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This paper aims at presenting a digital correlation technique to capture the full-field displacement thanks
to a high-speed camera of a full scale structure tested on a shaking table. The challenges are both the
measurements at a full scale to visualize damages versus the resolution of pictures and the dynamical
loading that requires a large number of pictures. The final goal is a better understanding of the seismic
behavior of timber-framed structures with infill to help at modeling such structures and predicting their
seismic vulnerability. For this purpose, results of shake table tests carried out on a full-scale one-story
timber-framed house filled with stones bonded by an earth based mortar are presented and discussed.
DIC full-field measurements allow deriving displacements and accelerations on shear walls as well as
lateral forces applied on them. The experimental results presented herein allow analyzing the influence
of bracing and might be used to propose optimized aseismic constructions based on cheap technological
solutions. These results demonstrate the seismic-resistant behavior of timber-framed structures with
infill and constitute a key issue for the promotion of such constructions in developing countries.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

From a worldwide perspective, the construction industry is
arguably one of the most resource-intensive and environmentally
damaging. This sector accounts for 40% of the total flow of raw
materials into the global economy each year [11]. Given the com-
ing shortage of raw materials (sand, cement, metals, [24,8]) cou-
pled with the need to promote sustainable and virtuous
development for the planet particularly within the building sector,
bio-based and completely reversible materials must be developed.
Timber-framed structures filled with earth and other locally avail-
able materials might constitute one response to the challenges
associated with human settlement and construction sector
challenges. Moreover, this type of structure is found throughout
the world and heavily present in seismic prone areas [28] by offer-
ing the double advantage of meeting the population’s local capac-
ity constraints (economic and available materials) and featuring an
intrinsically seismic-resistant behavior. These kinds of structures
unfortunately have been overlooked by locals and decision-
makers due to a lack of knowledge of their potential behavior
and a lack of building codes and standards for their proper design.

In many countries across the world, reinforced concrete struc-
tures have nearly unanimously replaced the vernacular architec-
tural style within a single generation. This rapid transition may
be explained by the fact that reinforced concrete buildings are typ-
ically associated with modernity, whereas more traditional con-
struction is perceived as suboptimal and old-fashioned [13].
However, following the latest earthquakes in many developing
nations, a large number of poorly reinforced concrete buildings
collapsed, leading to widespread destruction and loss of life, while
well-maintained traditional vernacular neighboring structures
survived in sustaining just slight damage [14]. Poor design,
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(a) Urban project in Port-au-Prince (Entrepreneurs
du Monde)

(b) Rural project in Terre rouge, 10th section of
Petit-Goâve (Concert-Action and Misereor

project, photo by Elsa Cauderay)

(c) School two-storey project in Grand Boulage,
(Entrepreneurs du Monde)

Fig. 1. Buildings completed for reconstruction projects.

Fig. 2. The house on the shake table. Fig. 3. Dimensions of the wall recorded by camera (East shear wall).

Table 1
Shake table characteristics.

Dimensions 6 � 6 m2

Weight 6 tons
Payload 10 tons
Max. dis. �0.125 m
Max. vel. 0.75 m/s
Max. acc. 4 g
Frequency range 0–30 Hz
Overturning moment capacity 250 kN m
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inadequate construction techniques and cost savings would be rea-
sonable explanations behind many reinforced concrete failures [5].

For a safer and greener planet, infilling timber-framed struc-
tures with local materials, wherever relevant, should be promoted
to move towards more sustainable development and to cease
wasting the precious resources that led to the domination of rein-
forced concrete structures, even when conditions are not abso-
lutely dire. Recently, a number of research projects have been
conducted to further the state of knowledge on seismic-resistant
behavior, in drawing comparisons with traditional timber-framed
structures using infill (e.g. at the wall scale: [17,20,2,3,1,7,28]).



Table 2
Seismic test sequence.

Ground
motion

Amplitude
scaling factor

Scaled max.
displ. (mm)

Scaled max.
velocity (m/s)

Scaled
PGA (g)

Haiti 100% 1 35.7 0.158 0.27
Haiti 200% 2 71.4 0.316 0.54
Haiti 300% 3 107.1 0.474 0.77

Reparation operation
Guadeloupe

100%
1 30.9 0.168 0.32

Reparation operation
Guadeloupe

390%
3.9 117.3 0.637 1.26
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The mains conclusions of these studies are: (1) the infill material
contributes to the ultimate bearing capacity and ductility increases
thanks to the confining effect of the timber frame and (2) most of
damage phenomena are concentrated in connections. All shear
tests involved in this campaign have been based on quasi-static
loadings.

The aim of this paper is to present the results of actual seismic
tests performed on a full-scale house at a shake table facility. The
house studied herein is a timbered masonry structure adapted
from Haitian heritage, called ‘‘Kay peyi”. This type of structure
has already been built in Haiti as part of various local reconstruc-
tion projects (i.e. Misereor, SC/CF projects in collaboration with
the CRAterre Laboratory and local partners, including the Haitian
NGO ‘‘GADRU”, Entrepreneurs du Monde). The purpose here is to
deliver a scientific assessment of structural implementation by
employing an effective combination of a high-speed camera and
the digital image correlation (DIC) technique.

Structural monitoring in the field of Civil Engineering for
dynamic loadings is generally performed using contact systems,
such as displacement or acceleration transducers. Despite many
advances in these systems over recent years, non-contact measure-
ment systems have also been developed in parallel, and abundant
references are now available (see [21] for references and com-
ments on various technologies: laser, radar, GPS, video and photog-
raphy). For the DIC technique, given the structural engineering
scale, measurements remain local and targets are associated in
order to track dynamic displacements [10,25,21]. Full-field dis-
(a) Time history of Haitian ground motion

(b) Time history of Guadeloupean ground motion

(c) Absolute acceleration response spectra for
5% ground motion damping

Fig. 4. Time and frequency content of the Haitian and Guadeloupean ground
motions.
placements have been used however to detect the structural dam-
age of a beam element on a dynamic test in Shih and Sung [23].

In a previous paper, Vieux-Champagne et al. [27] presented the
principal results of the Haitian house in the shake table test, with a
focus on measurements using local transducers: Linear Variable
Differential Transformer (LVDT), Draw Wire Displacement Sensor
(DWDS), and accelerometer. The findings of a DIC analysis were
also provided as a means of validating the method applied at this
scale. For this purpose, only local results obtained by DIC were dis-
played and compared with those from a local sensor. The aim of
the present paper is to take the analysis one step further by intro-
ducing the full-field displacement. To the best of the authors’
knowledge, this effort marks the first time that a full-field mea-
surement has been accomplished in meeting the double challenge
of: working at the structural (single house) scale, and using a shake
table to apply loading. This field measurement yields a new under-
standing of the seismic-resistant behavior of timber-framed struc-
tures. In light of these experimental results, the bracing effect is
achieved through use of various ground motion signals.

The body of this article will be divided into five sections: the
first will briefly present the shake table test program. The second
will describe the DIC set-up (camera, lighting, speckle pattern, soft-
ware and output visualization), while the third section will provide
a validation of the adopted method. Section 4 will expose the
results obtained during the field measurement. Moreover, insight
will be shared into both the debonding between bracing and infill
and the global hysteretic responses of the shear wall. Lastly, the
effects of bracing will be discussed in the context of high-energy
ground motion signals.
2. Experimental set-up

This part presents the experimental set-up to perform the seis-
mic test on the timber framed structure containing infill. First, the
Table 3
Technical characteristics of system components.

Video camera Technical characteristics

Brand/model Phantom v641
Maximum resolution 2560 � 1600 HD
Frequency at maximum resolution 1450 fps
Memory 8 up to 32 Gigabits
Added memory 128–512 Gigabits phantom CineMag
Pixel size 10 lm
Sensor CMOS
Color monochrome
Output Gigabit ethernet
Lensing F-mount, C-mount, PL-mount
Triggering hardware trigger BNC
Software CineMag to CineStation�

Dimensions 29.2 � 14 � 12.7 cm
Weight 5.33 kg



Table 4
Configuration selected.

Video camera Technical characteristics

Brand/model Phantom v641
Resolution 2560 � 1600 HD
Frequency 150 fps
Added memory 128 Gigabits phantom CineMag
Time recorded 50 s
Triggering hardware trigger BNC with other measurement devices

(lvdt and accelerometers)
Lensing Nikkor Ai-S 28 mm f/2
Distance from

the wall
6.1 m

Horizontal field
of view

5.4 m

Resolution 2.16 mm/px

Table 5
Lighting configuration selected.

Lighting Technical characteristics

Brand/model 4 K alpha version
Power 4000 W
Frequency ballast 1000 Hz
Option shallow alpha
lamp Open-Eyes HMI, ceramic G38 socket
Dimensions 53 � 58 � 36 cm
Weight 20.4 kg
Distance from the wall 6.5 m
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building design is depicted, then the shake table and the test pro-
gram are described. Lastly the main characteristics of the ground
motions played are given and the location measurement devices
(DWDS, LVDT and camera) are shown.
2.1. Building configuration

The house studied herein is a wood structure with infill. This
type of construction is common in many countries (including
France, Germany, Italy, Pakistan, India and Haiti (see [12,16,6]),
in recognition of the ability in most cases to use natural materials
available on-site). This solution therefore is environmentally
friendly (which is a key concern in developed countries) while
offering simpler building conditions and lower costs (major con-
siderations in emerging countries).

The selected house is prevalent in Haitian timber-framed recon-
struction programs initiated after the 2010 earthquake; it provides
an enhancement over traditional buildings by improving the con-
nection of the timber structure with both the basement and foun-
dation, and by introducing bracing via San Andrew’s crosses (X-
cross) filled with natural stones and bonded by earth mortar using
sisal. Fig. 1 presents the set of structures used in numerous recon-
struction projects (in rural as well as urban settings). The proposed
research concerns the first stage of the reconstruction program
Fig. 5. Overview of system components (shear wall tracked, lighting and camera
positions).
that is focused on rural and peri-urban housing which typically
consists in one-story houses. Based on presented research results,
two-story buildings were designed and built later (e.g. a school,
Fig. 1c).

The X-crosses simplify the structural filling step and moreover
improve safety in the event of falling stones thanks to smaller-
sized infill components, although at some financial cost since wood
pieces are not easy to procure by the local population. The bracing
is composed of a single continuous diagonal and another diagonal
divided into two parts; the bracing configuration is bonded using
70-mm long wooden nails, and the non-continuous diagonals are
purposely misaligned in order to simplify nailing. These techniques
serve to facilitate construction and avoid weakening the wood, as
opposed to an edge half-lap joint located at the center of each
diagonal.

Various connections have been implemented to build the struc-
ture described previously in Vieux-Champagne et al. [28]: type 1 is
a steel-wood nailed joint; type 2 is the joint between the middle
post, the bracings and the nogging; while the ligature wire pro-
vides the connection between roof and wall.

The house built for the shake table test covers a footprint of
4.65 � 4.65 m2; it is 3.37 m high (at the ridge) and symmetrical
with respect to the N–S axis (i.e. the loading direction, see Figs. 2
and 3). Three weeks were needed to build the house on the shake
table in deploying a multidisciplinary team of 8 architects and 3
civil engineers.

The shear walls have six vertical posts, with a window and door
respectively between posts 2–3 and 4–5 in the N–S direction
(Figs. 3 and 10). The transverse walls are identical, with six vertical
posts as well and one window located between posts 3 and 4.
According to a preliminary numerical study, the specimen was
placed on the shake table in order to load its weaker direction; it
was anchored into steel beams, which themselves had been bolted
onto the table. The dimension of each wall equals 4.65 m by
Fig. 6. Projected paint droplets.



Fig. 7. Overview of speckle patterns.

Table 6
Pixel tracking descriptions.

Part For one cell (pixel)

Intermediate beam 15
Andrew’s cross 40
Infilled materials 484

Part For the wall (pixel)

Timber-framed 580
Infilled materials 3388
Shake table 1
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2.00 m, which corresponds to 9.3 m2. Only the East shear wall
shown in Fig. 3 was filmed by cameras.

2.2. Shake table test program

These dynamic tests were performed on the uniaxial earth-
quake simulation facility in the Mechanical Laboratory at the
French FCBA Institute (in Bordeaux). The shake table is composed
of a 6� 6 m2 aluminum platform moved by a 250 kN servo-
hydraulic actuator. Table 1 lists the various shake table
characteristics.

2.3. Simulated ground motions

For purposes of this research, a strong ground motion had to be
simulated since no seismological recording of the January 12th,
2010 earthquake was ever available. It corresponds to a Mw 6.8
earthquake occurring 34 km west of Port-au-Prince. A second
motion was simulated by fitting an empirical spectrum character-
istic of seismic activity in the FrenchWest Indies. These two signals
featured the same approximate peak ground acceleration, near
0.30 g. Fig. 4 summarizes these results in terms of an elastic
response spectrum and the corresponding time history in
acceleration.

As indicated above, the tests carried out sought to demonstrate
the safe behavior of the structure under seismic loading. The sim-
ulated signal representative of Haiti’s January 2010 earthquake
was first selected in order to determine the seismic-resistant
behavior associated with this particular type of construction. This
simulated signal was denoted ‘‘Haiti 100%”. Next, the signal was
(a) image size: 200 200 pixels (b) image size: 10

Fig. 8. Gray scale of one speckle pattern with
increased to an extent matching the shake table capacity (Table 2)
so as to analyze the nonlinear structural behavior (i.e. Haiti 200%
and Haiti 300%). After these 3 loadings, the apparent damage of
the house seemed to be very low with all damage ascribed to
deformation of the transverse walls and roof structure. A number
of repairs were then performed (see Section 3). After this repara-
tion operation, it was impossible to still increase the same signal
because ‘‘Haiti 300%” has led to a shake table displacement close
to its maximum capacity. The second signal, i.e. the so-called
‘‘Guadeloupe 100%” was selected because of a PGA close to the
one of ‘‘Haiti 100%” and an extremely good fit with the shake table
displacement capacity at a 3.9 scaling factor (i.e. ‘‘Guadeloupe
390%”). Moreover this signal corresponds to a scenario that can
be found in the French West Indies islands (Antilles) close to Haiti.

‘‘Guadeloupe 390%” gives a maximum overturning moment
solicitation around 80 kN m which is 3 times less than the over-
turning moment capacity of the shake table.
2.4. Experimental imaging set-up

The measured displacement results using DIC are influenced by:
the measurement system, lighting conditions, and speckle pattern.
These three primary elements will be discussed below.
2.4.1. Camera
A high-speed camera with a high resolution, i.e. the Phantom

v641, was used to track motion. The technical characteristics of
this camera are given in Table 3. This maximum resolution
(2560 � 1600) is necessary to obtain the most accurate DIC analy-
sis. At this resolution, each pixel represents 2.16 mm on the wall.
The frame rate was correlated with the test duration to respect
the memory storage capacity constraints. The seismic signals used
in this study are 30 s longer (Fig. 4). For practical reasons, a 50-s
signal has been recorded. Thanks to an additional 128 gigabytes
(GB) of memory, a 150-frame per second rate could be used. The
file size of a movie for one signal is 40 Gigabites. After extraction,
0 pixels (c) image size: 20 20 pixels

a 20 � 20 subset at different zoom levels.



Fig. 9. Measurement field visualization.

Fig. 10. Name of the square parts.
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each earthquake leads to 7500 images. The image file size is
8.2 Megabites in.tif format. Table 4 shows the configuration set-
up employed for this study.

The camera measurement systemwas synchronized with a con-
ventional contact measurement apparatus: Draw Wire Displace-
ment Sensor (DWDS), Linear Variable Differential Transformer
(LVDT), and accelerometer. Each of these apparatuses was con-
nected to a BNC cable. For simultaneous acquisitions, BNC signal
provided by the acquisition of the conventional contact is used to
trigger the recording action of the camera and conventional con-
tact measurement apparatus. A constant delay time of 0.6367 s
was observed between the camera and the contact measurements,
most likely as a result of the intrinsic time required to open the
photocathode gate and start recording.

2.4.2. Lighting
Measurement precision with a high-speed camera depends in

large part on image brightness, hence background lighting is
required. In this study, two challenges are raised regarding light-
ing: (1) the same light intensity is required along the wall and
(2) the lighting must not create a shadow due to the wall’s thick-
ness and roughness texture. The lighting must also be as diffuse
and far from the wall as possible. The use of several lighting
sources is indeed a solution, yet one difficult to calibrate. A power-
ful lighting source (4000 W, 4 K alpha version) positioned 6.5 m
away from the wall was the preferred solution (Fig. 5). Table 5 lists
the technical characteristics of this 4 K alpha version. A high-
frequency ballast was also installed to protect against a flicker of
the camera frequency acquisition. In addition, a shallow alpha
was inserted to create a spatial lighting effect.

2.4.3. The speckle pattern
According to the DIC technique, a pixel is tracked from one

image to another using a pixel signature defined by a gray value.
Since the gray value of a pixel could not be unique, a subset con-
taining neighboring pixels were associated at the pixel signature.
To obtain accurate measurements, this subset required a speckle
pattern to distinctly demonstrate different gray scale distribution
characteristics [19]. This step could not be completed solely with
the natural specimen surface, which is a repeated combination of
earth, timber and stone texture. A random painted speckle pattern
then had to be added. Pan et al. [19] and Lecompte et al. [15]
showed that the speckle size in a given speckle pattern, combined
with the size of the subset, exerted an influence on the displace-
ment measurement accuracy. A distributed speckle pattern, in
terms of radius, is more suitable than the smallest possible speck-
les. Hua et al. [9] indicated that speckle patterns should display a
speckle from 2 to 4 pixels and a high density. The speckle pattern
is typically produced with a can of spray paint. This technique
however cannot be used with the test’s wall dimensions and cam-
era resolution since the dots would be too small. Acrylic paint cans
and brushes were thus used in conjunction with a special tech-
nique of droplets projected by dynamic shock created when the
wrist movement was suddenly stopped (Fig. 6). This technique
ensures obtaining both a random dot size (between 1 and
10 mm) and a satisfactory dot density within a relatively short
time. With the optimum subset of this test (see Section 2.4.4),
the speckle dimension is close to 1–6 pixels (Fig. 8). Three paint
colors were used to create the gray scale: black, gray, and white
(Fig. 7).

2.4.4. Tracker
The DIC software named ‘‘Tracker” used for this paper [4,22]

had initially been developed for granular materials. In the presence
of rigid motion, Tracker is a robust parallelized code with a sub-
pixel resolution obtained by a bilinear interpolation function of
gray levels covering the subset tracked over all images. The sub-
pixel resolution is based on the Zero-mean Normalized Cross-
Correlation (ZNCC) criterion [18]. The estimate is independent of
differences in brightness and contrast due to the normalization
with respect to mean and standard deviation.

The greater relative displacement on the wall is approx. 4 cm
(Tables 8 and 9), which substantiated the hypothesis of rigid
motion as regards the wall’s dimensions (i.e. whereby the pattern
of a given subset remains unchanged after the transformation).
This hypothesis proves to be beneficial since the tracking is not
performed between successive photographs, which in turn leads
to an accumulation of digital truncation errors in the sequential
processing of images. Instead, the tracking is directly carried out
between the first current photographs.

As highlighted above, the subset size and speckle pattern are
correlated. An optimal subset (i.e. rectangular with 20 � 20 pixels)
is formed according to two observable data components: shake
table displacement measured by the LVDT, and the Tracker code’s
capacity to follow every part of the wall independently (timber-
framed structure, Andrew’s crosses, earth and stone). The timber-
framed structure with Andrew’s crosses is tracked with a linear
mesh along the local neutral axis of each element. To track the infill
material, a special precaution is introduced to associate, at each
pixel, a subset pixel with just infill material inside (i.e. no wood)
to avoid difficulties when seeking this subset if debonding appears
at the interface with the Andrew’s crosses.



Fig. 11. Measurement device position.

(a) Haiti 200%: Connec-
tion – Location: South
transv. wall

(b) Haiti 300%: Connec-
tion – Location: South
transv. wall

(c) Guadeloupe 390%:
Connection – Location:
South transv. wall

(d) Guadeloupe 390%: Overview of damage

Fig. 12. Main damages observed in the south transverse wall (most damaged) – debonding of infill and steel strip deformation.
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(a) Haiti 300%: top left (b) Haiti 300%: center (c) Haiti 300%: bottom right

(d) Guadeloupe 390%:
top left

(e) Guadeloupe 390%: center (f) Guadeloupe 390%:
bottom right

Fig. 13. Damage observed in the shear wall – mainly debonding of infill.
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2.4.5. Output visualization, nomenclature and sign convention
Nearly 4000 pixels were tracked in order to describe the global

response of the test wall (Table 6). Three pixels on the shake table
were used at the beginning of this study; they have yielded exactly
the same displacement, thus making it possible to deal with one
pixel. Two distinct representations have been used in this paper
for the full-field measurement, with one being the actual deforma-
tion drawn with the circle or cross (Fig. 9) and the other containing
a vector drawing the displacement between the initial configura-
tion and the deformation configuration. To aid with the visualiza-
tion, an amplification factor is always introduced (as indicated in
each figure). The black color depicts the beam or post, while red
represents the Andrew’s crosses and blue the infill material. Let’s
note that the infill material has not been shown with the vector
visualization so as not to overload the figures.

The sign convention is displayed in Fig. 10. When a displace-
ment lies in the right direction (north) it has a positive value,
and the left direction (south) is depicted by a negative value.
2.5. Contact devices set-up

In addition to high-speed camera and the DIC technique, con-
tact measurement devices were used according to the layout
shown in Fig. 11. Displacements were measured thanks to DWDS
and LVDT transducers while accelerations were recorded with
accelerometers. As the aim of this paper is not to take advantage
of all the results given by these local transducers, but to demon-
strate the feasibility of tracking a full-field displacement using a
high-speed camera and digital image correlation (DIC) technology,
only this latter technique is explained and detailed. Only the shake
table displacement (LVDT3) and acceleration (ACC10) measure-
ments are provided hereafter for a comparison with displacements
and accelerations obtained with recorded camera images. The
shake table displacement is measured with the integrated LVDT
of the actuator (RDP with a range of �150 mm).
3. Observed damage and reparation

This section describes the main damage observed during the
seismic test program with a specific focus on the East shear filmed
by camera. The main observed damage is depicted in Fig. 12. Steel
strips used in connections exhibited significant plastic deforma-
tions and nails were deformed and partially pulled out of wood
members. Such damage phenomena contribute to a high ductility
of the structure. Despite some connection pull-outs in the roof
structure and local infill debonding, most part of the visible dam-
age is located in the transverse wall that was submitted to signif-
icant out-of-plane deformation. Nevertheless, such damage did not
affect the structural stability. The transverse wall infill started
debonding and cracking during the ‘‘Haiti 200%” seismic test and
was pulled out during the ‘‘Guadeloupe 390%”. During the ‘‘Haiti
100%” test, no damage was observed. After ‘‘Haiti 300%”, a repair-
ing operation was performed. It mainly consisted in driving again
partially pulled-out nails. During ‘‘Guadeloupe 100%” test, few
additional damage occurred.

Before ‘‘Guadeloupe 390%” earthquake no damage has been
observed on shear walls. To highlight the damage observed,
Fig. 13 shows the same part of the wall after ‘‘Haiti 300%” and
‘‘Guadeloupe 390%”. At this stage, wood and infill triangles started
debonding. Since this damage is not easily visible, especially during



(a) Haiti 100% (b) Haiti 200%

(c) Haiti 300%

Fig. 14. Haiti – comparison between DIC and LVDT for shake table displacement (all signals and a close-up near the peaks).
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(a) Guadeloupe 100% (b) Guadeloupe 390%

Fig. 15. Guadeloupe – comparison between DIC and LVDT for shake table displacement (all signals and a close-up near the peak).

Table 7
Maximum difference between DIC and LVDT methods for the shake table.

Earthquake Haiti
100%

Haiti
200%

Haiti
300%

Guadeloupe
100%

Guadeloupe
390%

LVDT
displacement
(mm) for the
maximum
difference

�25.85 �51.72 93.10 �23.74 �87.47

DIC displacement
(mm) for the
maximum
difference

�26.98 �53.29 96.01 �24.58 �91.83

Difference (%) 4.3 3.0 3.1 3.5 5.0

Table 8
Maximum positive Ux displacement.

Earthquake Position Image Time (s) Displacement (mm)

Haiti 100% Left post 2314 18.08 1.72
Haiti 100% Right post 2668 20.44 1.67
Haiti 200% Left post 2508 20.75 6.19
Haiti 200% Right post 2508 20.75 6.20
Haiti 300% Left post 2978 20.49 12.51
Haiti 300% Right post 2978 20.49 12.02
Guadeloupe 100% Left post 3337 23.37 4.12
Guadeloupe 100% Right post 3383 23.68 5.36
Guadeloupe 390% Left post 3470 23.77 33.70
Guadeloupe 390% Right post 3468 23.76 36.41

Table 9
Maximum negative Ux displacement.

Earthquake Position Image Time (s) Displacement (mm)

Haiti 100% Left post 2643 21.70 �2.15
Haiti 100% Right post 2643 20.26 �1.60
Haiti 200% Left post 2533 20.92 �3.75
Haiti 200% Right post 3186 21.88 �5.74
Haiti 300% Left post 3061 21.04 �10.28
Haiti 300% Right post 3062 21.05 �6.54
Guadeloupe 100% Left post 3355 23.49 �6.79
Guadeloupe 100% Right post 3356 23.50 �4.86
Guadeloupe 390% Left post 3441 23.58 �37.67
Guadeloupe 390% Right post 3439 23.56 �30.07
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seismic test, DIC measurements appear relevant for the analysis of
the complex cyclic behavior of the wall.

Between ‘‘Haiti 300%” and ‘‘Guadeloupe 100%”, the structure
has been fixed in the following way: hammering of pulled out
nails, tightening the loosened ligature wires, and putting back in
place the roof structure bracing. After ‘‘Guadeloupe 100%”, since
observed damage was only localized on the bracing of the roof
structure, only this part was fixed. The infill material, the timber
framed structure and the Andrew’s crosses have never been fixed.

4. Validation by means of shake table displacement (DIC/LVDT)

As explained above, the wall dimension (greater than 9 m2)
challenges the accuracy of DIC results due to both the lower
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relative displacement of the structure (between 1 mm and 40 mm)
and the camera resolution (2.16 mm/pixel and 0.216 mm/sub-
pixel, respectively). Figs. 14 and 15 show a perfect acquaintance
for a seismic loading with both high and low energy (high and
low shake table displacement and hence structural response). The
highest differences between LVDT and DIC are presented in Table 7.
These differences are less than 5%. Let’s also note that the LVDT sig-
nal is noisier than that obtained using the DIC technique.

5. Results

The results of this investigation are presented in the three fol-
lowing subsections: ‘‘field displacements”, ‘‘debonding between
infill material and Andrew’s crosses”, and ‘‘acceleration and force”.

5.1. Field displacements

This section constitutes the heart of the paper: with 3969 pix-
els, the entire wall is tracked all along the earthquake signals.
Close-up 1 Close-up 2 Close-up 3

Fig. 16. ‘‘Guadeloupe 390%” image with DIC(i) = 3468.

(a) Vector displacement

Fig. 17. ‘‘Haiti 100%” in th
The maximum relative displacements in the x (horizontal) direc-
tion are applied and always found on the top left or top right post
(Fig. 10). Since the maximum displacements are recorded in either
the positive or negative direction, two tables are presented. Table 8
summarizes the maximum displacements in the positive direction,
while Table 9 contains the maximum negative displacements. The
y (vertical) direction has not been shown given that its displace-
ments are smaller, but it is still worth noting that DIC yields dis-
placements in both the x and y directions, which would be
impossible with DWDS or LVDT.

The extreme displacements reveal a similar behavior of the
shear wall in both directions; moreover, they remain uncorrelated
linearly with the increasing displacement of earthquake signals. A
nonlinear behavior can be brought out by comparing the response
of the structure under seismic signals ‘‘Haiti 100%” and ‘‘Haiti
300%”. As these two signals exhibit exactly the same frequency
contents, they excite an elastic linear structure with the same
modal shapes that make possible the comparison of maximum
top wall displacements. As the ratio of the ground motion ampli-
tudes between ‘‘Haiti 100%” and ‘‘Haiti 300%” (3) is lower than
the ratio of the maximal top wall displacements (7.3), a non-
linear behavior of the structure can be highlighted; it is especially
due to damage. Since nothing is visible on the wall with the naked
eye, an investigation has to be conducted in order to understand
why the displacement is amplified and where damage occurs. This
step will be carried out in the following section.

Another comment worth noting is the non-concomitance of the
extreme wall displacements with extreme displacements of the
shake table, in association with a large acceleration (i.e. high
energy) obtained in the positive direction for Haiti at 21.6 s and
for Guadeloupe at 22.3 s. This condition is in fact due to the free
vibration of the structure whenever a maximum relative displace-
ment is recorded on the wall in one direction, as the shake table
may already be moving in the other direction.

In the following discussion, a representation of the full-field rel-
ative displacements of the shear wall will be provided for all earth-
quake signals studied. This representation is generated by tracking
3969 pixels. For a displacement considered as positive, a visualiza-
tion is triggered when the maximum relative displacement on the
top right post has been reached. With an identical method, once
the displacements have been considered as negative, visualization
takes place at the time of maximum relative displacement on the
top left post. The advantage of the DIC technique is to expose, with
the assistance of an amplification factor, the opening in infill mate-
rial and the flexural behavior of both the timber elements and the
(b) Deformed configuration

e positive direction.
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entire timber frame. These observations are practically impossible
to record with the naked eye, as illustrated in Fig. 16 for ‘‘Guade-
loupe 390%”.
(a) Vector displacement

Fig. 18. ‘‘Haiti 100%” in th

(a) Vector displacement

Fig. 19. ‘‘Haiti 200%” in th

(a) Vector displacement

Fig. 20. ‘‘Haiti 200%” in th
Figs. 17, 18, 23 and 24 show that the pixels are almost all cor-
rectly tracked. For this level of earthquake, the maximum relative
displacement is extremely small (close to the pixel definition).
(b) Deformed configuration

e negative direction.

(b) Deformed configuration

e positive direction.

(b) Deformed configuration

e negative direction.



(a) Vector displacement (b) Deformed configuration

Fig. 21. ‘‘Haiti 300%” in the positive direction.

(a) Vector displacement (b) Deformed configuration

Fig. 22. ‘‘Haiti 300%” in the negative direction.

(a) Vector displacement (b) Deformed configuration

Fig. 23. ‘‘Guadeloupe 100%” in the positive direction.
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The sub-pixel (0.1 of a pixel) is thus essential for the tracking step.
The global response for the wall is relevant, and the field of relative
displacement is consistent for all pixels, except those that describe
the top of the infill material in C1, due to the roof displacement
swallow effect.
The displacement field in Figs. 21 and 22 is also relevant and
validates the pixel tracking. Only the pixel at the end of the
Andrew’s crosses has not been correctly tracked. The subset
associated with this pixel is slightly too large, and its numerical
signature includes some beam pixels that perturb tracking when



(a) Vector displacement (b) Deformed configuration

Fig. 24. ‘‘Guadeloupe 100%” in the negative direction.

(a) Vector displacement (b) Deformed configuration

Fig. 25. ‘‘Guadeloupe 390%” in the positive direction.

(a) Vector displacement (b) Deformed configuration

Fig. 26. ‘‘Guadeloupe 390%” in the negative direction.
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the nails are pulled out. This situation applies to 4 pixels of the
3969.

For ‘‘Guadeloupe 390%”, the displacement field has also been
correctly obtained (Figs. 25 and 26) despite the large opening
between Andrew’s crosses and the infill, which tended to under-
mine DIC performance.
The relative displacement field has led to partial conclusions.
First of all, the structural response is linear for a ground motion
equivalent to the January 2010 Haitian earthquake. When increas-
ing the seismic level (‘‘Haiti 200%”, ‘‘Haiti 300%” and ‘‘Guadeloupe
390%”), a nonlinear behavior of the wall is observed. The flexural
behavior is clearly depicted in the timber-framed structure in



Fig. 27. Continuous diagonals of the Andrew’s crosses.

(a) For C2, C3, C5
and C6

(b) For C1, C4 and
C7

Fig. 28. Definition of the calculated debonding values.
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Figs. 19, 20, 21, 22, 25, 26, and this behavior contributes to the
energy dissipation.

5.2. Debonding between infill material and Andrew’s crosses

In the following discussion, the debonding between infill mate-
rials both under and over the continuous diagonals of Andrew’s
crosses will be addressed. Fig. 27 depicts the continuous diagonals
with a black line for the entire wall; they are positioned in one of
two ways into cells: with a normal in either the northwest direc-
tion or southwest direction (see Fig. 28). It is important to note that
4 cells contain the continuous diagonals in one direction and 3 cells
in the other; moreover, for the 3 top cells, 2 continuous diagonals
lie in the same direction (C3 and C6). Due to the wall opening (door
and window), the wall has an intrinsic asymmetric appearance
with continuous diagonals of Andrew’s crosses. Fig. 28 presents
the debonding calculated for both possibilities of the continuous
diagonal direction. The debonding between infill materials and
Table 10
Maximum debonding values between infill and continuous diagonals.

Ground motion Haiti 100% Haiti 200% H
Cell Direction Direction D

+ � + � +

C1 (mm) 0.16 0.18 0.33 0.80 0
C2 (mm) 0.15 0.41 0.63 0.76 1
C3 (mm) 0.12 0.08 0.86 0.48 2
C4 (mm) 0.13 0.14 0.55 0.68 0

C5 (mm) 0.28 0.09 1.46 0.24 2
C6 (mm) 0.67 0.09 1.51 0.25 2
C7 (mm) 0.07 0.11 0.20 0.15 0

Image 2668 2857 2508 2533 2

Bold values indicate the maximum values of each ground motion.
both sides of the continuous diagonal has been calculated by track-
ing the displacement variations of the two edges of the infill mate-
rials, as obtained by the mean value of the pixel displacements.
Table 10 summarizes the maximum debonding for each cell and
each earthquake. The ‘‘+” sign means that the global wall displace-
ment is in the positive direction when debonding occurs, while the
‘‘�” sign is used when the global wall direction goes the opposite
way. The ‘‘Image” number is written for the image which leads
to the maximum debonding valor of a cell.

Thanks to this table, it is now possible to analyze the evolution
of such debonding, i.e.:

� ‘‘Haiti 100%”: in accordance with the field displacement pre-
sented in Figs. 17 and 18, debonding at this earthquake level
is small enough to be insignificant and probably inexistent.
Moreover, the calculated debonding values lie in practically
the same range of sub-pixel accuracy and, hence, are extremely
critical.

� For a positive global wall displacement direction: in all earth-
quakes, maximum debonding is always obtained in this direc-
tion. The debonding in cells C2, C3, C5 and C6 is always
predominant. Moreover, debonding is always greater for cell
C6 and represents nearly 20% of the maximum wall displace-
ment for all earthquakes, except ‘‘Guadeloupe 390%” (at 40%).

� For a negative global wall displacement direction: in all earth-
quakes except ‘‘Guadeloupe 390%”, debonding is limited with
respect to the other direction, and the maximum is always
obtained in cell C1. Outside of C1, cells C4 and C7 (continuous
diagonal with a normal in the southwest direction) do not lead
to a significant debonding and remain low during the Haiti ser-
ies. Only for ‘‘Guadeloupe 390%” does debonding become signif-
icant in cell C4 and over the same C6 maximum debonding
range as obtained in the positive direction.
aiti 300% Guadeloupe 100% Guadeloupe 390%
irection Direction Direction

� + � + �
.43 1.5 0.33 1.08 2.05 6.6
.49 0.94 0.72 0.85 6.34 3.82
.48 0.58 0.84 0.71 6.52 2.74
.70 0.87 0.57 0.42 1.40 12.04

.49 0.42 0.96 0.24 5.84 0.5

.59 0.51 1.02 0.41 14.54 2.62

.67 0.28 0.2 0.32 1.93 0.71

978 3061 3383 3355 3468 3441



(a) Positive direction for all earthquakes except
“Guadeloupe 390%”

(b) Negative direction for all earthquakes except
“Guadeloupe 390%”

(c) Positive direction for all earthquakes (d) Negative direction for all earthquakes

Fig. 29. Maximum gap between discontinuous diagonals.
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� The orientation of the continuous diagonals is not in a central
vertical symmetry which leads to a debonding always greater
in positive direction than in the negative one.

� Zero proportionality: as for maximum displacements, the
increase in debonding across earthquake levels is not propor-
tional to the amplification factor of each level. This debonding
is likely to account for the largest share of the global wall non-
linearity. The comparison drawn between Fig. 29a and b indi-
cates that this nonlinearity is more pronounced in the positive
direction. Only during ‘‘Guadeloupe 390%” debonding values
are high in both directions (Fig. 29c and d). Nonlinearity is
due to accumulated damage that appears significant in both
directions of this signal.

5.3. Acceleration and force

Acceleration and, consequently, force are two key observable
parameters to evaluate as structural stiffness varies under a seis-
mic loading. Acceleration is calculated using a double derivative
of the full-field displacement. This method is indeed relevant since
the number of images recorded provides a high level of precision.
The excitation period of the wall nears 0.32 s for each earthquake,
and then 48 images are available despite the vibration of each
point in the wall. For each pixel and at a given time t, a second-
order polynomial has been chosen to fit the displacement curva-
ture defined by 7 points (including 3 after and 3 before t). A first
derivative is taken and a new second-order polynomial is found
to fit the speed curvature also defined by 7 points. At this point,
a second derivative corresponding to the acceleration is taken.
Next, the horizontal acceleration of the shake table obtained with
DIC is compared to the horizontal acceleration recorded by an
accelerometer on the shake table. Fig. 30 shows that acceleration
has been properly determined with DIC: the curvature of both
accelerations is similar. Based on the frequency domain responses
obtained by a Fast Fourier Transform (FFT), the Fig. 31 confirms the
same assumption. This is a very powerful outcome since the accel-
eration could be calculated everywhere on the wall and during
data post-processing. It is also possible to find the acceleration in
both directions for each pixel tracked.

5.4. Global shear wall force vs post right displacement

Fig. 32 exhibits the diagram of the wall force function of the top
right wall displacement. The shear used as a basis has been com-
puted by summing the inertial forces of all 7 cells from the hori-
zontal acceleration obtained by DIC. For each elementary cell
with infill, cell weight has been evaluated at 150 kg.

The hysteretic responses of the test structure, as calculated with
DIC during the Haitian and Guadeloupean series, highlight the
trend in case of an overall nonlinear behavior. For ‘‘Haiti 100%”,
the overall behavior is linear, thus highlighting that the structure
is highly resistant to a ground motion equivalent to Haiti’s January
2010 earthquake. The nonlinearity and dissipated energy increase
as stiffness decreases (Fig. 32) after each ‘‘Haiti 200%” and ‘‘Haiti
300%” signal, which reveals structural damage. Following repairs
and during ‘‘Guadeloupe 100%”, overall behavior is definitively
nonlinear and effective stiffness has slightly decreased relative to
‘‘Haiti 300%”. This finding may be explained by a lack of impact
from the overall shear wall repair: irreparable damage in the infill
material; and interface degradation after debonding, as discussed
above. On the other hand, repairs relative to the global response
of the entire house are indeed relevant (Table 11): roof structure



(a) “Haiti 100%” (b) “Haiti 200%” (c) “Haiti 300%”

(d) “Guadeloupe 100%” (e) “Guadeloupe 390%”

Fig. 30. Acceleration – comparison between DIC and accelerometer for the shake table (all signals and close-ups near the peak).
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bracings exert a strong influence on the structural behavior of the
transverse wall.

The overall behavior observed during ‘‘Guadeloupe 390%”
reflects a typical hysteresis curve with good seismic structural dis-
sipation capacity (as regards the considerable level of seismic
ground motion). More specifically, the wall’s ability to withstand
large displacements without reaching failure is highlighted. More-
over the shear wall presents even ability to develop resistant
capacity as the shear capacity developed for this seismic input is
higher than the one observed during ‘‘Haiti 300%”.

Figs. 33 and 34 depict the hysteretic responses of each cell vs. its
average displacement for both ‘‘Haiti 300%” and ‘‘Guadeloupe
390%”. For the two earthquake signals, energy dissipation is pre-
dominant in cells C1, C3 and C6, which are the top ones. Even for
‘‘Guadeloupe 390%”, dissipation in the bottom cells is not caught
in this representation. Consequently, no direct correlation exists
between debonding (significant in C4 with ‘‘Guadeloupe 390%”)
and the hysteretic response of a cell.
6. Discussions

As highlighted in Figs. 17 and 18, the structural response
obtained during ‘‘Haiti 100%” is linear. The structure resisted well
to a ground motion equivalent to Haiti’s January 2010 earthquake.



(a) “Haiti 100%” (b) “Haiti 200%”

(c) “Haiti 300%” (d) “Guadeloupe 100%”

(e) “Guadeloupe 390%”

Fig. 31. FFT – comparison between DIC and accelerometer results for the shake table.
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No damage could be observed, a finding that provided direct proof
of the seismic-resistant behavior of timber-framed structures con-
taining infill.

Five earthquake signals with high energies were introduced to
perform the shake table tests on the same building. No damage
could be observed on the shear walls, and only two infill triangles
were pulled out onto one transverse wall. The building definitively
features a seismic-resistant behavior since it is capable of prevent-
ing injury to dwelling occupants (i.e. no mortal risk).
Thanks to a DIC analysis, this article has highlighted the ductil-
ity of the building, which is thus able to exhibit large-scale
displacements and a high energy dissipation capacity. More specif-
ically, the DIC study has yielded critical information about: the
flexibility of a timber-framed structure, and the debonding
between continuous diagonals of the Andrew’s crosses and infill.
These are the key issues raised herein and will be further discussed
below.

The continuous diagonals allow decoupling the behavior of a
cell into two distinct triangles. For a high-energy ground motion,



Table 11
Effective stiffness values.

Earthquake Haiti 100% Haiti 200% Haiti 300% Guadeloupe 100% Guadeloupe 390%

Shear wall global hysteretic response (kN/mm) 5.31 4.25 1.82 1.34 0.90

(a) “Haiti 100%” (b) “Haiti 200%” (c) “Haiti 300%”

(d) “Guadeloupe 100%” (e) “Guadeloupe 390%”

Fig. 32. Global shear wall force vs. right post displacement.
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the triangles below the continuous diagonal isolate themselves
from the upper triangle, which then follows its course of move-
ment without driving the lower triangle. This debonding serves
to dissipate energy with no infill disaggregation. Only the bond
between diagonal and infill is loaded, before returning to its initial
state upon loading. This safety issue is raised because discontinu-
ous diagonals are unable to contribute in tension: the nail connec-
tion provides an opportunity to pull out and release the two
triangles on each side of the continuous diagonal. For continuous
diagonals, the nail connection is also a pull-out type with tension,
which leads to a disconnection between these diagonals and the
vertical posts. The connection of Andrew’s crosses then becomes
particularly relevant given their extreme simplicity and
effectiveness in improving ductility and seismic resistance of the
structure. The more rigid connection, such as a lap joint, used in
the ‘‘Pombalino” wall (see [17,26]) therefore seems to be less
relevant.

The discontinuous diagonals in the shear wall only exert an
impact when in compression. The infill however is already quite
strong in compression, hence the impact of these discontinuous
diagonals remains questionable. Yet one purpose of the Andrew’s
crosses is to divide the rectangular cells into 4 triangles in order
to prevent cell infill materials from collapsing all at once. As men-
tioned in Section 3, no infill material collapse occurred for the
shear wall, although infill materials of two triangles did fall with
the ‘‘Guadeloupe 390%” transverse wall (Fig. 12d). An investigation
would be needed to understand what would have happened with-
out the discontinuous diagonals. ‘‘Guadeloupe 390%” represents a
high-energy earthquake signal, and it does not seem reasonable
to use it in structural design since no infill material has fallen for
the other 4 signals. A second purpose of discontinuous diagonals
consists of helping fill cells during construction. Nevertheless, this
still induces a global construction cost. In the context of Haitian
reconstruction and according to the prevailing world view, timber
material savings is an incentive behind this kind of construction.
The main conclusion of these DIC analyses is their non-necessity
in future projects.

The second key issue would be the importance of the continu-
ous diagonal design. To ensure a dissipative wall behavior in both
directions, a central vertical and axial symmetry must be derived
to the greatest extent possible. In the case studied herein, such
symmetry cannot be obtained due to the opening, hence the south-
ern direction is less dissipative than the north (i.e. debonding is
always greater in the positive direction than in the negative one),
which is probably correlated with observed damage on the trans-
verse wall: for ‘‘Guadeloupe 390%”, two triangles fall on the south-
ern transverse wall whereas no damage is observed on the
northern out-of-plane wall.



C3C2C1

C6C5C4

C7

Fig. 33. Shear wall force in the cell vs. cell displacement for ‘‘Haiti 300%”.
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7. Conclusion

This paper has presented a field displacement measurement
method with use of a high-speed camera. The innovation herein
is to explain and prove the feasibility of this method for a large
sample displaying the actual dimensions of a house wall (9.3 m2)
and under a seismic loading applied by a shake table. Following a
technical description of the system’s components (camera and
lighting), emphasis was placed on the painted speckle pattern
and its connection to the subset chosen for pixel tracking with
the DIC software.

To validate this DIC analysis, a comparison was drawn with the
displacement recorded by LVDT. The difference between the two
measurements was less than 5%. In another part of the paper, the
acceleration was found in every pixel tracked using a second
derivative of the displacement field. A comparison could also be
drawn with an accelerometer on the shake table. For certain
ground motion signals, the difference in peak values was signifi-
cant, yet the time acceleration curve remained in good agreement.

One of the main advantages of field measurements relative to
local measurements, as obtained with LVDT, DWDS and an
accelerometer, was also highlighted: the possibility of generating
information at the level of each pixel, which enables selecting
them individually in a post-process analysis.

The global response of the shear wall was analyzed through
results of the field displacement measured on 3969 pixels to
describe each component (timber-framed structure plus infill).
These databases served to plot a 2D view of the global deformed
configuration for 5 ground motion signals. The structural response
is linear for a ground motion equivalent to Haiti’s January 2010
earthquake, which provides scientific proof of its seismic-
resistant quality and validates the relevance of this type of building
in Haiti’s reconstruction project. At an increased seismic level
(‘‘Haiti 200%” and ‘‘Haiti 300%”), nonlinear wall behavior is
observed. Flexural behavior, which helps dissipate energy, has
been identified in the timber-framed structure.

This view of the deformed configuration has revealed an open-
ing between the connection of the Andrew’s cross continuous diag-
onal and the infill. Special attention was paid to quantifying this
debonding. Like for displacements, debonding was not propor-
tional to the increased amplitude factor scaling of earthquake sig-
nals. Asymmetric behavior was also exhibited and explained by the



C3C2C1

C6C5C4

C7

Fig. 34. Shear wall force in the cell vs. cell displacement for ‘‘Guadeloupe 390%”.
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continuous diagonal position. Debonding between continuous
diagonal and infill was key to understanding the seismic-
resistant behavior of this type of building. Such opening interfaces
allowed for large wall displacements, accompanied by energy dis-
sipation and without any infill disaggregation; they played a role
similar to that of a fuse. Moreover, by calculating the acceleration
in each pixel tracked, the global wall force could be obtained. The
hysteretic response of the shear wall was plotted for each ground
motion; a similar evolution for the house and shear wall global
hysteretic response was found with the seismic signals, meaning
that damage in the shear wall is representative of global house
damage. A DIC analysis yielded the global force on the shear wall,
which also provided a better understanding of the behavior of this
kind of structure.

The final section was devoted to the impact of continuous and
discontinuous diagonals with respect to dissipation energy for
high-energy ground motion. The choice of bracing proved relevant
in providing ductility and strength at these loading levels. The
article concluded that timber savings appear to be possible since
the impact of discontinuous diagonals is subject to debate. A rec-
ommendation was also forwarded regarding the position of brac-
ing for future (re)construction projects.

Field displacement measurements provide a direct proof of the
seismic-resistant behavior of a filled timber-framed structure.
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