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Abstract 11 

In the current changing climate historic timber frame buildings are exposed to ever 12 

more severe and frequent extreme weather conditions such as floods and wind driven 13 

rainstorms. These structures are especially vulnerable to moisture ingress and 14 

subsequent decay. In light of this there is a need to better understand and quantify the 15 

impact of this exposure on the mechanical behaviour and capacity of such systems. 16 

Here an experimental investigation is presented which sets out a novel test method for 17 

measuring the impact of cyclic wind driven rain and flood exposure on the lateral 18 

stiffness and strength of masonry infilled timber frames. Empirical data presented here 19 

indicates losses in elastic stiffness exceeding 75% as a result of exposure, whilst 20 

analytical assessment confirms the failure mechanism that describes yielding of the 21 

system in weathered and unweathered states. This work has measured the extent of 22 

structural decay in direct relation to the meteorological parameters wind speed and 23 

precipitation accumulation, giving deeper, understanding of the vulnerability of the 24 

structural system of masonry infilled timber framing to these climate phenomena. 25 
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Introduction 26 

Around the world precipitation levels are continuing to be observed to increase, linked 27 

to the rise in global mean temperature (IPCC, 2014), with ever more unprecedented 28 

accumulations leading to widespread flooding in the UK (Thompson, et al., 2017), and  29 

across Europe (Alfieri, Burek, Feyen, & Forzieri, 2015), the United States (Mallakpour 30 

& Villarini, 2015) and elsewhere across the globe (Hirabayashi, et al., 2013). Likewise 31 

there is evidence to suggest storm frequency has increased in the latter half of the 20th 32 

Century, especially in the Northern Hemisphere (Vose, et al., 2014), where 33 

observational evidence of increased storm activity in the North Atlantic since the 1970’s 34 

exists (IPCC, 2007). 35 

 36 

One consequence of this for the built environment is increased exposure of buildings 37 

to flood and storm conditions; that is strong winds, high rainfall accumulations and 38 

inundation by flood water. Historic masonry infilled timber frames (HMITF) are often 39 

highly prevalent in such affected urban centres, for example Prague (Holicky & Sykora, 40 

2009) and York, (MacDonald, 2012). Flood and wind driven rain exposure lead to the 41 

saturation of absorbent historic façade fabric (Drdacky, 2010), such as the timber, 42 

mortar and infill material used in HMITF. Windstorms and floods expose facades to 43 

physical damage caused by loading from wind pressure (Holmes, 2015) and hydro-44 

static or -dynamic loading (ASCE, 2006). The comparatively low strength and stiffness 45 

of HMITF leaves them potentially more susceptible to damage from wind and flood 46 

loading than modern framed buildings.  47 

 48 

Investigation of climate change effects in relation to cultural heritage is a growing field 49 

of research application. Much work focusses on spatial risk assessments driven by 50 



observational measures of building vulnerability, such as cultural significance either 51 

through formal scheduling (Wang, 2015) or community perception (Vojinovic, et al., 52 

2016) and other factors such as age and condition (Stephenson & D'Ayala, 2014). 53 

Technical studies which garner evidence for the physical and mechanical vulnerability 54 

of heritage buildings are less common, and offer little insight into the structural impacts 55 

of climate change on historic structures. 56 

 57 

Impact assessments focus on physical damage such as salt induced weathering 58 

(McCabe, et al., 2013), both stone (Sass & Viles, 2010) and brick masonry (Binda, 59 

Cardani, & Zanzi, 2010) wetting and drying regimes. Whilst vulnerability indicators and 60 

scales are emerging for cultural heritage at large spatial scales (Sabbioni, 61 

Brimblecombe, & Cassar, 2012), damage functions are typically limited to physical, 62 

chemical and biological damage (EU, 2015). These are derived from visual 63 

observations rather than investigation of cause and effect relationships, and do not 64 

acount for structural impacts of climate exposure. 65 

 66 

Work seeking to understand and quantify the loss of structural integrity due to flooding 67 

does not typically examine historic building systems. Experimental work has focussed 68 

on the study of modern masonry blockwork in either solid (Herbert, Gardner, Harbottle, 69 

& Hughes, 2012) or cavity (Escarameia, Karanxha, & Tagg, 2007) wall form. 70 

Theoretical (Kelman & Spence, 2003) or probabilistic (Mebarki, Valencia, Salagnac, & 71 

Barroca, 2012) analyses of masonry vulnerability to flood depth are not directly 72 

relatable to historic construction systems; making use of modern material paramters, 73 

geometric forms and construction details. Comparable work which addresses the 74 

behaviour of historic timber framed structures to flooding is lacking from the knowledge 75 



base, although studies investigating storm damage to traditional timber structures 76 

(Pazlar & Kramar, 2015) are beginning to emerge. More developed investigation of 77 

hazard-damage relationships for historic timber frames in earthquakes exists, including 78 

with masonry infills both with (Ferreira, Teixeira, Duta, Branco, & Goncalves, 2014) 79 

and without diagonal bracing (Duta, Sakata, Yamazaki, & Shindo, 2016). 80 

 81 

National flood risk assessment (FRA) protocols typically compute losses on the basis 82 

of economic value. In the UK typologies relating to building purpose are used in FRA 83 

manuals (Penning Rowsell, Priest, Parker, & Tunstall, 2013), which do not account for 84 

the construction form of the exposed building stock associated with their historic 85 

nature. The equivalent US FRA model accounts for modern timber framing as a 86 

typology (FEMA, 2013), but gives no indication of its fit to historic timber frames. 87 

Damage scales embodying physical typology features often focus on building shape 88 

and form (Maiwald & Schwarz, 2012); (Kelman & Spence, 2004), with limited examples 89 

attempting to incorporate mechanical or structural parameters into the measure of 90 

vulnerability (Custer & Nishijima, 2015). With global damages from flood events 91 

leading to ever increasing costs (SwissRe, 2012), there is a pertinent need to examine 92 

the structural implications for historic structures so that future losses can be 93 

understood, predicted and appropriately managed. 94 

 95 

The present work sets out a methodology for systematically investigating the structural 96 

response of historic masonry infilled timber frames (HMITF) to exposure to wind driven 97 

rain and flood. In the first section the experimental approach is described, which 98 

incorporates a novel methodology and test rig design for generating environmental 99 

weathering conditions for use in the laboratory as hazard scenarios. Reclaimed historic 100 



building materials and traditional construction techniques are used to produce full-101 

scale test specimens.Following environmental exposure structural testing is carried out 102 

to determine the mechanical response of the HMITF after weathering from flood and 103 

wind driven rain. The second half of the paper presents the empirical findings and the 104 

results of a theoretical assessment of the HMITF’s under weathered conditions. 105 

 106 

The case study location of Tewkesbury in Gloucestershire, a location prone to wind 107 

driven rain exposure, and which has suffered severe flooding (Figure 1) in recent 108 

decades (Marsh & Hannaford, 2007) was studied. The work forms part of the 109 

Parnassus project (www.ucl.ac.uk/parnassus), which took an interdisciplinary 110 

approach to the investigation of risks posed to the historic building stock from climate 111 

change. The project incorporated an on-site monitoring campaign to measure hygro-112 

thermal effects of wind driven rain and flood on building fabric through the collection of 113 

concurrent climatic and materials response data (Aktas, D'Ayala, Erkal, & Stephenson, 114 

2015). Work to determine the probabilistic flood risk at the site highlighted the 115 

significance of high resolution modelling in ascertaining building level exposure (Smith, 116 

Bates, Freer, & Wetterhall, 2014). Meanwhile a statistical study based on observations 117 

of building typologies led to the derivation of a vulnerability model for wind driven rain 118 

and flood exposure to historic structures (Stephenson & D'Ayala, 2014). The work 119 

presented here extends the outputs to the study of structural vulnerability of HMITF to 120 

flood and wind driven rain exposure. 121 

http://www.ucl.ac.uk/parnassus


Experimental Investigation 122 

From Climate Hazard Data to Experimental Test Conditions 123 

Review of fundamental knowledge and laboratory test protocols that focus on wind 124 

driven rain and flood exposure highlighted that whilst extensive understanding of these 125 

phenomena exist, experimental studies have tended to derive from simplistic 126 

recreation of the weathering conditions. Wind driven rain (WDR) exposure has been 127 

modelled and computed for many years, a review of which is provided by Blocken and 128 

Carmeliet (2010) and Stephenson (2016). Early work by Lacy (1971) led to the 129 

derivation of the empirical relationship shown below, which describes the relationship 130 

between wind speed (U), rainfall (Rh) and wind driven rain (Rwdr), the constant κ 131 

accounting for the maximum speed a raindrop will fall given terminal velocity effects. 132 

 133 

𝑅𝑤𝑑𝑟 =  𝜅 𝑈 𝑅ℎ (1) 134 

 135 

Translation of this analytical formula into a measure of WDR exposure exists in the 136 

form of exposure maps published in BS 8104 (BSI, 1992), and more recently in BS EN 137 

ISO 15927-3 (BSI, 2009)(BSI, 2009) where a building oriented approach is taken. This 138 

computes exposure at the individual building scale using a spell based approach, 139 

although gives guidance only on the minimum threshold of rainfall accumulation and 140 

wind speed for WDR wetting to occur. D’Ayala and Aktas (2016) present a critical 141 

appraisal of the analytical and codified models referred to above, on the basis of the 142 

wind driven rain data collected at the site in Tewksbury within the Parnassus project.  143 

Current literature reporting on laboratory tests which measure wind driven rain impacts 144 

on historic building fabric, provides wetting rates that are not directly translateable back 145 



to climatic conditions, rather provide guidance on total water volumes and test 146 

durations (Baker, Sanders, Galbraith, & Craig McLean, 2007a); (Sass & Viles, 2010).  147 

 148 

The new method proposed herein takes reference from the location specific approach 149 

of exisiting British Standards, however looks to generate more specific weathering 150 

conditions which account for the extreme precipitation conditions which lead to flood 151 

events. This improves on the existing spell based approach by setting out exposure 152 

conditions using a finite temporal range. Meanwhile a cyclic approach provides realistic 153 

impacts of wind driven rain exposure over time, where wetting and drying cycles 154 

instigate fatigue in the construction system. This is especially appropriate for timber 155 

frame systems where cyclic exposure to moisture produce particularly damaging 156 

environmental conditions, due to the effects of moisture fluctuation on the breakdown 157 

of timber material and subsequent reduction in mechanical capacity (Stephenson, 158 

2016). 159 

 160 

The sequence design rationale identifies a total duration and volume of water for a 161 

given rainfall event, and disperses this using a rainfall intensity measure most likely to 162 

induce wetting in the construction materials. This reflects the fact that lower intensity 163 

rainfall allows for greater absorption of moisture into the fabric, as surface saturation 164 

effects are not significant (Hall & Kalimeris, 1982). It additionally links the rainfall to 165 

pluvial and groundwater flooding, which are those typically associated with more 166 

recurrent and prolonged floods. Whilst it is not possible to study the response of the 167 

materials and structural system at reduced temporal scale, the aim is to generate 168 

conditons suitable for studying long term effects.  169 

 170 



The method of determining test flow rates is depicted in Figure 2 (where millimetres 171 

per square metre are equivalent to litres) and this was applied to the case study 172 

location of Tewkesbury using a 30-year daily precipitation data set covering 1981-173 

2011, obtained from the Met Office’s MIDAS system (MetOffice, 2012), from which an 174 

average daily precipitation total of 36 mm/day was calculated. This was then used in 175 

conjunction with 2m/s of wind speed, specified as the minimum wind speed generating 176 

“wetting conditions” in BS 15927-3 (BSI, 2009), and input into the WDR equation above 177 

to derive a total WDR amount of 10mm/day. 178 

 179 
To encourage wetting of the wall the water was dispersed at the lowest possible 180 

intensity rate that correlated to the probability of occurrence of the rainfall amount. 181 

Studies by Holland (1960) highlighted the relationship between rainfall duration and 182 

intensity applicable to sites across the UK and this data set the threshold for use in this 183 

study (Figure 3). The duration of cycles was set so as to produce a feasible test 184 

procedure, which could be programmed to run automatically in a 24-hour period. 185 

 186 

This ultimately determined a 3 hour wetting and drying cycle design of: 40 minutes of 187 

wetting, giving a flow rate of 0.375 L/minute, followed by a 2 hour and 20 minute period 188 

of drying of the wall. This individual cycle was then repeated a given number of times 189 

in order to produce a hazard scenario of given severity. Each of the wetting cycles 190 

corresponds to an approximately annually occurring wind driven rain event, such that 191 

100 cycles represent 100 years of weathering. The flow rates used, being derived from 192 

observed data, do not account for any probabilistic climate change related increase in 193 

precipitation amounts. Rather these figures are intended to provide for a correlation of 194 

loss with weathering intensity based on measured precipitation rates. 195 

 196 



Four HMITF’s were tested in total, a control specimen tested with no wetting (Frame 197 

1) and three further specimens tested under different conditions. Frame 2 was subject 198 

to a total of 100 cycles followed by a 100 year return period flood. Frame 3 was subject 199 

to this procedure twice, allowing for drying to original moisture content between each 200 

repetition. A final specimen, Frame 4, was used to test whether more dispersed cycling 201 

would pose greater risk to the structure. This was achieved by interrupting the 202 

weathering after every 10 cycles and drying the wall to original moisture content, 203 

continuing until 100 cycles had been applied and completing the test with the same 204 

100 year return period flood. In each case the depth of flood was 0.75m for a period of 205 

72 hours. These conditions were extracted from the flood model derived within the 206 

Parnassus project (Smith, Bates, Freer, & Wetterhall, 2014).  207 

 208 

A bespoke test rig (Figure 4) was constructed to facilitate the weathering whilst also 209 

allowing for the full-scale specimens to be continuously loaded vertically in 210 

compression, to represent in-situ dead loading. The rig comprised the following 211 

principal components: 212 

 213 

1. Hanging frame capable of supporting and measuring with electronic load cells the 214 

weight of the test specimens to a resolution of 500g continuously throughout the test 215 

procedure, to monitor the weight increase attributable to moisture ingress. 216 

2. Steel plates situated immediately above and below the specimens linked with steel 217 

bars to be tensioned to apply a vertical compressive load of 10kN, calculated as 218 

representative of a two storey masonry infilled timber frame building typically to 219 

Tewkesbury. 220 



3. Flood basin enclosing the specimen and providing capability of simultaneous 221 

internal and external flooding representative of a flood inundated building. 222 

4. Spray nozzles capable of producing a range of water flow rates and incorporating 223 

an air supply such that the spray is atomised to best represent rainwater droplets. 224 

5. Drying fans capable of producing an air flow of 2m/s across the surface of the test 225 

specimen, conditions requisite for drying in accordance with BS EN ISO 15927-3. 226 

As such no air pressure is simulated in the test procedure. 227 

   228 

The water was applied to the face of the specimen using a spray nozzle from which a 229 

combination of air and water was dispersed, in order to create a droplet array 230 

representative of the wetting of the wall by rain droplets carried horizontally by wind. 231 

An actuator controlled the nozzle output, such that it could be programmed remotely 232 

and multiple cycles could be run continuously during the 24-hour period, without 233 

intervention by a technician. 234 

 235 

In total 4 nozzles were used to provide coverage across the whole specimen, with each 236 

nozzle producing a spray cone of 60 degrees and situated 50 cm away from the face 237 

of the specimen. At maximum capacity each nozzle produces a flow of 1.8 L/minute, 238 

with the water atomised evenly across the area projected by the cone onto the surface. 239 

Floodwater was introduced to the basin independently by hand direct from the supply, 240 

ensuring the water used was free from debris that may have collected within the 241 

recirculation system, and also ensured a controlled rise of floodwater depth. 242 

 243 

Drying of the wall was carried out using multiple fans generating a cross-flow of air on 244 

the surface of the specimens. This was monitored throughout the test using an 245 



anemometer to ensure constant conditions. Air temperature was that of the ambient 246 

laboratory condition, which fluctuated between 18 and 22 degrees Celsius dependent 247 

upon time of day and season. Relative humidity within the laboratory fluctuated within 248 

a range of 55 to 65 %. These ambient conditions are recognised as being different 249 

from likely external conditions during a wind driven rain event, however manipulation 250 

of these were beyond the capacity of the laboratory facility. 251 

 252 

Structural Test Procedure 253 

On completion of the weathering test each frame specimen was subjected to a racking 254 

test carried out with reference to BS EN 594 (BSI, 2011), with fixing and loading 255 

conditions as in Figure 5. The test was carried out in a separate test rig, such that the 256 

specimen was no longer subject to any weathering once structural testing had 257 

commenced. This is typically used to measure loss of stiffness in timber frames and is 258 

therefore a globally recognised parameter of fatigue.  The method is limited in its 259 

applicability to masonry infilled frames, in that it assumes larger deflections than would 260 

occur in a masonry infilled system (100mm), and this defines failure according to the 261 

test method. Additionally vertical point loading is specified, which does not account for 262 

the unifrom spead loads that a masonry infill will induce onto a timber frame. 263 

   264 

In amendment of the standard therefore a vertical compression load of 10kN was 265 

applied uniformly across the top rail of the specimen using a hydraulic jack and 266 

spreader beam. Meanwile a cyclic in-plane lateral racking load was applied at the top 267 

right corner of the frame. In accordance with the standard, racking loads were 268 

stabilised for a time period of 300 +/- 60 seconds, alternated with unloaded periods of 269 



the same duration. Increments of 1kN load were applied up to 10kN, at which point 270 

2kN increments were used until failure was attained.  271 

 272 

Displacement was measured using LVDT sensors, with the frame constrained by the 273 

spreader beam at the top, directly underneath which was sandwiched a strip of 274 

engineering cork to ensure good friction contact between the steel and the timber. The 275 

frame was fixed along its base to the steel base plate by portland cement mortar and 276 

was prevented from sliding using a steel restraint at its lower left corner. Timber baton 277 

restraints were also fixed to the loading frame, and used to restrict out of plane 278 

movement.  279 

 280 

The lateral load was applied at the upper right corner of the frame (Figure 5, left), such 281 

that the end face of the top horizontal frame member received a point load and the 282 

frame was pushed into bending dependent upon the moment capacity of the mortise 283 

and tenon joints. Once any joints had mobilised, further loading resulted in sway 284 

developing within the timber frame, in addition to bending. Failure was assumed to 285 

have occurred when substantial cracking occurred in the masonry and increased 286 

loading was impossible. This coincided with a flattening of the backbone load 287 

displacement capacity curve for the frame, and so this condition also defined the 288 

ultimate load for the frame 289 

 290 

The load and displacement data obtained from the test was used to determine the 291 

stiffness and strength of the composite timber frame and masonry infill system. The 292 

sway nature of the displacement of the frame subjects the infill to diagonal 293 

compression loading, and as such the shear stiffness of the masonry is contributory to 294 



the stiffness exhibited by the whole system. To quantify this contribution, the effect of 295 

exposure to the weathering simulations on the masonry was independently assessed 296 

through the testing of masonry wallettes representative of the infill panel, as reported 297 

in Stephenson et al., (2016). 298 

Test Specimens 299 

The masonry infilled timber frame system replicated in the laboratory does not 300 

incorporate a bracing element (Figure 6). The type of construction used here is often 301 

seen in historic frames where a post and beam system is used to transfer loads across 302 

multiple bays in a single façade, and where bracing members are provided only at the 303 

corners. This particular design is especially vulnerable to racking effects from wind 304 

loading, such as would be present during a wind driven rain event due to the lack of 305 

bracing. Cyclic loading of the system will instigate sway and eventually permanent 306 

deflection as fatigue is instigated by the loading cycles. This therefore represents the 307 

worst case building typology with regards structural vulnerability of the system to this 308 

particular climatic condition. 309 

 310 

The final design of the specimens was derived from structures observed on site in 311 

Tewkesbury (Figure 7). Joints between the cross-rails and uprights are constructed 312 

with a single oak peg mortice and tenon joint. The design of the frame reflects early 313 

English timber frame design, where large principal posts and beams were spaced at 314 

greater distances to provide doorways or window apertures (Brunskill, 2006). This also 315 

generates a more vulnerable structure, as the beam and post members will be under 316 

higher stress conditions due to increased spans and applied loads. 317 

 318 

 319 



Each timber frame specimen was constructed using reclaimed oak originally used in 320 

construction approximately 200 years ago. Pieces were selected for use in the frames 321 

based upon their condition; being as much as possible free from knots, sapwood, twist 322 

and fungal or insect damage. Grading of the material in accordance with BS 5756, the 323 

code for visual hardwood grading (BSI, 2011) determined that the majority of the oak 324 

was grade TH1, the higher of the two possible grade outcomes. 325 

 326 

The masonry infill was constructed from reclaimed bricks aged to around 1820 and 327 

selected due to their high absorption characteristics and their shallow dimension, 328 

allowing more courses in the test specimens. The bricks were laid with a non-hydraulic 329 

lime mortar in the ratio 1:2.25, as would typically be used at the time such frames were 330 

originally constructed (Davey, 1961). The masonry was laid in stretcher bond with a 331 

10mm bed and cured inside the timber frames for a period of one year prior to testing, 332 

to allow for optimum strengthening of the mortar bonds. Render was not applied to the 333 

specimens to encourage wetting of the masonry and allow thorough investigation of 334 

the masonry damage after testing. This also reflects observations of buildings from site 335 

where render is missing. 336 

Impact of Weathering on Racking Capacity 337 

Empirical Data 338 

Material Properties 339 

Characteristic physical and mechanical properties of the timber and masonry infil were 340 

obtained from samples tested in accordance with the relevant British Standard (Table 341 

1). The elastic modulus of the timber batons is comparable with a hardwood 342 

classification of D18, the lowest grade recognised by the UK Timber Classification 343 



Board (TRADA, 2011). The masonry modulus of elasticity is lower than other published 344 

empirical historic masonry modulus values, however the weak non-hydraulic lime 345 

mortar is likely to have contributed significantly to this. Figures quoted in Table 1 also 346 

highlight that historic masonry properties can be highly variable across the world, with 347 

the age of the structure also a factor.  348 

 349 

Table 1 Nominal and published values of strength and stiffness for timber and masonry 350 

 351 

Moisture Uptake 352 

Continuous weighing of the specimens during weathering demonstrated that the rate 353 

of uptake was initially very high, but reduced significantly after approximately the first 354 

10 cycles, as exemplified in Figure 8 for Frame 2. The average total moisture content 355 

of the three frames ranged between 5% and 6% throughout the weathering test, largely 356 

accumulated in the initial uptake period. This is a relatively low moisture content, when 357 

compared to the 17% porosity of the bricks for example, highlighting the significance 358 

of even low level moisture accumulation on structural integrity. 359 

 360 

Crack and Detachment Propagation Mapping 361 

Visual assessment of the decay of the structure carried out on completion of the 362 

weathering test used tape measurement of masonry bond loss and infill panel-frame 363 

detachment, as shown in Table 2. The percentage of bond loss is a measure of the 364 

proportion of the total head and bed joint lengths within each infill panel section. The 365 

percentage of detachment is a measure of the proportion of the total possible length 366 

based upon the perimeter of the infill panel. In most cases these features were 367 

observed on both faces of the frame, especially in the case of bond loss between the 368 

frame and infill. 369 



 370 

Table 2 Crack and detachment propagation under increasing weathering 371 

 372 

Weathering caused considerable detachment to occur between the infill panel and 373 

frame for all three scenarios (Frames 2, 3, 4), with the final scenario causing 100% of 374 

the panel to detach in both the upper and lower portion. Bond loss also occurs in all 375 

scenarios and in both upper and lower panels, however the percentage is much lower 376 

than the percentage of detachment. Much greater vulnerability is identified therefore 377 

at the interface between the infill and frame, as oppose to in the masonry itself. The 378 

extent of detachment or bond loss is not proportional to the number of weathering 379 

cycles, possibly as a result of a number of parameters, such as the variation in the 380 

reclaimed materials used in the specimens, and the non-linearity in the response of 381 

those materials to increased water exposure when working as a composite system. 382 

 383 

Racking Tests 384 

The racking test load displacement cycles are presented in Figure 9, and the 385 

corresponding load-displacement envelopes are shown in Figure 10. Three phases of 386 

behaviour can be identified from the test data: (1) an initial phase of bedding in, with 387 

low values of stiffness increasing with displacement, most pronounced in Frames 3 388 

and 4 where significant gapping was induced between the frame and infill as a result 389 

of the weathering; (2) a second phase where the stiffness of the composite system is 390 

exhibited; (3) a post-yield phase where the stiffness of the system reduces 391 

drammatically, following failure of one or more elements. 392 

 393 

The elastic stiffness is defined from the first segment of each of the envelopes, and 394 

the yield point by the sudden shallowing of the load-displacement curve, indicated by 395 



the crosses on the envelopes in Figure 10, at which point the yield strength is recorded 396 

and remaining curve defines the yield stiffness. Table 3 sets out these key parameters 397 

for the phases of behaviour of the frames. Both the elastic and yield stiffness’s are 398 

calculated in accordance with the below racking stiffness equation, given in BS EN 594 399 

(BSI, 2011), and which calculates stiffness at the 10th (F1) and 40th (F4) percentile of 400 

the maximum load, Fmax. Here Fmax is defined as the limit of proportionality in the initial 401 

elastic region, and the maximum load applied to each frame in the case of yield 402 

stiffness.  403 

𝑅 =  
(𝐹4− 𝐹1)

(𝑑4− 𝑑1)
  (2) 404 

 405 

Table 3 Stiffness and strength characteristics of HMITF specimens 406 

 407 

Losses in elastic stiffness in the range 79-98% are measured across Frames 2, 3 and 408 

4, demonstrating that weathering over the lifetime of a historic timber frame building 409 

causes a substantial loss in structural integrity, even under pre-yield (service) 410 

conditions. Less significant losses in yield strength were observed, up to 36% in Frame 411 

4, with Frame 3 recording a yield strength comparable to the unweathered Frame 1. 412 

This could be attributed to the weathering impact largely affecting the interfaces 413 

between components in the HMITF’s, such as masonry bonds, which contribute to 414 

overall loss of stiffness, and having less significant impact on the overall strength of 415 

the system. 416 

 417 

The bedding-in phase which develops at the beginning of structural loading and only 418 

after considerable weathering, demonstrates that the potential for damage induced by 419 

rocking and sway in these frames in-situ is considerable, and directly attributable to 420 



weathering from the environment as oppose to structural fatigue induced by any 421 

loading time-history. Further loss of stiffness post-yield is accounted for by the higher 422 

loading of the frame during the post-yield phase, and the observation that the joints 423 

are being loaded beyond their yield point into permanently deformed states. 424 

 425 

Structural cracking was measured throughout the duration of the loading cycles for 426 

each frame, with the final observed patterns shown in Figure 11 for Frame 1, whilst 427 

Figures 12, 13 and 14 show structural cracking compared to weathering induced 428 

cracks for Frames 2, 3, and 4 respectively. The shape of the structural crack pattern 429 

observed after the racking tests was similar for all the frames; staggered cracks 430 

developed within the mortar joints and travelled diagonally from bottom left to top right 431 

of the panels. This is in accordance with a compression load applied at the top left and 432 

bottom right (Figure 16), which ultimately leads to tension cracks along the instigated 433 

diagonal axis of the panel. For each of the progressively more weathered specimens, 434 

cracking extended through the masonry at a lower load level. 435 

 436 

Structural cracking was observed in Frame 1 in the load range 18-20kN. This reduced 437 

to the range 15-18kN for Frame 2, 8-16kN for Frame 3 and 2-6kN for Frame 4. This 438 

indicates a progressive reduction in shear capacity in the masonry, as was also 439 

observed in the independent testing of masonry panels exposed to the same 440 

weathering regime (Stephenson, Aktas and D’Ayala, 2016). Cracking in Frame 4 as a 441 

result of the weathering was so extensive that independent structural cracks did not 442 

develop in the masonry as a result of lateral loading. Rather some of the weathering 443 

cracks acted as mechanisms for displacement, such as for example the large crack in 444 



the top left corner of the lower panel, which opened up on loading of the frame (as 445 

shown by the yellow arrows in Figure 14).  446 

 447 

Observations made during the testing of Frames 1 and 2 suggest that loss of elastic 448 

behavior was as a direct result of bond failure of both head joints and bed joints in the 449 

masonry, and that the stiffness exhibited after this point was contributed mainly by the 450 

timber elements, and the frictional rotation of the mortise and tenon joints. The joints 451 

were observed to rotate and localised crushing of fibres around the tenon was 452 

recorded, however rupture of the oak peg holding the joint together did not occur in 453 

any of the load tests, only minor permanent bending was observed on their removal 454 

after the test (Figure 15). In the following section the empirical evidence for vulnerability 455 

is expanded on with an assessment of the timber frames load-deflection behavior. 456 

Assessment of Infilled Timber Frame Behaviour 457 

Analysis of masonry infilled concrete or steel frames often applies the diagonal strut 458 

approach (Crisafulli & Carr, 2007), (Nassirpour & D'Ayala, 2017). The assessment 459 

developed and presented by the authors here also incorporates this approach, within 460 

the following method. The frame is first considered in elastic bending, and the masonry 461 

infill is assessed as a shear panel. Shear deformation can cause either horizontal 462 

sliding of masonry courses (pure shear), or a combined tension failure in the head 463 

joints with shear failure in the bed joints, which instigates the diagonal crack in the 464 

masonry. As the system reaches yield condition and deflection increases, failure is 465 

either as a consequence of joint rupture as rotation increases, or by diagonal 466 

compression in the masonry panel. 467 

 468 



At this stage the frame is considered to act as a pin-jointed system, such that the 469 

masonry infill acts as a diagonal strut within the frame, loaded in compression. The 470 

progression of this failure mechanism is described in Figure 16. In the case of the 471 

specimens here the presence of multiple diagonal cracks off the main axis of the panel 472 

supports the use of the diagonal strut model for assessing post crack behaviour. 473 

Timber connection rupture was not observed in the specimens, and the constant 474 

stiffness observed on re-loading of the frame after multiple cycles suggests 475 

deformation was as a result of reduced stiffness in the masonry infill alone.  476 

 477 

Holmes (1961) was the first to suggest a method for approximating strut width from 478 

panel dimensions. Later work by Stafford-Smith (1966) introduced the use of a 479 

dimensionless parameter (λh), representing the relative stiffness of frame and infill, to 480 

calculate the strut width. Mainstone (1971) set out the method for determining strut 481 

geometry used here, theorising that following the formation of cracks in the panel two 482 

or more struts are assumed to develop in the region bounding the cracks with the width 483 

of the effective strut calculated in accordance with Equation 3 below, where dinf and 484 

Hinf represent the diagonal length and height of the infill panel respectively. 485 

 486 

𝑤 = 0.16 𝑑𝑖𝑛𝑓(𝜆ℎ𝐻𝑖𝑛𝑓)
−0.3

                              (3) 487 

 488 

Applying this principle, the struts identified in the specimens in this experimental 489 

programme are shown in Figure 17. These are used to calculate the dimensions of an 490 

effective masonry strut, and in conjunction with reduced masonry modulus are used to 491 

calculate the expected deformation in the frame in the post-yield phase. Full detail of 492 

this assessment is provided in Appendix A. 493 



 494 

Elastic and Pre-Yield Behaviour in Unweathered Frame 1 495 

In the unweathered case the frame is first assessed under pre-yield conditions at 10kN 496 

lateral load, so that the stiffness of the system when structurally robust is quantified 497 

and the application of the diagonal strut method at yielding is placed within this context. 498 

The timber frame is assumed to act as a portal frame with moment transferring joints, 499 

and the slope deflection method applied. Meanwhile the masonry panel is considered 500 

in combined shear and bending to determine lateral deflection. These two values 501 

define the upper and lower bound of expected deflection in the composite system. Full 502 

assessment is given in Appendix A, which yields a frame deflection of 4 mm, and shear 503 

deflection in the masonry of 0.86 mm. Frame 1 (unweathered) displayed a deflection 504 

of 0.8 mm at 10 kN of lateral load, showing the masonry infill dominates behaviour in 505 

the elastic range.  506 

 507 

Yielding of Frame 1 occurred at 14 kN, at which point the diagonal strut model is 508 

assumed to be applicable, with the effective strut width taken as the diagonal length of 509 

the panel, according to Mainstone (1971). Applying the principle of virtual work to a 510 

pin-jointed truss braced with the masonry strut, the predicted overall deflection is 511 

calculated as 1.2 mm (Appendix A), whilst the observed deflection in Frame 1 at yield 512 

load was 2mm. Assuming the masonry panel is still acting in combined shear and 513 

bending, the masonry deflection is calculated as 1.7mm at 14kN of load. The observed 514 

behavior in the unweathered frame suggests that at yielding the masonry stiffness is 515 

again dominating behavior of the overall system. 516 

 517 



It is also true that a full pin joint likely did not develop in the frame at 14kN, as the 518 

geometry of the mortise and tenon joint and the presence of the dowel, generating 519 

frictional restraint, prevents free rotation, thus limiting the extent of lateral deflection 520 

compared with the theoretical hinge. Detailed assessment of the rigidity of the mortise 521 

and tenon joint is beyond the scope of this work, however is clearly an important issue 522 

for consideration in future studies (Quinn, D'Ayala, & Descamps, 2016). 523 

 524 

Post-Crack Behaviour in Frames 1, 2, 3 and 4 525 

Applying the struts as shown in Figure 17 the theoretical deflection in Frames 1 to 4 is 526 

calculated at the lateral load corresponding to maximum cracking, highlighted in the 527 

envelopes in Figure 10. The table below compares the deflection observed in the post-528 

yield portion of the envelope up to final cracking load, with the theoretical deflection 529 

according to the diagonal struts extracted from the crack patterns, computing also the 530 

percentage difference between empirical and analytical values. 531 

 532 

Table 4 Comparison of observed and theoretical deflection 533 

 534 

The theoretical model computes a deflection that is less than the observed in all cases, 535 

by between 2 and 17%. The difference values are comparable with Stafford-Smith’s 536 

difference of 15%, observed between experimental test and theoretical work when the 537 

non-dimensional parameter λ was first proposed (1962). The increase in difference 538 

values may be attributable to the variance in timber elastic modulus, which would be 539 

larger than in concrete. Additionally, the elastic modulus of the masonry panels may 540 

not correspond to the value of E obtained from separate wallet testing carried out for 541 

material characterization (Stephenson, Aktas & D’Ayala, 2016)  542 

 543 



The comparable results between empirical and theoretical work, demonstrates that the 544 

mode of failure in the weathered system is that of the compression strut. The tests and 545 

associated calculations demonstrate that the weathering leads to a measureable 546 

reduction in racking stiffness as a consequence of loss of bond in the masonry due to 547 

this weathering leading to reduced compression strut area. This sets out a quantifiable 548 

link between exposure to wind driven rain and flood, and loss of structural integrity in 549 

this type of historic construction system. 550 

 551 

Vulnerability to Wind Loading  552 

The findings above have further consequences for the resistance of the system to wind 553 

loading. The cyclic lateral loading of the timber frames is comparable to the conditions 554 

a timber frame building would be subject to during a windstorm. The behaviour of the 555 

infilled timber frame is therefore placed in the context of the hazard by converting the 556 

loads sustained by the frames into comparable wind loading conditions. Typical UK 557 

average (Met Office, 2016) and 0.02 exceedance (50 year return period) wind speeds 558 

(BSI, 2005) are shown in Table 5, along with values specific to the case study location 559 

of Tewkesbury. 560 

 561 

Table 5 Wind speeds for UK and Tewkesbury average and 50 year return periods 562 

 563 

In Table 6 the loads applied at the yielding of the timber frames are converted into wind 564 

speeds, and compared with the load that corresponds with the 20 m/s wind speed 565 

applicable to a 1 in 50 year event in Tewkesbury. The loads are converted back to wind 566 

speeds by applying the procedure set out in BS EN 1994-1-4 in reverse, to determine 567 

first wind pressure and then wind speed. Terrain, turbulence and other relevant factors 568 



are all assumed to be 1, meanwhile the area on which the wind pressure is assumed 569 

to act corresponds to the 1.5 m2 area of the test panels. 570 

 571 

The yield loads are higher than the average or storm conditions identified by codified 572 

data or national databases. However, they are of comparable size to typical UK gust 573 

winds even in low-level zones. For example, the record gust speed for the region in 574 

which Tewkesbury is located (Midlands) is 114 mph (50 m/s) for sites below 500m 575 

AMSL (Met Office, 2016). 576 

 577 

Table 6 Conversion of empirical loadings conditions into generic wind speeds 578 

 579 

When considering the 0.02 exceedance value as an equivalent lateral load of 3.75 kN, 580 

the increase in displacement displayed by the frames as they are exposed to more 581 

severe weathering in notable. In the unweathered sample this load led to a 582 

displacement of 0.15 mm, whilst after 100 cycles 1.4 mm of displacement was 583 

recorded, and after 200 cycles, 3.25 mm. In the case of Frame 4 where the wetting 584 

and drying was extended with longer drying periods, this displacement had increased 585 

to 9mm.  586 

 587 

This trend is shown in Figure 18 where the displacement is correlated with the total 588 

test duration in hours, which was used in order to derive a single measure of hazard 589 

severity that could be applied to the different weathering simulations. A second order 590 

polynomial relationship is fitted to the data, and highlights that there is an increasing 591 

rate of loss observed as the hazard increases, described by the upwards curve of the 592 

trend line. Upwards trends in hazard severity as climate change further unfolds 593 



indicates that in the future these construction systems are likely to demonstrate ever 594 

more increasing levels of loss and damage. 595 

 596 

The extent of deflection in Frame 4, coupled with the increased rate of loss over time 597 

presents this structural system as highly vulnerable to exposure of this kind. A 598 

deflection of 9mm could lead to considerable damage to internal finishes, or instigate 599 

further structural damage such as at connections to roof elements. This finding 600 

highlights the importance of quantifying these relationships, so that the level of risk 601 

associated with the interaction of the structure and the hazards can be identified and 602 

its significance presented to both the conservation and engineering communities. 603 

Conclusions 604 

 Structural tests have demonstrated that a cause and effect relationship exists 605 

between exposure to wind driven rain and flood and loss of structural integrity 606 

in historic masonry infilled timber frames. 607 

 Racking stiffness assessment demonstrates that the weathering alters and 608 

reduces the construction system integrity such that the failure mechanism of the 609 

system changes from a shear failure to a diagonal compression failure. 610 

 Good correlation is found between weathering crack patterns and loss of 611 

stiffness due to diagonal strut geometry change, highlighting that weathering 612 

assessment can be used to predict loss of structural integrity in masonry infilled 613 

timber frames. 614 

 Assessment under wind loading demonstrates that even under moderate wind 615 

conditons loss of stiffness due to weathering leads to substantial deflections in 616 

the system, such as would cause secondary damage to buildings and finishes. 617 



 An increasing rate of integrity loss as weathering severity increases is 618 

deomnstrated for this construction system, highlighting significant vulnerability 619 

of this historic building typology to this climate hazard. 620 

 621 

This programme of testing represents one of the first attempts to generate empirical 622 

measures of the fragility of traditional brick masonry infilled timber framed structural 623 

systems to exposure to flood and wind driven rain hazards. The derivation and 624 

execution of the test procedure is in itself novel, meanwhile the test results have 625 

highlighted that a significant amount of risk is posed to these structures by such 626 

hazards. The findings are not yet conclusive in every regard and are only applicable to 627 

the specific materials, masonry and frame system used. However, the data has 628 

provided initial quantification of the extent of material and structural degradation 629 

caused to this specific structural system by cyclic exposure to wetting and drying, and 630 

simulated flood conditions. Furthermore a clear relationship between the loss of yield 631 

stiffness and exposure duration has been derived, both from empirical and theoretical 632 

methods, which sets out an envelope of fragility in which the system can now be 633 

considered. 634 

 635 

The findings of the investigation highlight that the structural risks are both real and 636 

measureable, although they are derived from a deterministic methodology. It is hoped 637 

that this technical information will aid the heritage community in prioritising and 638 

managing further mitigation activities, now that the scope and nature of the problem is 639 

described quantitatively and in more detail. In addition to assessment of other 640 

structural systems, a key next step for the work is the derivation of a probabilistic 641 

methodology which achieves the same physical assessment goals. This will ensure 642 



that the findings of the structural and weathering analysis procedures are incorporated 643 

into future risk assessment protocols surrounding the impacts of wind and precipitation 644 

on historic timber frame structures, the pursuance of which will promote and progress 645 

risk reduction goals for the heritage community.  646 

 647 

Appendix A 648 

 649 

Elastic Phase – Slope Deflection Assessment 650 

First the elastic case is considered using the slope deflection method (Figure 19), 651 

applying the general equation: 652 

𝑀𝑖𝑗 = 
2𝐸𝐼

𝐿
 (2𝜃𝑖 + 𝜃𝑗) +

𝑊𝐿2

12
 653 

           (4) 654 

 655 

Applying horizontal and vertical equilibrium gives: 656 

𝑀𝐴𝐶 + 𝑀𝐴𝐵 = 0 657 

𝑀𝐵𝐴 + 𝑀𝐵𝐷 = 0 658 

𝑀𝐶𝐴 + 𝑀𝐶𝐸 + 𝑀𝐶𝐷 = 0 659 

𝑀𝐷𝐵 + 𝑀𝐷𝐶 + 𝑀𝐷𝐹 = 0𝑝 660 

𝑀𝐴𝐶 + 𝑀𝐶𝐴 + 𝑀𝐵𝐷 + 𝑀𝐷𝐵 = 7.5 661 

𝑀𝐶𝐸 + 𝑀𝐸𝐶 + 𝑀𝐷𝐹 + 𝑀𝐹𝐷 = 7.5 662 

           (5) 663 

Substituting (4) into (5) and applying Gaussian Elimination produces the following set 664 

of equations written in matrix format: 665 
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 666 

           (6) 667 

Using values of E from the timber baton tests (Table 1), I is calculated from a member 668 

cross section of 120 x 120 mm, giving I = 17.28 x 106 mm. Solving for values of ɵ and 669 

δ gives: 670 

 671 

 𝜃𝐴 = −0.00356 𝑟𝑎𝑑   𝜃𝐵 = −0.00356 𝑟𝑎𝑑  672 

𝜃𝐶 = −0.00389 𝑟𝑎𝑑   𝜃𝐷 = −0.00389 𝑟𝑎𝑑 673 

𝛿1 = 4.2 𝑚𝑚    𝛿2 = 2.8 𝑚𝑚 674 

 675 

Rotational values of ɵ are converted to lateral movement through multiplication by the 676 

height of the sway mechanism, which is 750 mm in the case of these frames. This 677 

gives a total deflection in the frame of 4 mm. 678 

 679 

Calculating the deflection of the masonry infill in combined shear and bending, using 680 

the formula given by Hendry et al. (1997) for a panel constrained only at the base: 681 

𝛿 =  
𝑊ℎ3

3𝐸𝐼
+

𝜆𝑊ℎ

𝐴 𝐺
 682 

          (7) 683 

where the height (h), shear area (A) and second moment of area (I) are calculated 684 

from the panel dimensions of 575 x 820 x 120 mm. The shear modulus (G) equals 40% 685 



of E (BSI, 2012), giving G = 164 N/mm2 and λ = 1.2. This gives the predicted shear 686 

deflection of the masonry as 0.86 mm, indicating that the masonry stiffness dominates 687 

the overall racking stiffness in the pre-yield state. 688 

 689 

Post Crack Phase - Diagonal Strut Assessment 690 

The diagonal strut model (Figure 20) is applied and the pin-jointed truss assessed 691 

using virtual work, for five cases: Frame 1 at pre-yield and post-crack, and Frames 2, 692 

3 and 4 at post-crack. 693 

 694 

Deflections are computed below for estimated strut geometries as shown in Figure 17. 695 

The initial masonry stiffness is calculated from compression testing of the masonry 696 

units and mortar, according to Eurocode 6 (BSI, 2012). This gives a compressive 697 

strength for the masonry of 4.1 MPa, an acceptable value for historic masonry. 698 

 699 

Converting to the elastic modulus requires the application of a constant, KE. Reporting 700 

on appropriate values of KE range from 1000 (EC6), through to observed values as low 701 

as 250 (Narayanan & Sirajuddin, 2013). The observed value of stiffness calculated 702 

from tests by these authors for masonry panels tested in isolation was 163 MPa, 703 

corresponding to a KE value of 40. For analysis however, a more conservative KE value 704 

of 100 is used. For each weathered frame an estimated reduced value of E is used, 705 

reflecting the loss of stiffness exhibited by the masonry when tested separately in 706 

combined compression and lateral loading (Stephenson, Aktas & D’Ayala, 2016). The 707 

masonry modulus values used are: 708 

 709 

Frame 1: E = 410 N/mm2   Frame 2: E = 382 N/mm2, 710 



Frame 3: E = 382 N/mm2   Frame 4: E = 210 N/mm2 711 

 712 

The strut width is defined by Stafford-Smith and Carter (1969) and Mainstone (1971) 713 

using the following equations, where λh is a dimensionless parameter accounting for 714 

the relative stiffness of the infill panel and frame, and w is the width of the strut:  715 

 716 

𝜆ℎ = √
𝐸𝑖𝑛𝑓𝑡 sin 2𝜃

4𝐸𝑐𝐼𝑐𝐻𝑖𝑛𝑓

4

 717 

           (8) 718 

𝑤 = 0.16 𝑑𝑖𝑛𝑓(𝜆ℎ𝐻𝑖𝑛𝑓)
−0.3

 719 

           (9) 720 
 721 
where: 722 
 723 
 724 
Einf = Panel Elastic Modulus  t = Panel Thickness 725 

Hinf = Panel Height    ɵ = Angle Panel Diagonal to Horizontal 726 

Ec = Frame Elastic Modulus  Ic = Frame Moment of Inertia 727 

dinf = Diagonal Length of Strut 728 

 729 
For each identified strut (shown in Figure 17) the diagonal length is measured (dinf) and 730 

the associated strut width calculated from Equation 9.  731 

 732 

Table 7 Deflection of Frame 1 at yield load (14kN) 733 

Table 8 Deflection of Frame 1 at post-cracking (21kN)  734 

Table 9 Deflection of Frame 2 at post-cracking (18kN) 735 

Table 10 Deflection of Frame 3 at post-cracking (16kN) 736 

Table 11 Deflection of Frame 4 at post-cracking (6kN) 737 

 738 

 739 

 740 
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Table 1 Nominal and published values of strength and stiffness for timber and masonry 916 

Property Value (MPa) Standard/Reference 

Timber Flexural Strength 64 BS 373 

Timber Elastic Modulus in Bending 7486 BS 373 

Masonry Shear Strength 0.105 EC 6 

Masonry Elastic Modulus 163 BS EN 594 

Masonry Shear Modulus 65 EC 6 

Elastic Modulus_Istanbul (19th C) 2500 Aras & Altay (2015) 

Elastic Modulus_Khatmandu (18th C) 274 Parajuli (2012) 
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Table 2 Crack and detachment propagation under increasing weathering 919 

 920 

 921 

 922 
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Frame 

Number 

Infill Detachment Masonry Bond Loss 

Damage (%) Damage (%) 

Upper Panel Lower Panel Upper Panel Lower Panel 

Frame 1 0 0 0 0 

Frame 2 75 69 10 3 

Frame 3 49 60 7 6 

Frame 4 100 100 2 7 



Table 3 Stiffness and strength characteristics of HMITF specimens 927 

 928 

 929 

  930 

Frame 
Number 

Elastic 
Stiffness 
(N/mm) 

Loss of 
Elastic 

Stiffness 
(%) 

Yield 
Strength 

(kN) 

Loss of 
Yield 

Strength 
(%) 

Yield 
Stiffness 
(N/mm) 

Loss of 
Yield 

Stiffness 
(%) 

1 12000 - 14.0 - 330 - 

2 2536 79 12.0 14 440 - 

3 1071 91 14.0 - 280 15 

4 200 98 9.0 36 0 100 



Table 4 Comparison of observed and theoretical deflection 931 

Frame No. Final Crack 
Load (kN) 

Observed 
Deflection (mm) 

Theoretical 
Deflection (mm) 

Percentage 
Difference (%) 

1 20 16 13.3 -17 

2 18 11.5 11.3 -1.7 

3 16 12 10.0 -17 

4 6 8 7.7 -3.8 
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Table 5 Wind speeds for UK and Tewkesbury average and 50 year return periods 934 

Wind Condition Wind Speed (m/s) 

UK_Mean 6.5 

UK_0.02 25.5 

Tewkesbury_Mean 3.5 

Tewkesbury_0.02 20 
 935 

  936 



Table 6 Conversion of empirical loadings conditions into generic wind speeds 937 

Frame Number Load 
(kN) 

Wind Pressure 
(kN/m2) 

Wind Speed 
(m/s) 

1 15 10 40 

2 12.5 8.3 36.5 

3 14 9.3 38.6 

4 9 6 31.0 

Tewkesbury 0.02 3.75 2.5 20.0 
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Table 7 Deflection of Frame 1 at yield load (14kN) 941 

 942 

  943 

Member E (N/mm2) Length    
(mm) 

Area 
(mm2) 

Force 
(kN) 

Deflection, 
δ (mm) 

Unit Force Fu Final 
Deflection, 
Fu.δ (mm) 

AB 7486 1000 14400 0 0.0000 1 0.00 

AC 7486 750 14400 -5 -0.0348 0 0.00 

CB 410 1000 120000 -17.5 -0.3557 -1.25 0.44 

BD 7486 750 14400 5.5 0.0383 0.75 0.03 

CD 7486 1000 14400 14 0.1299 1 0.13 

CE 7486 750 14400 -15.5 -0.1078 -0.75 0.08 

ED 410 1000 120000 -17.5 -0.3557 -1.25 0.44 

DF 7486 750 14400 15.5 0.1078 0.75 0.08 

          Total Deflection 1.21 



Table 8 Deflection of Frame 1 at post-cracking (21kN) 944 

Member E 
(N/mm2) 

Length    
(mm) 

Area 
(mm2) 

Force 
(kN) 

Deflection, δ 
(mm) 

Unit Force 
Fu 

Final 
Deflection, 
Fu.δ (mm) 

AB 7486 1000 14400 0 0.0000 1 0.00 

AC 7486 750 14400 -5 -0.0348 0 0.00 

CB 410 1000 12720 -26 -4.9854 -1.25 6.23 

BD 7486 750 14400 10.6 0.0737 0.75 0.06 

CD 7486 1000 14400 20.8 0.1930 1 0.19 

CE 7486 750 14400 -20.6 -0.1433 -0.75 0.11 

ED 410 1000 11160 -26 -5.6823 -1.25 7.10 

DF 7486 750 14400 26.2 0.1823 0.75 0.14 

          Total Deflection 13.83 
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Table 9 Deflection of Frame 2 at post-cracking (18kN) 948 

Member E (N/mm2) Length    
(mm) 

Area 
(mm2) 

Force 
(kN) 

Deflection, 
δ (mm) 

Unit Force Fu Final 
Deflection, 
Fu.δ (mm) 

AB 7486 1000 14400 0 0.0000 1 0.0000 

AC 7486 750 14400 -5 -0.0348 0 0.0000 

CB 382 1000 12600 -22.5 -4.6746 -1.25 5.8433 

BD 7486 750 14400 8.5 0.0591 0.75 0.0444 

CD 7486 1000 14400 18 0.1670 1 0.1670 

CE 7486 750 14400 18.5 0.1287 -0.75 -0.0965 

ED 382 1000 14040 -22.5 -4.1952 -1.25 5.2440 

DF 7486 750 14400 22 0.1531 0.75 0.1148 

          Total Deflection 11.32 
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Table 10 Deflection of Frame 3 at post-cracking (16kN) 951 

Member E 
(N/mm2) 

Length    
(mm) 

Area 
(mm2) 

Force (kN) Deflection, 
δ (mm) 

Unit Force 
Fu 

Final 
Deflection, 
Fu.δ (mm) 

AB 7486 1000 14400 0 0.0000 1 0.0000 

AC 7486 750 14400 -5 -0.0348 0 0.0000 

CB 382 1000 13440 -20 -3.8955 -1.25 4.8694 

BD 7486 750 14400 7 0.0487 0.75 0.0365 

CD 7486 1000 14400 16 0.1484 1 0.1484 

CE 7486 750 14400 -17 -0.1183 -0.75 0.0887 

ED 382 1000 13440 -20 -3.8955 -1.25 4.8694 

DF 7486 750 14400 19 0.1322 0.75 0.0991 

          Total Deflection 10.11 
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Table 11 Deflection of Frame 4 at post-cracking (6kN) 954 

Member E (N/mm2) Length    
(mm) 

Area 
(mm2) 

Force 
(kN) 

Deflection, 
δ (mm) 

Unit Force Fu Final 
Deflection, 
Fu.δ (mm) 

AB 7486 1000 14400 0 0.0000 1 0.00 

AC 7486 750 14400 -5 -0.0348 0 0.00 

CB 210 1000 11760 -7.5 -3.0369 -1.25 3.80 

BD 7486 750 14400 0.5 0.0035 0.75 0.00 

CD 7486 1000 14400 6 0.0557 1 0.06 

CE 7486 750 14400 -9.5 -0.0661 -0.75 0.05 

ED 210 1000 11760 -7.5 -3.0369 -1.25 3.80 

DF 7486 750 14400 4 0.0278 0.75 0.02 

          Total Deflection 7.72 
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Response to Reviewers' comments: 
The authors would like to thank the reviewers for their thorough assessment of the manuscript, and are pleased 
to hear it was generally well received. Please see below responses to specific comments: 
 
Reviewer #1:  
 
(1) The experimental test conditions were derived from climate hazard data which seems not to consider the 

impacts of future climate changes. Would it be possible for the authors to discuss how to interpret the findings 
of the testing, considering the climate changes? 

As the reviewer states the test conditions do not incorporate any specific climate change increment or factor, 

rather the test was designed to provide correlation of loss with weathering severity. Work elsewhere in the 

Parnassus project sought to measure climate change driven impacts, (Smith, A., Stephenson, V., Bates, P., 

D’Ayala, D., Freer, J. Projecting future flood risk: Highlighting the impacts on high value buildings. 8th Alex. von 

Humboldt Int. Conf., Cusco, Peru, Nov. 12th-16th, 2013) however the results were not sufficiently robust for use in 

the testing programme reported on here. It is difficult therefore to discuss in any quantitative terms the findings 

of the testing in relation to climate change measures, rather the fact that a positive correlation exists highlights 

that any climatic change which leads to increasing severity of conditions will potentially lead to greater losses. 

Statements are included in lines 198 – 201 and 629 - 631 to this effect. 

 
(2) In the line of 189, the wetting and drying cycle parameters were determined as "40 minutes of wetting" and "2 

hr and 20 min. period of drying". It is not quite clear how to determine these parameters. If the information from 
Figure 3 was used to determine these parameter, the authors need discuss how the climate changes influence 
the wetting and drying cycles since the data in Figure 3 were published in 1960. 
Thanks to the reviewer for highlighting a mistake in the text; the reference to the figure on line 172 should state 
“Figure 2”. Figure 2 describes the stages in calculating the above mentioned parameters. The exact values derive 
from a 30-year dataset from the period 1981 – 2011, so a current precipitation datum. The data produced in 
1960 is only considered in relation to the intensity thresholds used, and to the author’s knowledge there is no 
more recent data suitable for this purpose. Changes are made in the text (lines 175 - 182) to clarify these details. 
 

(3) The authors need explain all parameters included in Equation 3 in the main body of the manuscript, although 
they were explained in the Appendix A. 
Text has been added (lines 514 - 519) in the main body of the manuscript to reflect this request. 
 

(4) A sketch for HMITF should be included in Appendix A with all nodes (A, B, ...F) marked in the drawing, to help 
readers interpret the equations of slope deflection and diagonal strut assessments used for elastic phase and 
post crack phase evaluations respectively.   
A figure has been added to the Appendix (Figure A1). 
 

(5) The authors evaluated the vulnerability of the HMITF subject to wind loading using a deterministic approach. 
Would it be possible for the authors to discuss how to use the findings of this work to inform future structural 
risk assessments? 
As this is a first step in work towards better understanding of the structural performance of these types of 
structures specifically to wind driven rain, the authors feel that the simplicity afforded by a deterministic 
methodology is important to ensure the quality of the work. We do acknowledge however that a critical next 
step in ensuring this type of analysis is incorporated into risk assessment work, is to repeat the assessment with 
probabilistic input data. Text to this effect has been added to the concluding statement (lines 674 - 684). 

 
 
Reviewer #3:  
 

1. A bespoke test rig was introduced, however, no detailed photo of Wind Driven Rain and Flood Test Rig is 
presented in the paper.  
A photo has been added to Figure 4. 
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2. It is not clear whether the structural test are conducted under the weathering conditions, therefore, more 
detailed description of the test rigs are needed. 
Text has been added (lines 266 – 268) to the initial description of the structural test to clarify that this was a 
separate test, carried out in a different test rig to the weathering tests.   

 
3. Different structural forms of the Masonry Infilled Timber Frames should be investigated to make the 

conclusion more convincing. 
This is agreed as a key next step, and text has been added (lines 665 - 669 and 678 - 679) to the concluding 
statement to acknowledge that the tests so far are only applicable to the specific structural form used in the 
test specimens. 

 

Reviewer #2:   

Lines 201-202 

Was Frame 3 subjected to 100 cycles and 100 year return flood, followed by another 100 cycles and another 100 

year return flood? 

Yes, this is correct. 

 

Lines 354-356 

Regarding the modules of elasticity, the authors should list the value from (Aras & Altay, 2015) and provide the 

percentage difference between the published value and their tested values.  Is the empirical data for the same time 

period and type of mortar? 

Table 1 and the preceding paragraph (lines 359 - 363) has been updated to reflect this comment. Two comparative 

empirical values of modulus of elasticity (E) have been provided, from studies of 18th and 19th century structures. The 

figures highlight that values of E can be highly variable this has additionally been commented on in the text. 

 

Lines 381-386  Table 2 

If Frame 3 was subjected to the exact same loading as Frame 2, and then repeated a second time, how does one 

explain the infill detachment being less than Frame 2?  Shouldn’t it have been comparable after the first set of 

loading, and gotten worse after it was repeated?  In line 394 the author says “… a positive correlation exists… is not 

proportional to the number of weathering cycles…” and discusses some of the parameters, but it does not seem to 

indicate a positive correlation.  More explanation is needed.   

Thanks to the reviewer for highlighting this discrepancy, it is correct that a positive correlation does not exist and the 

text has been altered to reflect this fact. The parameters currently mentioned in the text (material variability) remain 

the author’s opinion on the reasoning behind the non-linearity, and as such modified text (lines 395 - 399) in the 

manuscript reflects this. 

 

Lines 458-463 

Figure 11 shows structural cracks in Frame 1 (control specimen) but no cracks formed in Frame 2.  Is that 

correct?  This should be discussed. 

Figure 12 shows the structural crack pattern for Frame 2 on the right hand side. 

 

Line 525 

The various used in equation 3 should be defined. 

Text has been added to the main body of the manuscript to reflect this request (lines 514 - 519). 

 

Line 660 

“buildings” is misspelled. 

This has now been corrected in the text. 

 

Line 685 

There should be a figure labeling points A, B, C and D 

A figure has been added to the Appendix (Figure A2) 


