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ABSTRACT 3 

The out-of-plane behavior of as-built and retrofitted unreinforced masonry (URM) walls was 4 

investigated by conducting in-situ static airbag tests in four buildings. The age of the buildings 5 

varied from 80 to 130 years, and all but one were constructed using clay brick masonry with 6 

timber floor and roof diaphragms. The fourth building was a reinforced concrete frame structure 7 

with pre-cracked clay block partition walls in addition to partition walls that appeared 8 

undamaged. The test program was comprised of testing five one-way vertically spanning solid 9 

URM walls from the group of three URM buildings and testing four two-way spanning URM 10 

partition walls from the reinforced concrete frame building. All walls were tested with their 11 

original support conditions, but three one-way spanning walls were additionally re-tested with 12 

modified support conditions. These additional tests allowed the effects of wall support type to be 13 

investigated, including the influence of a concrete ring beam used at the floor levels and the 14 

influence of wall to timber diaphragm anchorage by means of grouted steel rods. Several walls 15 

were next retrofitted by adding either near-surface mounted (NSM) carbon fiber reinforced 16 

polymer (FRP) strips or NSM twisted steel bars (TSB), and were then re-tested. A comparison 17 
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between the results of the tests on as-built walls and the tests conducted on retrofitted walls 18 

suggests that the simple retrofit techniques that were used are suitable for URM wall 19 

strengthening to ultimate limit state (ULS) design. The test results in two buildings highlighted 20 

significant inherent variability in masonry material properties and construction quality, and 21 

recommendations were made for the seismic assessment and retrofit of URM walls. An 22 

analytical trilinear elastic model especially useful when assessing the dynamic stability of 23 

cracked one-way spanning walls proved to satisfactorily predict the maximum wall strength, 24 

excluding those walls that developed arching action. 25 

CE Database subject headings: Brick masonry; Walls; In situ tests; Flexural strength; Lateral 26 

loads; Axial loads; Stiffness 27 

 28 

INTRODUCTION 29 

While laboratory testing is suitable for a parametric wall behavior study, in-situ testing provides 30 

an opportunity to study real wall behavior in existing buildings, including the effects of actual 31 

wall support conditions. In-situ testing has also been recommended in section C7.2.3.3.4 of 32 

ASCE (2007) as an alternative method for out-of-plane URM wall seismic assessment. Calvi et 33 

al. (1996) noted that structural masonry assessment practice should be evaluated by testing, and 34 

because the construction of exact replicas of historic unreinforced masonry bearing walls is 35 

impractical, in-situ testing is frequently the most viable experimental option. Despite this notion, 36 

in-situ out-of-plane tests on full-scale URM walls have not commonly been conducted, and most 37 

available literature reports experimental programs that consist of in-situ testing for material 38 

characteristics (Corradi et al. 2003; Chiostrini et al. 2003) or non-destructive testing of masonry 39 

structures or sub-assemblies (Lopes et al. 2009; Carpinteri et al. 2005). A third approach that 40 
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retains the existing masonry materials and construction quality but disrupts the support 41 

conditions and existing stress states has been to extract masonry wall panels and transport them 42 

to testing facilities (Abrams et al. 1996). 43 

 44 

The flexural response of URM walls can be improved by using near-surface-mounted carbon 45 

fibre-reinforced-polymer (NSM FRP) strips (Griffith et al. 2013). Different wall failure modes 46 

associated with this retrofit technique have been discussed in Hamed and Rabinovitch (2010), 47 

and further studies focused on the characterization of FRP debonding as the preferred failure 48 

mode have been reported in Kashyap et al. (2012) and the references therein. In the composite 49 

NSM FRP retrofitted wall section, the FRP strips resist the tensile stresses and the masonry 50 

material resists the compression stresses. Due to the cyclic nature of the earthquake forces, the 51 

strips should therefore be inserted on both wall surfaces. 52 

 53 

Included within this research program were walls having grouted vertical steel anchor bars (SA; 54 

Fig. 1) regularly spaced along the top edge, and a wall having a concrete ring beam (CB) placed 55 

along the top edge. The provision of steel anchor bars at the wall top edge has often been 56 

included as part of URM building retrofit projects, with the purpose being to promote wall 57 

deformations in a simply-supported mode as opposed to a cantilever mode. The presence of a 58 

concrete ring beam at building floor levels promotes arching actions that improve the wall out-59 

of-plane behavior. As opposed to confined masonry wall construction, the wall tested with a CB 60 

support type in this research program had no vertical concrete ties.  61 

 62 
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This research program also includes walls retrofitted using either NSM FRP strips or using NSM 63 

twisted steel bars (NSM TSB). The effectiveness of the retrofit work undertaken on the tested 64 

walls is evaluated by discussing the failure modes and improvements in the wall strength and 65 

ductility.  66 

 67 

A system of airbags were used to subject the test walls to uniform out-of-plane forces, which 68 

Priestley (1985) suggested to be a realistic representation of the out-of-plane seismic forces 69 

applied to URM walls. Details of this field study are reported, comparison is made between the 70 

predicted and measured strengths of the as-built walls, and comparison is also made between the 71 

measured strength values of the as-built and retrofitted walls. Finally, the effectiveness of the 72 

retrofit schemes is discussed.  73 

 74 

ANALYTICAL MODEL 75 

The two-way bending tests were conducted to proof-test wall capacity following a procedure 76 

recommended in section C7.2.3.3.4 of ASCE (2007). As recommended in that reference, the 77 

applied forces were limited to the level required by the seismic loading code and in all cases 78 

were insufficient to induce wall failure. Similarly, one of the one-way vertically spanning walls 79 

was subject to significant arching action, and the limited capacity of the in-situ test setup 80 

prevented that wall from cracking. Therefore the accuracy of relevant predictive models, e.g. 81 

Vaculik (2012) for two-way bending walls and Abrams et al. (1996) for arching action, could not 82 

be verified using the results from this in-situ test program. 83 

 84 
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The tested one-way vertically spanning URM walls had no vertical restraint to facilitate the 85 

development of arching action, and consequently the measured response of these walls was 86 

compared against a model proposed by Derakhshan et al. (2013) and another similar alternative 87 

(Fig. 2). The strength of this type of wall is relatively low and was within the capacity of the 88 

adopted test setup, such that model verification was possible for this group of walls. As 89 

discussed at the end of this section, the trilinear model is especially useful when assessing the 90 

out-of-plane dynamic stability of URM walls that have slenderness ratios exceeding values 91 

recommended in Table 7-5 of ASCE (2007). Abrams et al. (1996) proposed a model for walls 92 

that are subject to arching action from surrounding frame elements and suggested that these walls 93 

typically satisfy seismic force demand, even for regions of high seismicity. Therefore the 94 

dynamic stability of cracked walls subject to arching action is rarely required to be checked, as 95 

these walls generally satisfy strength requirements.  96 

 97 

Using the cracked wall free body diagram and assuming rigid rocking response the theoretical 98 

wall maximum lateral resistance and instability displacement were obtained as: 99 
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where t, h, andare, respectively, the wall effective thickness, total wall height, and the ratio of 103 
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the height of the lower wall segment to the total wall height. When determining the effective 104 

wall thickness, the depth of mortar pointing and the thickness of weak plaster (as discussed later) 105 

should be excluded. W and  are respectively the wall weight per mm length and the ratio of 106 

applied overburden to wall weight. 0ŵ
 

and ˆ
ins are, respectively, the predicted wall lateral 107 

resistance and the instability displacement assuming rigid rocking as required for the rigid 108 

bilinear model shown in Fig. 2. 109 

  110 

The ratio of the actual wall maximum lateral resistance to the theoretical equivalent value (Eq. 1) 111 

was defined as the percentage of maximum rigid resistance (PMR). The formulae were next 112 

calibrated based on laboratory airbag testing of full-scale walls, and it was found that:  113 
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where, f’j and tn are, respectively, the mortar compressive strength and wall nominal thickness. 115 

 116 

The predicted maximum wall actual lateral resistance, maxw  (Fig. 2), is calculated as the product 117 

of the PMRemp ratio from Eq. 3 and 0ŵ  from Eq. 1. The wall lateral resistance corresponding to 118 

the plateau in an idealized trilinear model (Doherty 2000), iw , was approximated in Derakhshan 119 

et al. (2013) as being 90% of the predicted maximum wall resistance, maxw , and therefore, 120 

𝑤𝑖 = 0.9𝑃𝑀𝑅𝑒𝑚𝑝𝑤̂0                                                                                   (4) 121 

Similarly, simplified equations were proposed in Derakhshan et al. (2013) to calculate the 122 
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predicted wall instability, ins , using ˆ
ins . The trilinear model can be obtained using coordinates 123 

(0,0), ( 1 ,wi), ( 2 ,wi), and ( ins ,0), with the two intermediate wall displacements being defined 124 

as: 125 

1 0.04 ins                                                                                         (5) 126 

and  127 

2 (1 0.009 )emp insPMR                                                                         (6) 128 

Using time-history analyses, Griffith et al. (2003) showed that the initial stiffness of cracked out-129 

of-plane loaded walls (i.e. wi / 1 ) is not a significant influencing factor when walls are assessed 130 

for dynamic stability. The acceptance criterion in these procedures (e.g. ASCE 2007, NZSEE 131 

2006) is typically that the cracked wall displacement should not exceed 50%-60% of the wall 132 

instability displacement, ins . As the ratio of ins  to 1  is substantial for a cracked URM wall, 133 

the wall response can be predicted if wi and 2  in the trilinear models are reasonably accurate. 134 

Once the trilinear model has been developed, the wall displacement response can be calculated 135 

using a response spectrum method and assuming an equivalent linear system having a secant 136 

stiffness corresponding to point ( 2 ,wi).  137 

GENERAL DETAILS OF THE CASE STUDY BUILDINGS  138 

The test program included three buildings with load-bearing URM walls, namely Avon House 139 

(AH; Fig. 3a; built 1884), Allen’s Trade Complex (AT; Fig. 3b; built 1911), and Wintec F Block 140 

(WT; Fig. 3c; built 1917). These three buildings were constructed using clay bricks and timber 141 
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floor and roof diaphragms. The testing performed in these buildings was limited to one-way 142 

vertically spanning walls. The Allen’s Trade Complex building had been previously damaged in 143 

the December 2007 M6.8 Gisborne earthquake, but no visible damage was found in the tested 144 

wall. Both the Avon House building and the Wintec F Block appeared undamaged prior to 145 

testing, although the former was located in a region (Wellington, New Zealand) that is subject to 146 

high winds and high seismicity. 147 

 148 

Tests were also conducted on single-wythe unreinforced terracotta hollow block masonry 149 

partition walls of the three-storey William Weir House (WH; Fig. 3d; built 1932), which had a 150 

reinforced concrete frame with concrete floor slabs and a timber roof. These tests were 151 

conducted with the walls loaded in a two-way bending condition and included two apparently 152 

undamaged walls and two pre-cracked partition walls. The building is located in a highly seismic 153 

region of New Zealand (Wellington), and had been subject to prior earthquakes. The 24 June 154 

1942 Wairarapa earthquake (M7.2, Modified Mercalli in Wellington: 6 to 7 depending on ground 155 

structure) and the 02 August 1942 Wairarapa earthquake earthquake (M7, Modified Mercalli in 156 

Wellington: 6) occurred 10 years after the building had been constructed, with widespread 157 

collapse of chimneys, masonry walls and parapets into Wellington streets being reported 158 

(Downes et al. 2001). It is assumed that the cracked walls in WH was attributable to prior 159 

earthquake loading as these cracked walls had no support along their top edge and were located 160 

in the top-storey. It is also possible that even the second-storey walls had some internal cracking 161 

that was not visible. 162 

WALL PROPERTIES 163 
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All test walls were either single-wythe or double-wythe (see Fig. 4) and had plaster finish on one 164 

or both faces as detailed in Table 1. Walls in Avon House had lime-based plaster with added 165 

horse hair (Fig. 4a) with an average thickness of 20 mm, and walls in the other test buildings had 166 

10-15 mm thick cement-based plaster. As an exception, Wall AH3 had undergone a prior seismic 167 

upgrade by means of an applied layer of high cement content plaster on one surface, with the 168 

other wall face having the original lime-based plaster finish. 169 

 170 

Walls subjected to one-way bending were prepared by introducing two vertical wet cuts using a 171 

concrete chainsaw, resulting in an isolated wall strip that permitted out-of-plane rocking. The 172 

final length of one-way vertically spanning walls was recorded as varying between 1170 mm and 173 

1250 mm, as detailed in Table 1 and Fig. 5. Most walls spanned the height of a complete storey, 174 

with the exceptions being AH3 and AT. Tests were performed only on the lower parts of these 175 

walls, so that the top wall segments could be retained for the reasons explained below. AT was a 176 

lower central segment of an end gable (crown height 6500 mm from the first level timber floor, 177 

see also Fig. 3b), and the building owner wished to retain the gable end and to demolish the end 178 

wall to only the eaves level. The aforementioned vertical cuts were therefore made up to a height 179 

of 3000 mm from the timber floor, forming a continuous top support (C, Fig. 5e). This 180 

configuration resulted in the wall having an applied overburden load that was equal to the weight 181 

of the masonry column above the wall, which was calculated as 13 kN per meter length of wall. 182 

Wall AH3 was to be demolished only up to a height of 2700 mm from the wall base (storey 183 

height 3100 mm) to allow preservation of the original roof drainage details as requested by the 184 

owner. Therefore the test area was isolated from the rest of the wall by forming a lintel assembly 185 



10 

 

 

that accommodated up to 25 mm vertical movement at the wall top (Fig. 5d). It was intended that 186 

wall vertical movements due to out-of-plane rocking be limited to 25 mm to exclude potential 187 

damage to higher elevation brickwork. 188 

 189 

AH1 and AH2 were two similar test strips of a single partition wall, with steel plates embedded 190 

in three of the mortar joints of the wall (see Fig. 4a). The severely corroded plates were 191 

considered to not increase wall strength for the one-way bending condition.  192 

 193 

The top horizontal edges of WH1 and WH2 was unrestrained, but the other edges were supported 194 

by either a reinforced concrete structural element or a URM flange wall (Fig. 6). These walls had 195 

cracks that were less than 1 mm open, but the cracking extended through the entire wall 196 

thickness. The existing cracking in Wall WH1 was less extensive than that shown for WH2 in 197 

Fig. 6 and was limited to three vertical cracks at middle-top of the wall and a minor diagonal 198 

crack at one base corner. Unlike WH1 and WH2, partition Walls WH3 and WH4 were restrained 199 

by a concrete beam along the top horizontal edge. Due to identical dimensions and proximity, 200 

Wall WH3 and Wall WH4 were assumed identical and tested in, respectively, the as-built and 201 

NSM FRP retrofitted condition. As discussed later, the results from testing suggested significant 202 

differences in the wall construction, e.g. thickness of plaster on the wall face subject to tension, 203 

or different levels of non-visible wall damage that prevented the effectiveness of the retrofit 204 

scheme to be measured.  205 

Masonry pattern 206 
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The single-wythe walls had been built using a running bond, and the double-wythe walls had 207 

been constructed using a common bond pattern with header bricks located every fourth course. 208 

The double-wythe walls of AH building (Wall AH3) had only a few header bricks (Fig. 7a) and 209 

although the wall appeared to function as a single solid wall during the airbag tests, it separated 210 

into two wythes (Fig. 7b) during the ensuing demolition. This separation of wall wythes was 211 

attributed to the lack of binding header courses. 212 

MATERIAL PROPERTIES 213 

Material properties were determined by conducting in-situ and laboratory tests on extracted 214 

samples, with the results summarised in Table 2. The masonry density was calculated in the 215 

laboratory as 1650 kg/m
3
 for the partition walls of building WH, and as 1800 kg/m

3
 on average 216 

for all other walls.  Masonry prism testing for building WH was conducted in the laboratory on 217 

two-block high prisms measuring approximately 330 mm   300 mm   95 mm (Fig. 8a), but 218 

masonry testing for the URM bearing wall buildings was conducted on three-brick high prisms. 219 

The plaster layer was removed from the samples prior to prism testing.  220 

 221 

The masonry flexural bond strength (f’fb) for building WH was derived from four point bending 222 

tests performed in the laboratory on masonry beam samples that included the plaster layer 223 

(Fig. 8b), but the strength value reported for building AH was determined on site following 224 

ASTM 1072 – 00a (ASTM 2001) after removing the plaster layer.  As 50 mm mortar cube 225 

samples required for mortar testing using the procedure recommended in ASTM C780-02 226 

(ASTM 2002) are unattainable from actual buildings, irregular mortar samples were cut into 227 

measurable cubic shapes and tested in compression. The average length, width and height of 228 
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plaster samples for building WH were 26 mm, 21 mm and 26 mm respectively. The mortar 229 

samples from building WT measured on average 36 mm long × 24 mm wide × 30 mm high with 230 

little variation, and similar sizes were used for plaster and mortar testing in other buildings. 231 

OUT-OF-PLANE TEST SETUP 232 

The adopted test setup closely resembled that used to conduct laboratory testing as reported in 233 

Derakhshan (2011), and Fig. 9 shows a typical in-situ test setup. The test setup consisted of a 234 

backing plywood sheet with its timber supporting frame connected to the existing floor 235 

diaphragm. For one-way spanning walls, the applied force was partially distributed on the wall 236 

surface, with a commercial vinyl airbag (1100 mm × 2100 mm) with a skin thickness of 0.25 mm 237 

being positioned symmetrically against the wall surface as shown by the shaded area in Fig. 5. 238 

For two-way spanning walls, three airbags were used symmetrically against the wall surface, and 239 

the loaded area was approximately 70% (WH1), 80% (WH2), or 68% (WH3 and WH4) of the 240 

total wall surface. A low airbag inflation rate was adopted so that each half cycle took 241 

approximately 10 minutes to complete. The lateral pressure was controlled manually by 242 

adjusting the air inlet, with a typical applied force history being shown in Fig. 10. Despite 243 

recognition that a repeated semi-cyclic loading history can be less damaging than a reversed 244 

cyclic load history, the loading pattern shown in Fig. 10 was adopted due to difficulties 245 

associated with implementation of a test setup that allowed load reversals to be applied. 246 

 247 

Out-of-plane reaction forces were transferred through either 4 (one-way spanning walls) or 6 248 

(two-way spanning walls) 10-kN load cells from the backing frame to the supporting frame 249 

connected to the floor, and special smooth steel plates covered with a film of grease (Fig. 9a; 250 
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bottom-left) were used underneath the plywood backing frame to minimize friction losses.  Wall 251 

displacements were measured using linearly variable differential transducers (LVDT) with 252 

300 mm stroke length, and a high-speed data acquisition (DAQ) system with multiple channels 253 

was used to record the test data. 254 

TESTING PROGRAM 255 

As-built Tests 256 

Eight tests were collectively performed on five as-built one-way vertically spanning walls, with 257 

three of the tests being conducted on walls with modified top supports (Table 3). The top support 258 

details that originally existed or were introduced for the purpose of a comparative study are 259 

summarised in Fig. 5. For example, test AH1-B was performed after wall testing with the 260 

original SA support conditions (AH1-A) and then removing the steel anchors from the top 261 

support details. Similarly, Test AT-B (Fig. 5f) was conducted after the as-built continuous top 262 

wall support had developed cracks during test AT-A (Fig. 5e). Finally, Wall WT was first tested 263 

(WT-A) using the as-built support conditions (CB in Table 3; see also Fig. 5g and 9a). The top 264 

concrete beam was next cut from both wall sides (Fig. 5h) so that no arching action could 265 

develop in the wall plane and the wall was re-tested by promoting a pinned support condition 266 

(WT-B). Four two-way bending tests that were conducted on four two-way spanning walls 267 

having as-built support conditions are also reported in Table 3. 268 

Tests on Retrofitted Walls 269 

After being tested in their as-built conditions (including tests with modified support details), 270 

several walls were retrofitted by either NSM FRP or NSM TSB methods and re-tested. 271 

Consistent with the loading pattern, the retrofit work was undertaken on one (tension) face of the 272 
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wall only, but for earthquake resistance the retrofit should be undertaken on both wall faces. 273 

Table 4 lists the tests conducted on retrofitted walls and the details of the retrofit methods. Walls 274 

AH1, AH3, AT, and WT were retrofitted using the NSM FRP technique, which involved the use 275 

of one or two carbon FRP strips (see Table 4). The 15 mm wide × 1.2 mm thick strip had a 276 

Young’s Modulus of 165 GPa and a mean tensile strength of 3100 MPa and was positioned into 277 

a groove that was cut into the wall surface. The groove extended vertically from top to bottom 278 

and was positioned at the wall centerline. Two part epoxy was used to bond the CFRP strip into 279 

the masonry substrate. To ensure maximum bond area the groove was entirely filled with epoxy 280 

prior to insertion of the CFRP strip. The groove was located on the non-loaded wall face, i.e. on 281 

the wall face that was subject to tensile actions, and on one of the tested walls (AH1) strain 282 

gauge transducers were mounted directly to the strip. 283 

 284 

Details of the retrofit method undertaken on Wall AH2 are also reported in Table 4, with the 285 

technique being similar to the NSM FRP procedure discussed above but involving a slightly 286 

larger groove dimension, the use of a twisted steel bar instead of an FRP strip, and the use of a 287 

cementitious grout instead of epoxy. 288 

TEST RESULTS 289 

In the one-way spanning as-built walls, a crack occurred at the wall base, and the walls 290 

developed an approximately horizontal crack (Fig. 11a) at an intermediate height of h above the 291 

wall base, with being on average 0.56. The intermediate height crack was horizontal in all 292 

tests except test AH3-A, in which the crack crossed three brick courses. The cracking pattern in 293 
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this wall was attributed to a combination of the previously mentioned high-cement-content 294 

retrofit plaster and relatively weak bricks (see Table 2 for brick compressive strength).  295 

 296 

During the one-way spanning as-built tests a rocking mechanism was formed and walls were 297 

subjected to post-cracking displacements. The maximum post-cracking mid-height lateral 298 

displacement was limited for safety considerations to approximately 70% of the wall nominal 299 

thickness. Significant crushing was observed in the lime-based plaster on the loaded surface of 300 

walls in building AH, as shown in Fig. 11b, and the plaster was debonded from the wall surface 301 

(Fig. 11c). Plaster cracking and debonding was also observed at the base of Wall WT on the 302 

loaded wall face, despite the plaster being cement-based. The observation of plaster deterioration 303 

or spalling from the wall surface in buildings AH and WT suggested that both lime-based and 304 

cement-based plaster layers are prone to debonding, resulting in a decrease in the wall thickness 305 

at pivot points. 306 

 307 

Subsequent testing on retrofitted walls resulted in numerous new cracks being formed in the 308 

vicinity of the inserted strip or steel bar, with the final crack pattern for one test being shown in 309 

Figs. 11d. 310 

Walls in Building AH (with steel anchors) 311 

AH1 and AH2 – As-built  312 

Fig. 12a shows that significant strength degradation occurred during test AH1-A. This reduction 313 

in strength was partially attributed to the aforementioned plaster deterioration, which reduced the 314 

moment arm of the restoring wall gravitational and inertial forces. The other factor that affected 315 
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the wall strength was weakening of the bond at the top support anchorages due to the large wall 316 

rotations. At the conclusion of test AH1-A the wall had experienced 7 repeated semi-cycles of 317 

large displacements, and the wall behavior reached an ultimate residual state. Steel anchors at the 318 

top support were then unbolted and test AH1-B was conducted. The latter test showed that the 319 

removal of the top anchors resulted in only a slight decrease in wall strength from the residual 320 

strength recorded at the end of test AH1-A. It was concluded that the wall anchorage increased 321 

the initial strength significantly by about 150% (0.5 kPa compared to 0.2 kPa, respectively for 322 

post-cracking peak strength and the residual strength in Fig. 12a), but that this effect sharply 323 

diminished during the repeated loading. Due to the inherent variability in this type of connection 324 

and the vulnerability of the connection to cyclic loading, it is impractical to consider the 325 

improved strength for assessment of walls with similar anchorage. However the installation of 326 

anchors is recommended as they prevent the wall from responding in a cantilever mode. The 327 

arching action that developed due to the top timber diaphragm support resulted in the residual 328 

strength of AH1 exceeding that obtained from the trilinear model, as shown in Fig. 12b. In 329 

contrast to the results for AH1, the trilinear model overestimated the strength of AH2 by about 330 

15%. The cracking force of Wall AH2 was not captured during testing due to a test setup error, 331 

and unlike AH1, this wall was tested with TD support conditions only. As AH1 and AH2 had the 332 

same dimensions and were vertical strips of the same wall, the increased strength obtained in test 333 

AH1-B was attributed to variability in masonry material properties and quality of construction. 334 

This observation is consistent with a companion study by Lumantarna et al. (2013), which 335 

reports COV of up to 50% for in-situ material tests. Consistent with the observed degradation of 336 

plaster at the cracked joint, the trilinear force-displacement model was obtained assuming an 337 
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effective wall thickness which did not include the plaster layer. However, the weight of the 338 

plaster layer was included in the calculations. 339 

 340 

Correlation of the results from AH1-B and AH2-A with the lab-based model suggests that 341 

arching action that developed due to the timber roof support resulted in less than 30% 342 

improvement in wall strength. This additional strength is considered to be undependable when 343 

undertaking a wall assessment, as the additional strength is developed only when the wall is 344 

subjected to large lateral displacements.  345 

 346 

AH1 and AH2 – Retrofitted  347 

Walls AH1 and AH2 were retrofitted using, respectively, NSM FRP and NSM TSB techniques 348 

and were then re-tested (see Table 4). Both retrofit schemes resulted in a substantial increase in 349 

the wall stiffness, peak strength, and ductility capacity. Fig. 12c shows that unlike the as-built 350 

walls, the retrofitted walls retained significant stiffness as the wall lateral displacement at crack 351 

height increased up to nearly 80 mm (nearly 70% of wall nominal thickness). This absence of 352 

strength loss with displacement results in significant ductility capacity. As detailed in Table 5, 353 

the results of tests AH1-NSM FRP and AH2-NSM TSB showed improvement in the wall peak 354 

strength by, respectively, 670% and 614% when compared to the as-built walls. 355 

 356 

The failure mode in AH1-NSM FRP was in the form of numerous visible cracks that developed 357 

within the vicinity of the CFRP strip, propagating from the wall centreline towards the top and 358 

bottom wall edges. The development of masonry cracking led to gradual debonding of the CFRP 359 
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strip (see Fig. 13a for same failure mode for test WT-NSM FRP). Strip rupture, a brittle failure 360 

mode associated with the NSM FRP strengthening technique, was not observed as the peak 361 

measured stresses that developed in the strip were only 40% of that necessary to cause strip 362 

rupture. The maximum strain measured in the CFRP strip during test AH1-NSM FRP was 7500 363 

µε (analogous to a tensile stress of 1240 MPa) compared to the CFRP manufacturer’s suggested 364 

maximum design tensile strength of 3100 MPa. The failure mode in AH2-NSM TSB was in the 365 

form of local cracking of masonry and local bending of the TSB (Fig. 13c).  366 

 367 

As summarised in Table 5, the results of both tests AH1-NSM FRP and AH2-NSM TSB suggest 368 

that the residual displacement is significant (nearly 15 mm; 20% maximum displacement). This 369 

observation suggests that although a URM wall strengthened using these techniques may satisfy 370 

strength requirements at the ultimate limit state, the wall loses functionality after it has been 371 

subject to large displacements.  372 

 373 

AH3 – As-built  374 

Fig. 12d shows the response of AH3, adjusted to exclude prior wall inelastic deformations. The 375 

response of this wall was characterised by rocking and unrestrained vertical wall deformation 376 

until the 25 mm gap (see Fig. 5g) was exceeded, after which arching action developed that 377 

resulted in a nearly 100% increase in the wall strength. When discounting arching action, the 378 

response of AH3 had good correlation with the trilinear model.  Such a strength increase would 379 

not occur during earthquake loading of out-of-plane walls as the full wall length will experience 380 

comparable deformations and therefore the extent of boundary restraint present in this test would 381 
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not be provided in the real scenario. The main finding of this test was that the post-cracking 382 

behavioral curve excluding arching action was in good agreement with the predictive model. 383 

Similar to the case of AH1, moderate strength degradation occurred due to deterioration of the 384 

lime-based plaster. 385 

 386 

AH3 – Retrofitted  387 

The NSM FRP retrofit method applied to wall AH3 led to improved wall peak strength of 440% 388 

(see Table 5 and Fig 12e) when compared with the strength of the as-built wall (excluding the 389 

increase in as-built wall strength due to arching action). The failure mode was in the form of a 390 

sudden pull-out of the top portion of the CFRP strip (Fig. 13b), precluding ductile behavior. 391 

Consequently, consideration should be given in seismic retrofit design to prevent this failure 392 

mode. Similar to test AH1–NSM FRP no strip rupture was observed, and substantial cracking 393 

occurred in the masonry wall in the vicinity of the FRP strip. 394 

Wall AT (continuous URM wall) 395 

AT-As-built 396 

The strength of the one-way spanning wall AT was measured to be more than twice that obtained 397 

from the lab-based trilinear model (4.5 kPa compared to 2.1 kPa in Fig. 12f) due to the fixity 398 

provided by the continuous URM top support (see Fig. 5e). The effect of the applied overburden 399 

on wall AT was included when calculating the predicted wall behavior using the analytical 400 

method discussed earlier. 401 

 402 
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During test AT-A additional vertical, horizontal, and diagonal cracking occurred at the top 403 

corners of the tested wall strip. Re-testing the wall (AT-B) showed that wall stiffness and 404 

strength decreased, as reported in Fig. 12f. The curve representing test AT-B in Fig. 12f has been 405 

adjusted to exclude the inelastic deformations (about 15 mm) that occurred during test AT-A. 406 

 407 

AT-Retrofitted 408 

Due to the increased strength of the as-built wall resulting from continuity at the top support, 409 

from arching action, and from substantial additional axial load on the wall segment, the increase 410 

in flexural strength as a result of the NSM FRP strengthening was not pronounced, being only 411 

27% as detailed in Table 5. The wall ductility capacity improved, with almost no reduction in 412 

wall strength as the wall displacement increased. However the wall exhibited 50 mm of residual 413 

displacement, which was equal to more than 35% of the maximum wall displacement as detailed 414 

in Table 5. 415 

Wall WT (CB top support) 416 

WT - As-built 417 

A relatively stiff concrete beam that was cast above wall WT resulted in significant arching 418 

action, such that wall WT remained uncracked during test WT-A. Subsequently the wall was re-419 

designated as WT-B and modified to have a pinned support condition that when re-tested 420 

resulted in wall cracking at a 3.2 kPa face pressure (Fig. 12g). Wall WT-A sustained a face 421 

pressure of more than 1.5 times the face pressure associated with wall cracking for WT-B when 422 

the top support concrete ring was cut (4.9 kPa compared to 3.2 kPa from Fig. 12g). Fig. 12h 423 
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shows that the wall strength and the general shape of the behavioral curve dictating 2  (see also 424 

Fig. 2) had a good correlation with the lab-based idealised model. The measured initial cracked 425 

wall stiffness was greater than the predicted equivalent, but as discussed previously the initial 426 

stiffness has an insignificant effect on the adopted displacement-based wall assessment (Griffith 427 

et al. 2003).  428 

 429 

WT-Retrofitted 430 

After being retrofitted, the strength of Wall WT-NSM FRP (5.6 kPa face pressure; see Fig. 12g) 431 

was 75% greater than that of the unretrofitted wall (3.2 kPa face pressure at cracking), and as 432 

detailed in Table 5, the improvement in wall strength due to the retrofit work was 830% when 433 

compared to the as-built maximum post-cracking strength (0.6 kPa). The wall behavior was 434 

ductile, and similar to the test on retrofitted wall AH1, the failure mode was characterized by 435 

cracking in the masonry substrate and debonding of the strip (Fig. 13a). Similar to tests on 436 

retrofitted walls AH1 and AH2, test WT–NSM FRP also resulted in a residual displacement in 437 

excess of 20 mm (more than 20% wall maximum displacement). 438 

 439 

Investigation of the data presented in Fig. 12g suggests that the out-of-plane strength of wall WT 440 

with the as-built support details was approximately 1.2 times the seismic demand (NZS 441 

1170.5:2004, NZS 2004) calculated for this wall configuration and site, being a region with high 442 

seismicity (Wellington, New Zealand). These test data suggest that constructing a bond beam in 443 

an existing building at the floor or roof levels is a reliable option for improving the out-of-plane 444 
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seismic wall response. Fig. 12g also suggests that when the top concrete beam is absent, the 445 

same wall retrofitted using the NSM FRP technique meets the strength requirements for the 446 

region discussed, although wall loading will result in substantial residual displacement.   447 

 448 

Table 6 details the uncracked and cracked wall stiffness data measured during the tests 449 

conducted on three one-way spanning walls and on the two-way spanning walls. The ratio of the 450 

cracked wall stiffness to the measured uncracked equivalent was found to be on average 0.34, 451 

but with large variation among the three walls (CoV=1.4). As a convention, a secant stiffness 452 

corresponding to two-thirds of the wall maximum force resistance was calculated from the post-453 

cracking force-displacement curves and was assumed as the cracked wall stiffness.  The ratio of 454 

the maximum wall face pressure before cracking, wcr, to the residual wall face pressure after 455 

cracking, wmax, is notably high for several one-way spanning walls (see Table 6). This ratio 456 

varies from 250% to 530%, with the average value being 353%. This relatively high average 457 

percentage suggests that a study to show whether strength-based criteria for wall seismic 458 

assessment are more efficient compared to stability-based criteria is worthwhile, particularly for 459 

walls that have strong plaster finish and are located in regions with low seismicity. 460 

Two-way spanning walls 461 

Fig. 14a and Fig. 14b show the results of two-way spanning tests performed on damaged walls 462 

WH1 and WH2. Both walls underwent small amounts of inelastic deformation (approx. 0.5 mm, 463 

nearly 20% wall maximum displacement), with only minor additional cracking being developed. 464 

 465 
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Analysis of the response envelope shown in Fig. 14b indicated that at a face pressure of 466 

approximately 3.2 kPa the wall stiffness reduced by approximately 65% from 3.6 kPa/mm to 467 

1.2 kPa/mm. This reduction in the wall stiffness was due to extension of the crack pattern as 468 

shown in Fig. 6. In contrast, WH1 maintained the same stiffness during testing, suggesting that 469 

the existing cracks did not open sufficiently to cause deterioration of wall stiffness. As discussed 470 

previously, the existing cracking in WH1 was not as extensive as that shown in Fig. 6 for WH2. 471 

The retrofit of WH2 using two strips of NSM FRP resulted in a 67% improvement in the wall 472 

stiffness, from 1.2 kPa/mm (WH2) to 2 kPa/mm (WH2-NSM FRP). Because the wall stiffness 473 

had improved and the wall resistance exceeded that required as per the NZ seismic loading 474 

requirements for regions with high seismicity, the test was terminated to avoid further wall 475 

damage. It should be noted that from the results of tests on the other retrofitted walls, the NSM 476 

retrofit method does not substantially improve wall stiffness, but instead the method significantly 477 

improves wall strength. The true effectiveness of the retrofit deployed for this strengthened two-478 

way spanning wall could not be assessed due to the applied forces being insufficient to cause 479 

wall failure. 480 

 481 

Fig. 15 shows a comparison between the force-displacement plots of unretrofitted wall WH3 and 482 

retrofitted wall WH4. Although the walls had identical dimensions and were merely located in 483 

different rooms, the flexural stiffness of WH4 (retrofitted) was 54% that of WH3 (as-built). 484 

Therefore the effectiveness of the retrofit work could not be established due to possible variation 485 

in material properties, construction details, e.g. the plaster thickness on each side, and due to 486 

potentially different extents of non-visible damage.  487 
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 488 

The measured wall stiffness during the tests on pre-cracked walls WH1 and WH2 was on 489 

average 2.9 kPa/mm, as detailed in Table 6. The measured wall stiffness during the tests on 490 

uncracked partition walls WH3 and WH4 was much higher than the measured value for the pre-491 

cracked walls, despite the uncracked walls having larger wall dimensions. The average 492 

uncracked wall stiffness was 14.6 kPa, which was approximately 5 times greater than the average 493 

stiffness of the pre-cracked walls (2.9 kPa). This difference was attributed to two factors, one 494 

being prior cracking and the other being the unrestrained top horizontal edge in wall tests WH1 495 

and WH2.  496 

  497 

Although both walls WH1 and WH2 were pre-cracked, the maximum applied face pressure was 498 

approximately 30 times higher than that expected for a one-way spanning wall with the same 499 

thickness (calculated as 0.2 kPa using the procedure described in NZSEE (2006)). This 500 

comparison suggests that unnecessary retrofit measures can be avoided by utilising in-situ tests 501 

(C7.2.3.3.4 of ASCE 2007), although variability in wall stiffness, as shown in Fig. 15, should 502 

also be considered. Due to the substantial cost of conducting in-situ tests, this type of evaluation 503 

(including the required study into the variability of the results) is usually beneficial only when a 504 

large number of comparable walls exist in a masonry building. 505 

SUMMARY AND CONCLUSIONS 506 

A report of in-situ out-of-plane airbag testing that was conducted on as-built and retrofitted URM 507 

walls of four different buildings was presented. The test walls had plastered surfaces, and 508 

included one-way vertically spanning walls and uncracked or pre-cracked two-way spanning 509 
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walls. The experimental program included testing the same walls with original and modified top 510 

support types. 511 

 512 

A concrete ring beam positioned above URM bearing walls significantly increased wall strength 513 

and prevented excessive wall displacements. It was suggested that constructing bond beams at 514 

the floor or roof level of URM bearing wall buildings is a reliable seismic improvement option. 515 

 516 

A single CFRP NSM strip or two inserted TSBs substantially increased the post-cracking out-of-517 

plane flexural strength of one-way spanning walls AH1, AH2, AH3, AT, and WT by, 518 

respectively, 670%, 614%, 440%, 27%, and 830%. These increases in the wall strength were 519 

accompanied by residual displacements from nearly 20% and up to 35% of the wall maximum 520 

displacement. Therefore these retrofit techniques are recommended for ultimate limit state design 521 

where the functionality of the wall after a design earthquake is of limited importance. The 522 

behavior of a retrofitted wall that failed due to NSM FRP strip pull-out was brittle, but 523 

significant ductility was observed for walls where the NSM strip debonding failure mode was 524 

initiated. Consideration should be given in the NSM FRP seismic retrofit design to prevent the 525 

pull-out failure mode.  526 

 527 

A previously cracked two-way spanning wall was tested in both as-built and NSM FFRP 528 

retrofitted conditions. The retrofit work improved the wall stiffness by 67%. No apparent 529 

improvement was observed when the stiffness of a retrofitted two-way spanning wall was 530 

compared to a different unretrofitted wall, potentially due to differences in the wall construction 531 
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and/or different extents of prior non-visible wall damage. The complete effectiveness of the 532 

retrofit scheme for two-way walls could not be assessed due to the applied forces being 533 

insufficient to promote wall failure. It is also suggested based on this variability that individual 534 

wall boundary conditions, material properties, and previous loading history are required to be 535 

studied before a general seismic assessment procedure can be used. 536 

 537 

The tested two-way spanning walls had strengths that were significantly greater than that 538 

calculated for a one-way spanning wall with the same thickness, but their out-of-plane stiffness 539 

was shown to be significantly reduced (by a factor of 5) due to cracking and/or due to the top 540 

wall edge being unrestrained. Irrespective of the results of wall assessment using procedures 541 

based on a one-way bending idealisation, even pre-cracked two-way spanning walls may satisfy 542 

current seismic loading standards. This study highlighted the merits of conducting in-situ testing 543 

as recommended by ASCE (2007) to assess wall strength, especially when a large number of 544 

comparable walls are involved and a desktop evaluation can potentially impose substantial 545 

unnecessary retrofit measures to be implemented in buildings. Significant variability was 546 

observed in the measured stiffness of two-way spanning walls of a single building, suggesting 547 

that multiple walls should be tested when a building is to be assessed by means of in-situ testing. 548 
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TABLES 632 

TABLE 1: Wall properties 633 

Wall 
Test span 

condition 

Thickness
1
  Height Length Plaster

2
 thickness Masonry unit 

dimensions (mm) 
tn (mm) h (mm) l (mm) tp1 (mm)

3
 tp2 (mm)

4
 

AH1 One-way 150 3300 1170 20
5
 20

5
 

68 × 230 × 112 AH2 One-way 150 3300 1170 20
5
 20

5
 

AH3 One-way 270 2700 1200 20
5
 10 

AT One-way 240 3000 1200 --- 10 75 × 220 × 105 

WT One-way 255 4000 1250 15 15 75 × 220 × 105 

WH1 Two-way 130 2730 3850 15 15 

160    300    95 WH2 Two-way 130 2730 3480 15 15 

WH3 Two-way 130 2940 4100 15 15 

WH4 Two-way 130 2940 4100 15 15 

Notes - (1) Including plaster (2) Cement-based plaster unless indicated otherwise  

(3) Loaded wall face (4) Other wall face (5) Lime-based plaster 

 634 

  635 
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TABLE 2: Material properties 636 

 
Half-brick 

compressive 

strength, 

Mortar 

compressive 

strength, 

Masonry 

compressive 

strength, 

Plaster 

compressive 

strength, 

Masonry 

flexural 

bond strength,  

 

 

fb' (MPa) 

ASTM C67– 03a 

(ASTM 2003) fj' (MPa) 

fm' (MPa) 

ASTM C 1314-03b 

(ASTM 2004) fp' (MPa) 

ffb' (MPa) 

C 1072 00a 
ASTM (2001) 

Bldg (No. of samples) Mean (CoV) 

AH (7) 8.8 (0.19) (8) 3.3 (0.37) (5) 3.2 (0.2) (9) 1.4 (0.37) (9) 0.04 (0.5) 

AT (9) 19.4 (0.16) (9) 5.7 (0.28) (6) 9.6 (0.28) N/A N/A 

WT (5) 25.9 (0.25) (6) 17.7 (0.46) (5) 9.7 (0.18) N/A (2) 0.61 (N/A) 

WH (3) 32* (0.26) N/A (4) 13.8* (0.5) (7) 3.4 (0.15) N/A 

* Compressive strength results are based on net block area  637 
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TABLE 3: In-situ as-built testing program 638 

Wall 
Span 

Condition 
Test 

Wall support 

Top Bottom Conditions 

AH1 One-way A SA Ground O 

One-way B TD Ground M 

AH2 One-way A TD Ground M 

AH3 One-way A G Ground M 

AT One-way A C C O 

One-way B CC C M 

WT One-way A CB Ground O 

One-way B TD Ground M 

WH1 Two-way A U CB O 

WH2 Two-way A U CB O 

WH3 Two-way A CB CB O 

WH4 Two-way A CB CB R 

Notes -  O: Original; M: Modified; C: Continuous; TD: Timber Diaphragm 

 CC: Cracked Continuous; CB: Concrete Beam; SA: Steel Anchor; G: Gap; 

U: Unrestrained, R: Retrofitted 

 

 

 639 

  640 
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TABLE 4: In-situ retrofitted wall testing program 641 

Test 
df 

(mm) 

bf 

(mm) 

bp 

(mm) 

tp or db 

(mm) 

# of NSM 

Bar/strip 

Sv 

(mm) 

AH1-NSM FRP 35 8 15 1.2 1 1170 

AH2-NSM TSB 30 10 --- 6 2 585 

AH3-NSM FRP 25 6 15 1.2 1 1200 

AT-NSM FRP 25 6 15 1.2 1 1200 

WT-NSM FRP 20 6 15 1.2 1 1250 

WH2-NSM FRP 30 5 15 1.2 2 1200 

WH4-NSM FRP 30 5 15 1.2 2 1200 

df = width of groove; bf = depth of groove; bp = width of FRP strip; tp = thickness of FRP strip; 642 

db = outer diameter of TSB; and Sv = centre to centre spacing of vertical bars/strips 643 

 644 

  645 
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TABLE 5: In-situ retrofitted wall test results 646 

Wall 

Post cracking 

as-built 

face pressure 

(kPa) 

Retrofitted 

maximum 

achieved face 

pressure 

(kPa) 

Retrofit 

strength 

improvement 

(%) 

Residual 

disp. as a 

percentage 

of max. disp.  

(%) 

AH1 0.18 1.4 670 20 

AH2 0.14 1.0 614 20 

AH3 0.90 4.9 440 ---** 

AT 4.10 5.2 27 35 

WT 0.60 5.6 830 20 

WH2 4.90 5.9 N/A* 20 

WH4 3.80 3.80 N/A* ---*** 
* The true effectiveness of the retrofit is not evident due to test termination; ** brittle failure; *** elastic behavior 647 

 648 

 649 

TABLE 6: In-situ as-built test results 650 

Test Kuc  Kcr  Kcr/Kuc  wcr  wmax wcr/wmax x100 

 

       (kPa/mm)     (kPa) (kPa) (%)  

One-way walls 

      AH1-A 0.43 0.02 0.05 0.5 0.2 250 

AH3-A 0.64 0.56 0.88 2.5 0.9 280 

WT-B 1.3 0.12 0.09 3.2 0.6 530 

Average (CoV) 

  

0.34 (1.4) 

  

353 (0.4) 

Two way walls 

      WH1-A 

 

2.3 

    WH2-A 

 

3.5 

    WH3-A 18.9 

     WH4-A 10.3 

     Average 14.6 2.9 

     651 

 652 
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