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Abstract 
Following the 14 November 2016 the Mw 7.8 Kaikoura, New Zealand earthquake, the Ministry 
for Business, Innovation and Employment together with representatives from local 
government, researchers and practitioners discussed possible strategies for how to address 
the elevated risk of fatalities posed by unreinforced masonry (URM) façades and parapets. 
The outcome was a policy (successfully implemented) that required securing of street-facing 
parapets and façade with a particular focus on heritage precincts with high pedestrian traffic.  
In parallel, an experimental campaign was undertaken to provide building owners and 
practicing engineers with a better understanding of the performance of different levels of 
building strengthening and also propose simple, speedy and cost-effective retrofit solutions.  
The experimental campaign involved testing on a shaking table scaled replicas of traditional 
two-storey unreinforced clay brick masonry commercial buildings. The building performance 
was first tested in the as-built condition in order to establish a benchmark for the proposed 
retrofit techniques. Two different levels of strengthening were investigated: (i) simple wall-to-
diaphragm connections, (ii) additional vertical strong-backs installed on the top floor wall 
interior surface and moment-resisting frames placed at the ground floor. Scaled building and 
material characteristics as well as the obtained results during the shaking table tests in terms 
of response of the structure, damage mechanisms and performance achieved are reported 
herein.  
 
Keywords: URM Seismic retrofit, Strong-backs, Mechanical Anchors, Shake table 
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1 Introduction 
The poor performance of unreinforced masonry (URM) buildings in past earthquakes 
throughout the world in locations such as New Zealand [1, 2], Italy [3, 4], California [5], and 
Nepal [6] is well documented. Post-earthquake observations highlighted also cases where the 
seismic retrofits did not consistently perform in accordance with their design [7, 8]. Hence it is 
important to investigate and test simple, reliable, and cost-effective retrofit techniques that are 
suitable for specific building typologies. In addition, a recent Building Amendment Act [9] in 
New Zealand requires all earthquake vulnerable buildings to be either strengthened or 
demolished within the next 15-25 years, and hence providing engineers and contractors with 
proof-tested cost-effective techniques will allow to building owner to best comply the 
Government exportations. In response to this need, shake-table testing of a commonly 
encountered New Zealand and Australia URM building was undertaken considering minimal 
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retrofit and retrofitted scenarios. The aim of the experimental campaign was to enhance 
understanding of the sequence of damage that leads to the formation of different collapse 
mechanisms and to closely investigate the effectiveness of various retrofit interventions. 
Two quarter-scaled clay-brick URM building models were constructed as representative of the 
common vintage commercial two-storey row buildings with multiple occupancies in New 
Zealand (URM building typology D, [17]) and Australia, see Figure 1a. The building consisted 
of a symmetrical opening configuration on the front façade with a large shop window at the 
ground floor and two smaller windows at the first floor see Figure 1b), and an asymmetrical 
opening configuration at the back façade with a door at the ground floor and two windows at 
the first floor. One of the side walls had two asymmetrical windows at the top floor (see Figure 
1b) suggesting that the model was representative of an end-row building. General building and 
model dimensions are presented in Table 1. The first building model was tested in as-built 
conditions with wall-to-diaphragm (w-to-d) anchorages while the second building model was 
tested in retrofitted condition. The retrofits were designed to be cost-effective and to be easily 
implement and removed if needed. Reversibility of the retrofit interventions is desirable for 
existing buildings as it enables eventual removal of the retrofits for more aesthetic or advanced 
replacement solutions without damaging the original masonry fabric. 

  
(a) Typical row buildings in Australia (b) View of the model front facade and right side 

Figure 1: Example of typical building typology and replicated building model 

2 Models construction 
400 clay-bricks were sourced from the demolition of an existing 1930’s vintage villa and cut to 
half scale, resulting in an average dimensions of 110L x 50W x 40T (mm). The half scaled 
bricks were laid in a running bond pattern and proportionally replicated the thickness of a two-
brick thick wall without over complicate the model construction. It is recognized that using ½ 
scale bricks halved the number of courses in the model, possibly increasing stiffness and 
strength of the model when comparing to the case of ¼ scaled bricks [18]. The mortar mix 
used was a 1:3 lime:sand in order to represent the typical low compressive strength of existing 
weathered and deteriorated ultra-weak mortar often encountered in the New Zealand and 
Australia existing building stock [19]. Materials compressive strength identified via laboratory 
testing in accordance with [20–22] are presented in Table 2. 

Table 1: Building model dimensions 

Dimension Typical building 
typology Model 

Length 8.00m 2.00m 
Width 4.00m 1.00m 

Height (front) 8.00m 1.65m 
Height (side) 7.00m 1.50m 

Wall thickness 0.22m 0.05m 
 

Table 2: Material properties 

 Average Compressive Strength 
(MPa) 

Material As-built 
model Retrofitted model 

Bricks 17.8 MPa 17.8 MPa 
Mortar 0.23 MPa 0.22 MPa 

Masonry Prisms - 4.62 MPa 
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The walls were fixed at the base by screwing thin timber sections on both sides of the wall to 
avoid sliding during testing. Timber lintels were replicated above openings. The floor and roof 
diaphragms were constructed using 6 mm thick medium-density fibreboard (MDF) screwed 
@30 mm c/c spacing to the perimeter beams. 

2.1 As-built model with w-to-d anchorages 

To ensure a box-type behavior and avoid cantilever wall collapse, a minimal level of retrofit 
was installed in the as-built model and consisted of wall-to-diaphragm connections at both floor 
and roof level as founded in many existing buildings. The connections were realised by bolting 
the timber floor section to the wall through the mortar joints, see Figure 2a.   

2.2 Retrofitted model 

In addition to the wall-to-diaphragm connections (see Figure 2a), two moment-resisting frames 
(MRF) were placed on the ground floor of the retrofitted model, as shown in Figure 2b, to resist 
the majority of the flexural demand. The MRF were composed of equally spaced 75 mm x 
50 mm timber sections, and were screwed into the MDF floor board above and also the shake-
table base below. Lateral load would transfer from the wall, through the floor, into the frames, 
and then finally into the shake-table base. 

   
(a) Wall-to-diaphraghm 

connections 
(b) Moment resisting frames (c) Timber strong-backs and shear wall layout 

at the first floor 

Figure 2: Retrofitted building model scheme  

On the top floor, 18 mm x 25 mm timber strong-backs replicating the cost-effective technique 
proposed in [23] were installed as shown in Figure 2c. The top and bottom sections of the 
timber strong backs were screwed into the roof and floor respectively, to enable load path 
transfer from the diaphragms to the walls. Each vertical strong-back member was then bolted 
into the wall to create a composite action reducing the risk of out-of-plane collapses in the top 
storey. Shear walls composed of 6 mm MDF board were introduced on the in-plane walls and 
bolted to the piers, see Figure 2c, to reduce the rocking demand of the piers at the first floor 
characterised by high aspect ratio and low axial load. 

3 Testing procedure and instrumentation 
Eleven wired accelerometers (red marked) and twenty wireless accelerometers (yellow 
marked) were installed around the buildings to measure accelerations, see Figure 3. Three 
displacement devices, marked in white in Figure 3, were used to measure the table, floor and 
roof displacements. 
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(a) Front façade and left-side wall (b) Back façade and right-side wall 

Figure 3: Instrumentation layout where red and orange marks are wired and wireless accelerometers 
respectively, and white marks are displacement devices 

Eight cameras were placed in strategic locations around the building model to record the visual 
shaking behaviour of the structure for detailed analysis after completion of testing. Two 360° 
cameras were installed at the centre of the ground and first floor to monitor the dynamic 
behaviour and damages on the inside of the building model. 
A monotonic sinusoidal time-history was applied in the direction of the black arrow shown in 
Figure 3. A sweep test was then undertaken, gradually increasing the frequency (and thus 
acceleration) of the shake-table motor until the model reached a predetermined level of 
damage. Three tests were completed, each reaching greater maximum accelerations and 
higher level of damage pattern (low damage, medium damage and collapse). The 
instrumentation was then removed prior the final test which led to collapse. The as-built model 
underwent over 400 cycles of shaking, while the retrofitted model was tested for 27 minutes in 
total with exactly 1001 cycles. 

4 Results: As-built model with w-to-d anchorages 

4.1 Crack-pattern 

Figure 4 shows the crack-pattern observed on each wall of the as-built model during all stages 
of testing. Pink lines represent existing cracks prior testing, blue lines represent low damage 
step and black lines refer to medium damage test.  

    
(a) Front wall  

(in-plane) 
(b) Back wall   

(in-plane) 
(c) Left-side wall  

(out-of-plane) 
(d) Right-side wall  

(out-of-plane) 

Figure 4: Crack-patterns observed following each test in the as-built model  

Figure 4a,b show in-plane damage with prominent cracks extending from all openings in the 
front and back building facades. Most of these cracks initiated at low accelerations and 
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widened throughout testing. The main damage on the in-plane walls was concentrated on the 
spandrels above the floor connection. Rocking of the ground floor in-plane piers occurred at 
high accelerations, and so the cracks at the bottom of these faces were only observed in the 
medium damage test. Referring to the face-loaded walls, textbook-type two-way bending 
failure was observed as the dominant crack-pattern in the left-side wall as shown in Figure 4c. 
This initiated at the second storey, which eventually caused top floor building collapse, and 
then in the bottom storey occurred at higher accelerations. However, despite the presence of 
two windows, cracking was only minor in the right-side wall displayed in Figure 4d. 

4.2 Damage progression 

Low damage – Many diagonal cracks propagated from the corners of the in-plane openings 
at low accelerations with the first in-plane cracking being clearly visible at approximately 0.3g. 
Cracks in the out-of-plane walls appeared at approximately 0.43g leading to a maximum 
displacement at the roof level of approximately 18 mm. Initiation of rocking of ground floor in-
plane piers was observed with the top storey showing a slight swaying motion.  
Medium damage – At an acceleration of approximately 0.36g the existing in-plane cracks 
widened substantially up to building instability. The second storey began rocking about these 
cracks which induced out-of-plane movements on the face-loaded walls. Clear two-way 
bending was observed in the top-storey of the left-side wall (see Figure 5b) and also initiated 
at the ground floor of the right-side wall inducing the entire building to start slight rocking. 
Cracks formed at the end of the central window piers in the front and back facades but the pier 
didn’t collapse.  
Collapse – As the acceleration increased, two-way bending crack-patterns appeared at the 
lower storey of the left-side wall, see Figure 5b. As the acceleration reached approximately 
0.56g, two large cracks extending from the upper and lower corners of the front-right window 
caused the whole section of the right-side wall to separate from the structure, see Figure 5a. 
The upper-storey showed a clear two-way bending followed by full collapse, while the lower 
storey was standing and showing extensive cracks.   

  
(a) Front façade and right-side wall (b) Back façade and left-side wall 

Figure 5: As-built building model at near-collapse, 0.56g 

5 Results: Retrofitted model 

5.1 Crack-pattern 

Figure 6 shows the crack-patterns experienced by each wall during all stages of testing. Pink 
lines represent existing cracks prior testing, blue lines represent low damage step and black 
lines refer to medium damage test. The solid regions show areas of collapse and are colored 
to indicate the test the collapse occurred in. Figure 6a,b show the prominent cracks extending 
from all openings in the in-plane (front and back) building facades, some of which were pre-
existing and extended in width and length during subsequent testing. A large diagonal crack 
spread diagonally across the back façade, and its progression is shown by the red arrows in 
Figure 6b. This cracking coincided with the onset of two-way bending on the ground floor of 
the left-side wall, and eventually caused a local collapse during the low damage test. 
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The dominant crack-pattern on the left-side wall was the textbook-type two-way bending shown 
in Figure 6c. This was dominant in the bottom storey, while less strong on the top storey. 
However, for both storeys the cracking was only minor in the right-side wall displayed in Figure 
6d, despite the presence of two windows.  

    
(a) Front façade  

(in-plane) 
(b) Back façade  

(in-plane) 
(c) Left-side wall 

(out-of-plane) 
(d) Right-side wall 

(out-of-plane) 
Figure 6: Crack-patterns observed following each test in the retrofitted building model 

5.2 Damage progression 

Low damage – Initiation of rocking of ground floor in-plane piers was observed at an 
acceleration of approximately 0.35g. This was especially prominent in the front facade, on 
which there was also noticeable rocking of the pier between the windows. Diagonal cracks 
propagated from the corners of the openings, causing damage in the corner of the back facade 
and left-side wall. There was a combination of shear cracking extending from the back door, 
as well two-way bending on the first storey of the left-side wall which commenced at an 
acceleration of about 0.65g inducing top floor to start swaying. A corner of the front parapet 
collapsed at approximately 0.70g. The maximum displacement recorded at mid-span of the 
left-side wall was approximately 26 mm and 21 mm at roof level and floor level respectively. 
Medium damage – Upon re-testing, the building behaved very similarly to the previous low 
damage test. At approximately 0.5g cracking initiated in the back parapet. As the acceleration 
increased above 0.6g new cracks formed in the front and back spandrels. The mortar joints in 
the front window pier split, and stability was fully provided by the shear wall. A local collapse 
occurred in the front parapet at approximately 0.85g. The diagonal cracking in the ground floor 
pier on the back facade formed a local collapse at an acceleration of 0.9g. Two-way bending 
commenced in the upper storey of the left-side wall but still wasn’t present in the right-side 
wall. The maximum displacement recorded at mid-span of the left-side wall was approximately 
44 mm and 23 mm at roof level and floor level respectively. 
Collapse – As the accelerations increased, widening cracks caused several local collapses. 
Global collapse eventually occurred due to two-way bending in the right-side wall, and the 
retrofit structure remained intact.  

  
(a) Front façade and right-side wall (b) Back façade 

Figure 7: Retrofitted building model at near-collapse, 0.90g 
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6 Data analysis 
Figure 8a,b shows acceleration profiles along the building height, normalised with respect to 
the peak ground acceleration (PGA) measured on the table. Data is shown at several locations, 
for both the as-built and retrofitted models.  Figure 8c compares the PGA recorded at different 
level of damage above described and shows in brackets the percentage of acceleration 
increment between as built and retrofitted models. The maximum recorded roof displacement 
measured at mid-span of the left-side wall was 56 mm and 44 mm for as-built and retrofitted 
models respectively. After completion of testing, the retrofitted model presented a residual 
18 mm displacement toward the left-side wall.  

   
(a) Normalised acceleration up the 

as-built building, near-collapse 
(b) Normalised acceleration up the 
retrofitted building, near-collapse 

(c) PGA at different level of damage (% 
refers to the increment in PGA comparred 

to as-built) 

Figure 8: Acceleration comparison between models  

In the retrofitted model it was possible to monitor and capture also a clear torsional response 
of the structure which is displayed in Figure 9. Data in the graph represent the normalised 
maximum accelerations at three locations on the first floor. At all stages of testing the front 
face had significantly higher accelerations than the rest of the building, which was likely due to 
the lack of symmetry and large opening.  

 

Figure 9: Normalised acceleration along the first floor 

7 Retrofit performance 
The retrofitted model remained stable until collapse occurred despite significant accelerations 
and in-plane cracking. The integrated timber strong-back and moment frame retrofit tied the 
building together as a whole structure (aka ‘box-type’ behaviour), rather than each storey 
acting independently up to full collapse of the top storey as occurred in the as-built model. The 
moment-resisting frames took significant flexural demands preventing early collapse of the 
ground floor. However, significant torsional displacements were observed in particular in the 
front face compared to the building centre. It is possible that placing the frames closer to the 
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in-plane facades would have resulted in an overall stiffer structure and lower accelerations at 
the front wall limiting the development of the crack-pattern.  
As observed in the as-built model, the top storey was expected to be the first to undergo two-
way out-of-plane bending due to reduced axial load and increased acceleration than the 
ground floor. However, in the retrofitted model two-way bending initiated in the ground floor at 
approximately 0.65g, and the first floor of the right-side wall didn’t show any signs of two-way 
bending until total collapse which occurred over 0.90g. This indicated that the timber strong-
back retrofit increased the strength of the first floor walls enough to resist substantially higher 
out-of-plane accelerations than the non-retrofitted ground floor. The strong-backs stiffened the 
top storey and cracks propagated to the lower floor causing more widespread damage and 
hence release of energy significantly delaying the collapse. In conclusions, the as-built model 
collapsed at a shake-table acceleration of 0.56g after 260 cycles of shaking, while the 
retrofitted model withstood accelerations of up to 0.9g before the accelerometers were 
removed and survived 1000 cycles demonstrating the vast increase in resilience provided by 
the retrofits.  

8 Conclusions 
The experimental campaign consisted in testing two quarter-scaled clay-brick URM building 
models, one in as-built conditions with wall-to-diaphragm anchorages and the second one in 
retrofit conditions.  The buildings are representative of common vintage commercial two-storey 
row buildings in New Zealand and Australia. The testing was undertaken using a shake-table 
and provided the following conclusions: 
- The testing realistically reproduced classic failure mechanisms including two-way bending, 
in-plane diagonal cracking, and rocking at the base of the piers observed during post-
earthquake field observations.  
- Strong torsional behaviour was exhibited at all stages of testing, as a result of the structural 
asymmetry (openings).  
- Cracking initiated on both models at approximately 0.3/0.35g and rapidly propagated in the 
as-built building up to full collapse of the top-storey at 0.56g. The retrofitted model showed 
high resilience and was still standing at 0.9g (61% higher PGA than as-built) despite significant 
damage widespread through the entire building. The retrofitted model resisted four times the 
number of cycles sustained by the as-built one.  
- On the strengthening techniques tested:  

- The simple bolted wall-to-diaphragm connections prevented catastrophic failure at 
low accelerations also for the as-built model. 
- The moment-resisting frames prevented the building from toppling despite rocking of 
ground floor in-plane piers was observed.  
- Shear wall significantly limited the rocking of the top-storey piers restraining them from 
collapse.  
- The timber strong-backs prevented two-way bending of the top-storey walls.  

The strengthening techniques chosen for this testing are only an example of a possible 
combination of solutions, each building need to be assessed by a competent engineer and the 
strengthening methodology proposed needs to be tailored to the specific building. 
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