens’ hysteretic curves (Fig. 48)
reveals a higher stiffness of S2, which is quite expected since the

Fig. 28. Setup of wall specimen (measurement system) [m].

Fig. 29. Position of the wall in the reaction frame.

Fig. 30. Layout of specimen and compression test on masonry prisms.

Fig. 31. CUREE Caltech loading protocol [19].

Table 1
Seismic characterization parameters corresponding to S1 specimen (lower diagonal).

Specimen S1 Positive loading Negative loading

Bi-lineariz. method EN-a EN-b ASTM EN-a EN-b ASTM

Fu [kN] 28.50 29.53 21.00 24.50 23.43 16.50
du [mm] 119.60 108.00
K0 [kN/mm] 2.23 0.65 2.14 0.96 0.42 0.94
Kpl [kN/mm] 0.24 0.11 0.00 0.26 0.07 0.00
F0 [kN] 17.66 10.72 21.00 6.36 16.67 16.50
Fy [kN] 18.50 20.00 21.00 8.00 19.00 16.50
dy [mm] 8.30 31.00 9.80 8.30 45.00 17.60
α [kN/mm] 2.23 1.30 2.14 0.96 0.90 0.94
β [kN/mm] 0.24 0.11 0.00 0.26 0.07 0.00
μ 14.41 3.86 12.20 13.01 2.40 6.14
Strength degradation < 20%
Ductility Class H L H H L H

Table 2
Seismic characterization parameters corresponding to S2 specimen (normal diagonal).

Specimen S2 Positive loading Negative loading

Bi-lineariz. Method EN-a EN-b ASTM EN-a EN-b ASTM

Fu [kN] 30.00 44.24 24.00 27.60 32.81 21.20
du [mm] 124.10 101.70
K0 [kN/mm] 2.95 1.33 1.60 6.29 0.90 1.10
Kpl [kN/mm] 0.24 0.22 0.00 0.34 0.15 0.00
F0 [kN] 28.65 17.66 26.00 21.95 16.67 21.00
Fy [kN] 28.00 20.00 26.00 22.00 20.00 21.00
dy [mm] 9.50 15.00 8.70 3.50 21.00 3.40
α [kN/mm] 2.95 1.30 2.90 6.29 0.90 6.25
β [kN/mm] 0.24 0.22 0.00 0.34 0.15 0.00
μ 13.06 8.27 14.26 29.06 4.84 29.91
Strength degradation <20%
Ductility Class H H H H M H
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Fig. 32. Hysteresis loop and envelope of the first cycles for S1 wall with lower diagonal (left) and S2 wall with normal diagonal (right).

Fig. 33. Bi-linearization of the envelope curve for S1 on positive loading (left), and negative loading (right).

Fig. 34. Bi-linearization of the envelope curve for S2 on positive loading (left), and negative loading (right).

Fig. 35. S1 before the start of the test. Fig. 36. S1 in the last cycle of the test, at 5.3% shear angle [rad].
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diagonal timber brace starts to work from early cycles, unlike the di-
agonal element in S1, which starts to contribute in the lateral load re-
sistance later. It seems that until the last cycle, at 0.05 rad shear angle,
they reach a similar value of strength (around 30 kN).

Considering the damages that the both specimens exhibited, S1
showed a less damaged state than S2, for which the uplift in the bottom
connections was significant (Fig. 49).

In terms of energy dissipation, both S1 and S2 show similar values,
3.22 kN · m (S1), respectively 2.68 kN·m (S2). The energy dissipation,

ΔW, was calculated as the area of the hysteretic curve for each spe-
cimen. Fig. 50, left shows the energy dissipation of S1 and S2 in every
cycle.

The equivalent damping ratio he of the system was also calculated
using the formula:

=h
π

W
W

1
4

· Δ
e (2)

where ΔW= total dissipated energy by the specimen under cyclic
loading; and W=potential energy at the maximum deformation. The
values are presented in Fig. 50, right. Thus, the damping ratio for S1 is
higher than the one for S2. The sudden drop in the damping ratio is
explained by the fact that the S1 test was done in two different steps,
first until cycle 24, and second from cycle 24. Between the two steps,
the specimen’s position in the reaction frame was moved, in order to
take advantage of the full stroke of the jack, which was already very
limiting. Both energy dissipation and damping ratio were compared
starting from the 11th cycle, because the first cycles represent just

Fig. 37. Upper marginal timber connection compression perpendicular to grain.

Fig. 38. Bottom marginal connection with small uplift.

Fig. 39. Bottom middle connection with significant pull-out of one diagonal brace.

Fig. 40. Upper marginal connection with imperfect executed connection (initial defect).

Fig. 41. Separation of the infill from the timber frame.

A. Dutu et al. Engineering Structures 167 (2018) 655–670

666



verification cycles for the testing machine and were not considered
relevant for analysis.

Secant stiffness is compared for both S1 and S2 along the positive

and negative loading envelope curve. Fig. 51 shows that the S1 has
lower stiffness compared to the S2. This means that the position of the
diagonal braces is important for the system, contributing when they are
connected to the upper joint. On the other hand, for large displacement
at the top of the wall, the uplift in the joints is not so high for S1,
compared to S2. And the same situation applies for compression per-
pendicular to the grain.

4.4. Comparison with other test results on traditional and innovative light
timber frame systems

For a better understanding of how the walls from traditional
Romanian houses behave in earthquake, they were further compared
with other experiments on: 1. Shear walls with studs and OSB/plywood
panels sheathing [25]; 2. Walls composed by linear boards assembled
with carpentry joints [24] (a. blockbau wall, b. Layered wall with
dovetail insert); 3. Walls composed by rigid glued CLT panel assembled
with mechanical connections (a. un-jointed CLT wall, b. Jointed CLT
wall); 4. Walls composed by deformable panel assembled with metal
fasteners (a. Stapled wall, b. Light frame timber wall, c. Heavy frame
timber wall, d. Mixed wood-concrete frame); 5. Pombalino walls [21]
and 6. Timber frames with masonry infills (TFM) [20]. Results of the
comparison is shown in Table 3.

Observing the seismic parameters for TFM [20], it should be noted
that the vertical force was not constant, and this had a significant in-
fluence in the shear capacity of the infill masonry panels, this resulting

Fig. 42. Out of plane of the infill.

Fig. 43. S2 before the start of the test.

Fig. 44. S2 in the last cycle of the test, at 4.8% shear angle [rad].

Fig. 45. Upper marginal timber connection significant uplift.

Fig. 46. Bottom middle connection with significant pull-out of one diagonal brace, uplift
of central column and infill crack.
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in a high initial stiffness. The ductility factor is high for the traditional
Romanian walls, when compared with the other studies, but the initial
stiffness is relatively low. The seismic parameters for them are in the
specific range for traditional houses, as they are similar to BlockBau
walls [24].

5. Conclusions

As it was observed in other countries, after important earthquakes,
most of the infilled timber frames are resilient enough so they protect
the lives of their inhabitants. Within this study, a field investigation was
conducted in Romania and showed that in the rural areas (nearby the
seismic source Vrancea), among the traditional houses, most of them
have timber frame with brick infill structure. Other types of infilled
timber frames were also identified, but main focus was on type 1:
“paianta” because their larger number, but also due to other’s countries’
earthquake experience in which they showed a good deformation ca-
pacity and very low rate of collapse.

The “paianta” house has some details such as the diagonals being
stopped lower than the connection between the beam and the column.
Almost all houses having this structure investigated had this particular
detail. Experimental tests on timber frames with mud brick masonry
infill (“paianta”) showed the behavior of a wall specimen having as a
varying parameter the position of the diagonal. Some observations are
highlighted as follows:

– Both specimens showed high deformation capacity (over 5% drift),
with a ductility factor over 13 (according to EN 12512, method a),
which is quite significant even for timber frames;

– S1 has lower stiffness, because the braces is lower than the upper
joint, and thus timber connections do not have much contribution,
as in the normal diagonal case (S2);

– The uplift is more significant in the S2 (normal diagonal) and also
local compression perpendicular to grain, but this latter property
allows constant hardening in the hysteretic loop;

– The maximum strength is the same for both of them;
– Settlement of the walls was observed for both, due to the cracking of
the mud mortar and easy falling which makes them vulnerable to
out-of plane direction.

Three bi-linearization methods were used to identify the seismic
parameters, and the most suitable resulted the method a, according to
EN 12512 [22]. When compared to other experimental results
[20,21,24,25], it is clear that the stiffness is lower than the innovative
systems, and the ductility is significant. The characteristics of S1 and S2
of the present study are similar to the “BlockBau” walls, and thus within
the specific parameters of traditional structures which do not often have
any metal fasteners, other than simple nails.

Fig. 47. Out of plane behavior of the infill.

Fig. 48. Comparison of hysterical curves.

Fig. 49. Comparison of the uplift of the bottom left joint (left) and bottom middle joint (right).
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Some suggestions can be made on the improvement of the strength
capacity of the timber frames with masonry infills:

– The connections can be improved with metal plates (T or L shaped)
[26];

– Out-of-plane can be prevented with the insertion of barbed wire in
the masonry joints [27];

– The infill masonry should not be strengthened to increase the stiff-
ness too much, as it may become stronger than the timber frame,
and this can cause rigid-body deformation and induce collapse of the
frame; However, as shown from the comparison of the seismic

parameters with TFM results (Table 3) [20], the infill can be made of
burned clay bricks and thus stiffness can be added to the infill,
which may have a good contribution in the stiffness of the wall; if
the mortar should be used other than mud mortar, a lime mortar
with low strength capacity (up to 5MPa) should be considered in
order to keep the property of dissipating energy through cracks in
the mortar joints and shear sliding.

This experimental analysis is conducted for the first time on the
traditional Romanian buildings, thus it represents an important result
on the subject of seismic behavior of small residential houses and the
beginning of the improvement and promotion of traditional Romanian
architecture. If carefully chosen and applied the correct or improved
construction details, it can be a cheap and easy to build solution for
residential houses, using local materials, which also keeps the cultural
identity of the Romanian traditional village.
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Fig. 50. Comparison of the cumulative energy dissipated per cycle number (left) and damping ratio (right).

Fig. 51. Comparison of the stiffness degradation on positive and negative loading.

Table 3
Comparison of seismic characterization parameters for different experiments [20,21,24,25]

Wall type/specimen/Bi-linearization method/dimension Vert. load [kN] Fu [kN] du [mm] α [kN/
mm]

β [kN/
mm]

Fy [kN] dy [mm] μ=du/dy

Timber frame with mud masonry infill/S1/EN-a/b= 2.4m; h= 2.4m 10 kN/m 28.50 119.60 2.23 0.24 18.50 8.30 14.41
Timber frame with mud masonry infill/S2/EN-a/b= 2.4m; h= 2.4m 10 kN/m 30.00 124.10 2.95 0.24 28.00 9.50 13.06
1.a Shear wall with studs and plywood panels [25]/Envelope curve/

b= 2.44m; h=2.44m
0 31.90 79.20 2.18 0.26 25.50 28.00 2.80

1.b Shear wall with studs and OSB panels [25]/Envelope curve/b= 2.44m;
h= 2.44m

0 33.30 83.10 2.01 0.25 25.37 26.00 3.19

2.a Blockbau wall [24]/EN-a/b=2.95m; h= 2.95m 10 kN/m 29.30 80.00 5.21 0.25 9.77 1.88 42.64
2.b Layered wall with dovetail insert [24]/EN-a/b=2.95m; h= 2.95m 18.5 kN/m 67.00 80.00 3.50 0.36 42.58 12.17 6.58
3.a Un-jointed CLT wall [24]/EN-a/b= 2.95m; h= 2.95m 18.5 kN/m 78.72 38.40 6.77 0.73 56.71 8.37 4.56
3.b Jointed CLT wall [24]/EN-a/b= 2.95m; h= 2.95m 18.5 kN/m 108.62 51.90 7.25 0.93 69.31 9.56 5.42
4.a Stapled wall [24]/EN-a/b=2.95m; h=2.95m 18.5 kN/m 176.99 80.00 8.54 1.35 81.94 9.59 8.35
4.b Light frame timber wall [24]/EN-a/b=4.88m; h= 2.44m 8.0 kN/m 46.00 35.00 6.00 0.43 33.23 5.54 6.32
4.c Heavy frame timber wall [24]/EN-a/b= 2.95m; h= 2.95m 18.5 kN/m 84.88 80.00 4.00 0.49 52.00 13.00 6.15
4.d Hybrid wood-concrete wall [24]/EN-a/b=3.40m; h=3.24m 20 kN/m 145.70 178.00 4.60 1.10 54.89 10.20 17.37
5. Pombalino wall [25]/EN-a/b=2.16m; h= 2.04m 30 kN/m 46.43 55.02 4.49 0.84 34.00 7.58 7.26
6. TFM wall [14]/EN-a/b= 2.16m; h= 2.22m 30 kN/m 109.2 97.11 5.81 2.00 109.2 18.78 5.17
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Laboratory in UTCB and Laboratory of the Reinforced Concrete
Department, for the materials’ testing.

Appendix A. Supplementary material

Supplementary data associated with this article can be found, in the
online version, at http://dx.doi.org/10.1016/j.engstruct.2018.02.062.
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