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ABSTRACT 1 

 2 

New Zealand’s stock of unreinforced masonry (URM) bearing wall buildings was principally constructed 3 

between 1880 and 1935, using fired clay bricks and lime or cement mortar. These buildings are particularly 4 

vulnerable to horizontal loadings such as those induced by seismic accelerations, due to a lack of tensile 5 

force-resisting elements in their construction. The poor seismic performance of URM buildings was recently 6 

demonstrated in the 2011 Christchurch earthquake, where a large number of URM buildings suffered irreparable 7 

damage and resulted in a significant number of fatalities and casualties. One of the predominant failure modes 8 

that occurs in URM buildings is diagonal shear cracking of masonry piers. This diagonal cracking is caused by 9 

earthquake loading orientated parallel to the wall surface and typically generates an “X” shaped crack pattern 10 

due to the reversed cyclic nature of earthquake accelerations. 11 

Engineered Cementitious Composite (ECC) is a class of fiber reinforced cement composite that exhibits a 12 

strain-hardening characteristic when loaded in tension. The tensile characteristics of ECC make it an ideal 13 

material for seismic strengthening of clay brick unreinforced masonry walls. Testing was conducted on 25 clay 14 

brick URM wallettes to investigate the increase in shear strength for a range of ECC thicknesses applied to the 15 

masonry wallettes as externally bonded shotcrete reinforcement. The results indicated that there is a diminishing 16 

return between thickness of the applied ECC overlay and the shear strength increase obtained. It was also shown 17 

that, the effectiveness of the externally bonded reinforcement remained constant for one and two leaf wallettes, 18 

but decreased rapidly for wall thicknesses greater than two leafs. The average pseudo-ductility of the 19 

strengthened wallettes was equal to 220% of that of the as-built wallettes, demonstrating that ECC shotcrete is 20 

effective at enhancing both the in-plane strength and the pseudo-ductility of URM wallettes.  21 

 22 

Keywords: Seismic; Masonry; Fiber Reinforced; Shotcrete; Strengthening 23 



1.0 Introduction 1 

There are approximately 3800 unreinforced masonry (URM) bearing wall buildings in New Zealand, 2 

comprising a significant proportion of the nation’s heritage building stock [1] with the majority of these URM 3 

buildings constructed between 1880 and 1935. As New Zealand is located at the boundary between the 4 

Australian Plate and the Pacific Plate, it is a country with high seismicity. Unfortunately, seismic forces were not 5 

appropriately considered when these URM buildings were originally constructed, and consequently this class of 6 

building typically lacks the tensile resisting structural elements that are necessary to sustain these seismic forces. 7 

The earthquake vulnerability of New Zealand URM buildings has been clearly demonstrated in a number of 8 

previous earthquakes with the 1931 M7.8 Hawke’s Bay earthquake [2] and more recently in the 2010 M7.1 9 

Darfield earthquake [3-4] and 2011 M6.3 Christchurch earthquake [5-6] being responsible for causing the 10 

greatest extent of damage to URM buildings. The level of damage to URM buildings in these earthquakes 11 

included complete collapse (see Figure 1(a)), individual walls having completely or partially collapsed 12 

out-of-plane for earthquake loading oriented perpendicular to the wall (see Figure 1(b)); or varying levels of 13 

damage, including pier diagonal shear cracking, when earthquake loading was oriented parallel to the wall (see 14 

Figure 1 (c)). 15 

While both in-plane and out-of-plane earthquake loading can cause significant damage to URM walls and 16 

piers, it is typically the wall characteristics in the in-plane direction that dictate the structural integrity of the 17 

complete building, as these walls are the structural elements that are required to transfer lateral earthquake forces 18 

into the foundation. URM bearing walls are typically composed of multi-leaf construction, with 2 and 3 leafs 19 

being the most common wall thickness, although single leaf thick walls are also observed, typically as part of 20 

cavity wall construction. Wall thicknesses exceeding 3 leaf are also encountered and tend to be used more 21 

commonly in URM buildings having a height exceeding two stories. Multiple in-plane failure modes exist for 22 

URM walls [8-10], with the type of failure exhibited by a wall being dependent on wall geometry, constituent 23 

material properties and the level of axial loading that the wall is subjected to. Of the multiple failure modes, four 24 

common in-plane failure modes are shown in Figure 2 [10]. The research reported here focused on the diagonal 25 

cracking failure mode, as this mode is regarded as being the most detrimental to the vertical load carrying 26 

capacity of a URM wall or pier [11]. 27 

Multiple techniques and products are available to improve the seismic performance of URM buildings, 28 

including, but not limited to: post-tensioning using steel reinforcing bars or strands; Near Surface Mounted 29 
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(NSM) reinforcement using steel reinforcing bars or Fiber Reinforced Polymer (FRP) strips; and surface bonded 1 

reinforcement such as shotcreting or FRP sheets [12-24].  2 

Engineered Cementitious Composite (ECC) shotcrete is a cement composite that is reinforced with synthetic 3 

fibers. When loaded in tension, ECC exhibits a strain-hardening characteristic through the process of 4 

micro-cracking, where stresses are taken up by fibers that bridge the cracks. The strain-hardening characteristic 5 

of ECC makes it an ideal material for earthquake strengthening of URM buildings, as ECC can add both 6 

pseudo-ductility and strength to the building. Previous researchers [25-29] have tested URM elements 7 

strengthened with ECC and demonstrated significant improvements in ductility and strength when compared to 8 

the performance of the corresponding unstrengthened elements. 9 

The study reported here investigated the effectiveness of ECC shotcrete as a seismic retrofitting technique to 10 

improve the in-plane response of URM walls with a separate study investigating the effectiveness of ECC 11 

shotcrete to improve the out-of-plane response of URM walls presented elsewhere [30]. The ECC mix 12 

proportions used are summarized in Table 1, which are similar to those used by previous researchers [31]. 13 

Preliminary investigations using the ECC mix adopted in this study indicated that a build thickness of 10 to 14 

15 mm in a single spray can be achieved, so any specified shotcrete thickness in excess of 10 mm thick was 15 

applied successively in overlays of 10 mm, after the previously applied layers had hardened sufficiently.  16 

2.0 Experimental Program 17 

An experimental program was undertaken to investigate the effectiveness of sprayed ECC for in-plane 18 

strengthening of unreinforced clay brick masonry wallettes. Figure 3 diagrammatically summarized the scope of 19 

the test scheme, which was designed to determine both the strength increase as additional ECC overlays were 20 

applied, and the reduction in effectiveness of the externally bonded shotcrete as the wallette thickness increased. 21 

Two samples were tested for each geometric configuration, with the exception of the one ECC overlay applied 22 

on a two leaf wallette, where three samples were tested. 23 

2.1 Wallette specimens 24 

25 unreinforced masonry wallettes were constructed and tested, with the wallettes intentionally constructed 25 

in a manner that simulated the typical current condition of existing historical URM buildings. The wallettes were 26 

approximately 1.2 m high × 1.2 m long, with the thickness varying between 100 mm to 470 mm depending on 27 

the number of masonry leafs used. The vintage clay bricks used to construct the wallettes were recycled from 28 

demolished URM buildings and ASTM type O mortar was used with a cement: lime: sand ratio of 1:2:9 [32]. 29 



Researchers such as U. Andreaus, G. Ceradini and L. Ippoliti [8, 33-34] have recommended testing of masonry 1 

macro-elements such as wallettes for investigating the in-plane behavior of masonry walls. 2 

It should also be noted that the experimental program was separated into two series, with series one having 3 

four wallettes and series two having 21 wallettes. The two series were constructed at different times but utilized 4 

identical mortar proportions and ECC mix ratios. The wallettes included in each series are reported in the next 5 

sub-section. The Common bond pattern was adopted, consisting of one header course after every four to six 6 

stretcher courses, as illustrated in Figure 4. Note that while the surface bond pattern for single leaf wallettes was 7 

identical to that for 2 and 4 leaf wallettes, the header courses were replaced by half bricks as it is not possible to 8 

include a header course for one leaf wallettes. Also, due to slight variations in brick dimensions, there were 9 

minor differences in the number of courses in each wallette (typically a wallette was 13±1 course in height). The 10 

compression strengths of the brick, mortar and masonry were determined using ASTM C67-00 [35], ASTM 11 

C109-09 [36] and ASTM C1314-00 [37] respectively, as reported in Table 2. Table 2 also summarizes the ECC 12 

material properties used in this study.  13 

2.2 Implementation procedure 14 

After the wallettes were built, the mortar was air cured for 28 days and then ECC shotcrete was sprayed onto 15 

those wallettes that were to be strengthened. Prior to spraying, the wallette surfaces were water blasted to both 16 

remove loose material and to pre-wet the surface. Polystyrene planks were then attached to the sides of the 17 

wallettes, to serve as an indicator of the thickness of ECC that needed to be sprayed. The ECC shotcrete was 18 

supplied in bagged form and added to a two stage mixer (see Figure 5(a)) from which the mixed material was 19 

pumped through a hose and sprayed onto the masonry wallettes (see Figure 5 (b)). An interval of approximately 20 

45 minutes was provided between the applications of each successive ECC layer, which allowed the previously 21 

applied layer to harden. Each sprayed layer was trowelled flat so that the following layer of ECC was applied 22 

onto a flat surface (see Figure 5 (c)). Once spraying was completed, the polystyrene planks were removed and a 23 

constant water mist was applied onto the ECC shotcrete until the testing date. 24 

The full testing configuration is shown in Table 3, with the wallette configurations designated using the code 25 

SX-YL-Z, where X, Y and Z represent the thickness of ECC overlay applied in mm, the number of leafs in the 26 

wallette thickness and the specimen number for this configuration, respectively. For example, S30-1L-2 27 

represents a 30 mm ECC overlay applied on a single leaf thick masonry wallette, with the wallette being the 28 

second specimen with this configuration. Table 3 also reports the wallettes contained in each series. 29 



2.3 Test setup 1 

Wallette testing was conducted 14 days after spraying of the ECC overlay, using a modified version of the 2 

ASTM E519-07 test method [38]. The same modified method was used previously in studies to investigate the 3 

in-plane response of masonry wall sections extracted from existing URM buildings [39], and the response of 4 

laboratory strengthened wallettes [20, 22]. A schematic of the test setup is illustrated in Figure 6. Two steel 5 

loading shoes were placed on two diagonally opposite corners of the wallette, and were connected using two 6 

high-strength steel rods oriented along the wallette diagonal. A hydraulic actuator was attached to the top loading 7 

shoe to apply a diagonal compression load to the wallette. The load exerted on the wallette was measured by a 8 

load cell positioned between the hydraulic actuator and the top loading shoe. Two potentiometers were attached 9 

to the wallette to measure the diagonal displacements when the wallette was subjected to load. 10 

3.0 Experimental results and discussions 11 

Of the 25 wallettes tested, measurements were obtained successfully for 23 wallettes, with the displacement 12 

response for S10-2L-1 not recorded due to data interference but the shear stress measured. Measurements were 13 

not obtained for S30-3L-2 due to the recording software experiencing an unexpected error.  14 

The diagonal compression force (P) applied to the wallette was converted into shear stress (τ) using 15 

Equation 1, where α is the angle between the horizontal axis of the wallette and the diagonal load applied, equal 16 

to 45 degrees in this test. t, H and B represent the thickness, height and length of the wallette respectively. The 17 

displacements measured by the two potentiometers were converted into horizontal drift using Equation 2, where 18 

∆S and ∆L are the diagonal shortening and elongation of the wallette respectively, as measured by 19 

potentiometers placed parallel and perpendicular to the diagonal compression load. g represents the gauge length 20 

measured by each potentiometer. 21 

 22 
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The shear stress-drift response of the tested wallettes is shown in Figure 7. Note that the figures showing 24 

the strengthened wallette response also include the corresponding as-built response. The maximum shear stress, 25 

ratio of strengthened and as-built strength, pseudo-ductility and shear modulus are presented in Table 4. These 26 



factors are described in the following sections. 1 

3.1 General response of tested wallettes 2 

The as-built wallette test results are presented in Figure 8, showing the measured average stress results as 3 

well as the measured stress from each individual wallette. The in-plane response of each individual as-built 4 

wallette is presented in Figure 7 (a,c,i,k). All as-built wallettes had similar response characteristics, with an 5 

almost linear relationship up to peak stress, followed by the formation of a diagonal stepped crack along the 6 

mortar joints, which resulting in a steep decline in the stress. The stress then remained relatively constant as the 7 

cracked upper section of the wallettes slid along the horizontal mortar joints of the stepped diagonal crack. All 8 

strengthened wallettes had similar response characteristics, increasing linearly up to the first cracking stress. The 9 

stress level resisted by the wallette then remained relatively constant as cracks developed and the stress was 10 

transferred and distributed across the ECC overlay. Final failure occurred when the ECC overlay debonded from 11 

the masonry surface. Representative crack patterns of the as-built and strengthened wallettes are shown in Figure 12 

9. As-built wallettes typically exhibited a single diagonal crack after testing, while the strengthened wallettes 13 

exhibited multiple cracks spread over an area of the wallette surface, oriented in the direction of the load path. 14 

3.2 Shear strength 15 

As the thickness of the as-built wallette thickness increased, the peak shear stress that the wallette sustained 16 

did not remain constant (see Figure 8), and instead there was a significant decrease in the peak shear stress with 17 

increased thickness. This inconsistency in peak shear stress was most likely due to slight variation in the transfer 18 

of the applied load through the loading shoe as the wallette thickness increased. Therefore, comparisons of 19 

results have been made between wallettes of equal thickness and not across wallettes of varying thicknesses. 20 

All strengthened wallettes showed an increase in maximum strength when compared with their 21 

unstrengthened counterparts. The overall increase in strength was between 130% and 469% (see Table 4). Figure 22 

10 compares the strength increase with number of ECC overlays applied on a two leaf wallette, showing that as 23 

additional ECC overlays were applied, the ratio of strength increase to number of ECC overlays decreased. 24 

Figure 10 indicated that any ECC overlay with a thickness in excess of 30 mm will provide a diminishing return 25 

in terms of the strength increase of the wallette. 26 

A factor Kwt was defined to represent the variable effectiveness of ECC due to wall thickness, where wt 27 

represents wall thickness. The measured Kwt factors from the testing are shown in Table 5, where values have 28 

been normalized against two leaf thick wallettes that are used as the reference thickness in this study because 29 



that is the most commonly used wall thickness in NZ URM buildings. The Kwt factor remains relatively constant 1 

between one and two leaf wallettes, with one leaf having a slightly lower value of 0.9, most likely caused by the 2 

variation in the ECC shotcrete strength. The Kwt factors decreased significantly for three and four leaf wallettes, 3 

indicating that there was not sufficient physical or chemical bonds between the different leafs of the wallette to 4 

ensure they behaved in unison under load. Therefore, it is recommended for design purposes that either 5 

additional wall connections should be installed for walls exceeding two leafs in thickness, or the appropriate Kwt 6 

factor should be applied to reduce the design capacity accordingly. 7 

Since the critical failure mode was debonding, the equation developed by the Japan Concrete Institute (JCI) [40] 8 

to predict FRP bond failure to concrete was modified to predict ECC bond strength to vintage clay brick masonry. 9 

The shear bond strength (VτECC) is calculated using Equation 3, where f ’ b is the brick compression strength in 10 

MPa and EECC is the Young’s modulus of ECC, also in MPa. ABond represents the bond area in m2, and due to the 11 

diagonal crack that splits the wallette into two approximately equal areas, is equal to half of 1.2 m × 1.2 m in this 12 

study. The values of Kwt have been previously summarized in Table 5 and M is a function that describes the 13 

saturated increment in shear strength provided when additional ECC overlay is applied. M is calculated using 14 

Equation 4, where tECC denotes the thickness of ECC in meters. Figure 11 demonstrates the correlation between 15 

the strengths calculated using Equation 3 and the actual testing results, with a regression coefficient of 92.2% 16 

indicating a good agreement between the two. 17 

 18 

 (3) 
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3.3 Pseudo-ductility 20 

Previous research has demonstrated that masonry walls are capable of energy dissipation and can behave in 21 

a ductile manner when subjected to lateral forces [41-43]. However, the non-linear behavior of masonry walls 22 

results in difficulty when quantifying the structural ductility. This difficulty arises from the ambiguity of defining 23 

a distinct yield point when considering the associated force-displacement response. To overcome this difficulty, 24 

multiple researchers have suggested the use of bilinear idealization of the masonry force-displacement response 25 

[44-45], where the total hysteretic energy dissipated is identical for the bilinear idealization and the original 26 

force-displacement curve. With a bilinear idealization of the masonry wall response, adopting the ductility value 27 



as the ratio of the ultimate displacement to yield displacement (of the bilinear idealization) is accepted in various 1 

publications [44-47] and such ductility is referred to as pseudo-ductility. 2 

Equation 5 was used to determine the pseudo-ductility of the wallettes in this study, where µ represents the 3 

pseudo-ductility, δu is the ultimate drift and is defined as the point where the strength had degraded to 80% of the 4 

peak strength, and the yield drift δy was determined from a bilinear response that had energy absorption 5 

equivalent to the measured in-plane response. For scenarios where the strength did not degrade below 80% of the 6 

peak strength prior to wallette failure, the ultimate drift was defined as the drift value at the failure strength. The 7 

adopted definition and calculation method for determining pseudo-ductility was also used by numerous 8 

researchers [47-51] when calculating the ductility of masonry wallettes. 9 

 
(5) 

 10 

The calculated pseudo-ductility (Table 4) showed that as-built wallettes had a mean value of 2.4 with a 11 

coefficient of variation (CoV) of 66%, while the strengthened wallettes had a mean pseudo-ductility of 5.2 and a 12 

CoV of 52%. The CoV of both as-built and strengthened wallettes indicate a high variability in pseudo-ductility, 13 

which was partially attributed to the stress redistribution that occurs prior to peak load. However, despite the 14 

large variability, the strengthened wallettes on average exhibited a 220% increase in pseudo-ductility over the 15 

as-built wallettes, demonstrating the additional energy absorption that was achieved with strengthening. 16 

3.4 Shear modulus 17 

The shear modulus (also known as modulus of rigidity), G, is the ratio of the shear stress to shear strain, 18 

measured as the secant modulus between 5-70% of τmax in the τ-δ curve along the initial loading arm prior to τmax. 19 

The calculated G values are presented in Table 4, from which the elastic modulus (E) was derived using 20 

Equation 6, where ʋ is the Poisson’s ratio and is assumed to be 0.25, identical to that used in [22]. 21 

 22 

 (6) 
 23 

The strengthened wallettes exhibited lower stiffness than their as-built counterparts, which was partially caused 24 

by minor cracking and deformation of the masonry elements as they transferred stresses to the ECC overlay 25 

during the loading stage. It was also observed that the strengthened wallettes exhibited a tendency to warp in the 26 

out-of-plane direction due to uneven stiffness between the strengthened and unstrengthen surfaces, which also 27 



contributed to the lower stiffness. 1 

3.5 Design procedure 2 

Based on the results obtained in this study, the following design procedures are proposed for in-plane 3 

strengthening of masonry walls using ECC. 4 

1. Determine the expected in-plane failure mode and the design shear force of the wall using an 5 

appropriate guideline such as [47]. If the expected failure mode is diagonal cracking, proceed to the 6 

next step, otherwise alternative strengthening techniques is required. 7 

2. Assume the total thickness of ECC that will be applied over the wall surface (either on a single surface 8 

or both surfaces) and calculate the shear strength of the ECC section (VECC) according to Equation 7, as 9 

reproduced from Japan Society of Civil Engineers (JSCE) [52], where tECC is the thickness of the ECC 10 

overlay in mm and f’ tECC the ECC tensile strength in MPa. z is the moment lever arm distance in mm 11 

and taken as 0.72 of the wall length that ECC will be applied to, exclusive of any wall length that 12 

crosses wall openings. If VECC exceeds the design shear force, proceed to the next step, otherwise 13 

increase the ECC overlay thickness and recalculate the section shear strength. 14 

 (7) 
 15 

3. Determine the shear bond strength (VτECC), calculated using Equation 3 with an appropriate bond area 16 

(doubled if ECC is to be applied on both surfaces). If the shear bond strength exceeds the design shear 17 

force then the design is complete, otherwise additional connections will be required to increase the bond 18 

strength and alternative equations should be adopted to calculate the new bond strength. 19 

4.0 Conclusions 20 

Testing was conducted on 25 masonry wallettes to determine the effectiveness of in-plane strengthening 21 

using sprayed ECC. The study investigated the influence on strength gain of the number of ECC overlays 22 

applied as well as the reduction of strength gain from applied ECC overlays when the thickness of the wallette 23 

increased. The following conclusions were made: 24 

1. All strengthened wallettes had increased shear strength over their as-built counterparts, with this 25 

strength increase being between 130% and 514%. As more ECC overlay was applied, the additional 26 

strength increase provided by each additional ECC overlay decreased.  27 

2. The effectiveness of the ECC overlay were similar between one leaf and two leaf wallettes, but 28 



decreased as the wallette thickness increased to three and four leafs. It is recommended that in design, 1 

wall connections should be installed for walls that are more than two leafs, or the appropriate Kwt factor 2 

be adopted to reduce the design capacity. 3 

3. All strengthened wallettes had a significantly higher pseudo-ductility than their as-built counterparts, 4 

with an average increase of 220% times over the as-built wallettes. The stiffness of strengthened 5 

wallettes was found to be lower than that of as-built wallettes, which indicates that there is no increase 6 

in stiffness with the application of ECC shotcrete. 7 

4. A three step design procedure on strengthening masonry walls using ECC is provided based on the 8 

results of this study as well as equations derived by Japan Society of Civil Engineers. 9 
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Table 1 
ECC mix proportions 
used in this study 
Materials Kg/m3 
Sand 640 
Cement 800 
Fly ash 240 
Water 374 
Fiber 26 
Additives 0.3 
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Table 2 
Masonry and ECC material properties used in this 
study 
Masonry Material 
Series 1 
f’ b (N/mm2) 
26.5 

f’ j (N/mm2) 
0.8 

f’ m (N/mm2) 
6.6 

Series 2 
f’ b (N/mm2) f’ j (N/mm2) f’ m (N/mm2) 
16.3 1.0 5.3 
ECC material 
f’ t (N/mm2) f’ c (N/mm2) 
3 40 
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Table 3 
Summary of wallette testing configurations 
Wallette 
configuration 

Wallette dimension (mm) Thickness of ECC 
overlay (mm) 

Number of 
samples Height Length Thickness (leaf) 

S0-1L2 1200 1200 100 (1) 0 2 
S30-1L2 1200 1200 100 (1) 30 2 
S0-2L1 1200 1200 220 (2) 0 2 
S10-2L1 1200 1200 220 (2) 10 3 
S20-2L1 1200 1200 220 (2) 20 2 
S30-2L1 1200 1200 220 (2) 30 2 
S40-2L2 1200 1200 220 (2) 40 2 
S50-2L2 1200 1200 220 (2) 50 2 
S0-3L2 1200 1200 350 (3) 0 2 
S30-3L2 1200 1200 350 (3) 30 2 
S0-4L2 1200 1200 470 (4) 0 2 
S30-4L2 1200 1200 470 (4) 30 2 
1 The first sample of this configuration belongs to series 1 with the rest belonging to series 2 
2 All samples of this configuration belongs to series 2 
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Table 4 
Summary of results from wallette testing 

Wallette 
configuration 

Sample 
Number 

Pmax 
(kN) 

Fmax 
(kN) 

τmax 
(N/mm2) 

τmax/τo1 
(%) 

δy  
(%) 

δu  
(%) 

µ 
G × 103 
(N/mm2) 

E × 103 
(N/mm2) 

S0-1L 1 27.4 19.4 0.16 N/A 0.5 1.7 1.0 1.8 4.4 
 2 27.3 19.3 0.16 N/A 1.6 1.6 3.6 2.0 5.0 
S30-1L 1 140.8 99.6 0.75 468.8 0.4 3.7 9.4 0.1 0.3 
 2 140.6 99.4 0.75 468.8 2.8 11.8 4.2 0.2 0.5 
S0-2L 1 30.2 21.3 0.07 N/A 0.2 0.8 4.8 3.5 8.8 
 2 29.7 21.0 0.09 N/A 0.5 0.5 1.0 4.5 11.2 
S10-2L 1 67.2 47.5 0.18 186.0 N/A 
 2 130.9 92.5 0.35 362.1 3.1 15.4 5.0 0.6 1.3 
 3 81.9 57.9 0.21 226.7 6.2 24.0 3.7 0.1 0.3 
S20-2L 1 123.2 87.1 0.33 341.0 0.1 1.4 10.5 0.09 0.2 
 2 104.6 73.9 0.28 289.3 3.9 7.5 1.9 0.02 0.06 
S30-2L 1 179.2 126.7 0.48 496.0 1.2 4.9 4.2 0.04 0.11 
 2 139.2 98.4 0.35 385.1 0.8 3.2 3.2 0.3 0.8 
S40-2L 1 156.1 110.4 0.45 432.0 0.8 6.5 8.5 0.3 0.8 
 2 148.4 104.9 0.32 410.7 4.6 13.3 2.9 0.03 0.07 
S50-2L 1 116.8 82.6 0.28 323.2 0.6 4.6 8.0 1.4 3.5 
 2 186.8 131.3 0.56 514.0 3.2 11.1 3.5 0.05 0.1 
S0-3L 1 55.7 39.4 0.09 N/A 0.4 0.4 1.0 5.9 14.8 
 2 46.1 32.6 0.09 N/A 1.2 3.4 2.8 0.4 1.1 
S30-3L 1 95.1 67.2 0.15 186.9 6.8 15.9 2.4 0.04 0.1 
 2 N/A 
S0-4L 1 50.1 35.4 0.07 N/A 0.5 0.5 1.0 5.5 13.7 
 2 69.4 49.1 0.08 N/A 0.4 1.6 3.9 0.5 1.3 
S30-4L 1 95.9 67.8 0.11 160.4 3.7 26.0 7.0 0.5 1.4 
 2 77.8 55.0 0.09 130.2 1.4 5.7 4.0 0.1 0.3 
Where Pmax = maximum applied diagonal force; Fmax = maximum horizontal shear force; τmax = maximum shear 
stress, τmax/τo1 = ratio of max shear stress to as-built wallette; δy = % drift at yield; δu = % drift at failure; µ = 
pseudo-ductility; G = shear modulus and E = modulus of elasticity  
 1 
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Table 5 
Kwt factor to account for effectiveness of 
ECC as wall thickness increases 

Wall thickness (leaf) Kwt factor 
1 0.9 
2 1.0 
3 0.6 
4 0.5 
 2 

3 



 1 
 2 

(a) Damage caused by the 1931 
M7.8 Hawke’s Bay earthquake, 

[reproduced from 7] 

(b) Collapse of out-of-plane loaded 
URM walls in the 2010 M7.1 Darfield 

earthquake 

(c) In-plane diagonal cracks caused 
by the 2011 M6.3 Christchurch 

earthquake 
Figure 1: Examples of damage to New Zealand URM buildings as a result of seismic loading 
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(a) Diagonal cracking (b) Shear sliding (c) Rocking (d) Toe Crushing 

Figure 2: Masonry in-plane failure modes 
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Figure 3: Test spectrum of range of wallette thickness 

and number of ECC overlays 
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(a) Front and side view of 1, 2 and 4 leaf wallettes (b) Front and side view of 3 leaf wallette 

Figure 4: Wallette bond patterns 
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(a) Adding prebagged ECC into mixer (b) Spraying of ECC 

shotcrete onto wallette 
(c) Trowelling sprayed ECC flat prior to 

the spraying of successive layers 
Figure 5: Images of the application of ECC onto the wallette specimens 
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Figure 6: Modified wallette test setup 
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(a) 1 leaf as-built (b) 1 leaf + 30 mm of ECC overlay (c) 2 leaf as-built 

   

0 2 4 6 8 10 12

0

65

130

195

260

0.00

0.20

0.40

0.60

0.80

1.00

0.00 0.20 0.40 0.60 0.80 1.00

Horizontal Displacement (mm)

S
h

ea
r 

F
or

ce
 (

kN
)

S
he

a
r 

S
tr

es
s 

(M
P

a)

Drift (%)

S0-2L-1 S0-2L-2
S10-2L-2 S10-2L-3

 

0 2 4 6 8 10 12

0

65

130

195

260

0.00

0.20

0.40

0.60

0.80

1.00

0.00 0.20 0.40 0.60 0.80 1.00

Horizontal Displacement (mm)

S
h

ea
r 

F
or

ce
 (

kN
)

S
he

a
r 

S
tr

es
s 

(M
P

a)

Drift (%)

S0-2L-1 S0-2L-2
S20-2L-1 S20-2L-2

 

0 2 4 6 8 10 12

0

65

130

195

260

0.00

0.20

0.40

0.60

0.80

1.00

0.00 0.20 0.40 0.60 0.80 1.00

Horizontal Displacement (mm)

S
h

ea
r 

F
or

ce
 (

kN
)

S
he

a
r 

S
tr

es
s 

(M
P

a)

Drift (%)

S0-2L-1 S0-2L-2
S30-2L-1 S30-2L-2

 
(d) 2 leaf + 10 mm of ECC overlay (e) 2 leaf + 20 mm of ECC overlay (f) 2 leaf + 30 mm of ECC overlay 
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(g) 2 leaf + 40 mm of ECC overlay (h) 2 leaf + 50 mm of ECC overlay (i) 3 leaf as-built 
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(j) 3 leaf + 30 mm of ECC overlay (k) 4 leaf as-built (l) 4 leaf + 30 mm of ECC overlay 

   
Figure 7: Shear stress-drift plots of tested wallettes 
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Figure 8: Peak shear stress of as-built wallettes 
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(a) As-built wallette  

(S0-2L-2) 
(b) Strengthened wallette 

(S30-2L-2) 
(c) As-built wallette 

(S0-4L-1) 
(d) Strengthened wallette 

(S30-4L-2) 
Figure 9: Examples of wallette crack patterns 
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Figure 10: Peak shear stress for a number of ECC 

overlays applied to two leaf wallettes 
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Figure 11: Correlation between predicted shear 
strength using modeled equations and measured 

strength results. 
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