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ABSTRACT 

This report is concerned with the wind-tunnel study and design 

considerations of Westile ballast pavers. Wind-tunnel tests employing 

model pavers were conducted to determine the effects of various param-

eters on the paver failure wind speed. Considered were different paver 

configurations, wind exposures and heights of a roof parapet. 

The study showed that the paver configuration, the wind exposure 

and the parapet height affect the failure wind speed (speed at which 

pavers are dislodged) and the failure mode. 

The experimental data was used in design considerations to 

establish maximum building heights recommended for the Westile pavers. 
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1.0 INTRODUCTION 

The Westile roof paver is an extruded concrete loose-laid roofing 

product used to provide ballast over single-ply roofing membranes or as 

tiles for access walkways. The paver protects the underlying roof 

membrane from ultra-violet light, wear and abrasion. The Westile paver 

is designed with. overlap joints along one edge to inhibit movement by 

rooftop winds. Wind effects on such systems are very important, since 

shifting or lofting of the tiles during windstorms could result in 

membrane damage or damage to surrounding structures. This report 

describes wind-tunnel experiments designed to determine Westile paver 

performance during high winds. Test results are used to prepare paver 

application design tables for different climatic winds, building 

exposures, and roof parapet heights. 

Wind loading and wind-induced failure of roofing systems results 

from a complex interaction of wind environment, building shape and 

structure, and roofing system chosen. These systems cannot currently be 

analyzed reliably by any analytic or theoretical approach; hence, 

experiments are _necessary to define product use envelopes. Almost no 

reliable field experiments exist concerning the behavior of full-size 

roofing systems. The cost of a full-scale roof system, as· well as the 

lack of reliability of the atmosphere or large blowers or fans as a 

testing medium has limited such experience. Fortunately, fluid model-

ing in wind tunnels provides a powerful and cost-effective technique for 

the analysis of such wind engineering problems; hence, literature now 

exists which focuses on the behavior of roofing systems. 

The most recent developments from experi.mental studies of wind 

effects on roofs and roof coverings have been summarized by Kramer [l] 
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Detailed mean and dynamic pressure measurements on flat top roofs has 

been published by Stathopoulous [2,3]. Experimental investigations of 

the failure mechanisms of loose-laid roof-insulation systems, including 

ballast pavers and gravel, were presented by Kind and Wardlaw [4,5,9]. 

Phalen [6] used mean pressure coefficient data to develop a wind design 

procedure for lightweight concrete ballast in loose-laid roof systems. 

This study examined the modeled response of Westile pavers under 

different wind and roofing environments. Chapter 2 describes experi-

mental configurations and procedures employed during the wind-tunnel 

study. The experimental results are presented and interpreted in 

Chapter 3, and the data are used to define design considerations for the 

paver in Chapter 4. Finally, the specific performance of the Westile 

paver, its failure mode, and design recommendations are presented in 

Chapter 5 and 6. 



2.0 EXPERIMENTAL CONFIGURATION 

2.1 Wind Tunnel 

3 

The study was conducted in the Industrial Aerodynamics Wind Tunnel 

located at the Fluid Dynamics and Diffusion Laboratory, Colorado State 

University. Location of the wind tunnel in the laboratory is shown in 

Figure 1. The wind tunnel is depicted in Figure 2. The wind tunnel is 

of recirculating type and the facility has a test section 6 ft wide and 

60 ft long. Model blockage effects can be resolved with a test-section 

ceiling adjustable from 5 ft to 7 ft. Air flow in the tunnel is gener-

ated by a 16-blade axial fan driven by a single-speed induction 75 hp-

motor. The air speed is controlled by varying the pitch of the fan 

blades. The speed range of the flow in the tunnel can be continuously 

adjusted in the range from 0 to approximately 80 fps. The flow enters 

the test section through a 4:1 contraction which produces uniform cross-

section flow and background turbulence of low levels (turbulence inten-

sity of approximately 0.5 percent). Simulated atmospheric boundary 

conditioni are created by placing flow tripping devices at the entrance 

to the test section and a uniform fetch of roughness elements on the 

floor of the test section. 

2.2 Model 

A series of experiments involving model of the Westile Roof Paver 

was designed and conducted in the Industrial Aerodynamics Wind Tunnel. 

The experiments were to provide an information on the failure mode and 

the failure wind speed of the prototype pavers. 

The prototype Westile Roof Paver is shown in Figure 3. A 

simplified model of the paver was used in the srudy. Most of the exper-

iments were conducted using a 1:15 geometrical scale p~ver model shown 
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in Figures 4 and 5. The model was made of plexiglass. A few additional 

tests were performed using a 1:7.5 geometrical scale paver model. The 

larger model-pavers required a higher range of wind-tunnel speeds to 

produce failure; hence they could not be used to test the influence of 

taller roof parapets. 

The wind-induced motion of the paver model must be dynamically 

similar to that of the prototype paver. This requires that the mass 

ratio (mass of air/mass of paver) must be the same for the model and for 

the prototype. If the paver geometry is properly scaled, this require-

ment states that the average mass density (mass per unit volume) of the 

prototype and the model pavers should be the same, or 

where 

cr = m 
cr = p 

Sometimes it 

cr m 
a p 

mass 

mass 

density 

density 

is difficult 

of model paver, and 

of prototype paver. 

to match the mass density 

(1) 

cr of the model m 
and cr of the prototype. In such situations the paver thickness, t, is p 

scaled at the geometrical scale i\ which is slightly different from 

the geometrical scale ~ assumed for the remaining dimensions of the 

paver. However, the mass per unit area is kept the same for the model 

and for the prototype. The similarity requirement (1) is then modified, 

as follows 

(2) 
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where 

A = ( ) model 
( ) ( ) prototype 

t =paver thickness, and 

L = dimension in paver plane. 

If the paver thickness is scaled at the same geometrical scale as the 

remaining dimensions of the paver (At = ~), then Eq. 2 reduces to 

Eq. 1. 

In the present study Eq. 2 was used to account for the slight 

deviation of the mass density of the prototype paver (dense extruded 

concrete) and the model paver (plexiglass). Thickness of the paver 

model was scaled using Eq. 2 and as a result the mass per unit area was 

the same for the model and for prototype paver. The geometrical scale 

At for the paver thickness differed by approximately 30 percent from 

the scale ~ assumed for the remaining dimensions of the paver model. 

In effect the paver model was approximately 30 percent thicker than a 

model which would result from uniform geometrical scaling. 

Model pavers were placed in various configurations on a roof of a 

model building shown in Figure 6. The building shown was used to simu-

late flow conditions on a typical flat roof with ballast ~avers. Only 

one building model of a square plan and a fixed height was employed in 

the study. The model represented a 15 ft tall prototype building with a 

22 ft square flat roof. The size of the model was limited by the size 

of the wind-tunnel test section and by limitations caused by blockage 

effects. Flow blockage effects caused by the presence of the model were 

eliminated by adjustments of the wind-tunnel roof. The building model 
~ 

was configured with parapets of various heights. The building model 

with a typical parapet and model pavers is shown installed in the 

Industrial Aerodynamics Wind Tunnel in Figure 7. 
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2.3 Flow Conditions 

The wind-tunnel study was conducted for various approach flows. 

Most of the result~ reported herein are for two representative approach 

flow configurations. One of the configurations represented conditions 

typical for flow over open or rural country (Uniform Building Code 

[7] -- Exposure C, ANSI A58.l-1982 [8] -- Exposure C). The other situa-

tion modeled flow over built-up or urban terrain (Uniform Building Code 

[7] -- Exposure A, ANSI A58.1-1982 [8] -- Exposure A). 

The turbulent boundary layer was generated using flow tripping 

devices (spires and a barrier) placed at the entrance to the wind-tunnel 

test section combined with a uniform fetch of roughness elements located 

upstream of the model. The spires and the fetch of roughness elements 

are shown in Figure 8. A 40 inch deep boundary layer was generated for 

both the flow conditions. 

The mean velocity and turbulence intensity profiles for the flow 

over open country -- Exposure C -- are shown in Figure 9. The corre-

sponding profiles for the flow over built-up terrain -- Exposure A --

are depicted in Figure 10. Such velocity profiles are frequently 

described by an empirical power-law relationship, U/U f = (Z/Z f)n. re re 
The model power law coefficients n for the two cases are approximately 

0.14 and 0.37 for the Exposures C and A, respectively. 

2.4 Test Conditions 

Wind-tunnel model tests must satisfy certain similarity criteria in 

order to be representative of prototype conditions. The model tested 

has to be dynamically similar to that of the prototype. Dynamic simi-

larity considerations for the paver model were discussed in Section 2.2. 

The approach flow also needs to be dynamically scaled. This will be 
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achieved if the wind approaching the model has the same value for the 

main nondimensional flow parameters as the prototype flow. 

present study the main flow parameters are represented by 

where 

UL Reynolds Number = v 

Froude Number = u 
~Lg 

and 

u = reference wind speed, 

L = reference length, 

v = kinematic viscosity of air, 

g = gravitational acceleration. 

and 

In the 

(3) 

(4) 

The Reynolds number relates the relative ratio of inertial and viscous 

forces in the flow, whereas the Froude number relates the inertial lift 

forces of the air to the relative weight of the pavers. It is impos-

sible to match both the Reynolds and Froude numbers in the present case. 

It is well established that flows over sharp edged objects are indepen-

dent of Reynolds numbers, for moderately high Reynolds numbers. As a 

result, the Reynolds number similarity has been relaxed during the 

present study. The remaining similarity requirement (4) -- Froude 

Number -- is satisfied when the wind speed scale '\J and the geometri-

·cal scale ~ are related as follows 

"v = ~1/2 (5) 

This relation can be used to compute the prototype wind speed corre-

sponding to a given wind-tunnel speed. 

Wind tunnel studies conducted in boundary-layer flows require 

proper scaling of the prototype boundary layer. At the 1:15 geometrical 
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scale used during the present study, proper scaling of the prototype 

boundary layer (more than a thousand feet deep) was impossible. Kind 

[4] and Kind and Wardlaw [S], indicated that the flow pattern over the 

upwind corner of the building rooftop is mainly dependent on the speed 

of the approaching wind at rooftop level. Hence, only the lower part of 

the boundary layer was modeled. It was assumed that characteristics of 

the flow at rooftop level were most dominant, with other parameters 

being of lesser importance. Since the boundary layer depth was not 

properly scaled in the study the wind-tunnel flow was expected to be 

lacking low frequency (large scale) gusts. This lack of large-scale, 

low-frequency gusts was not expected to influence the aerodynamics of 

the relatively small pavers. 

Earlier studies by Kind and Wardlaw [4] established that most paver 

failures occur near the upwind corner of a roof, and that the most 

critical wind direction for such failures is along the bisector of the 

upwind corner, as indicated in Figure 11. This critical wind direction 

was examined in the present study, and the model was tested in the 

configuration shown in Figure 12. 

2.5 Test Procedure 

The wind-tunnel experiments were conducted according to the 

following procedure. The pavers were placed on the roof of a building 

model in a desired arrangement. Wind speed in the tunnel was gradually 

increased, and the behavior of the pavers was observed. Wind speed was 

measured by a pitot-static tube mounted in the tunnel at rooftop level 

of the model building. The tube was connected to an electronic manom-

eter, and the transducer output voltage was monitored by a minicomputer 
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on line. When a paver failure (dislocation) was observed, the wind-

tunnel speed was maintained constant and the mean wind speed was 

recorded. The prototype wind speed, corresponding to the measured mean 

wind speed is called throughout this report the failure wind speed at 

roof height, and it is denoted VD. The paver failure wind speed, VD' 

was measured for various flow conditions, paver configurations, and 

parapet heights. 
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3.0 RESULTS AND INTERPRETATION 

3.1 Failure Wind Speed -- Original Configuration 

The original configuration of the Westile paver model studied is 

shown in Figure 13. Details of the locking system are shown in 

Figure 14. The failure wind speed at rooftop is plotted in Figure 15 as 

a function of the parapet height. The data is presented for two repre-

sentative approach flow conditions: open country -- Exposure C, and 

built-up terrain -- Exposure A. The failure speed is higher for the 

Exposure C. This means that an increase in turbulence level results in 

a decrease in the mean wind speed associated with the paver failure. 

The effects of the parapet height were similar for both the flow 

conditions. A relatively low height parapet (up to approximately 

6 inches) causes a decrease in the failure velocity, VD. A parapet of 

moderate height (larger than approximately 6 inches) results in an 

increase in the wind speed, VD' at which paver failure occurs. These 

parapet height effects are consistent with pressure data reported 

recently by Stathopoulos [2]. The author observed that peak pressure 

coefficients near roof corners increase when parapets of low heights are 

added. As the parapet height is increased, the peak pressure coeffi-

cients are reduced. These peaks seem to initiate the paver failure. 

The failure mode of the pavers is schematically shown in Figures 16 

through 18 for three cases: roof without parapet, roof with parapet of 

low height, and roof with parapet of moderate height. The failure was 

usually initiated by one or two pavers being dislodged first. Other 

pavers were subsequently dislodged until the situation indicated in 

Figures 16 through 18 has been reached. 
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3.2 Failure Wind Speed -- Modified Configuration 

A modified configuration of the paver layout was also investigated. 

The pavers were arranged in a staggered pattern as shown in Figures 19 

and 20. The outer pavers along roof edge AB were connected together by 

circular adhesive paper tabs attached to the upper and lower surfaces of 

the two adjacent pavers (see Figures 19 and 20). The adhesive tabs 

modeled the presence of metal clips between the outer pavers. The 

failure of pavers was investigated applying the same experimental proce-

dure as for the original paver configuration. The results are presented 

in Figures 21 through 23. The prototype failure wind speed plotted 

versus the parapet height is shown in Figure 21. The failure mode of 

the pavers for two presentative parapet heights (without a parapet and a 

parapet of moderate height) are shown in Figures 22 and 23. Paver 

failure occurred at higher wind speed for the modified configuration 

than for the original configuration. This is indicated in Figures 45 

and 46, which compare both the paver configurations (original and modi-

fied) for a given wind exposure. The character of the failure of pavers 

arranged in the modified configuration differed from the failure of 

pavers arranged in the original configuration. It was more sudden, and 

more pavers were dislodged simultaneously. 

3.3 Interpretation of the Results 

The failure wind speed, VD' is the rooftop mean wind speed at which 

pavers initially dislodged~ The wind approaching the building model is 

turbulent. The wind-tunnel experiments lead to the conclusion that the 

failure wind speed, VD, is also dependent on the turbulence intensity 

present in the flow. Gustiness of the flow affects the paver failure. 

Actual failure (dislodging of a paver or several pavers) ·is initiated by 
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peak velocity of spatial distribution and temporal duration sufficient 

to cause· the paver or pavers uplift. The mean failure wind speed, VD' 

is thus substantially lower than the peak wind velocity, and it should 

be viewed as a conservative measure of the wind velocity associated with 

paver failure. The failure wind speed can be used to establish rough 

design criteria for the use of the pavers on roofs of typical low-rise 

buildings located within uniform surroundings, which are defined in 

codes and standards. 
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4.0 DESIGN CONSIDERATIONS 

4.1 Methodology 

The failure wind speed, VD' has been defined as the mean wind speed 

at the rooftop level at which paver failure occurs. The design wind 

speed, V , is specified by codes and standards as the mean wind speed at m 

a height of 30 ft (approximately 10 m) above the ground, as shown in 

Figure 24. The peak wind speed, VH' at height H (see Figure 24) is 

related to the design wind speed v m 

where 

(6) 

CH = a correction factor for variation in the mean wind speed 
and gustiness with height. 

It is proposed that the condition for the paver failure be expressed as 

follows 

(7) 

The condition (7) requires that the peak velocity, VH' at rooftop 

height, H, be equal to the failure velocity, VD (the mean velocity at 

rooftop height during paver failure). Such an approach involves a 

reasonable level of safety margin which was discussed in Sec. 3. 3. 

Combination of Eqs. (6) and (7) leads to 

where 

(8) 

VD = failure wind speed (from wind tunnel testing) 

V = design wind speed defined for a given site (from codes/ 
m standards) 

CH = correction factor for variation in the mean wind speed 
and gustiness with height, evaluated at height H. 
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Equation (8) can be used to compute the upper bound for the height H 

of a building for which the use of Westile pavers is appropriate. 

Application of the described methodology using the Uniform Building 

Code specification for standard wind environment is described next. 

4.2 Design Considerations Using Uniform Building Code (UBC [7]) 

The design wind pressure, p, is defined by UBC [ 7] as follows 

where 

p = C C C I e q s 

p = design wind pressure, 

c = combined height, exposure e (Tab. No. 23-G, UBC [ 7])' 

c = pressure coefficient, q 
c = wind stagnation pressure s 

I = importance factor. 

(9) 

and gust factor coefficient 

at 30 ft, and 

The recommended combined height, exposure and gust factor coefficient 

C is quoted (from UBC [7]) in Table 1. It can be approximated as e 

follows 

where 

C (z) = e 

2 a z + bz + c 

dz + e 

z =height (ft), and 

a, b, c, d, e = constants. 

z < 120 ft 
(IO) 

z > 120 ft 

A curve fit of the data in Table 1 and Eq. 10 leads to the following 

relations 

18 In Eq. (10) replace dz·+ e by e + dz 
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15 

Exposure C 

C (z) = 
e 

Exposure 

C (z) = e 

-1.11 * 10-5 z2 + 6.33 * 10-3 z + 1.078 

1.433 + 2.22 * 10-3 z 

B 

-1.11 ·k 10-5 z2 + 6.33 ..,., -3 10 z + 0.558 

0.983 + 2. 22 * 10-3 z 

z < 120 ft 
(11) 

z > 120 ft 

z < 120 ft 
(12) 

z > 120 ft 

The paver failure condition expressed in Eq. 8 can be stipulated by 

using information on the effects of height, exposure and gustiness, 

expressed by coefficient c . e 

v2 = c (H) v2 
D e m 

where 

C (H) = C (z = H) = c2 
e e H 

Equation (13) can be solved for 

C (H) e 
VD 2 = (-) v m 

c 
e 

(13) 

(14) 

The maximum permissible building height, H, can be then computed using 

Eqs. 14, and 10. 

17 In Eq. (15) replace top terms 

H H < 120· 

by 
H H L.. 120 

2a 

of the design wind speed, Vm, and failure wind ~peed, VD' for different 

parapet heights. The failure speed, VD' read from Figures 15 and 21 for 
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the original and modified paver configurations, respectively, are 

provided as Table 2. The results of computations are summarized· in 

Tables 3 and 4, and in Figures 25 through 32. 

4.3 Design Considerations Using ANSI Standard (ANSI [8]) 

The paver failure condition Eq. 8 can also be written in terms of 

the wind/load parameters specified by ANSI [8]. 

v2 = K (z = H) G (z = H) v2 
D z z m (16) 

where 

K = pressure exposure coefficient, z 
G = gust response factor, z 

VD = failure wind speed, and 

v = design wind speed at 30 ft. m 

The pressure coefficient factor K and the gust response factor G z z 
are defined in ANSI [8] 

2.58(~) 2/a for z > 15 ft z g 
K = (17) 

z 2.SS(15)2a for z < 15 ft z g 

where 

z = height (ft), 

z = gradient height (ft), g 
a = power law coefficient, 

and 

G = 0.65 + 0.35 T (18) 
z z 

where 



T = z 

2.35 (D ) 1/ 2 
0 

(z/30)l/a 
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and 

D = surface drag coefficient. 
0 

(19) 

The gradient height, z , the power law coefficient, a, and the surface g 

drag coefficient, D, are specified by ANSI [8], and are summarized in 
0 

Table 5. Substitution of Eqs. 17 through 19 into Eq. 16 leads to the 

following expression for the maximum building height 

H = 30 

-13.S(D ) 112 + 
0 

z 2/a 
174 D

0 
+ 2.4(33-) 

2 

VD 2 
(-) v m (20) 

The numerical ·values of maximum permissible building height, ft, were 

computed for two paver configurations and different yalues of the design 

wind speed V , five parapet heights, and three wind exposures A, B and m 

C (Tables 6 and 7). The failure wind speed, V , is specified in m 

Table 2, discussed in Section 4.2. The results are plotted in 

Figures 33 through 36 for the original paver configuration, and in 

Figures 37 through 40 for the modified paver configuration. 

4.4 Comparison of the Results Obtained Using UBC [7] and ANSI [8] 

The maximum building height for a 12 in. parapet computed using UBC 

(Section 4.2) and ANSI (Section 4.3) is compared for the wind exposures 

C and B in Figures 41 and 42 for the original configuration and in 

Figures 43 and 44 for the modified configuration. It can be seen that 

the maximum building heights, computed using the two approaches, are 

similar for the wind exposure C, Figures 41 and 43. The use of the UBC 

code leads to more conservative results for~ the wind Exposure B, 

Figures 42 and 44. 
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5. 0 DISCUSSION 

5.1 Failure Wind Speed 

The paver failure wind speed is summarized in Table 2 for three 

wind exposures, two paver configurations and five parapet heights. It 

can be seen that the failure wind speed depends on the paver configura-

tion. It is higher for the modified configuration (staggered pavers 

with locks, Figures 19 and 20) than for the original configuration 

(unstaggered pavers without locks, Figures 13 and 14) by the percentage 

indicated in Table 8. The difference between the failure wind speed for 

the two configurations decreases as the parapet height increases, see 

Table 8 and Figures 45 and 46. The failure wind speed reaches approxi-

mately the same magnitude for the two configurations when the parapet 

height is equal to 18 inches. 

The failure wind speed depends also on wind exposure. It is higher 

for Exposure C (open country) than for Exposure A (built-up terrain), as 

shown in Figures 15 and 21. To investigate the sensitivity of the 

failure wind speed to the changes in the approach flow additional mea-

surements were taken for the modified configuration. The results are 

presented in Figure 47. Four wind exposures, ranging from approximately 

smooth flow (power law exponent n = 0.10) to Exposure A (built- ter-

rain, power law exposure n = 0.37) were considered. The approach flow 

conditions are shown in Figure 9 (n = 0.14 -- open country), Figure 10 

(n = 0.37 -- built-up terrain), Figure 48 (n = 0.10 -- smooth flow), and 

in Figure 49 (n = 0.30 -- suburban terrain). The turbulence intensity, 

I , at rooftop height was u 
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I = 4.1 percent for smooth flow n = 0.10, u 
I = 9.1 percent for open country n = 0.14, u 
I = 13.3 percent for suburban terrain n = 0.30, and u 
I = 17.S percent for built-up terrain n = 0.37. u 

The results in Figure 47 indicate that the failure wind speed is 

dependent on the gustiness of the approach flow and wind variations over 

the rooftop. This dependence is proportional to the level of turbu-

lence at the rooftop height and it is also augmented by separation over 

the parapet. An experimental study of failure of several roofing sys-

terns, reported by Kind and Wardlaw [ 4, 5] , showed that an array of 

2 ft x 2 ft (15 psf) paving slabs in upwind corner (wind direction 45°, 

6 in. parapet height) failed at 60 mph rooftop wind speed (turbulence 

intensity at rooftop I : 11 percent). u The comparable failure wind 

speed obtained in the present study (Westile ballast paver of approxi-

mately 12 psf) (Exposure C, open country -- n = 0.14, I = 9.1 percent, u 

original configuration, parapet height 6 in., see Figure 15) was 70 mph. 

The two wind speeds are in the same rangeo The difference between them 

is not unexpected since pavers had different geometry and weight and 

were tested in different experimental configurations. 

Phalen [ 10] reported full-scale studies of tapered ·interlocking 

ballast blocks which weighted 11. 2 psf. The pavers were also inter-

locked with a tapered edgestrip fastened to the roof. The blocks, 

tested with and without a 12 in. parapet, did not fail for the wind 

speeds below 120 mph. Westile pavers tested in the present study failed 

for similar flow conditions (modified configuration) at a wind speed of 

approximately 120 mph (Figure 47, smooth flow 1 12 in. parapet). The 

failure wind speed for the Westile paver is .expected to be higher than 
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120 mph if the pavers were attached to the parapet or the roof, as was 

done in the study reported by Phalen [10]. 

5.2 Failure Mode 

The failure mode of the pavers is shown in Figures 16 through 18 

for the original configuration (Figure 13) and in Figures 22 and 23 for 

the modified configuration (Figure 20). The failure modes for three 

realizations of each experiment are sketched. It can be seen.that the 

failure mode for a given experimental configuration exhibits elements of 

randomness superimposed on features that do not change from realization 

to realization. 

Failure mode for the original configuration involves smaller number 

of dislodged pavers. The parapet height also affects the failure mode. 

The presence of a parapet of low height (6 inches) results in a failure 

of a smaller number of pavers (Figure 17) than for the case without a 

parapet (Figure 16) or with a parapet of moderate height (Figure 18). 

It was observed in Section 3. 1 that introduction of a parapet of a 

low height is associated with reduction in the failure wind speed, 

Figures 15 and 21. It follows that the paver failure at lower wind 

speed involves a smaller number of pavers than the failure at higher 

wind speeds. Paver failure at higher wind speeds is also more sudden 

than the failure at lower wind speeds. 

The paver failure was usually initiated by first dislodging paver 

(1,4). Adjacent pavers were dislodged next. Similar failure sequences 

were observed by Kind and Wardlaw [4,S]. 

Wind-tunnel experiments performed with pavers without interlock 

indicated that the first pavers to be dislodged were (1,4) or (4,1). 

The paver edge adjacent to the parapet tended to remain on the rooftop, 
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while the opposite edge lifted upwards, so that the paver tilted towards 

the parapet and was then blown a small distance downwind. Next, at 

about the same wind speed, pave rs (1, 5) or (5, 1) and (sometimes) also 

pavers (1,3) and or (3,1) were dislodged. Based on this observation a 

configuration for Westile pavers with interlocks, shown in Figure 14, 

was proposed and tested. This configuration was then modified to obtain 

the paver arrangement shown in Figure 20. 

5.3 Paver Failure and Pressure Distribution 

Uplift of paver systems occurs because a substantial pressure 

difference develops underneath and above the system. At failure, the 

pressure difference is sufficiently large to lift the pavers into the 

wind flow and the flow displaces them further downstream. 

Recent studies by Kind and Wardlaw [5] which follow their earlier 

study, Kind and Wardlaw [4], included pressure measurements on a roof 

deck with and without pave rs. The pressure patterns underneath the 

paver were roughly similar to the patterns on the exterior surface of 

the pavers. It was concluded that there is sufficient permeability even 

for closely spaced pavers, such that the exterior pressure perturbations 

are transmitted almost instantly to the underside of the system. How-

ever, the pressure distributions on the two surfaces of a paver are not 

identical and in some portions of the roof an uplifting pressure differ-

ence will prevail. 

For sufficiently high wind speed this pressure difference is 

sufficiently large to cause dislodging of a paver. Kind and Wardlaw [5] 

concluded that 60 percent of the effective uplift force acting on a 

paver is due to the time-average component," and ~he remaining 40 percent 

of the uplift force is due to the fluctuating component. 
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The Kind and Wardlaw data also shows the maximum suction levels and 

pressure gradients are higher on the exterior surface. The data from 

Ref. 5 is shown in Figure 50. The static-nressure on the exterior 

surface of the paver system can be assumed similar to the pressure 

distribution on a bare roof. Kind and WarGlaw [5] concluded that for a 

given paver the static pressure underneath the paver should vary 

approximately linearly between the values at the edges of the paver. 

Thus, the more the external pressure departs from a linear distribution, 

the greater the pressure differences across the element, and the higher 

the uplift force, see Figure 51. 

The present study confirm observations made by Kind and Wardlaw 

[ 4, 5] . The failure wind speed was dependent on wind exposure and 

associated turbulence intensity. The paver failure occurred at lower 

wind speeds for appropriate flows of higher turbulence level. It is 

postulated.that higher level turbulence caused the instantaneous static 

pressure distributions over the pavers were of the form shown in 

Figure 5 lb. The resulting uplift force would be higher at lower wind 

speed, and this force causes an earlier paver failure. It is apparently 

inappropriate to analyze paver failure using only time-averaged pressure 

data. 

The effects of the parapet height on the failure wind speed, 

discussed earlier in Section 5.1, can be explained by using the reason-

ing developed above. The paver failure is strongly dependent on the 

linearity of the gradient of pressure distribution along the external 

surface of a paver. Pressure distribution on the external surface of a 

paver system can be approximated by pressure . distribution on a roof 

without pavers. Kind and Wardlaw [4] published the results of pressure 
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measurement on a roof without a parapet and with parapets 6 in. and 

36 in. high. The data from Ref. 4 is summarized in Figure 52. The 

failure of the system in Figure 52 was initiated by dislodging paver 

(1,4). Based on the data in Figure 52, the mean and RMS pressure gradi-

ents for the paver (1,4) were estimated along direction A-B in Figure 52 

perpendicular to the roof edge, and they are shown in Figure 53. The 

direction perpendicular to the roof edge was chosen because the experi-

mental study showed that the paver first rotated about the roof edge. 

Note in Figure 53 that the mean and RMS pressure distribution over the 

pa~er is the most nonlinear for the 6 in. parapet height. It follows 

from the previous discussion that the lowest failure wind speed will 

correspond to the 6 in. parapet height. The results shown in Figures 15 

and 21 confirm this prediction. 

5.4 Maximum Building Height 

The experimental failure wind speed data was used to compute the 

maximum building height, as described in Section 4. 1. Two approaches 

(one employing the UBC Code and the other employing the ANSI Standard) 

were applied, Sections 4.2 and 4.3. The results are compared in 

Section 4.4. The experimental failure wind speed data is discussed in 

Sections 3. 3 and 5. 1. In Section 3. 1 the manner in which the failure 

speed was established was addressed, and it was concluded that the 

method used to incorporate failure wind speed in the proposed design 

procedure is conservative. 

The failure wind speed was used to compute maximum building 

heights, which are considered to be conservative. The maximum building 

heights are presented in Tables 3 and 4, and in Tables 6 and 7 and they 

are plotted in Figures 25 through 44. The upper limit for the maximum 
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height was arbitrarily selected to be 300 ft. Taller buildings would be 

surrounded by other tall buildings and they would create flow conditions 

not tested in the present study. The plotted maximum building heights 

should be treated as rough design guidelines, appropriate for typical 

low-rise buildings placed in uniform environments which would create 

typical wind exposures, specified in the UBC Code and/ or the ANSI 

standard. 
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6.0 CONCLUSIONS AND RECOMMENDATIONS 

The results of the study indicate that wind effects on and failure 

of ballast paver are of complicated nature; hence further investigations 

are needed. However, based on the presented study several obser.vations 

and conclusions can be formulated. 

A. The failure wind speed (the mean rooftop wind speed 

corresponding to paver failure) is affected by wind exposure 

and parapet height. 

B. As the level of turbulence in the approach wind increases, the 

failure wind speed decreases. 

C. Low height parapets (up to approximately 6 in.) cause 

reduction in the failure wind speed (when compared with the 

failure speed for the roof 0 in. parapet). 

D. Moderate height parapets (higher than 6 in.) result in an 

increase in the failure wind speed. 

E. Two paver configurations were tested. The failure wind speed 

was higher for the modified configuration (staggered pavers 

with locks) than for the original configuration (unstaggered 

pavers without locks). 

F. The effects of wind exposure on the failure wind speed were 

more pronounced at lower values of the parapet height. They 

were also more significant for the modified configuration. 

G. The effects of parapet height on the failure wind speed were 

similar for the two paver configurations. 

H. The procedure used to determine the failure wind speed ensured 

conservative values for the failure w~nd speed. 
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I. Design considerations resulted in estimates of conservative 

values for the maximum heights of buildings employing Westile 

pavers. 

J. The maximum building heights specified should be treated as 

guidelines 

buildings 

for application of Westile pavers 

located in aerodynamically uniform 

for low-rise 

surrounding. 

K. The results of the present study are in agreement with the 

results of studies conducted by other researchers. 
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TABLES 
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Table 1. Combined Height, Exposure and Gust Factor Coefficient Specified 
by UBC 

Height Above Average 
Level of Adjoining 

Ground (ft) Exposure c Exposure B 

0-20 1.2 0.7 

20-40 1.3 0.8 

40-60 1.5 1.0 

60-100 1.6 1.1 

100-150 1.8 1.3 

150-200 1.9 1.4 

200-300 2.1 1.6 

300-400 2.2 1.8 
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Table 2. Failure Wind Speed at Roof Height 

ORIGINAL CONFIGURATION 

:---------------------------------------------: 
:Wind Parapet Height (in.) 

:---------~------------------------: 
:Exposure l 0 : 2 l 6 I 12 I 18 I 
:----------:------1------1------1------:------: 
l AS l 70 : 65.7 I 66 I 82.1 1108.4 l 
:----------:------:------1------:------1------i 
: eaa 12 : 67.9 1 67.7 : 87.9 1122.2 : 
:----------:------1------:------:------1------J 
: ca 74 : 10 : 69.3 : 93.6 : 136 1 
1---------------------------------------------1 

"DDIFIED CONFISURATION 

:---------------------------------------------) 
:Wind Parapet Height fin.> 

:----------------------------------! 
:Exposure I 0 : 2 I 6 l 12 : 18 I 
1----------i------1------;------1------:------t 
I At l 98.9 I 88.2 I 82.4 l 87.2 1101.2 I 
:----------:------:~-----:------:------:------: 
: saa :101.4 1 96.3 : 93.1 :100.s 1111.6 1 
1----------:------1------1------:------:------: 
: ca :115.s 1104.3 1103.7 1114.4 1133.9 : 
:---------------------------------------------: 

"easured in Wind Tunnel 
aa Interpolated betwetn values for Exposures A and C 
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Table 3. Maximum Building Height (ft) Estimated Using UBC 
Original Configuration, Exposure C and B 

Exposure B 
:---------------:----------------------------------:----------------------------------: 

Basic Wind Parapet Height (in.) Parapet Height (in.) 

Speed ;---------------~---~--------------:----------------------------------: 
U1 (1ph} I 0 I 2 I b I 12 I 18 I 0 I 2 I 6 I 12 I 18 I 

I I • I I I I I I I I 

1----------------~----------------------------~~-----------~~-------------~------------
60 : 82 : 49 : 44 : 451 I 1669 t 64 : 34 : 33 : 653 : 1872 I 

I I I 

70 : 0 : 0 I 0 : 160 : 1055 : 0 : 0 : 0 i 94 I 1258 : 
BO I 0 : 0 f 0 : so : 656 ' 0 I 0 : 0 : 21 I 859 I 

I I 

90 : 0 I 0 : 0 : 0 : 383 : 0 : 0 I 0 : 0 l 586 I 
I 

100 I 0 : 0 : 0 : 0 : 177 : 0 ' 0 : 0 : 0 I 76 I 
110 : 0 : 0 I 0 I 0 I 83 I 0 ' 0 : 0 : 0 I 26 I I 

120 : 0 I 0 : 0 : 0 : 35 ' 0 : 0 I 0 : 0 : 0 : 
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Table 4. Maximum Building Height (ft) Estimated Using UBC 
Modified Configuration, Exposure C and B 

Exposure c B 
:--------~----:----------------------------------:-----------~----------------------: 

Parapet Height (in.> Parapet Height (in.) Basic Wind 
Speed 

Ua (1ph> 
:---------~------------------------i----------------------------------: 
I 0 : 2 I 6 : 12 : 18 l 0 I 2 : 6 : 12 I 18 : 

:------~---~--------------------~------.... ----·--------------------------------------
60 : 1032 l 716 : 700 : 992 : 1598 : 1235 : 918 : 903 : 1195 : 1801 : 
70 : 587 : 355 : 343 l 558 : 1003 : 790 : 557 : 546 : 760 : 1205 l 
80 l 298 l 126 : 121 : 276 l 616 l 501 : 60 : 48 l 97 I 819 : 
90 : 114 : 45 : 43 : 104 : 352 l 61 : 11 : 0 : 29 I 554 : 

100 : 45 : 0 I 0 I 39 : 155 l 12 : 0 : 0 : 0 : 53 : 
110 : 0 : 0 : 0 : 0 : 73 I 0 : 0 : 0 : 0 I 10 : 
120 : 0 l 0 : 0 : 0 : 28 : 0 : 0 I 0 : 0 : 0 : ____ _,.._.,.. _____ -___________ _ ______ ..... ____________ 
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Table 5. Wind Exposure Characteristics Specified by ANSI Standard 

Power Law Gradient Surface Drag 
Exposure Exponent Ci Height z (ft) Coefficient D g 0 

A 3 1500 0.025 

B 4.5 1200 0.010 

c 7 900 0.005 

D 10 700 0.003 
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Table 6. Maximum Building Height (ft) Estimated Using ANSI Standard 
Original Configuration, Exposure A, B and C 

Exposure c B A 
:----------------:-----------------------------------:----------------------------------:--------~-------------------------: 

Parapet Height (in.> Parapet Height lin.> Parapet Height <in.> Basic Wind 
Speed 

U1 (1ph> 
:----------------------------------:----------------------------------:----------------------------.... ----: 
: 0 l 2 : 6 : 12 : 18 : 0 : 2 ; 6 : 12 : 18 : 0 : 2 ' 6 : 12 : 18 : 

:--------------------------------------------------------------------------------~------------------------~-------------
60 I 82 l 50 l 45 ~ 651 it4809 : 216 I 153 : 150 i 677 ; 4092 i 489 l 389 l 385 i 1044 : 3446 ~ 

70 : 20 : 12 : 11 : 169 : 4172 : 86 l 60 ; 59 : 281 : 1786 : 267 I 210 I 208 : 583 l 1987 : 
80 : 0 : 0 : 0 : 51 : 1359 I 38 : 26 : 26 : 128 : 856 : 1S5 l 121 I 120 : 347 : 1220 : 
90 I 0 : 0 : 0 : 17 : 495 : 18 : 12 : 12 : 63 I 441 : 95 I 74 : 73 : 216 I 785 I 

100 : 0 : 0 I 0 : 6 : 197 : 0 : 0 : 0 : 33 : 240 I 60 I 46 I 46 ' 140 I 525 I 
110 : 0 I 0 l 0 : 3 : 84 : 0 : 0 : 0 : 18 I 137 I 39 : 30 I 30 l 94 : 362 I 
120 : 0 : 0 I 0 l 1 I 38 I 0 : 0 I 0 : 10 : 81 : 27 : 20 : 20 : 65 : m: 

-.--.-.--.. .. -
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Table 7. Maximum Building Height (ft) Estimated Using ANSI Standard 
Modified Configuration, Exposure A, B and C 

Exposure B A 
:--------------~1----~-----------------------------:----------------------------------,----------------------------------1 

Parapet Height (in.) Parapet Height (in.) Parapet Height (in.> Basic Wind 
Speed 

U1 t1ph) 
:----------------------------------:----------------------------------:--~~-------------------------------: 
: 0 : 2 : b : 12 l 18 : 0 I 2 : 6 l 12 l 18 I 0 I 2 : 6 I 12 I 18 I 

:----------------------------------------------------------------------------------~----------------------------------------
bO I 3947: 1641 f ·1563 l 3567 :13047: 2046 l 1126: 934 : 1448 : 3335 : 2175 : 1463 : 1292 : 1729 : 3008 : 
70 : 1077 ; 438 : 416 : 971 : 3665 : 877 : 475 : 391 : 615 ~ 1448 : 1240 825 : 726 I 979 : 1729 : 
80 : 340 : 135 : 128 : 306 : 1190 : 413 l 220 l 180 : 287 : 690 : 752 495 I 434 l 591 : 1058 l 
90 : 120 I 47 l 44 : 108 : 432 : 209 I 110 : 89 I 144 : 354 I 479 312 : 273 : 374 : 679 I 

100 : 46 l 18 l 17 : 41 : 171 : 112 : 58 : 47 : 76 : 192 : 317 204 : 178 l 246 I 452 : 
110 I 19 1 0 l 0 : 17 l 73 : 63 : 32 I 26 l 43 : 109 l 216 138 : 120 t 167 I 311 I 
120 I 0 I 0 : 0 : 0 : 33 : 37 : 18 : 15 l 25 l 64 l 151 96 l 83 : 116 l 219 I 
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Table 8. Failure Wind Speed Ratio (Failure Wind Speed for Modified 
Configuration/Failure Wind Speed for Original Configuration) 

Parapet Height (in.) 
Wind 

Exposure 0 2 6 12 18 

A 1.42 1.34 1.25 1.06 0.93 

B 1.49 1.42 1.38 1.15 0.96 

c 1.56 1.49 1.50 1.22 0.98 
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Figure 4. Paver Model -- Details 
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Figure 5. Paver Model -- Overall View 
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All dime . ns1ons in inches 

Figure 6 B ·1 ui ding Model 
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Figure 7. Building Model Placed in Wind Tunnel 
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Figure 8. Boundary Layer Generators 
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Figure 41. Maximum Building Height Estimated Using UBC and ANSI 
Standard Original Configuration With 12 in. Parapet, 
Exposure C 
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Figure 48. Mean Wind Speed and Turbulence Intensity Profiles -- Smooth Flow 
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