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Abstract11

The paper concerns an experimental study on the wind pressures over the surface12

of a worldwide known Gothic Cathedral: Notre Dame of Paris. The experimental13

tests have been conducted in the CRIACIV wind tunnel, Prato (Italy), on a model14

of the Cathedral at the scale 1:200 reproducing the atmospheric boundary layer.15

Two types of tests have been conducted: with or without the surrounding modeling16

the part of the city of Paris near the Cathedral. This has been done, on the one17

hand, for evaluating the e�ect of the surrounding buildings onto the wind pressure18

*Corresponding author: paolo.vannucci@uvsq.fr

1

mailto:paolo.vannucci@uvsq.fr


distribution on the Cathedral, and, on the other hand, to have a wind pressure19

distribution plausible for any other Cathedral with a similar shape. The tests have20

been done for all the wind directions and the mean and peak pressures have been21

recorded. The results emphasize that the complex geometry of this type of structures22

is responsible for a peculiar aerodynamic behavior that does not allow estimating23

correctly the wind loads on the various parts of the Cathedral based on codes and24

standards, which are tailored for ordinary regular buildings.25

Key words: Gothic Cathedral, Notre Dame, wind pressure, wind tunnel tests,26

climate change e�ects, additive manufacturing.27

1 Introduction28

The scienti�c research on built heritage is more and more pushed by environmental prob-29

lems, such as the climate change (Orr et al. 2021), which represents an increasing threat30

for its preservation. Some recent, still ongoing, research projects testify of the importance31

of the relationship between built heritage and climate change and of the increasing inter-32

est of governments, supranational organizations, conscious that the conservation of the33

architectural heritage is linked to the fundamental values of the social and intellectual34

life of the nations (Deland et al. 2020). We recall, for instance, the projects funded by35

the European Union within the Joint Programming Initiative on Cultural Heritage and36

Global Change and by the Cultural Heritage H2020-EU1. In particular, the global warm-37

1HYPERION (Development of a Decision Support System for Improved Resilience and Sustainable

Reconstruction of historic areas to cope with Climate Change and Extreme Events based on Novel Sen-

sors and Modelling Tools);

ARCH (Advancing Resilience of Historic Areas against Climate-related and other Hazards);

CONSECH20 (CONSErvation of 20th century concrete Cultural Heritage in urban changing environ-

ments.
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ing of Earth is causing more and more frequent and strong wind storms, which constitute38

today (and will constitute) a severe threat for the conservation of some iconic monumental39

structures. According to Steenbergen et al. (2012), the climate change implies an increase40

up to 2.3% in the hourly mean wind speed with a return period of 50 years. An ade-41

quate evaluation of the wind pressure on monumental structures is hence of paramount42

importance for a correct safety evaluation of such structures in the next future.43

This is even more stringent for high-rise buildings, like the Gothic Cathedrals, which44

are more exposed to the action of wind, whose speed increases with the height above the45

ground. An example of the increasing danger such monuments are exposed to, is the46

damage to the great rose of the Cathedral of Soissons (France), destroyed by the storm47

Egon on January 13th, 2017. Some minor damages were also su�ered by other great48

Gothic Cathedrals in France during the severe wind storms of the last days of December49

1999, like the Notre Dame Cathedral in Paris, where a wind as strong as 169 km/h was50

recorded inside the city. Famous is also the collapse of the Spire of Saint Bonifatius51

Church in Leeuwarden, The Netherlands, during a wind storm in 1976. To this end,52

this paper focuses on the evaluation of wind pressures on Gothic Cathedrals, which are a53

major example of the built heritage in Europe.54

Generally, four approaches are used to investigate the wind e�ects on structures in the55

atmospheric boundary layer: theoretical studies, full-scale measurements, Computation56

Fluid Dynamics (CFD) numerical simulations and physical experiments on reduced-scale57

models. Theoretical models concern objects of simple, aerodynamic shape, and they58

are not suited for complex structures like Gothic Cathedrals. Full-scale measurements59

are very expensive and require the possibility of equipping with sensors the considered60

structure. For these reasons, in wind engineering experimental campaigns in situ are61
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still scarce and often they serve to corroborate either the results of experiments on scale62

models or the results of a computation. CFD numerical simulations are more and more63

used in the study of the wind pressure and velocity �elds around buildings. Although64

they can provide detailed information on the relevant �ow variables, their accuracy and65

reliability are still of concern, especially when the simulations regard buildings with a66

complicated shape, located in an urban environment, as in the case of Gothic Cathedrals.67

In such situations, the validation of the studies by full-scale measurements or reduced-68

scale experimental tests is necessary (Blocken 2014). Therefore, experiments on scale69

physical models in wind tunnels, used since the early twentieth century (Ferrucci and70

Peter 2020) remain still today an indispensable and reliable tool for a correct analysis of71

the wind �eld around buildings of complicated geometry in an urban landscape.72

Due to their dimensions and geometry, the �ne detail and richness of their decorations,73

their particular structural organization, composed by high vaults, �ying buttresses, timber74

roo�ng, and also due to the materials they are composed of (i.e., stone, mortar, stain-75

glasses, wood), Gothic Cathedrals are very peculiar and quite delicate structures. The76

use of some technical norms, e.g. Eurocode 1 (CEN 2004), in evaluating the wind load on77

them, seems inadequate. Indeed, such norms are conceived for the design of ordinary new78

buildings, while Gothic Cathedrals are existing and really extra-ordinary constructions. In79

particular, the wind load prescribed by Eurocode 1 is very simpli�ed and, for a complicated80

structure, it is not possible to know whether it over- or under-estimates the real loading.81

Therefore, it would be pretentious and rather unrealistic to assess the structural safety82

of a Gothic Cathedral, in respect of the increasingly severe wind storms that are caused83

by climate change, using so a rough model. Indeed, a deep scienti�c investigation of the84

wind-induced pressure distribution on the surface of a Gothic Cathedral is necessary for85
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a correct risk assessment of such structures or of some parts of them. This is a scienti�c86

challenge that still waits for an adequate response.87

In the literature, experimental studies of the wind pressure �eld on a Cathedral, even88

if not Gothic, are rare. A few works focus on the spires of Cathedrals, or on slender89

structures similar to spires, or on masonry structures of particular value or architectural90

interest; some of them are brie�y recalled hereafter. To the authors' best knowledge, there91

is only an old wind tunnel investigation on a bi-dimensional model of a Cathedral-like92

building (Chien et al. 1951). Originally, this study did not concern Cathedrals or churches93

in particular, but just buildings with some typical cross-section shapes, one of them being94

similar to a simple model of the nave of a Middle Age church. Results were given in the95

form of bi-dimensional diagrams of the wind pressure coe�cient, as shown in Fig. 1, and96

it has been the basis for some subsequent pioneer works on the matter made by R. Marks97

and co-workers, e.g. Mark and Jonash (1970). Two studies on the dynamic response of98

two slender masonry structures to wind actions, the San Gaudenzio Basilica in Novara and99

the Mole Antonelliana in Turin (both in Italy), are cited in Calderini and Pagnini (2015).100

For the latter, a storm caused the collapse of the spire in 1953, and its reconstruction101

was undertaken only after wind tunnel tests in the Aeronautics Laboratory of the Turin102

Polytechnic University in 1954. The wind pressure on the Church of Sainte-Jeanne-d'Arc103

in Rouen (France) was determined by wind tunnel experiments in the Ei�el Laboratory104

in Paris (Romani 1972). In Szalay (1983), a wind tunnel study for a damaged ancient105

church spire is proposed, in order to evaluate the wind load to be used for the design of106

the reinforcing structure. The experiments were performed in the Hungarian Institute of107

Building Science. The investigation about the wind e�ects on the leaning Tower of Pisa108

(Italy) is described in Solari et al. (1998). The experiments were devoted to understand109
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the wind load that could cause the collapse of the tower due to the weak strength of the110

foundation soil. The wind-induced pressures on the monumental roof structure of the XII111

century Palazzo della Ragione in Padova were also experimentally studied in Borri and112

Facchini (1999). The tests were performed in the CRIACIV wind tunnel Laboratory in113

Prato (Italy). More recently, in a study on the vulnerability of the Capetian architecture114

to wind storms (Brocato et al. 2016), CFD simulations were carried out on 2D simpli�ed115

models of some churches. In Domede et al. (2019), the wind load provided by Eurocode 1116

is compared to the ancient methods available at the time of the construction (end of XIX117

century) of the Ile Vierge Lighthouse (France), the tallest stone lighthouse in Europe.118

As far as Gothic Cathedrals are speci�cally concerned, there are very few studies on119

the wind actions: this is rather surprising, being these structures sensitive to wind storms120

due to their height and large dimensions. Usually, the structure of the Cathedral is121

modeled through a simple bi-dimensional scheme and analyzed with di�erent techniques:122

the line of pressure method in Ungewitter (1890); photo-elasticity in Mark and Jonash123

(1970), Mark (1982; 1984); limit analysis in Como (2013) and Coccia et al. (2015). The124

only work on the wind strength of a Gothic Cathedral considering a three-dimensional,125

though partial, model and a nonlinear material behavior is a recent paper (Vannucci et al.126

2019). Just as an example, Fig. 1 shows the wind load on a Cathedral-like construction127

as suggested in Chien et al. (1951) and how this is applied to a bi-dimensional Cathedral128

model in Mark and Jonash (1970). In all of the works cited above, the wind pressure is129

simply modeled as a uniform or linearly variable load. Also in a recent study about the130

roo�ng structure of Notre Dame in Paris, destroyed by the �re of April 15th, 2019, the131

wind load is assumed as step-wise uniform (Vannucci 2021).132

The present work is an experimental study that aims at providing an extensive evalu-133
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ation of the wind load that can be expected on the various parts of a Gothic Cathedral.134

Such a study is clearly still missing in the literature, and without any doubt it is a fun-135

damental step for a correct evaluation of the structural safety of such monuments. The136

experimental investigation is carried out in a boundary-layer wind tunnel on a physical137

scale model of the Cathedral of Notre Dame in Paris, an emblematic building of the French138

Gothic age.139

The goal of the present study is twofold. Firstly, it aims at providing a precise portrait140

of the wind pressure �eld on this iconic construction, which has been the objective of many141

discussions and structural analyses after the infamous recent �re that destroyed the roof,142

the spire and damaged parts of the vaults. Secondly, regarding the assessment of the143

wind e�ects, Notre Dame in Paris can be seen as a sort of paradigm of a more generic144

Gothic Cathedral. Thus, an emphasis is put on the in�uence of the speci�c surrounding145

built environment on the pressure �eld and, by consequence, the tests are made with or146

without the surrounding city environment.147

It is worth noting that this experimental study is performed not only on an extremely148

precise physical model of the Cathedral, realized through 3D-printing, but also, and this149

constitutes a scienti�c primacy, on a highly instrumented model. Thanks to a careful and150

very dense distribution of pressure captors, a �ne reconstruction of the wind load on the151

various parts of a Gothic Cathedral has thus been possible for the �rst time.152
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2 Fabrication technology and materials of the Cathe-153

dral's model154

The campaign of experimental tests has been done on a physical model of the Cathedral155

at the scale of 1:200. This scale has been chosen accounting for the dimensions of the156

Cathedral (130 m long, 45 m wide, 44 m high at the roof's top and 96 m at the spire's157

top) in order to satisfy a number of requirements. On the one hand, the model should158

be as large as possible to allow for a �ner reproduction of the complex geometry of the159

structure and to facilitate the installation of a large number of pressure taps in all of its160

parts (see Section 2.2). On the other hand, the model must be �small� compared to the161

wind tunnel test chamber (2.4 m wide and 1.6 m high in the present case) not to alter the162

�ow �eld around the construction (blockage e�ect). The generally accepted rule of the163

thumb is that the area of the blocking obstacle projected in a plane perpendicular to the164

�ow is less than 5% of the wind tunnel test section. However, the most cogent physical165

limitation is often represented by the scale at which it is possible to reproduce in the wind166

tunnel the target wind �ow characteristics (see Section 3.4), which must be scaled in the167

same way as the model of the Cathedral. Finally, the model used is 65 cm long, 22.5 cm168

wide, 22 cm high (top of the roof), and the spire is 48 cm high.169

The model has been conceived as rigid, as a Gothic cathedral is very massive and170

poorly deformable, hence no aeroelastic phenomena are to be expected.171

2.1 Fabrication technology172

The realization of the physical scale model of Notre Dame was conditioned by some173

technological requirements. First, in order to have reliable experimental results, the model174
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must reproduce the geometry of the Cathedral with a high �delity. This is quite a hard175

task for a building like a Gothic Cathedral, which has a complex form and is rich of176

details, like pinnacles, sculptures, etc. Then, the model must be instrumented with a177

large number of pressure taps, cf. Section 2.2, placed everywhere over the surface of the178

model. For these reasons, the model was fabricated using the 3D-printing technology, that179

enables manufacturing possibilities which cannot be achieved through classical processes,180

cf., e.g., Ngo et al. (2018), Wang et al. (2017), Mitchell et al. (2018), Cano-Vicent et al.181

(2021). In particular, it is possible to realize objects not only with very complex shapes,182

but also composed of di�erent materials. Due to the dimensions and the geometrical183

complexity of the Notre Dame Cathedral model, the FDM (Fused Deposition Modeling)184

technology was chosen, except for those regions of the Cathedral characterized by very �ne185

details, e.g., the spire, manufactured via the SLA printing technology (stereolithography)186

and assembled afterwards.187

2.2 Model preparation, fabrication and materials188

The model of the Cathedral has been fabricated starting from an existing high-�delity189

numerical mock-up (MiniWorld3D 2019). However, the numerical model has been thor-190

oughly modi�ed in order to obtain a physical model of the Cathedral at the scale of 1:200191

well adapted to the wind tunnel tests, and to comply with the speci�city of the FDM192

printing technology. In fact, the physical model had to be equipped with many pressure193

captors and it had to allow the di�erent manipulations needed in the laboratory for the194

set up of the experiment. Also, some modi�cations have been done on the original nu-195

merical model in order to minimize the volume of material and the printing time. The 3D196

computer graphics software Blender (Blender Online Community 2021), has been used to197
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work on the numerical model of the Cathedral.198

The modi�cations have been carried out directly on the STL (Standard Tessellation199

Language) �le by means of boolean operations or via adjustments of the initial mesh. In200

order to be able to place all of the 1200 �exible tubes that connect the holes on the model201

surface to the pressure sensors, the walls of the model have been modi�ed on the internal202

side through the subtraction of a cone, so as to be possible to place the tubes in the holes.203

This rather complicated operation has been made on the numerical model using a python204

script coupled with Blender, modifying the �le by some boolean operations. The holes205

for the pressure taps have also been printed, though in a second moment these have been206

recti�ed with a mini-drill in the wind tunnel.207

The spire, which is rich in extremely �ne details, has been fabricated using a more208

precise numerical model (3D Warehouse 2014), and a 3D printer based upon the SLA209

technology, that allows to obtain extremely precise objects, also when of very complicated210

shape. The model of the spire so obtained has then been assembled with the Cathedral.211

The whole model, Cathedral plus spire, is composed of 15 parts, separately fabricated212

and then assembled together. This has been done for two reasons: the limits of the213

printers (maximum height: 600 mm; maximum width: 390 mm) and the need of working214

on the model for installing the many pressure captors. The di�erent parts have been215

assembled using magnets and bolts. A scheme of the parts of the model, some details of216

it, showing also the holes for the captors, and the �nal physical model are shown in Fig. 2.217

The 3D printing of the Cathedral mock-up was performed at the ENSAM facilities218

in Bordeaux by means of a Lynxter S600D 3D printer (Lynxter 2021), equipped with a219

single extrusion �lament tool-head, selected in the light of its large building volume and220

its excellent printing performance.221
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The 3D printing made use of white PolyMax�PLA �lament that, thanks to its nano-222

reinforcement technology, represents a suitable compromise between ease and quality of223

printing and acceptable mechanical sti�ness. The Simplify3D slicing software (Simplify3D224

2021), was used to prepare the G-code �les used by the printing machine. The total225

printing time was about two weeks.226

2.3 The surrounding environment227

The mock-up of the buildings constituting the surrounding of the Cathedral has been228

obtained by combining data from two sources: an existing STL �le of the center of Paris,229

cf. the website 3D CAD browser (2021), and 3D data extracted from the OpenStreetMap230

database (OpenStreetMap 2017).231

For the purposes of the wind tunnel tests, it was su�cient to realize buildings having232

simpli�ed shapes but correct (scaled) heights. The blocks of buildings constituting the233

surrounding model are shown in Fig. 3(a).234

Because of the signi�cant total volume of the buildings and their simple shapes, the235

model of the surrounding has been fabricated using wood plates, through a milling ma-236

chine used to cut plates complying with the planforms of the buildings. An example of a237

planform of an array of buildings is shown in Fig. 3(b). For a generic building, the �nal238

height was obtained by simply stacking up and gluing together the milled wood plates.239

Finally, the wind tunnel �oor was lifted up of 4 cm, so to simulate the presence of240

the Seine River, being the distance between the base of the Cathedral and the average241

water level about 8 m at full scale. A view of the complete test set-up, with the models242

of the Cathedral and the surrounding on the turning table of the wind tunnel is shown in243

Fig. 3(c).244
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3 Experimental campaign245

3.1 General outline246

To determine the wind pressure �eld over the whole external surface of the Cathedral,247

the physical model of Notre Dame has been equipped with 1200 pressure gauges, whose248

distribution has been studied in order to obtain, by interpolation methods, detailed charts249

of the pressure coe�cients, cf. Section 4. As previously said, the study has been conducted250

on the Cathedral model with and without the surrounding parts of Paris, see Fig. 4.251

This, for two reasons: on the one hand, to evaluate the in�uence of the surrounding252

buildings and, on the other hand, for obtaining pressure coe�cient distributions that can253

represent the wind loading on similar buildings immersed in a generic urban wind pro�le254

(considering Notre Dame as a sort of Gothic Cathedral archetype). In both cases, the255

wind pro�le has been generated through arti�cial roughness elements, cf. Section 3.4. The256

test campaign has been carried out recording the pressure on the surface of the Cathedral257

for many di�erent wind directions, according to the scheme presented in Fig. 5. Therein,258

the orientation of the Cathedral with respect to the canonical geographical directions, the259

wind tunnel azimuths and the surrounding buildings can be seen. The direction denoted260

as 0◦ (West-Northwest) is perpendicular to the main façade, while 90◦ means that the261

wind blows perpendicularly to the naves from the side where the neighboring buildings262

are closer to the Cathedral (North-Northeast). A wind direction of 270◦ indicates a wind263

perpendicular to the naves but coming from the South-Southwest side.264
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3.2 Wind tunnel facility265

The tests were carried out in the open-circuit boundary layer wind tunnel of CRIACIV2 in266

Prato, Italy. The facility is 22 m long and presents at the inlet a nozzle with a contraction267

ratio of 3 to 1 after the honeycomb and a T-di�user at the outlet. The test chamber is268

1.6 m high, while the width varies from 2.2 m after the nozzle to 2.4 m at the position269

of the turning table. The latter has a diameter of 2.2 m. The overall length of the fetch270

to develop boundary layer �ows is about 11 m. Air is drawn by a motor with a nominal271

power of 156 kW, and the �ow speed can be varied continuously up to about 30 m/s by272

adjusting through an inverter the rotation speed of the fan or the pitch of its ten blades.273

In the absence of turbulence generating devices, the free-stream turbulence intensity is274

less than 1%.275

3.3 Model equipment276

The model of the Cathedral has been equipped with Te�on tubes with an internal diameter277

of 1 mm, used to connect the taps on the model surface with the pressure sensors, see278

Fig. 6. The tubes were 30 cm long, obtained by linking two pieces having the same279

internal diameter with a short restrictor tube of about 1 cm working as a damper (see280

e.g. Irwin et al. (1979)). Such pneumatic connections have been calibrated beforehand281

to guarantee an acceptably �at transfer function in the frequency range of interest (up to282

about 200 Hz in the present case) (see e.g. Holmes (2007)).283

Due to the limited number of pressure sensors available, groups of 222 pressure taps284

were simultaneously recorded at a sampling rate of 500 Hz with the system PSI DTC285

2Centro di Ricerca Interuniversitario di Aerodinamica delle Costruzioni e Ingegneria del Vento, Inter-

University Research Centre on Building Aerodynamics and Wind Engineering
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Initium. The restriction on the number of simultaneous signals logged is not an issue286

if the mean pressures are concerned, but it must be borne in mind if the resultant load287

on speci�c parts of the structure is calculated; indeed, the partial correlation of pressure288

�uctuations has to be taken into account in this case. For this reason, the groups of289

pressure taps have been chosen based on the structural macro-elements of the Cathedral.290

The accuracy of the piezoelectric sensors of the 32-port miniaturized ESP-32HD pressure291

scanners is ±2.45 Pa. Each signal was recorded for about 120 s at a reference mean wind292

speed of about 19.5 m/s at the top of the Cathedral roof.293

At full scale, following the Eurocode 1 (CEN 2004), a mean wind speed of 21.3 m/s is294

expected at a height of 44 m (top of the roof) for a terrain category IV (urban pro�le) and a295

return period of 50 years. Consequently, the velocity scale of the tests is about 1:1.1, while296

the time scale results to be about 1:183. This means that a sampling frequency of 500 Hz297

allows detecting pressure �uctuations at full scale up to a frequency of about 1.37 Hz, thus298

encompassing the most energetic atmospheric turbulent �uctuations. Moreover, 120 s at299

laboratory scale correspond to 21960 s at full scale, that is more than 36 time windows of300

10 minutes, which is suitable to calculate the statistics of the peak values of pressures in301

compliance with Eurocode 1 (see also Section 4.2).302

3.4 Oncoming �ow303

For the city centre of Paris, the previously mentioned turbulent wind pro�le associated304

with the terrain category IV of Eurocode 1 has been assumed for all azimuthal directions.305

The atmospheric boundary layer �ow at the same scale of the model (1:200) has been306

reproduced through arti�cial roughness elements of variable size di�used all over the �oor307

of the test chamber. A castellated barrier, placed at the inlet section of the wind tunnel308
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has also been employed to increase the turbulence intensity.309

Fig. 7 shows the modeled wind characteristics in the wind tunnel at the beginning310

of the turning table, slightly upstream of the model of the Cathedral. Flow velocity311

measurements were carried out with a single-component hot-wire anemometer recorded at312

a sampling rate of 10 kHz. The mean wind velocity pattern is in very good agreement with313

the assumed target urban pro�le (Fig. 7(a)). The longitudinal turbulence intensity, which314

is a normalized integral measure of the wind velocity �uctuations (a coe�cient of variation,315

indeed), is slightly lower than the Eurocode 1 target (Fig. 7(b)). The longitudinal integral316

length scale of turbulence, which represents the correlation length of the wind velocity317

�uctuations along the mean velocity direction and rules the frequency distribution of the318

turbulent kinetic energy in the stream (see e.g. Simiu and Yeo (2019)), closely follows the319

target pattern up to about 30 m above the ground; afterwards, the increase with the height320

becomes slower than in the Eurocode 1 pro�le (Fig. 7(b)). However, the discrepancy is321

moderate at least up to the top of the Cathedral roof. Finally, Fig. 7(d) shows that322

the spectral characteristics of the generated boundary layer comply very well with a von323

Kármán-Harris spectrum, which is very often assumed to describe the energy cascade of324

turbulence, Simiu and Yeo (2019). Measurements have also been carried out to assess the325

homogeneity of the �ow in the transversal and longitudinal directions.326

In general, despite the large scale of the model with respect to the present wind tunnel327

facility, we can conclude that the modeled turbulent wind is well representative of an urban328

environment such as the one that can be expected in the centre of Paris.329

As said above, two di�erent con�gurations of the model have been tested. In the330

�rst one, the turning table was covered with roughness elements of progressively reduced331

height close to the Cathedral model (cf. Fig. 4(a)), in order to transfer the same generic332
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urban wind pro�le from the beginning of the turning table to the model position and333

beyond. In contrast, the second con�guration includes the model of the surrounding of334

the Cathedral, as shown in Fig. 4(b).335

4 Results of the experimental tests336

The results of pressure measurements on the external surface of the Cathedral are reported337

in this section in the form of pressure coe�cients, de�ned as follows:338

Cp =
p− p0

1
2
ρV 2(zref )

, (1)

where p is the pressure on the considered point of the structure, p0 is the static pressure339

of the undisturbed �ow in the wind tunnel at the position of the model, ρ is the air340

density and V (zref ) is the reference wind speed, that is the mean �ow velocity at the top341

of the roof (zref = H = 44 m at full scale) in the absence of the model (see the mean342

wind velocity pro�le in Fig. 7(a)). It is noteworthy that the accuracy of the pressure343

transducers, given the reference velocity pressure in the tests, corresponds to ±0.01 in344

terms of Cp. The recorded data can be divided in mean pressure and gust pressure data.345

The former are simply calculated as the time averages of the recorded pressure coe�cients.346

The latter are de�ned as the average of either the maximum or the minimum values of347

Cp registered over full-scale time windows of 10 minutes (see Section 4.2). The results are348

reported hereafter in terms of pressure coe�cient charts, obtained by linear interpolation349

and heuristically controlled extrapolation of the measured values. The small black spots350

indicate the taps where pressure was actually measured.351
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4.1 Mean pressure charts352

Fig. 8 gives the global distribution of the pressure coe�cients on the lateral side of the353

Cathedral in the presence of the surrounding model and wind coming from the 90◦-354

direction. It is worth noting the strong pressure gradient in correspondence of the wind-355

ward rose of the transept and the large pressure coe�cients in the higher part of the356

transept (Cp > 0.9).357

The pressure coe�cient distribution over the front of the Cathedral is reported in358

Fig. 9 for a wind perpendicular to it (0◦-direction). It is apparent that the particular359

geometry of the towers produces large pressure gradients close to the edges of the façade.360

It is also noteworthy that values of Cp larger than unity can be found in the upper part361

of the towers; this is because the reference velocity pressure is taken at a lower height,362

that is that of the top of the roof (see Eq. (1)).363

Mean pressure coe�cient charts are presented in Fig. 10 also for the apse, for a wind364

blowing either from the direction perpendicular to the left �ank (90◦) or parallel to the365

longitudinal axis of the Cathedral (180◦). In the former case, one can notice a strong pres-366

sure gradient due to the curvature of the walls, which from positive pressure coe�cients367

around 0.35 on the windward side quickly leads to strong suctions (up to Cp
∼= −0.8) in368

the middle upper part. In contrast, for a wind direction of 180◦ positive mean pressure369

coe�cients up to about 0.8 are attained in the central upper portion of the apse. In the370

lower part of the left side of the apse (bottom right corner in Fig. 10(a) and 10(b)), one371

can also remark the e�ect of the surrounding buildings, which are very close to the apse.372

They shelter the �ank of the Cathedral from direct wind for an azimuth angle of 90◦,373

while they promote a �ow acceleration, and then a pressure decrease, for a wind direction374

of 180◦.375
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4.1.1 Detail of the �ank376

A lateral portion of the Cathedral between the front and the transept (indicated in red in377

Fig. 5) has been very densely instrumented, in order to have more details of the pressure378

coe�cient distribution through the height of the Cathedral on a representative part of379

it. Results are shown in Fig. 11. In the case of a generic urban pro�le (i.e., without380

surrounding, Fig. 11(a)), pressure coe�cients between about 0.6 and 0.75 are found on the381

windward walls. However, the most interesting features can be observed on the windward382

side of the roof, where a bubble of high pressure (with mean pressure coe�cients up to383

about 0.55) is apparent in the central part. This is due to the �ow acceleration on the384

upper side of the roof (with consequent decrease of pressure) and the strong inclination of385

the �ow that locally separates at the balustrade at the base of the roof. Flow visualizations386

with a smoke generator (Fig. 12) revealed that this is also due to the signi�cant vertical387

wind component induced by the three orders of walls on the �ank of the Cathedral. On388

the leeward side, the pressure is nearly uniform, with mean Cp values between about389

−0.45 and −0.4.390

Fig. 11 clearly shows how the presence of the buildings upstream of the Cathedral and391

very close to it a�ects the load distribution. The pressure remarkably decreases on the392

lower part of the windward walls due to the sheltering e�ect of the neighboring buildings393

(in some regions, the pressure coe�cients even pass from about 0.6 to about 0.2), but the394

vertical wind velocity component also reduces, producing a slight increase of the mean395

Cp on the upper portion of the windward wall and a pronounced increment on the roof396

(of the order of 20-25% but even higher at the base of the roof, behind or just above the397

balustrade). An increase of pressure between about 10 and 25% can also be observed on398

the leeward side of the Cathedral (lower suction).399
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4.1.2 Roof400

The results discussed in the previous section are con�rmed by Fig. 13, which reports the401

pressure distribution on the entire roof of the Cathedral. It can be remarked that, despite402

the roof is at a signi�cantly greater height than the surrounding buildings, the presence403

of the latter has a remarkable impact on the pressure distribution over it, as previously404

said, probably accelerating the upper �ow and reducing the vertical component of the405

velocity with which the wind attacks the windward pitch of the roof. Indeed, while the406

pressure coe�cient hardly attains 0.57 in a small windward region between the façade407

and the transept when the surrounding buildings are not reproduced, it overcomes 0.7 at408

several locations if the latter are in place.409

4.2 Peak loads410

For the local design or veri�cation of cladding elements or secondary structures, and also411

to have a statistical measure of the �uctuation of pressures, peak values can be calculated412

according to Davenport (1961)'s approach, i.e. as the average of maxima (or minima)413

associated with a given observation time (600 s according to Eurocode 1's approach).414

Given the time scale of the current experiments, as said in Section 3.3, the length of415

the recorded signals corresponds to about 36 windows of 10 minutes at full scale and416

allows a statistically meaningful calculation of wind load peak values. Moreover, to be417

representative of area-averaged pressures, the maxima (or minima) are calculated on time418

records �ltered via a moving average over a set time window (Lawson 1976, Holmes 1997).419

In the present analysis, the classical full-scale window of 1 s has been chosen.420

Fig. 14 shows the distribution of the maximum pressure coe�cients on the North-421

Northeast �ank of the Cathedral for a wind perpendicular to the walls (90◦-direction).422
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Large values of the load can be observed due to wind gusts, the Cp chart showing values423

even beyond 2. The higher peak pressures are obtained just above the big rose window424

of the transept façade. The comparison with Fig. 8(a) shows that high gust factors (ratio425

of maximum to mean value of pressures) mostly between about 2.4 and 4 are obtained.426

The comparison of Fig. 14(a) and Fig. 14(b) emphasizes the e�ect of the surrounding427

buildings around the Cathedral on the peak pressure coe�cients. Coherently with the428

observations already done for the mean pressures (see Figs. 10 and 11, and Sections 4.1.1-429

4.1.2), the presence of the surrounding strongly reduces the peak pressure coe�cients430

on the lower part of the Cathedral �ank (with decrements of about 50 to 70%), slightly431

increases them (up to about 10%) in the upper part of the lateral walls and on the transept432

façade, and remarkably intensi�es the load on the roof (+15 to 25% in the central band).433

Though not reported in Fig. 14, it is worth noting that the pressure �uctuations are434

such that the mimimum coe�cients on the windward side of the Cathedral often reach435

negative values (nearly everywhere in the con�guration with surrounding buildings).436

Given the possible vulnerability of large Gothic rose window, as highlighted by Sois-437

sons's recent disaster mentioned in the Introduction, the pressures acting on the great438

roses of the transept have been integrated at each time instant to account for the non-439

perfect simultaneity of the �uctuations, thus estimating a resulting force coe�cient CD.440

The center of the rose windows is at a height above the ground of 25.8 m, and these441

have a surface area of about 85 m2. A speci�c set of measurements has been used to this442

purpose, where the two facades of the transept are �nely instrumented. Speci�cally, the443

pressure �eld on the rose windows is discretized with 30 pressure taps. The resulting time444

histories are shown in Fig. 15 for the wind directions perpendicular to the transept façade445

(90◦ and 270◦). It is apparent that the maximum load is obtained in the case without446
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surrounding for the windward window (Fig. 15(a); the nondimensional mean thrust is447

0.82, while the peak value is 2.17). The load reduces by about 40% when the surrounding448

portion of the city is modeled and the wind blows from North-Northeast (Fig. 15(c), 90◦-449

wind direction), due to the sheltering e�ect of the buildings very close to the Cathedral.450

Nevertheless, the load reduction is only 13% when the wind comes from South-Southwest451

(Fig. 15(d), 270◦-wind direction) due to larger distance of the surrounding buildings. The452

leeward window is less loaded, and the resulting mean suction in the presence of the sur-453

rounding model is nearly the same as without surrounding (Fig. 15(b)) for the 270◦-wind454

direction (C̄D = −0.43), while a remarkable reduction is observed for the 90◦-wind direc-455

tion (C̄D = −0.34). On the other hand, on the windward rose window load �uctuation456

increases in the presence of the surrounding model, and the peak force even becomes the457

same as in the case of a generic urban wind pro�le for a wind direction of 270◦ (Fig. 15(d),458

CD,max = 2.15).459

5 Discussion460

5.1 General considerations461

The results reported in the previous section revealed that the Cathedral's geometrical462

complexity re�ects on the measured pressure �eld. Apart from the remarkable peculiarity463

of the apse and the main façade of the Cathedral, for the sake of simpli�cation one may464

say that the Cathedral of Notre Dame is a long construction with a depth discontinuously465

varying with the height (see the schematics in Fig. 16), so that the height-to-depth ratio is466

small (close to 1) considering the lower part of the church but signi�cantly higher (about467

2.3) referring to the top of the vertical walls. Also, the roof presents a high pitch (about468
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55◦), and there are several other architectural elements (such as the jutting out body of469

the transept, the large �ying buttresses, the balustrade at the base of the roof, or the470

various orders of gables) that are supposed to signi�cantly in�uence the aerodynamic471

behavior of the construction. It is clear that the urban integration of the structure also472

plays a key role.473

From the practical engineering standpoint, however, it is important to understand474

if all the speci�c aerodynamic features of a large Gothic Cathedral lead to signi�cantly475

di�erent wind loads for design or safety veri�cation purposes compared to a more-or-less476

ordinary building. It is also to be noticed that only canonical wind velocity directions have477

been analyzed so far (those parallel or perpendicular to the Cathedral's symmetry plane),478

while all possible wind directions must be considered instead for engineering purposes.479

Bearing in mind all these aspects, in the next section the load envelopes obtained for the480

�nely-instrumented representative portion of the �ank of the Cathedral (see Section 4.1.1)481

are compared with the few data available in the literature and with the loads proposed482

by Eurocode 1 for standard buildings.483

5.2 Comparison with load models available in the literature484

The mean pressure coe�cients obtained for the �nely instrumented portion of the �ank485

of the Cathedral and the roof (Section 4.1.1) were averaged along the direction parallel486

to the longitudinal axis of the Cathedral (i.e., along the width of the considered Cathe-487

dral �slice�). Moreover, to comply with the prescriptions of Eurocode 1 (CEN 2004), the488

envelope pressure coe�cients were calculated at any height above the ground for wind489

azimuths between −45◦ and +45◦ around the direction perpendicular to one of the Cathe-490

dral's �anks. Results are reported in Fig. 16. It is noteworthy that, in the case of a generic491
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urban wind pro�le (without surrounding), the maximum mean pressure coe�cient on the492

windward side is obtained for small or null skewness of the wind direction with respect to493

the canonical azimuths (either 90◦ or 270◦); therefore, the results for a wind perpendicular494

to the lateral walls represent a good estimate of the worst load case. In contrast, for the495

leeward side, the canonical wind directions provide nearly the lower load, whereas the496

higher suctions are obtained for inclinations of about 45◦ with respect to them. Clearly,497

results are more complicated and rather di�erent for two �anks of the Cathedral when498

the surrounding buildings are modeled.499

The comparison of the results for the con�gurations with and without surrounding500

emphasizes the importance of modeling the buildings, the river and the other details501

of the city around the Cathedral. As expected, for the case without surrounding, both502

windward and leeward pressure coe�cient envelopes on the right and left sides of the503

Cathedral are nearly identical. On the windward side, in the presence of the surrounding504

model, the pressure coe�cient envelope exhibits signi�cantly lower values in the inferior505

part of the walls (with reductions up to about 60-70%) when one considers the left �ank of506

the Cathedral (then, when the wind direction is between 45◦ and 135◦, and the buildings507

are close to the church; see Fig. 5). In contrast, on the right �ank (then, if the wind508

blows from directions 225◦ and 315◦), the pressure coe�cients are very similar to the509

case without surrounding in the lower part of the walls. For a height above the ground510

between about 0.6H and 0.75H, the windward pressure envelopes for the left and right511

�anks of the Cathedral become fairly close and non-negligibly higher than the case without512

surrounding (with increments up to nearly 20%). As for the leeward pressure coe�cient513

envelopes, the suction is lower if the surrounding buildings are modeled; in particular,514

the di�erence is on average of 12 and 17% for the left and right side of the Cathedral,515
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respectively.516

The measured pressure coe�cients on the windward side of the considered part of517

the Cathedral are generally lower (or even much lower in some regions) than the values518

suggested by Eurocode 1, except for a small portion of the roof for the case with sur-519

rounding. In contrast, on the leeward side the measured pressures tend to be slightly520

lower (higher suction) on the vertical walls of the Cathedral and signi�cantly lower on521

the roof, especially for the con�guration without surrounding. In particular, for a generic522

urban boundary layer �ow, the integral mean normal force coe�cient acting on the wind-523

ward side of the roof results to be more than 30% lower than Eurocode 1's prescriptions,524

whereas that acting on the leeward side is more than double. Consequently, both the525

resulting drag and uplifting forces are increased. The same e�ects are also observed if526

the buildings surrounding the Cathedral are modeled, but the decrease/increase of the527

windward/leeward normalized forces are less pronounced. Finally, the experimental data528

by Mark and Jonash (1970) for a Cathedral-like construction are in agreement with the529

pressure coe�cient envelopes in the lower part of the windward vertical walls for the case530

of a generic urban boundary layer, while they overestimate the loads in the upper part.531

In contrast, on the leeward side these literature data underestimate the suction on most532

part of the vertical walls, but they overestimate it in the top part.533

Considering again the large roses of the transept (see Fig. 15), one can remark that the534

mean load without surrounding on the windward window is in line with the prescriptions535

of Eurocode 1 (Fig. 16), provided that the velocity pressure at the top of the roof is used to536

normalize the force or the pressure coe�cient (which is not the only option in Eurocode 1).537

The gust factor (ratio of peak to mean load) for the windward rose perfectly complies538

with the value suggested by Eurocode 1 (slightly less than 2.2) based on the turbulence539
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intensity in the approaching wind pro�le at the height of the window. In contrast, it is540

higher in the presence of the surrounding buildings (larger than 3). However, it is very541

important to stress that the canonical wind directions (either 90◦ or 270◦) considered in542

the analysis of the load on the rose windows (see Fig. 15) do not always represent the543

worst case scenario, especially for negative pressures on the leeward side, as it has already544

been emphasized for the �nely instrumented portion of the �ank of the Cathedral. In545

particular, mean suction forces as low as −0.63 (for a wind direction of either 135◦ or546

225◦) and −0.73 (for a wind direction of 130◦) have been obtained for the cases without547

and with surrounding, respectively.548

Finally, one can notice that the e�ective load acting on most parts of the Cathedral549

will also depend on the internal pressures, which have not been investigated in the present550

work. Their estimation is a very complicated task as it requires the accurate modeling551

of di�used openings all over the building. However, in the absence of dominant openings552

(produced, for instance, by the failure of a window), for structural veri�cations it may553

be reasonable to consider the standard range −0.3 to +0.2 recommended by Eurocode 1554

(CEN 2004).555

6 Conclusions556

The results of the wide wind tunnel test campaign that has been carried out on a scale557

model of the Cathedral of Notre Dame in Paris led to some major conclusions, reported558

hereafter.559

Firstly, the complex geometry of a large Gothic cathedral, both in the aerial projection560

and in elevation, as well as the important aerodynamic role played by some architectural561

elements imply speci�c phenomena in the wind-structure interaction process that do not562
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allow the correct estimation of the wind loads based on the data available for standard563

buildings. Speci�cally, the present results reveal that, depending on the structural element564

considered or the speci�c con�guration examined, these loads can be either signi�cantly565

higher or lower than the values that can be predicted based on codes and standards.566

In particular, the roof of the Cathedral may be subjected to drag and uplifting forces567

signi�cantly larger than those calculated with the Eurocode 1, which demonstrates the568

need for accurate wind tunnel tests to assess the safety of this type of structures.569

Secondly, the in�uence on the wind load of the neighboring portion of the city where570

the considered Cathedral stands is extremely important, and can vary on a case-by-case571

basis. The current analysis highlights that the presence of the surrounding buildings572

does not only a�ect the aerodynamics of the portions of the Cathedral at a comparable573

height but also of parts signi�cantly above. For instance, the drag force on the roof of574

the Cathedral increases by nearly 10%, while the uplifting force reduces to about one575

third. For the large rose windows of the transept, another potentially sensitive element of576

the Cathedral, the behavior is more complicated; indeed, the modeling of the neighboring577

portion of the city implies a lower mean thrust force but also a rise of the load �uctuations.578

The results reported in the current paper may represent a guideline to determine the579

wind load on complex buildings such as Gothic Cathedrals. Nevertheless, once the wind580

climate in the city of Paris has accurately been evaluated, the nondimensional pressure581

coe�cients presented herein can be transformed in loads and used to assess the structural582

safety of the Cathedral of Notre Dame, in a similar way to the analysis carried out by583

Vannucci et al. (2019). Therefore, this work may represent a �rst step towards the goal584

of guaranteeing the wind safety of architectural treasures like Gothic Cathedrals, even if585

in the future heavier and heavier e�ects of climate change are likely to occur.586
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Figure 1: The wind pressure coe�cients as experimentally measured in Chien et al. (1951),

left, and how they are applied to a bi-dimensional Cathedral model in Mark and Jonash

(1970), right.
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Figure 2: The Cathedral model: top, left: the 15 parts of the numerical model; right: the

fabricated model; bottom: a) detail of the internal volume (façade and nave) with the

conical holes to place the pressure tubes; b) detail of the external surface of the nave; c)

detail of the rose on the façade; d) internal view of a portion of the façade; e) spire model

split into two parts.
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 c)

Figure 3: Model of the surrounding of the Cathedral; a) selected blocks of buildings for

the model; b) example of a planform with the internal building partitions; c) view of

surrounding and Cathedral models mounted on the turning table in the wind tunnel.
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a) b)

Figure 4: Model of the Cathedral in the wind tunnel: a) without and b) with surrounding.

Figure 5: Scheme indicating the wind directions with respect to the Cathedral (the 0◦-

direction is perpendicular to the front of the building. The portion of the �ank of the

Cathedral that has been studied in detail in Section 4.1.1 is highlighted in red.
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Figure 6: Parts of the model equipped with pressure taps; the Te�on tubes are connected

to an ESP pressure scanner (the black box visible at the bottom).
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Figure 7: (a) Normalized mean velocity (zref = H = 44 m denotes the reference height,

i.e., the top of the roof), (b) turbulence intensity, and (c) longitudinal integral length

scale of turbulence pro�les in the present tests. The power spectral density of longitudinal

velocity �uctuations at the reference height is shown too (d).
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(a)

(b)

Figure 8: Mean pressure coe�cient distribution on the �ank of the Cathedral for the

con�guration with surrounding: windward side (a) and leeward side (b). The wind veloc-

ity direction is sketched at the bottom (from North-Northeast, perpendicular to the side

walls and denoted as 90◦ in Fig. 5). 38



Figure 9: Mean pressure coe�cient distribution on the front of the Cathedral and on the

external sides of the towers for the con�guration with surrounding. The wind velocity

direction is sketched at the bottom (from West-Northwest, perpendicular to the main

façade and denoted as 0◦ in Fig. 5).
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(a)

(b)

Figure 10: Mean pressure coe�cient distribution on the development of the apse of the

Cathedral (the curved surface of the Cathedral is unrolled on a plane) for the con�guration

with surrounding: wind velocity directions of 90◦ (a) and 180◦ (b).
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(a) (b)

Figure 11: Mean pressure coe�cient distribution on a lateral portion of the Cathedral

(see Fig. 5) for the con�guration without the model of the surrounding (a) and including

the buildings around the Cathedral (b). Each frame reports on the left the windward side

and on the right the leeward side. The wind velocity direction is sketched at the bottom

(perpendicular to the North-Northeast �ank, denoted as 90◦ in Fig. 5).

41



Figure 12: Flow visualization with a smoke generator in the roof region. The wind

direction is perpendicular to the �ank of the Cathedral (90◦).
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(a)

(b)

Figure 13: Plan view of the mean pressure coe�cients on the roof of the Cathedral: results

without surrounding (a) and with surrounding (b). The wind direction, also sketched, is

that denoted as 90◦ in Fig. 5.
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(a)

(b)

Figure 14: Distribution of the maximum pressure coe�cients on the windward �ank of

the Cathedral for a wind direction perpendicular to it (90◦, sketched at the bottom):

con�guration without surrounding (a) and with surrounding (b).
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Figure 15: Time history of the integrated force coe�cient (CD = A−1
∫
A
CpdA, where A

denotes the area of the window; time refers to full scale) on the great rose windows of the

transept: (a) left rose, wind direction 90◦, without surrounding buildings; (b) left rose,

wind direction 270◦, without surrounding buildings; (c) left rose, wind direction 90◦, with

surrounding buildings; (d) right rose, wind direction 270◦, with surrounding buildings.

Both mean and peak values of the load coe�cient are reported.
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Figure 16: Envelope of mean pressure coe�cients along a section of the Cathedral perpen-

dicular to its longitudinal axis for the cases without (top) and with (bottom) surrounding

buildings. Comparison with Eurocode 1 (CEN 2004) prescriptions for ordinary buildings

and with the data adapted from Mark and Jonash (1970). Windward pressures are re-

ported on the right of the �gure, while leeward pressures can be read on the left. �right

side� in the caption refers to the nominal wind direction indicated in the schematics (red

arrow), whereas �left side� denotes the opposite wind direction.
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