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Abstract

Earthquake-prone regions have seen the resilience of traditional timber-framed masonry
construction systems through previous seismic events. The post-earthquake studies show
that these building systems have exceptional resilience to seismic activity and can endure
multiple seismic events throughout their lifespan. This performance stands out from many
contemporary constructions. Although there is a significant amount of evidence regard-
ing the distinct behavior of these structures during earthquakes, there is a limited amount
of meaningful quantitative experimental data on their seismic performance. This study
showcases the findings of a series of half-scale shake table experiments carried out on a
single-room; single-story timber frame filled with dry bond brick masonry. Two half-scale
models were created and tested on a shaking table to investigate the seismic performance
of timber framed masonry structural systems. One model was left without infill, while the
other was infilled with dry bond brick masonry. To analyze the dynamic behavior, both
models were exposed to random base excitation. Additionally, the models were tested with
gradually increasing ground motion to study their response to seismic activity, following a
method known as single ground motion record incremental dynamic analysis. The evalu-
ation focused on the dynamic characteristics, including the assessment of natural frequen-
cies, damping, mode shapes, and stiffness degradation. The stiffness decreased to 43% of
the undamaged stiffness in the model with bricks and 62% of the undamaged stiffness in
the model without infill. An assessment and evaluation were conducted on the peak accel-
eration and displacement responses, as well as the global hysteresis response. The accelera-
tion response was significantly higher for the model with brick infill, with an amplification
of 300%. In contrast, the model without infill had a lower amplification value of 150%.
According to the findings of the study, it is evident that the timber framed structure exhib-
its a significant level of flexibility and deformability. Additionally, the structure’s ability
to dissipate energy increased as the peak ground acceleration of the input ground motion
increased.
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1 Introduction

Traditional construction systems built with timber frames are becoming increasingly popu-
lar in seismically active regions worldwide due to their excellent performance during earth-
quakes. These construction systems are known for their timber frame filled with various
materials, including brick masonry, stone masonry, mud, and wood products. Various con-
struction systems have been identified and named in different regions based on their unique
framing system configurations and infill materials. For example, in Portugal, it is known
as Pombalino; in Germany as Fachwerk; in France as Colombage; in India and Pakistan as
Dhajji-Dewari; in India as Ikra house; in Italy as Casa Baraccata; and in Turkey as Himis
and Baghdadi. These distinctions have been documented in multiple studies (Langenbach,
Resisting Earth’s Forces: Typologies of Timber Buildings in History 2018). Several studies
have been conducted by various researchers over different years (Rai and Murty 2005; Lan-
genbach 2007; Ali et al. 2012; Gani et al. 2021; Cardoso et al. 2004; Ceccotti et al. 2006,
2004; D’Ayala and Tsai 2008). While previous post-earthquake reconnaissance surveys
have documented the exceptional behavior of these structural systems during earthquakes
(Kaushik and Jain 2007; Rai and Murty 2005; Rai et al. 2011), there is a lack of research
specifically focused on confirming their resilience to earthquakes. Previous studies have
attributed the ability of these timber framed construction systems to withstand earthquake
shaking to the inherent flexibility of timber framing systems, their strong yet lightweight
design, and the use of closely spaced vertical posts to support masonry panels. In addition,
the timber joints contribute to the improvement of seismic performance through their abil-
ity to dissipate energy, as demonstrated by various studies (Kaushik et al. 2009; Gulkan
and Langenbach 2004; Gani et al. 2022, 2021).

Dhajji Dewari (Fig. 1) is one such example of a traditional construction system in the
northwest of India that has fared exceptionally well during previous seismic events as
well as when compared to popular modern structural systems like unreinforced masonry
buildings and reinforced concrete frames with masonry infills. This structural system has
been used for many decades, built by the local population using materials and resources
readily available in the region, resulting in significant cost savings. The systems do not
follow a specific layout or design guidelines. Instead, they are built by the local popula-
tion using resources that are readily available to withstand earthquakes. It is evident from
Fig. 1 that the diagonal elements are randomly positioned in the structure, while the grid
of horizontal and vertical elements is consistently present in all three images. The random
positioning means, that their position and placement is not consistent in all the structures
of same or different typology. It is worth noting that these construction systems have a
range of earthquake resilient features. These include carefully designed elevation and
plan geometry, minimal and small openings, lightweight materials, flexible connections,
and reinforced masonry walls. These structures are mostly of three or four stories, and the
walls are mostly single wythe thick. The timber used in these constructions varies from
one structure to another, some have been constructed using Poplar (a local type of timber),
some from Deodar while some even used well seasoned Willow. As has been highlighted
in some studies, the type of timber has minimum effect on the behaviour of such structures
under seismic loads (Ali, et al. 2012; Gani et al. 2021). The dynamic performance of such
structures is improved by the symmetric plan, which prevents the formation of torsional
stresses. Additionally, the simple elevation design ensures that inertia forces generated by
earthquakes are efficiently transferred through direct load paths. However, it is worth not-
ing that the presence of diagonal elements results in irregular distribution of stiffness. This
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Fig. 1 Dhajji-Dewari structures in Kashmir, a a hospital building, b a government department building,
and c a residential house

leads to the development of torsional stresses which are resisted by the the flexibility of the
timber frame. Furthermore, a significant issue in masonry buildings involves the potential
for walls to fail out of plane due to the formation of cracks. By dividing the walls into
smaller panels, these timber frame systems effectively prevent out-of-plane failure and con-
fine any potential damage. In addition, the ability of structures to resist earthquakes relies
on the energy dissipation characteristics of the system. This is achieved through the flexible
timber connections of the timber frame and the predefined planes of failure in the form
of the bed joints and head joints of masonry (Kaushik et al. 2009).

The timber framed construction systems represent a traditional building typology,
usually non-engineered and developed by local population because of need to survive
the earthquakes. This attempt by local population gave rise to development of local seis-
mic cultures. These structures are characterized by a basic timber skeleton infilled with
different types of materials. The framing system and the infill material varies from place
to place and hence different nomenclature is used in various regions of the world, such
as, Pombalino in Portugal, Colombage in France, Half-Timber in Britain, Casa Bara-
catta in Italy, Fachwerk in Germany, Dhajji-Dewari in India and Pakistan, Ikra houses
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in India and Himis and Baghdadi in Turkey as highlighted in various studies (Ceccotti
et al. 2004; Cardoso et al. 2004), (Ceccotti et al. Seismic behavior of historic timber-
frame buildings in the Italian Dolomites 2006) (Langenbach, From "Opus Craticium" to
the "Chicago Frame". earthquake-resistant traditional construction 2007) (D’Ayala and
Tsai 2008; Ali et al. 2012) (Langenbach, Resisting Earth’s Forces: Typologies of Tim-
ber Buildings in History 2018) (Gani, Rai and Banday, Seismic behaviour of Timber
framed masonry structures: A Comprehensive review 2021). The different configura-
tions of timber framed masonry structures are shown in Fig. 2. As is evident from Fig. 2
these systems are typically constructed with horizontal and vertical elements, however,
in some of the typologies diagonal elements are also used. The growing popularity of
these structural systems can be attributed to their utilization of easily accessible mate-
rials, cost-effectiveness in construction, good aesthetic appearance, and notably, their
commendable capacity for seismic resistance.

Despite the notable behavior observed in previous seismic events, these construc-
tion systems have not obtained sufficient attention from the engineering community, and
there is a lack of comprehensive studies documenting their performance under seismic
loads. The seismic resistance of these traditional timber-framed construction systems
has also been established by experimental work on their shear walls (Meireles, et al.
2012; Vasconcelos et al. 2015; Poletti and Vasconcelos 2015; Ahmad et al. 2012; Cec-
cotti et al. 2004; Aktas, et al. 2014). Over time, researchers have shifted their focus from
studying the connections of structural systems to exploring various components such as
wall panels, full-scale walls, and scaled models of timber frame structures with different
types of infill materials. These studies have contributed to advancing our understand-
ing of these structural systems. There has been a lack of extensive investigation into
the behavior of timber frame buildings with brick masonry as an infill under seismic
loads.

There is a significant gap in understanding timber framed structures, which is further
complicated by the diverse range of materials and construction techniques used. These
buildings often lack engineering standards and have unique designs. Therefore, it is cru-
cial to investigate the seismic behavior of timber framed structures to safeguard this
valuable architectural tradition.

For this study, a shake table test was conducted on a 50% scaled model of a timber
frame house. The model represented a single-room single-story house and was tested
with and without infill. The testing was done using the uniaxial earthquake simulation
system at IIT Kanpur (Sinha and Rai 2009). The principal objectives of this study are
(1) to assess the dynamic characteristics of the timber-framed specimens, (2) to evalu-
ate the acceleration response at different heights of the specimen, and (3) to examine
how infills, and openings in infills affect their behaviour under seismic loads. Addition-
ally, it seeks to quantify the level of damage in the specimen by examining variations
in fundamental frequency and stiffness as the ground motion increases. To accomplish
the aforementioned objectives, the models were subjected to a single record incremen-
tal dynamic analysis to comprehensively understand their behavior when subjected to
gradually increasing seismic loads (Vamvatsikos et al. 2002). The findings demonstrated
a satisfactory performance of the test specimen throughout the entire seismic input. The
findings of this study will provide valuable insights for the engineering community,
enabling them to confidently implement the construction of timber-framed structures
in regions prone to earthquakes. This is particularly important as other commonly used
construction methods have not proven effective in withstanding seismic activity in the
past.
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Fig.2 Timber framed structures all over the world
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2 Experimental study
2.1 Specimen design, geometry and material properties

A 50% scaled down model of a timber-framedstructurewas constructed. The structure is
made of timber and masonry, and consists of a single room anda single story. It has plan
dimensions of 1276 X 1276 mm and a height of 1246 mm. These dimensions were cho-
sen considering the constraints in the size and capacity of the shake table. The framing
elements and diaphragm have been derived from the traditional Dhajji-Dewari construc-
tion methodology. However, as shown in Fig. 1, the diagonal elements do not follow a
clear pattern, so they are excluded from the specimen. The timber frame for both mod-
els is identical, with the only variation being the infill used. Model TF features a bare
timber frame, while model TFM features a timber frame that is infilled with dry brick
masonry. The TFM model featured three openings: a door in the front wall of the speci-
men and two windows positioned on two opposite walls of the model. As the door was
in the front wall, it was referred to as the front wall (FW), while the wall with the win-
dow to the right of the door was called the Right Wall (RW), and the wall with the win-
dow to the left of the door was called the Left Wall (LW). The main horizontal beams
were connected to the main vertical posts using tenon and mortise type connections,
while the secondary members were connected using half lap joints. Figure 3 provides a
comprehensive illustration of the timber frame, including the joints used and the orien-
tation of both models on the shake table. As can be seen in the Fig. 3a both the models
are symmetric along the plane perpendicular to the front wall, i.e., the wall containing
door.

Apart from the wall containing door (front wall), the timber frame was the same for
the other three walls of the test specimen. To construct the specimen, we used half scale
bricks measuring 120X 60X 37.5 mm to infill the walls. The timber frame was made
from Indian Sal wood, using six different types of timber elements with varying sec-
tional dimensions. The dimensions of the various framing members utilized in the tim-
ber frame are provided in Table 1. The models were constructed in the Structural Engi-
neering laboratory at the Indian Institute of Technology Kanpur.

The test models were constructed directly on the shake table platform to prevent any
disruption to the masonry before loading. The test specimen was placed on the shake
table using steel angle sections specifically designed to secure the timber frame onto the
shake table. The angle sections were positioned on the lower band of the timber frame
and securely fastened to the shake table. Given the objective of this study to analyze
the dynamic behavior of the model, the assumption was made that the model is ideally
connected to the foundation, without considering the effects of the foundation and its
connection to the frame.

Since wood shows anisotropic and nonhomogeneous characteristics, it typically
exhibits different mechanical characteristics in three planes: axial, transversal, and cir-
cumferential. However, wood can be regarded as an orthotropic material because its
mechanical characteristics show minimal differences in both the transversal and circum-
ferential planes, ensuring accuracy is not compromised. The material properties of the
Sal wood were determined in accordance with the IS 1708 (BIS 1986) and ASTM D143
(ASTM D-143 2014) standards. The properties of the half-scale brick and the Indian Sal
wood used in this study are presented in Table 2
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Table 1 Dimension details and number of timber frame members

Member Cross section Size (mm) (L X B X H) Number
Main horizontal beam Square 1276 X 60X 60 8
Main vertical post Square 1276 x 60 x 60 4
Secondary horizontal beam Rectangle 1156 x60 %38 7
Secondary vertical post Rectangle 1176 x60 x38 6
Secondary horizontal beam of front wall Rectangle 360x 60 x 38 2
Secondary vertical post of front wall Rectangle 1156 x60 x38 2

Table 2 Mechanical properties

of half-scale brick and Indian Sal Properties Value

wood used in this study Half scale brick
Density (kg/m®) {6} 1792 [0.04]
Weight (kg) {6} 0.495 [0.19]
Compressive strength (MPa) {6} 38.3[0.22]
Indian sal wood
Compressive strength parallel to grain (MPa) {6} 50.6 [0.21]
Compressive strength perpendicular to grain (MPa) {6}  39.88 [0.26]
Tensile strength parallel to grain (MPa) {6} 83 [0.15]
Tensile strength perpendicular to grain (MPa) {6} 4.2410.19]

{}=no. of Specimens, []=coefficient of variation

2.2 Experimental test setup and procedure

Figure 4 displays the experimental setup of both the models (TF and TFM) on the shake
table. Steel angle sections securely fastened the timber frame to the shake table platform
to ensure stability. To assess the overall seismic performance of the models, sensors
were placed at different heights of the walls to measure acceleration and displacement.
Figure 5 displays the placement of seventeen accelerometers on different levels of various
walls of the model, along with one accelerometer on the shake table platform. In a similar
manner, six LVDTs were placed on the two corner posts of the left window wall (LWW)
at the sill, lintel, and roof levels. The LVDTs were set up to measure the in-plane displace-
ment of both the walls containing windows. In addition, a total of six wire potentiometers
were installed. Three were placed on the rare wall (full infill wall in model TFM) to meas-
ure any out-of-plane displacement, while the remaining three were installed on the win-
dows and door, spanning from corner to corner, to monitor any distortion in the openings.

2.2.1 Inputsignal
The experimental program focused on identifying the dynamic characteristics of the
system and investigating the behavior of timber-framed masonry construction systems

under seismic loads. To identify the dynamic properties, the specimen underwent white
noise excitations. In order to investigate the dynamic behavior of the test specimen, it
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Fig.4 Test setup of a Bare timber frame (TF) model, and b Timber frame infilled with dry brick masonry
(TFM) model

was exposed to simulated earthquake ground motions that were incrementally increased.
One of the classical ground motions was particularly used for the shaking table test. The
selected ground motion was the N21E component of the 1952 Kern County earthquake
also known as Taft earthquake. It has a peak ground acceleration (PGA) of 0.158 g and
a duration of 54.16 s (Fig. 6a). Due to the nature of this study, the time axis of the accel-
erogram was adjusted to 27 s (Fig. 6b), to meet the requirements of dynamic similitude.
Also, the displacement time history used for the test was scaled up according to the
similitude relations described in Table 3.
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Table 3 Similitude requirements
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Length scale ratio, S, l,,/lp 1%}

Modulus ratio, Sg E,/E, 1

Mass density ratio, S PulP)p 2

Acceleration scale ratio, S, a,la, 1

Time scale ratio, S, 1,1, 1/\/5

Frequency scale ratio, S o,lw, \/5
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The response spectrum of the Taft ground motion, when scaled to a PGA of 0.20 g,
fared reasonably well with the design response spectrum specified in IBC (BIS, 2016)
for a design earthquake in Zone V, as shown in Fig. 6¢. The shake table tests included
using fourteen simulated earthquake ground motions generated by the uniaxial shake
table at IIT Kanpur (Sinha and Rai 2009). These fourteen ground motions consist of the
PGA of Taft ground motion scaled to fourteen different levels. The levels were catego-
rized based on different PGA values, ranging from 0.05 to 0.70 g. Figure 7 illustrates
the loading history schematically. During the experiment, a low-amplitude white noise
test was performed to evaluate the variations in stiffness characteristics of the test speci-
men at different levels of ground motion. By following this loading protocol, it is possi-
ble to deduce the reaction of timber-framed masonry buildings to various levels of seis-
mic hazard. This approach is akin to the concept of single-record incremental dynamic
analysis (Vamvatsikos et al. 2002).

2.3 Experimental observations under seismic loads

The behavior of the timber-framed structures under seismic loads was analyzed by
observing the experimental performance of the bare timber frame specimen and timber
frame infilled with dry brick masonry specimen. In addition, the study investigated the
dynamic characteristics of both the specimens and the effect of increasing PGA on the
behaviour. The presence of window and door openings on the global behavior of such
structures was also assessed.

White Noise {Level NI- White Noise

v

LevelI:0.05g PGA
Level I1: 0.10 g PGA
Level ITI: 0.15 g PGA
Level IV: 0.20 g PGA

‘/MWMWW“WW Level XIV : 0.70 g PGA

N21 component of 1952 Kern County
earthquake (Taft)

3u1sag japout L0f YO g panas

Fig.7 Loading sequence in accordance with single record incremental dynamic analysis
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2.3.1 Effect of dry brick infill

Without infill, timber-framed structures exhibited limited stiffness and lateral force capac-
ity. Also, the tenon connections displayed restricted rotational stiffness, while the column
bases functioned as hinges. The displacement capacity of the timber frame before collapse
was found to be substantial. The infill increased the lateral resistance and stiffness of the
specimen infilled with dry brick masonry, but this comes at the cost of reduced drift capac-
ity. In this study, the focus was on investigating the seismic behaviour of timber frames
masonry structures. The impact of using dry brick infill and timber frames as infill walls
and how these traditional materials can enhance the lateral capacity and stiffness of the
frames were studied. The addition of infill significantly enhanced the lateral capacity and
stability of the framed structure.

The stiffness of the infilled timber frame specimen (TFM model) remained 250%
higher than the bare timber frame specimen (TF model). The performance of the infill tim-
ber frame specimen was significantly enhanced, which can be seen by the resilience of
the specimen to increased acceleration amplification of TFM model than the TF model.
In fact, the stiffness of the walls surpassed that of the bare frame by over 200 times. Sim-
milarly, the maximum drift that could be achieved was significantly reduced by more than
15% compared to the response of the bare frame.

2.3.2 Effect of openings

Openings play a crucial role in the overall structure of a house. It is essential to assess
how openings affect the seismic behavior of timber framed structure. Both the specimens
(TF and TFM) had two window openings located in the walls subjected to in-plane loads
and one door opening in the front wall subjected to out-of-plane loads. The effect of open-
ing was observed in the shake table test of timber framed specimen infilled with dry brick
masonry. It was observed that during the test the brick masonry panels displayed relative
sliding, i.e., the masonry panels moved individually and the timber frame moved individu-
ally. This observation was predominant in the in-plane walls. As the PGA level increased,
it was apparent that the top masonry panels of the front wall containing door experienced
more damage.

Moreover, the behavior of the wall containing door opening (front wall) stood out sig-
nificantly from the other wallsof the room specimen. However, the comparison of behavior
was made between the front wall and the rear wall as both of them are subjected to out-of-
plane loads, but the former has an opening while as the rear wall in a full infill wall. During
the application of incremental ground motion, as the lateral displacement increased, the
doorposts began to lift along with the masonry wall. Subsequently, there was some dif-
ficulty with the load transfer between the sill level beam and the main corner posts. This
issue arose because of the discontinuity in length of the beam at the sill level, which was
caused by the presence of the door opening. It was noted that the load transfer mechanism
in front wall varied from the other frames due to the presence of a door.

2.4 Influencing parameters

This section quantifies the impact of different influencing parameters discussed per se
on the seismic behavior of the specimens by comparing the dynamic characteristics,
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acceleration response, displacement response and the hysteretic behaviour of both the
specimens. Also, the comparison of the degradation of stiffness and variation of fun-
damental frequency between the TF model and the TFM model has been made in the
following sections.

2.4.1 Response in the frequency domain

2.4.1.1 Dynamic characteristics of TF model To determine the natural frequencies of the
specimen, frequency response functions of the responses derived of the specimen when sub-
jected to white noise excitations were evaluated. Figure 8 displays the Fast Fourier Trans-
form (FFT) of the acceleration time history data obtained from the white noise test done
before the seismic test. The specimen exhibited a natural frequency of 2.9-3.6 Hz for the
first mode, 4.8-5.16 Hz for the second mode, and 6.8-7.2 Hz for the third mode.

Simmilarly another key metric the damping ratio regarded as another crucial dynamic
characteristic of the examined specimen was also evaluated. The damping ratio is essen-
tial in reducing the amplitude of vibrations transmitted to a structure caused by seismic
forces. The damping ratios for each individual vibrating mode were found by using fre-
quency domain decomposition (FDD) using MATLAB. This included a thorough analy-
sis of the acceleration time histories that were obtained at various locations on the walls
during the white noise test. Figure 9 illustrates the exponential decay curves that accu-
rately represent the three different modes of the material, along with their correspond-
ing damping ratios.
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Fig.8 Fast fourier transform of the acceleration time history highlighting the resonant frequencies of the
bare timber frame (TF) specimen
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Fig. 10 Fast fourier transform of the acceleration time history highlighting the resonant frequencies of the
bare timber frame infilled with masonry (TFM) specimen

2.4.1.2 Dynamic characteristics of TFM model In a similar way the natural frequen-
cies of the timber frame infilled with dry brick infill (TFM model) were determined.
Figure 10 displays the Fast Fourier Transform (FFT) of the response acceleration time
histories obtained from the white noise tests done prior to the seismic test. The initial
undamaged state of the system was characterized by a frequency of 11.58 Hz for t0068e
first mode, 18.36 Hz for the second mode and 25.84 Hz for the third mode.

Another important aspect to consider when analyzing the structure is its damping
ratio which is essential to decrease the amplitude of vibrations transmitted to a struc-
ture when subjected to seismic forces. The damping ratios of the individual vibrating
modes identified by FFT have been determined through frequency domain decomposi-
tion (FDD) using MATLAB. Figure 11 visually represents the exponential decay curves
of the three modes of the specimen along with their respective damping ratios.
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(in-plane)

2.4.2 Response in the time domain

2.4.2.1 Acceleration response of TF model Figure 12 displays the acceleration profile along
the height of the different walls of the room specimen at various levels of input ground
motion. The acceleration values were obtained from the accelerometers mounted at various
levels along the height of the walls. Figure 12c displays the acceleration profile of the right
wall which is subjected to in-plane loads. The acceleration profiles of the front wall and the
rear wall, both of which are subjected to out-of-plane loads, are shown in Fig. 12a and b. It
is evident from the convergence of the profile that the acceleration values decrease at the top
in all the profiles. This decrease in acceleration values at the top of the frame is due to the
presence of the roof diaphragm which restricts its movement. A significant magnification
was observed in the out-of-plane walls, with the rear wall reaching a maximum out-of-plane
acceleration of 1 g and the front wall reaching 1.4 g at an input PGA of 0.7 g.

In addition to analyzing the acceleration profiles, the amplification factors, represented
by the parameter B, for both the in-plane and out-of-plane walls of the specimen were also
evaluated. The parameter f, which is commonly known as the acceleration amplification
factor, plays a crucial role in evaluating the seismic response of a structure. Figure 13dis-
plays the changes in acceleration amplification factor for the front wall (Fig. 13a) and
right wall (Fig. 13b). From the figure, it is evident that the front wall had a maximum
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plane) along the height of the specimen

amplification of 350%, while the side wall only reached a maximum amplification of 230%.
The difference in behavior is attributed to the front wall being subjected to out-of-plane
loads, while the right wall experienced in-plane loads.

2.4.2.2 Acceleration response of TFM model Figure 14 displays the acceleration profile
along the height of the different walls of the room specimen when subjected to increas-
ing levels of input ground motion. Figure 14a illustrates the acceleration profile of the out-
of-plane wall (the rear wall). Likewise, Fig. 14b displays the acceleration profile of the
side wall, the wall subjected to in-plane loads. Upon analyzing all the profiles, it becomes
clear that the acceleration values show a consistent decrease towards the top, as observed
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Fig. 14 Acceleration profile of a Back wall (out-of-plane), and b Side wall (in-plane)
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from the convergence of the profile. It is believed that the restricted movement of the frame
at the upper part is due to the presence of a roof diaphragm. The out-of-plane acceleration in
the wall was measured, reaching a maximum value of 1.7 g for the rear wall. This measure-
ment was obtained at an input peak ground acceleration (PGA) of 0.7 g, suggesting a notable
amplification effect.

Furthermore, this study included an assessment of the amplification factors for the
in-plane and out-of-plane walls of the specimen. Figure 15 demonstrates the accelera-
tion amplification factor in two distinct walls: the rear wall (Fig. 15a) and the side wall
(Fig. 15b). The figure illustrates the observed fluctuations in the acceleration amplification
factor at specific locations (sill, lintel, and roof) in these walls. After examining the given
data, it is evident that the rear wall (out-of-plane wall) experienced a significant amplifica-
tion of 290%, as shown in the figure. On the other hand, the maximum amplification on the
side wall (in-plane wall) was relatively lower at 100%.

2.4.2.3 Displacement response of TF model The data about the displacement is presented
through a displacement profile, specifically emphasizing the in-plane wall and the out-of-
plane wall. The profile was recorded using LVDTs placed on two corner posts of the rear
wall. In addition, the data for the out-of-plane displacement was acquired using a set of three
wire potentiometers, as shown in Fig. 16. As the levels of peak ground acceleration (PGA)
gradually increased, a consistent pattern was observed in the displacement responses of the
in-plane walls of the specimen. The observed consistent trend demonstrates a significant
relationship between the PGA level and the displacement responses of the in-plane walls.
Figure 16a shows the absolute in-plane displacement profile of the rear wall, while Fig. 16b
displays the absolute out-of-plane displacement profile of the left wall. The measured value
for the out-of-plane displacement of the roof of the specimen was found to be approximately
74 mm and that of the in-plane wall was 63 mm.

2.4.2.4 Displacement response of TFM model The displacement data is shown in the form
of the displacement of in-plane and out of plane walls, measured using LVDTs and wire
potentiometers. The displacement of out-of-plane wall was measured using data obtained
from three wire potentiometers positioned on rare wall, as previously illustrated in Fig. 5b.
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Fig. 15 Variation of acceleration amplification of a Back wall (out-of-plane), b Side wall (in-plane) along
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The depicted data points on the graphs represent the absolute displacements that were
accurately recorded at the corresponding locations. The displacement responses of the in-
plane walls of the specimen were carefully observed and analysed. It was found that these
responses consistently followed a discernible pattern as the levels of peak ground accel-
eration (PGA) were gradually increased. Moreover, it has been observed that the absolute
displacement at each level of peak ground acceleration (PGA) demonstrates a proportional
increase in line with the corresponding increase in the PGA level of the ground motion. The
Fig. 17a shows the absolute in-plane displacement profile of the rear wall (opposite to door
wall). Similarly, the Fig. 17b shows the absolute out-of-plane displacement profile of the
left wall.

The experimental observation yielded an approximate measurement of 63 mm for the
out-of-plane displacement of the roof of the specimen. The direct examination of the walls
in the specimen reveals a conspicuous manifestation of displacement, showcasing a persis-
tent upward trend in response to increasing levels of peak ground acceleration (PGA) asso-
ciated with ground motion. The experimental findings indicate that the model demonstrates
a noteworthy maximum story drift of 1/21 when exposed to a peak ground acceleration
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Fig. 18 Hysteresis response of bare timber frame model (TF) at different PGAs
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Fig. 19 Hysteresis response of bare timber frame model infilled with dry bond masonry (TFM) at different
PGAs

(PGA) level of 0.7 g. According to the technical standard for the maintenance and strength-
ening of historic timber buildings (Xue and Dan 2018), the mentioned scenario surpasses
the prescribed story drift limit of 1/30. Nevertheless, it is important to mention that the
structural integrity of the model remained intact, despite the occurrence of minor localized
damages in the form of joint loosening. The results of this study suggest that the models
exhibited a notable capacity to endure drift limits that surpass the recommended thresh-
olds outlined in the technical standards. Consequently, there exists the potential for addi-
tional reinforcement measures to be implemented. The findings of this study highlight the
intriguing possibilities of implementing supplementary retrofitting strategies in order to
enhance the seismic resilience of historical timber structures.

2.4.2.5 Hysteretic behaviour of TF model Figure 18 displays the hysteresis response of the
timber frame model (TF) subjected to the Taft ground motion with increasing PGAs. The
base shear of the building was determined by summing the horizontal acceleration measure-
ments and the model mass for a single floor, taking into account the inertia force generated
by the models. In the TF model, the hysteresis loop area gradually increased with an increase
in the PGA of the input ground motion. This demonstrates that the dissipation capacity is
enhanced as the PGA of the input ground motion increases, due to the occurrence of damage
in the form of joint loosening in the TF model. However, the energy dissipation capacity of
timber frame models is lower since it does not contribute to the overall structure’s stiffness.

2.4.2.6 Hysteretic behaviour of TFM model Simmilarly, Fig. 19 displays the hysteresis
response of the timber frame model infilled with dry brick masonry (TFM) subjected to
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Table 4 Comparison of
PGA Fund tal fi H:
fundamental frequency of the ©® undamental frequency (Hz)
specimens before and after the TF TFM
application of ground motion
0 3.6 11.47
0.7 3.05 8.05
Percent Reduction 15.28 29.82

the Taft ground motion with increasing PGAs. The figure shows how the energy dissipation
was greatly enhanced by incorporating dry bond masonry into the timber frame specimen.
This can be explained by the improvement of structural stiffness and also the existence of
predetermined failure planes in masonry, especially at the bed joint and the head joint. The
presence of predefined failure planes facilitates the dissipation of seismic energy through
friction between the two brick units in dry bond masonry. Once more, this emphasizes the
importance of using low strength mortar in these types of constructions which serve as pre-
determined failure planes to effectively disperse energy.

3 Discussion of results

3.1 Response in the frequency domain

Before and following each ground motion, a white noise test was conducted to identify
the changes in the natural vibration frequencies. These tests frequently demonstrated a
decline in the natural frequency following each ground motion application to the speci-
men, suggesting the specimen undergoes a softening process as a result of the accumu-
lated damage it sustains during the test. Figure 20a displays the fundamental natural
frequency of the two specimens tested in this study. Also, the variation in the first mode
frequencies of the specimens is shown in Fig. 20b. The frequencies at the undamaged
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state and at the end of the test can be found in Table 4. The increase in the natural fre-
quencies of TFM specimen, as compared to the TF specimens, can be attributed to the
enhanced stiffness in the infilled specimen as well as the increase in mass due to added
infill (Aktas and Turer 2016). However, the effect of increase in stiffness was much
greater than the effect of increase in mass. Throughout the test, a consistent rate of drop
in natural frequency was observed for all specimens.

According to the data in Table 4, the specimens without infill displayed a little vari-
ation in natural frequency compared to the specimens with dry brick infill. Specifically,
the bare timber frame specimens (TF) experienced a reduction in the range of 15% from
its original undamaged state. However, the timber frame specimens infilled with dry
brick masonry underwent a significant decrease in the fundamental frequency prior to
its failure, of the order of 29% of the undamaged state. This difference in percent reduc-
tion can be attributed to the lower stiffness and participating mass of the specimens
without infills.

Another aspect important to determine the seismic behaviour of structures if the phe-
nomena of stiffness degradation. It quantifies the accumulated damage in the structures
being tested under dynamic loads and thus has significant effect on the reliability and
safety of the structures. In this study, the stiffness degradation was evaluated by nor-
malising the stiffness after nth level of ground motion with respect to the undamaged
stiffness. The plot of stiffness degradation for the two systems tested for dynamic loads
in this study is illustrated in Fig. 6.2. As can be seen in the plot, the stiffness has been
normalised and expressed as percentage, with 100% being the undamaged stiffness of
all the specimens. The normalised stiffness values have been evaluated at the PGA lev-
els of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, and 0.7 g. It can be observed that the stiffness degraded
steadily after each seismic input and resulted in accumulated damage. It is also appar-
ent that the degradation was severe in the specimens infilled with masonry, i.e., timber
frame infilled with masonry (TFM). After the seismic input of 0.7 g PGA, the stiffness
degraded to 64% in TF specimen, and 49% in TFM specimen respectively. This stiffness
degradation is important to study the post-seismic assessment of the degraded structures
(Fig. 21).
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3.2 Response in the time domain

The acceleration response of the specimens is expressed as the acceleration profiles of the
out-of-plane and in-plane walls with respect to height at different levels of input PGA of
the ground motion. Here in this section the variation of acceleration with respect to differ-
ent PGA levels at the roof of the four specimens is illustrated in Fig. 22a. As can be seen in
the figure, the variation of the peak acceleration values was similar in the four specimens,
however, the peak acceleration values at 0.7 g PGA varied significantly. The peak accelera-
tion recorded for TF specimen was 1.59 g, and for TFM it was 1.56 g. From the plot, it
can be seen that up to an input PGA level of 0.3 g, all the systems had similar acceleration
profile, i.e., the variation was similar. It was after 0.3 g input PGA, that the acceleration
response changed. This is because of the varied accumulation of damage in the different
specimens.

Another aspect of acceleration response evaluated is the acceleration amplification fac-
tor. It represents the amplification effects of the specimens to the input seismic excitations.
Figure 22b illustrates the variation of amplification factors at the roof level of the out of
plane walls of the four specimens. From the figure it can be seen that for initial PGA values
the amplification effects are more than the larger PGA values. This can be attributed to the
dissipation of energy by the damage initiation in the specimens in terms of friction between
the brick units and the between the bricks and the timber frame. This lowest amplification
is also seen in the TFM specimen and at a PGA level of 0.7 g. Another reason for this is the
period elongation of the specimens as the damage accumulated and which in turn reduced
the spectral acceleration of the specimens at the fundamental mode.

Similar to the acceleration response, the displacement response obtained from the
LVDTs was expressed as the displacement profiles of the out-of-plane walls. For com-
parison of the two specimens the displacement time histories at the roof level of the out
of plane walls at PGA of 0.7 g of the four specimens is displayed in Fig. 23. The time
histories also show the maximum roof displacement of the specimens with 73.10 mm
in TF specimen, and 62.21 mm in TFM specimen. The maximum displacement dis-
played by the bare timber frame (TF) specimen demonstrated the inherent flexibility of
the timber frame. It should be, however, noted that even at such large displacements the
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Fig.22 a Comparison of the variation of acceleration at roof level of two specimens at different levels of
PGA, and b Comparison of acceleration amplification factors of the specimens at roof level
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specimens did not loose the structural integrity. Also, the damage in the specimens was
minor and confined to the top masonry panels. This confinement of masonry by timber
elements highlights the significance of the timber frame in these structures. The varia-
tion of maximum displacement at the roof level with respect to different levels of input

PGA of ground motion of the four specimens is shown in Fig. 23c.

Table 5 Story Drift of timber
frame specimens with and

Story drift (displacement at roof/ height of speci-

without infill men)
PGA (g) Model M1 (bare Model M2 (Timber frame
timber frame) infilled with dry bond
masonry

0.1 1/151 1/137

0.2 1/72 1/74

0.3 1/45 1/49

04 1/34 1/37

0.5 125 1/28

0.6 1720 1/23

0.7 1/17 1/20
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The story drift of two models TF and TFM demonstrates a consistent upward trend as
the ground motion PGA increases, as depicted in Table 5. TF model exhibits a maximum
story drift of 1/17 at a PGA level of 0.7 g, while the TFM model has a maximum story drift
of 1/20. Even though the story drift limits mentioned in the technical standard for mainte-
nance and strengthening of historic timber buildings (Xue and Dan 2018) are exceeded by
these limits, both the models did not collapse whereas had a few localised damages.

Furthermore, the comparison of the energy dissipation at varying input PGA of ground
motion between TF, TFM specimen is shown in Fig. 24. This figure depicts that by the
inclusion of dry bond masonry in the timber frame specimen increased the energy dis-
sipation significantly. From the hysteresis plots it can be inferred that masonry has a sig-
nificant effect on the energy dissipation capacity of the timber frame structures. This can
be attributed to the presence of predefined planes of failure in terms of bed joint and head
joint in masonry. These predefined failure planes help to dissipate seismic energy in the
form of friction between the two brick units (in the case of dry bond masonry). This again
highlights the significance of low strength mortar to be used in such constructions, such
that even in the presence of mortar the joints of masonry act as predefined failure planes to
dissipate energy.

The experimental study was conducted to evaluate the behaviour of timber framed
masonry systems under shake table generated motions. This chapter compared the response
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of the two models tested in this study, i.e., TF model, and TFM model. This comparison
was done in order to evaluate the significance of all the parameters varied during the test-
ing on the seismic behaviour of timber framed masonry systems. From the comparison it
was established that the timber frame is the primary load resisting mechanism system in
these structures. However, the infill also has a significant influence on the lateral strength,
stiffness, and the overall lateral load behaviour of such structures. The masonry panels in
particular reinforce the timber frame by reducing the overall drift response of the struc-
ture. Moreover, the flexibility of timber ensures the confinement of masonry and the small
movement of individual small panels in response to the lateral loads as described in a study
by Gulkan and Langenbach (2004). The brick masonry infill improves the hysteretic behav-
iour of the timber framed structure. The masonry provides the pre-defined plains of failure
along the bed joint and head joint of masonry and therefore increasing the energy dissipa-
tion capacity of the system.

4 Summary and conclusions

Shake table tests were conducted on two 1/2-scale models of Dhajji-Dewari structures. The
effects of dry brick infill walls on the structural dynamics and seismic behavior of timber-
framed structures were studied. The research revealed that the timber-framed structure has
a remarkable capacity to withstand seismic loads without sustaining significant damage.
This can be attributed to its unique framing system and the presence of flexible joints. The
timber frame members and lightweight infill walls (single-wythe brick walls) are important
components. One of the main factors contributing to the superior performance of timber-
framed structures during severe past earthquakes is the lack of rigid joints in the entire
wall-frame system. In addition, the panels used in the house have the advantage of not
causing any damage to the surrounding timber frame, even when subjected to significant
lateral drifts. This is due to their lightweight nature and the innovative flexible connection
they have with the timber frame, which enables the walls to slide within the frame. The
wooden frame remained stable even during significant lateral drifts, without any visible
damage.

Based on the analysis of the experimental findings, it is evident that the presence
of infills has a substantial impact on the lateral strength, stiffness, energy dissipation, and
overall lateral load behavior of the timber-framed structure. The inclusion of dry brick
infill in the TFM model greatly improved its initial stiffness and energy dissipation com-
pared to the TF model. Based on the experimental investigations carried out, the following
conclusions can be drawn:

1. The model with the timber frame infilled with dry bond masonry had a higher natural
frequency compared to the model without infill. The higher natural frequency of the for-
mer is due to the increased stiffness of the model resulting from the brick infill. The TF
model exhibited a natural frequency ranging from 3 to 7.1 Hz, characterized by three
prominent modes of vibration. In addition, the TFM model exhibited a natural frequency
ranging from 11.5 to 22.4 Hz, showcasing three prominent modes of vibration.

2. As the PGA of the input ground motion increased, both models experienced a gradual
accumulation of structural damage. In TF model, damage occurred as joints became
loose, while in TFM model, damage involved both loosening of timber joints and falling
of bricks. The gradual build-up of structural damage led to a reduction in the stiffness
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of the models, resulting in a decrease in the fundamental frequency. The stiffness of TF
model was decreased by 62%, while the stiffness of TFM model was decreased by 43%.

3. The acceleration amplification factors of TF model were 150% and TFM model had a
factor of 300%. This demonstrates that the seismic reduction effect was significant. In
addition, for PGA values up to 0.4 g, TF model and TFM model exhibited story drifts
of 1/34 and 1/37 respectively. These values comfortably meet the applicable standard.
It is evident that these structures possess remarkable lateral stability. In addition, for
PGA values exceeding 0.4 g, the drift values decreased significantly to 1/17 and 1/20
for TF model and TFM model respectively, without any structural collapse.

4. When comparing the response of TF model and TFM model, it becomes clear that
the presence of dry bond brick infill has a significant impact on the behavior of the
timber-framed system. Due to the infill, the lateral stiffness of the system experiences a
significant boost, resulting in improved stability.
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