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Abstract 

In 2004 a post-frame structure with plastered straw bales as an in-fill wall system was 

built at the University of Manitoba.  Load cells installed at the top and bottom of ten eave 

wall posts were intended to measure the tributary load transferred from the roof structure 

into the supporting posts.  In 2011 wind speed and direction were measured adjacent to 

the structure and correlated to simultaneous load data.  A linear regression model relating 

load to wind speed within four directional quadrants revealed that load behaviour was 

inconsistent with design-level loading prescribed by the National Building Code of 

Canada (2005).  A second regression model with both speed and direction as independent 

variables did not determine any statistically significant relationships.  This research 

concluded that the initial assumptions made in 2004 required additional scrutiny, 

including the conditions under which the load cells were calibrated, and the structural 

contribution of the walls’ plastered skins.  
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1 INTRODUCTION 

The post-frame method of construction has evolved from simple open-sided, earthen-

floored structures consisting of a roof on widely spaced wooden poles embedded in the 

ground.  Commonly called pole sheds or pole barns, these structures were typically 

agricultural in nature, erected to provide minimal shelter for livestock, feedstuffs, 

agricultural machinery and the like, and their design was driven by the need to maximize 

function while minimizing material usage, construction time and cost.  Historically their 

structural performance was poorly understood; hence little or no formal engineering was 

performed, and the structures failed to comply with building codes which were geared 

towards more conventional construction methods.  Yet regulators would often overlook 

these issues because the structures posed a low risk to human life and performed their 

intended function adequately.  The evolution of these early precursors into what is now 

known as a post-frame building included ever-increasing wall heights and roof spans, the 

cladding and insulation of side walls and ceilings when required, the incorporation of 

new materials for reasons of strength and economy, and an expansion of the buildings’ 

applications.  Post-frame research throughout the latter half of the twentieth century 

uncovered the importance of shear walls and diaphragm action to the buildings’ once 

unexplained levels of performance, leading to a number of engineering standards which 

provide guidance to designers, and to the incorporation of post-frame structures into 

contemporary building codes.  Today’s post-frame building is capable of being much 

more than simple agricultural storage, with additional end use ranging from industrial to 

commercial to exhibition space and even residential applications (NFBA, 2011). 
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In 2003 and 2004, researchers at the University of Manitoba designed and constructed an 

instrumented post-frame building with plastered  straw bale in-fill walls that would not 

only provide space for other research projects, but also act as the focal point of an array 

of research objectives.  These objectives included the study of both the thermal and 

moisture performance of the straw bale wall system and the load path through the 

building’s structural components (Dick and Britton 2004).  Accordingly, the building was 

aligned with solar north to simplify calculations of solar gain, and instrumented 

throughout with temperature and moisture sensors, strain gauges and load cells, all of 

which would make observations in real time and in the real-world setting of a functioning 

building.  These and load cells were key to one of the original structural research 

objectives which became the focus of this research project. 

The project commenced in the fall of 2006 with the commissioning of the existing load 

cells, two new anemometers and a data acquisition system provided by colleagues at the 

University of New Brunswick.  It was determined that the twenty load cells installed at 

the top and bottom of the ten monitored posts required re-calibration; however, those 

installed at the top of the four corner posts, and at base of all ten monitored posts proved 

to be inaccessible and had to be abandoned.  With the remaining six load cells re-

calibrated and anemometers installed adjacent to the building, commissioning shifted 

focus in the fall of 2010 to the data acquisition system.  The data acquisition system was 

also found to have performance issues which were undoubtedly hardware or software 

related.  A means of adjusting data to compensate for these issues was investigated, but 

later abandoned in favour of the installation of a new data acquisition system. 
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In the fall of 2011 commissioning was brought to a satisfactory conclusion allowing data 

acquisition and analysis to proceed.  Fifty-three observation periods were conducted in 

September and October of that year.  Each period lasted twenty minutes with data 

collected at one-second intervals, resulting in 63,600 individual observations for each 

load cell which coincided with simultaneous measurements of wind speed and direction 

from the two anemometers.  Baseline loads, indicative of the dead load experienced by 

each load cell, were sought through the evaluation of loads observed during of periods of 

calm with mixed results.  The 53-part composite data set was then sorted according to 

wind direction measurements into categories consistent with those defined by NBCC 

(NRC, 2005) in its prescription of design wind loads for low rise gable roofed buildings.  

Linear regression and statistical analysis were then used to derive models relating 

observations of wind speed to those of load.  The few models that were found to be 

statistically significant were compared to their NBCC-predicted counterparts, but 

observed behaviours proved to be inconsistent with the predictions.  Multiple variable 

linear regression was then employed in order to establish a more comprehensive wind 

load model for each load cell in which both wind speed and direction were selected as 

independent variables.  None of these models proved to be statistically significant. 

Although the stated research objectives were not met satisfactorily, the project did have 

valuable outcomes.  The commissioning phase identified and addressed a number of 

problems and subsequent analysis of wind and load observations led to the realization of 

a number of new issues which served to reshape the research objectives originally 

proposed in 2004.  This study will provide a valuable source of reference for future 

structural research at the University of Manitoba’s straw bale building.  
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2 LITERATURE REVIEW 

In previous studies (Hurst and Mason 1961; Johnston and Curtis 1984; Bohnhoff et al. 

2003), researchers imposed known point loads, as an approximation of the surface 

pressures exerted by wind and snow loads, and then made assumptions about the 

structural behaviour based on observed building deflections.  The approach of researchers 

at the University of Manitoba is to observe the internal forces that arise in structural 

members due to natural loads imposed on the building.  The benefit of incorporating 

measured loading into the study rather than applying artificial loads is that it eliminates 

uncertainty over the real-world relevance of the observed behaviour.  However, the 

determination of the magnitude of these loads poses some challenges.  Snow, for 

example, accumulates on a roof in very complex and ever changing patterns governed by 

wind speed and direction, snow density, heat loss through the roof, ambient temperature, 

and solar radiation.  Individually these factors are difficult to quantify, and over time their 

interaction is too complex to evaluate; therefore, the contribution of snow loads has been 

excluded from further consideration.  To a lesser degree the determination of wind 

pressures is also problematic, since local wind speed and direction are heavily influenced 

by the roughness of the surrounding terrain and adjacent buildings.  WMO (2008) and 

ASAE Standard EP505 (2006) discuss guidelines for the installation of wind monitoring 

equipment to minimize these effects and the processing of raw wind data to correct for 

them. 

2.1. Measurement of wind speed and direction 

Wind conditions are commonly reported in terms of average speed and direction 

determined over periods that range from five or ten minutes to an hour or more 
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depending on the source of the data.  The average speed is often supplemented by the 

accompaniment of a peak wind gust speed for the same period.  These reports are derived 

from one or more local weather stations where wind is observed at intervals in the one 

second range.  This results in large quantities of raw data which is then corrected for 

sensor characteristics and for variations in local terrain before being reduced in quantity 

by taking the average over several minutes or hours.  Such reporting provides an 

adequate generalization of wind conditions for a geographic region on the scale of a city 

or a municipality, but fails to provide the accuracy and precision necessary to evaluate 

the site-specific effects of wind on a structure.  The diversity of local wind conditions is 

illustrated in Figure 1 (Weather Underground, 2011), where each local weather station is 

overlaid on a map of Winnipeg as a circle containing the temperature in degrees Celsius 

with a tail indicating wind direction and wind speed proportional to the size and quantity 

of barbs attached to the tail.  A black dot at the bottom of the map indicates the 

approximate location of the University of Manitoba’s straw bale building; note the 

diversity of wind speed and direction observations made at weather stations in its vicinity 

and throughout the city of Winnipeg. 
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Figure 1.  Winnipeg weather station observations, 11:40 AM, 8 October, 2011. 

In order to more accurately determine the wind conditions being experienced by the straw 

bale building it was necessary to collect additional data adjacent to the structure.  ASAE 

Standard EP505 (2006) and the World Meteorological Organization’s WMO-No. 8 

(2008) provide guidelines the selection, installation, calibration and maintenance of 

various meteorological instruments as well as data sampling and processing procedures.  

Both documents recommend that wind speed and direction be measured by a combination 

of a wind vane and a cup- or propeller-type anemometer. The ASAE recommends 

installing the instrument two to three meters above the ground while the WMO calls for 
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the more widely accepted standard instrument height of ten meters.  According to the 

EP505 data should be sampled at an interval no greater than ten seconds.  WMO-No. 8 

discusses in greater detail the complexities of observing the true state of wind speed and 

direction stating that “sensors do not create an exact analogue of the sensed variable”, 

they “respond more slowly than the atmosphere changes, and they add noise”.  

Measurement of wind direction is subject to the effects of inertial damping of the wind 

vane which results in the vane oscillating about the wind’s true direction.  ASAE does not 

address this issue, but WMO provides a formula which corrects for this effect assuming 

that certain of characteristics of the wind vane are known.  The WMO also recommends 

that sampling occur at shorter intervals in order to avoid the omission of fluctuations at 

higher frequencies which would result in the observed speed and direction data being less 

representative of the true wind conditions.  The lower limit of sampling interval is 

governed by the capabilities of the data collection hardware and software.  Above this 

lower limit the selection of an interval must be weighed against the resulting volume of 

raw data that would need to be collected, processed and analysed.  Both ASAE and 

WMO provide guidelines for the reduction of this voluminous raw wind data into more 

manageable formats, for example deriving an hourly average wind speed from an array of 

measurements taken at one second intervals. 

2.2. Previous post-frame research 

Full-scale structural research conducted on post-frame buildings has largely focused on 

the study of diaphragm action; the stiffening effect that is added to a building’s structure 

when sheathing and/or cladding is added to the roof and walls.  Hurst and Mason (1961) 

imposed loads on two post-frame buildings, and demonstrated that wall and roof cladding 
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contributed substantially to a building’s stiffness.  Johnston and Curtis (1984) used full-

scale test methods to field-verify the diaphragm design procedures that had been 

proposed in the mid 1970’s.  Recent work by researchers at the University of Wisconsin, 

Madison (Bohnhoff and Boor 2002; Bohnhoff et al. 2002; Bohnhoff et al. 2003) involved 

an elaborately instrumented and loaded structure used to delve deeper into the 

mechanisms behind diaphragm action. 

2.2.1. Methodology 

Hurst and Mason (1961) monitored deflection in two building specimens while 

employing a hydraulic system to impose an array of known point loads, first horizontally 

to girts, and later vertically to purlins.  They conducted their horizontal load tests at three 

stages during the buildings’ construction in order to determine the incremental 

contributions of framing and cladding to the overall stiffness of the buildings.  This 

allowed them to determine what strength was added a) when an end-wall was added to an 

open-ended building, b) when wall cladding was added to three walls, and c) when roof 

cladding was added.  Their results were presented in terms of reductions in deflections, 

from which they deduced that the addition of cladding was increasing the overall stiffness 

of the building.  In the final phase of their experiment both buildings were tested to 

failure in their fully cladded state under the influence of vertical loads.  This successfully 

demonstrated that a stronger building could be designed using substantially less lumber 

than was conventionally used at the time.   

While the majority of full-scale building research has been done with purpose-built 

structures tailored to the experimental design of the researchers, Johnston and Curtis 

(1984) demonstrated that an existing building can be adapted to accommodate full-scale 
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building research, and that the experimental design can be written around the 

idiosyncrasies of that building.  Their tests were performed on a storage building that had 

been expanded from 20 m long to 36 m long, resulting in a cladded interior shear wall.  

The roof design included knee-bracing which was removed during the second round of 

testing, and roof cladding fastened with nails which were supplemented by the addition of 

screws in the third round of testing.  Using a hydraulic cylinder a series of known loads 

were imposed near the eave of the building at the centre of one side-wall (separate load 

tests were performed on either side of the interior shear wall).  Maximum eave deflection 

was recorded at each post.  At the conclusion of their study the building was returned to 

service. 

The research performed at the University of Wisconsin, Madison (Bohnhoff et al. in 2002 

and 2003), was much more elaborate than previous projects.  As shown in Table 1, it was 

larger than any of the previous studies, and exhibited a length to width ratio that was 

more representative of commercially built structures.   

As in previous studies (Hurst and Mason 1961; Johnston and Curtis 1984), a hydraulic 

system was used to create a known load on the structure.  However, the system allowed 

each of the structure’s 21 frames to be placed into one of three modes: locked into its 

default position, deflected by the imposed load, or free to float with the shared load from 

the adjacent frames.  This allowed for numerous load cases to be examined, simulating a 

Table 1.  Dimensions of various research structures. 

Principal author 
Length Width Eave height L/W 

ratio 
Post spacing Truss spacing 

(m) (m) (m) (m) (m) 
Bohnhoff, D.R. 61.0 12.2 2.4 5.0 3.0 3.0 
Hurst, H.T. 13.7 11.0 4.0 1.3 2.3 & 4.6 2.3 
Johnston, R.A. 35.7 13.7 4.0 2.6 2.7 2.7 
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wide range of real-world scenarios.  The loads applied to the individual frames were 

monitored in real time, as were the eave deflections, and internal forces in girts and 

purlins.  In order to determine those internal forces the researchers developed a Frame 

Force Monitoring Link (FFML) which utilizes strain gauge technology on a steel link 

rigidly incorporated into the mid-span of the wooden structural member.  Unlike the 

study conducted by Hurst and Mason in 1961, the structure at University of Wisconsin, 

Madison was not loaded until construction was completed, in order to avoid overloading 

or causing permanent deformation to any structural components, nor was it tested to 

failure.  At the completion of the study the building was dismantled. 

The aforementioned research projects have all involved the use of artificially applied 

point loads to simulate wind and snow loads, despite the fact that buildings experience 

these natural loads as unevenly distributed surface pressures.  Gies (2007) simulated 

snow loads on a tensioned fabric structure at the University of Manitoba.  First he 

suspended point loads from the underside of an arch, and then he placed a water-filled 

bladder on top of the structure.  The latter method was a much closer analogue to real 

snow load than the array of point loads, and allowed the observation of the tensioned 

fabric’s contribution to the structural system when under load. 

2.2.2. Data collection strategies 

Computers have allowed tremendous advances in the quality and quantity of data that 

researchers can collect and in their ability to process those data.  During horizontal load 

testing in 1961, Hurst and Mason used strip-chart recorders to record 18 real-time 

building deflections in a graphical format; however, their analysis was based on 

maximum values of deflection which were determined visually for each load increment.  
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Johnston and Curtis (1984) only recorded maximum eave deflections, doing so manually 

for each post along the loaded wall at every load increment.  In the case of Bohnhoff et 

al. (2003) a total of 225 measurements were made at 15 second intervals (functionally 

equivalent to measuring in real time) throughout the entire loading and unloading cycle.  

This represented a monumental leap in data quantity and could only be recorded and 

analyzed using a computer.  Capturing data digitally also allowed for a greater degree of 

precision than could be achieved manually.  A 20 channel data logger was used, and it 

was expanded to a capacity of 240 channels through the addition of 15 multiplexers. 

2.3. Key findings 

Wind and snow pressures have been approximated in previous post-frame studies by 

applying a finite number of point loads to building frames.  Hydraulic systems have been 

the preferred method of generating and controlling these point loads.  The amount of data 

collected was kept to a minimum before the power of the computer was harnessed to 

record and analyze data.  As a result, a structure’s response to load was only 

characterized by measurement of the maximum deflection of the wall at the eave.  Once 

computers became involved in data acquisition and analysis, it became possible to take 

continuous readings from many sensors and then analyze the enormous quantity of data, 

thus discerning the real-time load response at the component level rather than just overall.  

This aided the study of the load’s path through the structure.  Although the real-time 

aspect of load path study being undertaken at the University of Manitoba’s straw bale 

building sets it apart from previous full-scale studies of structural response in buildings, a 

review of these methodologies was useful in determining the key requirements of the 

proposed methodology for this research project. 
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Standard practices for the measurement of wind speed and direction are well documented 

by ASAE and WMO.  These are largely relevant to meteorological applications such as 

weather or climate models, but also apply to the long term characterization of regional 

wind conditions which engineers rely on to determine appropriate wind loading during 

structural design.  
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3 MATERIALS AND METHODS 

3.1. Monitored post frame structure 

The University of Manitoba’s instrumented post-frame building with plastered straw-bale 

infill was constructed at the west end of the campus in 2004, in what is now known as the 

Alternative Village.  With no mechanism in place to impose known artificial loads, the 

building was only subjected to natural loads imposed by wind and snow.  Real snow 

loads were impossible to determine by any method other than by mass, and therefore 

were difficult to accurately distinguish from wind loads in real time.  It was assumed that 

by limiting observations to periods without accumulated snow, wind was the only factor 

contributing to variations in load cell readings.  A wind loading relationship was 

established by correlating this load cell variation with simultaneous observations of wind 

speed and direction, which was compared to the design wind loads predicted by the 

National Building Code of Canada. 

Post foundation uplift research involving withdrawal testing was not an option due to the 

multi-role nature of this building.  However, the original intent was to observe uplift 

resistance of the post foundation in real time by comparing loads on the top and bottom 

load cells.  This was only possible for cases in which the net loads measured at the base 

of posts remain positive (acting downward).  In other words, the data acquisition system 

would only record meaningful data as long as uplift forces transferred to the top of the 

posts were not exceed the dead load of the post anchoring system.  This was due to the 

fact that it was not possible to provide uplift resisting anchorage for the bottom load cells. 



14 
 

The building has an interior footprint of 32.6 m long by 12.2 m wide.  While plastered 

straw-bale infill may not be a typical method of construction, the researchers did strive to 

incorporate as many “industry representative” features as possible into their building 

design.  The roof slope is 3:12 with an eave overhang of 0.91 m and an eave height of 

5.49 m.  Roof trusses are spaced 1.02 m on centre and supported by 2-ply 2x10 beams at 

the eaves which, in turn, are supported by nail laminated 3-ply 2x8 SPF No.1/2 posts 

spaced at 2.03 m on centre.  The odd centre-to-centre spacing of trusses and posts 

compliments the dimensions of the straw bales used as wall infill.  However, nail-

laminated posts are typical of post-frame buildings in rural Manitoba, as is the use of 

pressure treated lumber in the sub-grade portions of the posts up to a height of four feet 

above grade.  A typical embedment depth of six feet was used, and a common self-

hydrating method was used to form a concrete base under the monitored posts.  The 

tributary roof area of each monitored post is approximately 15.2 m2, and the 

corresponding tributary ceiling area is 12.3 m2.  Purlins, spaced at two feet, are nailed to 

trusses and cladded with sheet-metal.  The ceiling and attic space were finished with a 

vapour barrier, sheet-metal cladding, and loose-fill insulation in order to accommodate 

the study of the straw bale wall’s thermal performance. 

The roof truss system was designed to rely on lateral bracing which has been 

instrumented with a set of load cells in order to monitor lateral forces transferred from 

trusses into the bracing lumber.  The load path study also involves ten of the 34 side-wall 

posts which are instrumented with top and bottom load cells.  The top load cells are 

mounted in brackets that form the connections between the eave beam and the monitored 

posts, thus measuring the tributary roof load transferred to the posts.  Sections of the  
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Figure 2.  Section through bale wall and foundation at unmonitored post. 

 
Figure 3.  Detail at top of monitored post. 
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Figure 4.  Detail at base of monitored post. 

2-ply 2x10 eave beam have been replaced at each monitored post by a 2.0E 2950Fb 

1.75”x9.25” LVL.  For posts located in the side wall, LVL’s span to the adjacent un-

monitored posts such that the monitored post is mid-span.  The bottom load cells measure 

the residual gravity load at the base of the posts. 

 
Figure 5.  Straw bale building structural plan. 
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The ground surface surrounding the straw bale building is generally flat, interrupted only 

by the man made storm water retention pond roughly 200 m away, visible in the lower 

left corner of Figure 6, and by the banks of the Red River roughly 800 m in the other 

direction.  In terms of terrain roughness, the surrounding area can be characterised by two 

dominant archetypes separated by Freedman Crescent: a dense suburban landscape to the 

southeast and a more open landscape to the northwest punctuated by low rise institutional 

and industrial buildings and sparse tree plantings. 

 
Figure 6.  Straw-bale building and surrounding terrain circa 2007. 

3.2. Load cells 

Load cells were designed, fabricated and calibrated in-house by the University of 

Manitoba's Department of Biosystems Engineering as part of an undergraduate thesis 
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project (Tse, 2004), and then incorporated into the post frame of structure during 

construction (Dick & Britton, 2004).   Each load cell consists of a pair of Type T strain 

gauges mounted on a vertical steel cylinder and wired in a full bridge configuration.  The 

cylinder is sandwiched between two horizontal steel load plates.  Monitored posts were 

fitted with load cells at their top and their base.  Bottom load cells were screwed into the 

end grain of each post’s bottom face and then placed on an in-situ hydrated concrete 

footing pad 1.83 m below grade.  The installation sequence of a typical upper load cell is 

pictured in Figure 7.  Side plates (A) where bolted onto either side of the notched upper 

section of the post.  A bracket (B) was then bolted between the side plates in order to 

provide a seat for the load cell (C).  A ball bearing was placed in a dimple centered on the 

load cell’s top plate; the LVL eave beam was installed above that, sandwiched between a 

pair of bearing plates (D and E) by four threaded rods that connect the load cell’s top 

plate to the upper bearing plate.  This assembly provides support for the eave beam 

without direct contact or connection between beam and post.  Under the effects of gravity 

the ball bearing provides a single point of contact through which roof load travels from 

the LVL eave beam into the load cell.  The seat bracket and the side plates then transfer it 

into the post.  Under uplift conditions tension forces are transferred between the upper 

bearing plate and the load cell via the four threaded rods.  At installation these threaded 

rods were tightened in order to ensure the ball bearing would remain in continuous 

contact; however, there was no specification of torque on the nuts, indicating that 

tensions in the individual rods were not standardized. 
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Figure 7.  Upper load cell installation sequence. 

Initial calibration of the load cells by Tse (2004) was performed applying a series of 

known axial loads to each cell using the ATS Universal Test Machine (ATS) owned by 

1 2 3

4 5

A
A

B

C

D

E



20 
 

the Department of Biosystems Engineering, and then manually recording the strain 

measured by a Micro Measurement P-3500 strain indicator attached to the load cell’s 

leads.  Excitation voltage was provided by a variable DC power source.  The axial load 

was increased in increments of 2.23 kN up to a maximum of 44.6 kN and then decreased 

at the same rate.  Two such loading cycles were performed consecutively on each load 

cell, but no other replication was done.  Calibration parameters listed in Table 11 in 

Appendix A are based on the load-strain relationships reported by Tse (2004). 

3.2.1. Recalibration 

At the start of this project it was discovered that the identity of the individual load cells 

had not been adequately recorded at the time of installation, meaning that the association 

of calibration criteria to specific load cells was in uncertain.  This was later remedied by 

visually confirming the identifying marks made on the upper load cells during their initial 

calibration, lettered A through J.  However, this was not possible for the cells installed at 

the post bases, numbered one through ten, so their identities remain in question.  

Therefore, load cells will henceforth be identified according to the post on which they are 

installed, with post labels A through J corresponding to the original load cell 

identification marks, followed by either “U” or “L” to differentiate between upper and 

lower end of the post.  Under this naming scheme “AU” refers to the load cell identified 

by Tse as “cell A”, whereas “AL” refers to the unidentified load cell installed at the base 

of the same post. 

It became clear, as the initial setup phase progressed, that the load cells were not 

behaving as expected.  The calibration curve for the load cell #11, a spare left over from 

the construction of the post frame structure, was found not to match new curves obtained 
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during setup of the data acquisition system.  Using an identical methodology and the 

same equipment employed by Tse in 2004 recalibration was unsuccessful.  An initial 

attempt resulted in a wholly different calibration curve, and subsequent attempts were 

unable to produce consistent results.  With a change in equipment and a revised 

methodology stressing replication of calibration tests consistent results were eventually 

obtained, however they did not agree with those of Tse.  As a result it was decided that 

the calibration of the installed cells should be validated, and if necessary recalibration 

would occur.  Since upper load cells in the building’s corners could not be accessed 

without causing major damage to the building’s interior stucco skin, those four cells 

could not be recalibrated.  Additionally, since access to load cells at the base of the posts 

was impossible, removal for diagnostic purposes was limited to six of the twenty load 

cells, only those installed at the top of posts and excluding the corner posts. 

A revised calibration method was developed.  It was decided that the ATS would be used 

once again; however, the P-3500 strain indicator would be replaced by the Sciemetric 

data acquisition system earmarked for this research project.  There were several 

advantages to incorporating this system into calibration. Firstly, it ensured that the 

calibration conditions, in the lab, were as close as possible to the eventual experimental 

setup, with the same hardware, software and source of excitation voltage.  Secondly, it 

eliminated the need to manually record load cell output in favour of automated data 

collection that made it easier to increase the number of data points and perform 

replicates.  This also eliminated the additional step of calculating the load-voltage 

relationship based on an observed load-strain relationship.  Thirdly, it served as a 
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valuable dry-run in order to become familiar with the operation of the data acquisition 

system. 

Table 2.  Load cell calibration parameters 
following re-calibration. 

Load cell ID Slope, kg/VDC Offset, kg 
BU -1.982 x106 1.116 x103 
CU -7.303 x105 5.171 x103 
DU -7.303 x105 6.214 x102 
GU -8.664 x105 2.359 x102 
HU -1.891 x106 1.261 x104 
IU -6.759 x105 3.366 x103 
   

3.3. Anemometers 

Wind speed and direction were measured by a pair of RM Young 05103V, propeller and 

vane style anemometers.  Both speed and direction were output as voltages ranging from 

zero to 1.00 VDC.  As indicated in Figure 5 these instruments were installed on a mast 

adjacent to the south wall of the straw bale structure, one at ten meters above ground 

level, as recommended by WMO (2008) and the other at the building’s eave height.  It 

was initially hypothesized that the eave height anemometer might exhibit a clearer 

relationship between wind and resultant roof load than its counterpart installed at 10 m, 

particularly for winds from the south which would encounter the anemometer upstream 

of the building and in theory be less effected by the deflection around the building than 

winds from the north.  However, with the development of the Alternative Village site in 

2010 and 2011, new buildings were erected immediately south of the straw bale building. 

The anemometers were capable of reading wind speeds ranging from zero to 60 m/s with 

a precision of ±0.3 m/s and a threshold sensitivity of 1.0 m/s, and surviving gusts up to 

100 m/s.  Wind direction precision is not mentioned explicitly in the manufacturer’s 
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documentation; however, it is most likely overshadowed by the degree of accuracy to 

which the instruments have been installed.  Prior to raising the mast into its vertical 

position, the anemometers’ axes were roughly parallel to the ground, and their junction 

boxes were visually aligned with true north, which is perpendicular to the south face of 

the building.  Human error in the junction box alignment aside, the north alignment of the 

instruments once raised into position depended heavily on the mast being level while on 

the ground, on the axis of the mast’s hinge being perpendicular to the building’s face, and 

the mast being plumb when finally raised into position.  Alignment of the lower 

anemometer was further complicated due to its installation on an arm extending 

perpendicular from the mast.  It was not practical to measure any of these factors with 

anything more precise than a builder’s level.  Nor was it practical to perform the 

alignment after raising the mast.  The reported direction is judged to be accurate to ±5 

degrees based on observations of live data from the anemometers. 

Within the data acquisition system wind data channels are identified as WSL, WSU, 

WDL and WDU where “WS” stands for wind speed, “WD” stands for wind direction and 

“L” and “U” identify the lower and upper anemometers respectively.  Conversion of raw 

data from a voltage to wind speed in m/s or wind direction in degrees was accomplished 

by multiplying speed related voltage by 50 m/s/VDC and direction related voltage by 360 

degrees/VDC.  These operations occur within the software or the data acquisition system.  

Additionally, wind direction readings require correction, because the anemometers were 

mistakenly installed 180 degrees out of phase.  Prior to analysis both WDL and WDU 

was corrected by adding 180 to values less than or equal to 180 and subtracting 180 from 

values greater than 180.  The end result being values of zero degrees for winds from due 
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north, 90 degrees for east winds, 180 degrees for south winds and 270 degrees for those 

from the west. 

3.4. Data acquisition systems 

At the outset of this research project the University of New Brunswick’s Faculty of 

Forestry & Environmental Management provided a Sciemetric data acquisition system 

which was determined to meet the needs of this and other research initiatives underway at 

the University of Manitoba’s straw bale building.  This system was eventually 

determined to be the cause of an anomaly in the observed data, which is discussed in 

greater detail in the Results section, and was then replaced by an Agilent LXI 34972A 

data acquisition system. 

3.4.1. Sciemetric data acquisition system 

Initial data collection occurred via a Sciemetric 32-channel data logger with adjustable 

onboard excitation voltage set to 10 VDC for all load cells and anemometers.  The logger 

was controlled via Sciemetric’s Gen-200 software running on a Windows 98 PC.  Twenty 

channels were dedicated to the top and bottom load data from the ten instrumented posts; 

four more channels were used to record the wind speed and direction data from the two 

anemometers.  The data acquisition system was set up to record the raw wind and load 

data at one second intervals over an observation period of twenty minutes, resulting in a 

data set comprised of 1,200 observations.  This was repeated on various days, as often as 

trips to campus were practical and only when the roof was clear of snow.  The goal was 

to gather load data from a wide range of wind speed and direction combinations, but also 

to observe loads during calm periods in order to establish a baseline for each load cell.  

This baseline would represent dead load arising from the weight of building materials, 
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and any pre-compression of the load cell during its installation into the housing bracket.  

This baseline would be subtracted from other load observations in order to isolate loads 

resulting from wind pressures. 

Once analysis of the collected data began it became clear that an anomaly was occurring 

in all data sets, and the cause was determined to be either a hardware or software fault 

within the Sciemetric system itself.  The Results section elaborates on this anomaly and 

efforts to devise a work around that would allow the collected data to be salvaged and use 

of the Sciemetric system to continue.  Ultimately, pursuit of this solution was set aside in 

the interest of time, and a new data acquisition system was installed. 

3.4.2. Agilent data acquisition system 

The six re-calibrated load cells along with the two anemometers were transferred over to 

an Agilent system in September 2011, due to concerns over the quality of data recorded 

by the Sciemetric system.  The Agilent system was comprised of a web-enabled Model 

34972A LXI data acquisition and data logger switch unit with a Model 34902A 16-

channel multiplexer module and an external source of 10 VDC excitation.  Internet-

based, around the clock control of the data logging and collection process facilitated an 

intensive period of data collection which began on 17 September. 

3.5. Processing of raw wind data 

Wind speed and direction are known to be affected in several ways by the terrain over 

which it blows.  Upstream terrain roughness is a quality which tends to reduce wind 

speeds; forested areas or suburban neighbourhoods are examples of rough terrain, 

whereas open plains are examples of relatively smooth terrain.  Discreet objects such as 
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trees and buildings interrupt the wind’s flow, directing it over and around, and would 

affect any adjacent wind instrumentation.  Changes in topography also impact wind 

speed, causing it to increase in velocity as it moves over an escarpment or to decrease in 

velocity as it encounters a depression.  Instrument height is another factor, as wind speeds 

are known to increase with height above the ground’s surface.  WMO (2008) provides 

guidance in the correction of wind measurements with respect to these four factors.  Prior 

to correction the wind data is relevant only to the instrument’s specific location; 

following correction the wind data is assumed to be relevant to a wider region and 

independent of localised perturbations.  A regional wind design value, which has been 

corrected to exclude terrain effects, is then adjusted in accordance with NBCC-2005’s 

Structural Commentaries (2005b) to incorporate the effects of terrain local to the 

structure under consideration.  In the context of this research project measurement of 

wind in the vicinity of the structure in question meant that there was no need to perform 

any location-related corrections. 

Correction of wind direction data for the effects of inertial damping was considered, but 

proved impossible to perform with the available data.  The anemometers’ manufacturer 

provided a number of characteristics for the instruments, including damping ratio, delay 

distance, threshold sensitivity and both damped and undamped natural wavelengths.  

However none of these were consistent with the WMO formulas and the manufacturer 

did not reference the alternative standard to which their specifications were relevant.  

Since the quantity of data was not expected to be excessive and since the process of 

averaging wind speed, wind direction and load cell readings would act contrary to 
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objective of determining the real-time response of the load cells to wind, it was also 

decided that no reduction of data would occur. 

3.6. Code-prescribed Design Loads 

NBCC-2005 lists design wind and snow loads for major population centres across 

Canada.  For Winnipeg the design wind velocity pressure, q, is listed as 0.35 kPa for a 1-

in-10 year return, and 0.45 kPa for a 1-in-50 year return.  The design ground snow load, 

Ss, for a 1-in-50 year return is listed as 1.9 kPa and the associated 1-in-50 year rain load, 

Sr, is 0.2 kPa.  As discussed previously, the focus of this project is the effect of wind load 

on the structure. 

3.6.1. Wind Direction 

NBCC-2005's Structural Commentaries (NRC, 2005b) take a blanket approach to the 

effect of wind direction on building surfaces, in order to simplify the determination of 

design wind loads.  Wind directions are generalized into two cases for a typical 

rectangular low-rise building with a gable roof: Case A, wind generally perpendicular to 

the ridge, and Case B, wind generally parallel to the ridge.  The documentation is not 

explicit, but it is presumed that wind vectors are considered "perpendicular" or "parallel" 

depending on which quadrant they lie within, these quadrants being centered about lines 

that are drawn normal to the four walls of the building.  NBCC-2005 provides composite 

wind pressure and gust coefficients, CpCg, of Case A and B winds for the six building 

surfaces (four walls and two roof faces) as well as various edges.  These CpCg 

coefficients account for the variation in wind pressure due to windward or leeward 

locations of surfaces, roof slope and localised pressure increases near the leading edge of 

a surface.  Figure 8 is a reproduction of Figure I-7 from NBCC-2005’s Structural 
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Commentaries.  For intermediate values of roof slope the CpCg coefficients may be 

determined by linear interpolation. 

 
Figure 8.  NBCC-2005 CpCg values 

Reproduced with the authorization of the National Research Council of Canada, copyright holder. 
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3.6.2. Wind Speed 

Specified external and internal pressures due to wind, pe and pi, on building surfaces are 

defined in Clause 4.1.7.1 of Division B of NBCC-2005 (NRC, 2005a) as: 

Equation 1 	 	 	 	  
where: 

pe = specified external pressure acting statically and in a direction 
normal to the surface, either as a pressure (+) directed towards the 
surface or as a suction (-) directed away from the surface, 

IW = importance factor for wind load, as provided in NBCC-2005 
Table 4.1.7.1. 

q = reference velocity pressure, kPa, 
Ce = exposure factor, defined in NBCC-2005 Commentary I-10, 
Cp = external pressure coefficient, averaged over the area of the 

surface considered, defined in NBCC-2005 Commentary I, Fig. I-
7, 

Cg = gust effect factor, defined in NBCC-2005 Commentary I, Fig. I-7. 

Equation 2 	 	 	 	  
where: 

pi = specified internal pressure acting statically and in a direction 
normal to the surface, either as a pressure (+) directed towards the 
surface or as a suction (-) directed away from the surface, 

IW = importance factor for wind load, as provided in NBCC-2005 
Table 4.1.7.1. 

q = reference velocity pressure, kPa, 
Ce = exposure factor, defined in NBCC-2005 Commentary I-10, 
Cpi = internal pressure coefficient, averaged over the area of the surface 

considered, defined in NBCC-2005 Commentary I-31, 
Cgi = internal gust effect factor, defined in NBCC-2005 Commentary I-

22. 

Equation 3 . ⁄ .  
where: 

Ce = exposure coefficient 
h = reference height defined as the mean roof height, m. 

An importance factor of 1.0 is assigned to buildings falling into the “normal” category, 

which is appropriate in this situation since the straw bale building does not match the 
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definitions of the remaining categories listed in NBCC-2005’s Table 4.1.7.1: “low”, 

“high” or “post-disaster”.  The exposure factor, Ce, is determined by first categorizing the 

surrounding terrain as either “open” or “rough” and then applying the associated formula.  

In this case the exposure factor is determined by Equation 3, since the building is 

surrounded by rough urban terrain.  Clause I-31 of NBCC-2005's Structural 

Commentaries (NRC, 2005b) defines three categories of building and assigns upper and 

lower limits of the internal pressure coefficient, Cpi.  Category three, with Cpi ranging 

from -0.7 to 0.7, most closely matches the characteristics of the University of Manitoba’s 

straw bale building, and is described as: 

...buildings with large or significant openings through which gusts are 
transmitted to the interior.  Examples of such buildings include sheds with 
one or more open sides as well as industrial buildings with shipping 
doors, ventilators or the like, which have a high probability of being open 
during a storm or not being fully resistant to design wind loads. 

The internal gust effect factor, Cgi, is conservatively assigned a value of 2.0, although a 

less conservative value may be calculated for buildings of sufficiently large interior 

volume.  The reference wind velocity pressure, q, is further defined in Division B 

Appendix C of NBCC-2005 (NRC, 2005a) as: 

Equation 4 ≅ . 	  

where: 
q = wind velocity pressure, kPa, 
ρ = average air density for windy months of the year; density of dry 

air at 0°C and standard atmospheric pressure is 1.2929 kg/m3, 
V = mean hourly wind speed, m/s. 

According to ASCE/SEI 7-10 (2010) the relationship between the magnitude of mean 

hourly wind speed and the magnitude of maximum wind gust, vt, is dependent on the 

duration, t in seconds, over which the gust is averaged.  This relationship is presented 
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graphically in Figure C26.5-1 of ASCE/SEI 7-10, and for one-second gusts this 

relationship is: 

Equation 5 .  

where: 
v1 = one-second gust speed, m/s, 
V = mean hourly wind speed, m/s. 

The following tables are to be read in conjunction with Figure 9 where internal pressure 

acting on the ceiling and external wind pressures acting on the windward and leeward 

roof surfaces are represented by p0, p1 and p2 respectively, and are determined in 

accordance with Equation 1 and Equation 2.  The resultant post reaction loads R1 and R2 

are presented as pairs of extreme values which bound the ranges of potential windward 

and leeward post load.  These ranges of load arise from the extreme upper and lower 

values of Cpi defined by NBCC-2005. 

 
Figure 9.  Schematic view of theoretical wind loads on roof structure.
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Table 3.  Theoretical post loads for NBCC 1-in-50 year wind pressure. 
q, hourly wind pressure, kPa 0.45 
v1, equivalent 1-second gust, m/s 41.4 
p0, interior surface pressure, kPa ± 0.574 

Wind direction case Case A Case B 
p1, windward surface pressure, kPa -0.533 -0.533 
p2, leeward surface pressure, kPa -0.337 -0.287 
R1, resultant wind reaction loads on windward post, kg -1,430 to 17.5 -1,420 to 34.3 
R2, resultant wind reaction loads on leeward post, kg -1,280 to 169 -1,230 to 224 
 

Table 4.  Theoretical post loads for NBCC 1-in-10 year wind pressure. 
q, hourly wind pressure, kPa 0.35 
v1, equivalent 1-second gust, m/s 36.5 
p0, interior surface pressure, kPa ± 0.447 

Wind direction case Case A Case B 
p1, windward surface pressure, kPa -0.415 -0.415 
p2, leeward surface pressure, kPa -0.262 -0.223 
R1, resultant wind reaction loads on windward post, kg -1,120 to 13.8 -1,100 to 26.9 
R2, resultant wind reaction loads on leeward post, kg -999 to 132 -954 to 175 

Wind speeds equivalent to the 1-in-10 or 1-in-50 design levels are, by definition, rare 

events, so the relative short term nature of observations made for this research project 

makes it unlikely that wind to load relationships given in Table 3 and Table 4 can be 

confirmed through direct observation.  Wind speeds of 10 m/s and lower are expected to 

make up the bulk of the observed data.  Figure 10 and Figure 11 illustrate the wind-

related service loads predicted using a combination of the NBCC and ASCE formulas.  

The positive and negative extreme internal pressures give rise to a pair of curves for each 

post which can be thought of as bounding a range of potential post load which is 

dependent upon how quickly the pressure of the interior air volume is able to equalize 

with exterior pressure following a wind gust. 
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Figure 10.  Predicted resultant wind forces at posts, direction Case A 

 
Figure 11.  Predicted resultant wind forces at posts, direction Case B 

In theory, load cell readings, once adjusted to exclude the contribution of dead load and 

sorted relative to wind direction, will appear in between these pairs of lines.  

Additionally, since these load ranges are largely negative it follows that uplift loads are 

most likely to be observed.  
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4 RESULTS 

In the fall of 2010 twenty minutes worth of load and wind data were collected using the 

Sciemetric data acquisition system on eleven occasions between October 25 and 

November 18.  The first snow fall of the season occurred on November 19 with persistent 

“snow on ground” being recorded at nearby Environment Canada weather stations from 

that day onwards.  This snowfall event marked the end of viable data analysis since the 

influence of snow accumulating on the roof could not be quantified.  It was later 

determined that a hardware or software anomaly in the Sciemetric system had tainted this 

data.  Following replacement of the Sciemetric hardware with an Agilent system in 

September 2011, data were once again collected in twenty minute bursts.  Fifty-three of 

these data sets were recorded between the 17 September and the 9 October of that year. 

Wind speed and direction profiles of the 2011 data are located in Appendix B.  They 

illustrate that although wind speed was generally quite varied over each 20 minute 

observation period, wind direction tended to be fairly consistent.  These individual data 

sets were also stitched together into a contiguous data set.  Figure 80 illustrates the wind 

speed and direction profile of this compound data set, comprised of all 53 individual 

observation events.  The NBCC-predicted relationship between wind speed and post load 

will be compared to those individual data sets whose directions best match direction 

cases A and B.  Multiple linear regression was used on the 53-part compound data set in 

order to determine if there is an underlying rational relationship whereby load cell 

readings could be predicted based on the specific wind speed and direction reported by 

either the upper or lower anemometer. 
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4.1. Integrity of data obtained from Sciemetric data acquisition system 

Upon analysis of load cell data collected in the fall of 2010 it was found that, during nine 

of the eleven collection events, loads exhibited very obvious “plateaus” that appeared to 

be independent from the effects of changing wind speed and direction, but were 

intimately linked to the elapsed recording time, occurring at precisely 500 and 1000 

seconds in all instances.  The phenomenon was most pronounced in the October 28th data 

set, presented in Figure 12, where three distinct plateaus were visible for all load cells. 

 
Figure 12.  Load vs. time, 28 October, 2010. 

In Figure 13 and Figure 14 loads from cell DU were isolated and plotted alongside wind 

speed and wind direction respectively in order to illustrate that the occurrence of load 

plateaus did not coincide with any apparent pattern in the wind data.  Independence of the 

plateau phenomenon from the influence of wind is apparent in Figure 15 where load cell 

DU’s load is plotted against wind speed and in Figure 16 where it is plotted against wind 
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direction.  The mechanism at work remains unexplained, but the abruptness with which it 

occurred and the synchronicity across all load cells suggests that it was not a physical 

phenomenon, but rather a hardware or software issue occurring within the Sciemetric 

data acquisition system.  Results of a Student’s t-test on load data from every 2010 

dataset confirmed that although subtle enough on occasion to go unnoticed when 

presented graphically, this “load plateau” phenomenon did occur in all data recorded by 

the Sciemetric data acquisition system. 

 
Figure 13.  Load and wind speed vs. time, 28 October, 2010. 

 
Figure 14.  Load and wind direction vs. time, 28 October, 2010. 
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Figure 15.  Load vs. wind speed, 28 October, 2010. 

 
Figure 16.  Load vs. wind direction, 28 October, 2010. 

It stands to reason that the phenomenon would have affected readings on all channels, 

including those recording wind speed and direction, if it was indeed linked to a quirk of 

the data acquisition system. The sporadic nature of the wind data made a visual 

confirmation of any data plateaus impossible; however, results of a Student’s t-test with a 

5% confidence level indicated the presence of these plateaus in the majority of the wind 

peed and direction data, and when all data channels were considered it was discovered 

that plateaus exist in every data set to one degree or another. 
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In an attempt to correct for these occurrences a mean load was determined for each 

plateau and subsequently subtracted from each load reading within the associated plateau.  

This created a “corrected” data set in which the absolute load of each load cell was 

replaced by the change in load relative to mean absolute load.  This approach assumed 

that the offset of the plateaus was the result of the anomalous addition or subtraction of a 

fixed value rather than the application of a multiplication factor.  The result of this 

plateau levelling procedure for load cell DU is shown in Figure 17, and when plotted 

alongside wind speed, a correlation appears possible. 

 
Figure 17.  Corrected load and wind speed vs. time, 28 October, 2010. 

Since, as established in Equation 4, wind load is proportional to the square of wind speed 

it was critical that each wind speed value remain in absolute terms rather than being 

replaced by a relative change in wind speed.  Similarly, conversion of individual wind 

direction values from absolute to relative terms was determined to be unwise. 
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Due to the inability to prevent the data errors occurring during collection events, or to 

make appropriate adjustments to correct for them during the analysis stage, it was 

decided in September 2011 that the Sciemetric data acquisition system would be replaced 

with the newer Agilent system described in Section 3.4.2.  However, in the interest of 

time, it was decided that the calibration parameters determined in 2008 (Table 2) would 

be used.  
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4.2. Data obtained from Agilent data acquisition system 

4.2.1. Determination of baseline loads 

An important first step in analyzing and interpreting the observed load data was the 

determination of the baseline load on each load cell.  In other words, the static portion of 

the observed load attributable only to the dead load of the structure itself and exclusive of 

any load imposed by transient environmental or man-made sources such as wind, snow 

and live loads.  Snow and live loads were already ruled out, since observations were 

made in the absence of any snowfall, and since the roof structure was known not to bear 

any live loads due to items such as occupancy on a rooftop deck, or equipment suspended 

from roof trusses.  This left dead load and wind load as the only components of the 

observed loads.  The wind load component on an individual load cell was potentially 

either downward or upward depending on the wind speed and direction; however, when 

wind speed was effectively zero, so was the wind load.  Therefore, by focusing on 

observations made during calm periods it was theoretically possible to determine the dead 

load baseline. 

The first opportunity to do this occurred during data set #41 which spans 20 minutes 

beginning at 7:42 AM on 22 September, 2011.  During that time both anemometers 

reported wind speeds that were static and effectively zero.  Accordingly, direction of the 

lower anemometer held steady at 86.3 degrees, roughly east, with insufficient breeze to 

shift it more than half a degree over the entire 20 minute period.  The upper anemometer, 

despite experiencing lighter and less varied winds than its counterpart, reported a number 

of abrupt but minor changes in direction which are illustrated in Figure 18.  Figure 67 in 

Appendix B illustrates the corresponding frequencies of wind speed and direction.  As 
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predicted, readings from all six load cells remained static during this calm period; Table 5 

lists the corresponding baseline loads. 

 
Figure 18.  Upper anemometer readings during data set #41. 

Table 5.  Baseline loading determined from part of data 
set #41. 

Sensor ID Mean Standard deviation 
 Load, kg 

BU -254.3 9.45 x10-1 
CU -588.9 3.53 x10-1 
DU 152.0 3.32 x10-1 
GU 528.5 3.55 x10-1 
HU -67.7 8.64 x10-1 
IU -123.2 3.01 x10-1 

 Wind speed, m/s 
WSU 6.81 x10-3 6.20 x10-5 
WSL 1.42 x10-2 1.62 x10-2 

 Wind direction, deg 
WDU 115 2.09 x101 
WDL 86 4.42 x10-2 

A further two opportunities occurred, first during data set #49 beginning at 5:03 PM on 3 

October, 2011 and again during data set #53 beginning at 7:33 AM on 9 October, 2011.  

Both anemometers reported static wind speeds which were effectively zero and 

corresponding reductions in wind direction activity for 134 seconds at the beginning of 

data set #49 and for the entire 20 minute duration of data set #53.  Figure 19 and Figure 

20 illustrate the activity of the upper anemometer, and wind speed and direction 

frequencies for these data sets are presented in Figure 75 and Figure 79 in Appendix B.  



42 
 

Once again load cell readings remained static during these calm periods and are 

summarized in Table 6. 

One would expect to see identical loads for all periods of calm; however, this was clearly 

not the case.  Mean values from these additional data sets varied by as little as 4.6 kg and 

as much as 40.6 kg in comparison to data set #41.  T-tests confirmed that the means of 

load cell data were significantly different when comparing the calm periods of data sets 

#41, #49 and #53. 

 
Figure 19.  Upper anemometer readings during data set #49. 

 
Figure 20.  Upper anemometer readings during data set #53. 
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Table 6.  Baseline loading determined from data sets #49 and #53. 
 Part of data set #49  Data set #53 

Sensor 
ID Mean 

Standard 
deviation 

Change 
from 
#41 

 
Mean 

Standard 
deviation 

Change 
from 
#41 

 Load, kg  Load, kg 
BU -247.7 7.92 x10-1 6.6  -261.4 1.02 -7.1 
CU -583.7 3.27 x10-1 5.3  -593.5 3.42 x10-1 -4.6 
DU 162.8 3.08 x10-1 10.7  128.2 3.25 x10-1 -23.8 
GU 533.1 3.77 x10-1 4.6  507.4 3.49 x10-1 -21.1 
HU -56.7 8.26 x10-1 11.1  -108.3 8.58 x10-1 -40.6 
IU -109.5 3.06 x10-1 13.7  -137.6 3.03 x10-1 -14.5 

 Wind speed, m/s  Wind speed, m/s 
WSU 7.09 x10-3 2.37 x10-5  6.50 x10-3 3.85 x10-5 
WSL 5.80 x10-2 9.89 x10-2  1.11 x10-1 1.97 x10-1 

 Wind direction, deg  Wind direction, deg 
WDU 232 1.60 x102  207 2.08 x101 
WDL 169 1.52 x102  206 2.98 x101 

A further attempt was made to validate one of these sets of potential baseline loads.  The 

remaining 50 data sets were combined into a composite containing 60,000 observations, 

which was further reduced by placing an upper limit on the associated value of WSU and 

then omitting the non-compliant observations from the composite data set.  The first 

attempt used the approximate mean value WSU from data set #41, 7.0 x10-3 m/s, as the 

upper limit but yielded no data points.  Increasing the upper limit to 8.0 x10-3 m/s resulted 

in 479 data points summarized in Table 7.  This was judged to be a sufficient quantity of 

data to proceed with comparative analysis.  Once again t-tests confirmed that means of 

load cell data from the composite data set were significantly different from those of each 

of the three previous candidates for baseline loads. 

  



44 
 

Table 7.  Baseline loading determined from all data sets 
exclusive of #41, #49 and #53. 

Sensor 
ID Mean 

Standard 
deviation 

Change from data set... 
#41 #49 #53 

 Load, kg 
BU -244.5 3.56 -9.8 -3.2 -16.9 
CU -580.2 1.76 -8.7 -3.5 -13.3 
DU 159.7 3.02 -7.7 3.1 -31.5 
GU 524.7 2.22 3.8 8.4 -17.3 
HU -57.6 5.09 -10.1 0.9 -50.7 
IU -111.2 4.12 -12.0 1.7 -26.4 

 Wind speed, m/s 
WSU 7.37 x10-3 2.00 x10-4 
WSL 1.70 x10-1 2.24 x10-1 

 Wind direction, deg 
WDU 203 8.78 x101 
WDL 184 9.88 x101 

There was no hard evidence supporting any one of these candidates individually as the 

source of baseline load values.  Therefore it was decided instead to combine all of the 

data points occurring during periods of calm into another composite data set.  The 

threshold value for these periods of calm was arbitrarily set as WSU = 8.0 x10-3 resulting 

in a composite data set including the entirety of data sets #41 and #53, the original 134 

data points from #49, 15 additional data points from later portions of #49, and the 479 

data points previously isolated from the remaining 50 data sets; 3,028 observations in 

total.  Mean load cell readings for this composite data set are summarized in Table 8 and 

adopted as the best approximation of the baseline loads.  In subsequent analyses these 

values were subtracted from their corresponding load cell readings and the remainder was 

assumed to be the response to wind conditions alone. 
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Table 8.  Baseline loading determined from all periods of 
calm. 

Sensor ID Mean Standard deviation 
 Load, kg 

BU -255.2 6.27 
CU -589.1 4.72 
DU 144.3 13.5 
GU 519.8 10.2 
HU -81.7 22.0 
IU -126.3 10.4 

 Wind speed, m/s 
WSU 6.79 x10-3 3.23 x10-4 
WSL 8.11 x10-2 1.70 x10-1 

Calm periods defined as having WSU ≤ 8.0 x 10-3 m/s 
 

4.2.1. Comparison of observed wind load relationship to NBCC 

Linear regression was used to obtain a model for the response of each load cell to 

changes in wind speed which could be directly compared to design loads determined by 

NBCC-2005.  In Equation 6 it was assumed that load would be proportional to the square 

of wind speed; this is in keeping with Equation 4. 

Equation 6 	  
where: 

y = estimate of resultant roof load due to wind, kg, 
b0 = regression intercept parameter, 
b1 = regression slope parameter, 
x = square of wind speed observed by upper (WSU2) or lower 

(WSL2) anemometer, wind speed in m/s. 

NBCC-2005 defines “Case A” winds as those which are directed within the two 

quadrants which are generally perpendicular to the ridge of a building’s roof, and “Case 

B” winds as those which are directed within the two quadrants generally parallel to the 

ridge.  Due to the deliberate alignment of the University of Manitoba’s straw bale 

building with solar north Case A quadrants are those centred on solar north and south, 
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and Case B quadrants are centred on solar east and west.  It is important to note that in 

NBCC’s determination of loads resulting from Case B winds the windward and leeward 

roof surfaces swap places as wind direction crosses the ridgeline.  Therefore, the 

evaluation of these resultant loads may be simplified by further dividing the east and west 

quadrants in half and then regrouping the halves according to their northern or southern 

bias.  The resulting re-interpretation of Case A and B winds is clarified in the following 

table. 

Table 9.  Case A and B wind direction ranges. 

 
Windward 

bias Wind direction range 
Number of observations 

WDU WDL 

Case A 
North 315° < WD < 45° 21,801 19,247 
South 135° < WD < 225° 20,297 17,166 

Case B 
North 

45° < WD < 90° and 
270° < WD <315° 

9,879 13,660 

South 
90° < WD < 135° and 

225° < WD < 270° 
11,623 13,527 

  Sum 63,600 63,600 

The entire 53-part composite data set containing 63,600 observations was broken down 

into eight sub sets of data according to Table 9.  Figures illustrating the resulting wind 

speed and direction frequencies are contained in Appendix C.  Linear regression was then 

performed for each of the six load cells, for each of these eight data sub sets – a total of 

48 individual analyses.  Each regression analysis resulted in a wind load model which 

was submitted to Fisher’s F-test.  The null hypothesis of this test assumed that the slope 

of the regression line would not account for variation in load over and above any 

background noise or error, and the alternative hypothesis assumed that the slope would 

account for variation in load indicating a statistically significant model.  Out of the 48 

linear regression models only four were determined to be overtly statistically significant 

according to the F-test and a fifth model fell just short of the customary 5% probability 



47 
 

chosen as the level of significance.  All five of these models are summarized in Table 10; 

complete results of the linear regression analyses are located in Appendix C. 

Table 10.  Statistically significant linear regression models. 
Load 

cell ID 
Wind case 

& bias Model: y b b x 
F-test 

probability 
IU, windward Case A, south IUAsW 4.90 10 1.15 10 	WSU  33.7% 
CU, windward Case B, north CUBnW 1.67 2.86 10 WSU  24.5% 
CU, leeward Case B, south CUBsL 3.79 4.95 10 WSU  83.2% 
IU, windward Case B, south IUBsW 7.48 4.07 10 WSU  97.4% 
HU, leeward Case B, north HUBnL 16.9 2.52 10 WSL  4.6% 

Note that in each instance the slope parameter, b1, had a very small magnitude; thus at the 

low end of the wind speed scale a 1 m/s change in speed had a miniscule effect on load, 

but as the high end of the scale was approached the effect of a 1 m/s change in speed 

became more and more dramatic.  Model IUAsW in Figure 21 depicts load experienced 

by load cell IU when winds were generally perpendicular to the ridgeline (NBCC-2005’s 

Case A) and blowing from the south.  Since load cell IU was located on the south side of 

the building this model was compared to the windward range of design load reaction 

forces prescribed by NBCC-2005.  Note that IUAsW appears to follow the upper NBCC 

curve, the one that corresponds to negative internal pressure on the ceiling counteracting 

the negative external pressures on the roof surfaces. 
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Figure 21.  Comparing model IUAsW to NBCC 

The remainder of the models, despite exhibiting statistically significant fit to their parent 

data, did not appear to agree with the NBCC-predicted loading for their wind conditions.  

The regression models predicted higher loads than the upper NBCC curve in conditions 

of light winds, generally 10 m/s and lower, as depicted in inset portions of the following 

figures.  However, in all four instances the model was eventually overtaken by the 

corresponding NBCC upper limit.  The two leeward models, CUBsL in Figure 23 and 

HUBnL in Figure 25, appeared to be the most divergent from their NBCC counterparts, 

whereas the windward models, CUBnW in Figure 22 and IUBsW in Figure 24, displayed 

wind load relationships similar in appearance to their respective upper NBCC curves. 
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Figure 22.  Comparing model CUBnW to NBCC 

 
Figure 23.  Comparing model CUBsL to NBCC 
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Figure 24.  Comparing model IUBsW to NBCC 

 
Figure 25.  Comparing model HUBnL to NBCC 

Due to the volume of regression models which failed to be statistically significant, and 

the tendency of those that were deemed significant to have minimal slopes, the existence 

of a truly observable relationship between wind speed and load cell response conforming 

to either of NBCC’s Case A and Case B wind directions is questionable. 
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4.2.2. Correlation of load to wind speed and direction 

The National Building Code of Canada’s structural commentaries are meant to be a 

design aid which simplifies and standardizes the estimation of conservative design loads, 

and when comparing observed wind load to that predicted by NBCC-2005 one must 

remain cognizant of that intent.  This simplification of design load estimation occurs in a 

number of ways.  NBCC’s reduction of wind direction into two discrete categories, Case 

A and Case B, for example, is a simplification necessary to minimize the amount of 

analysis a building design must undergo, but it requires that any subtleties in the effect of 

wind’s direction on resultant load be ignored in favour of a conservative generalization.  

Thus there are only two values of the CpCg coefficient provided for each building surface, 

either windward or leeward, in Figure 8.  Likewise the internal pressure coefficient, Cpi, 

has been simplified into three general categories and the exposure coefficient, Ce, has two 

categories.  Internal gust effect factor, Cgi, is another source of conservativeness; it is 

usually assigned a default value of 2.0 unless the designer can justify the determination of 

a more realistic, lower value.  Coupling the 1-in-50 year extreme value of hourly wind 

pressure, q, with this array of simple yet safe assumptions about the characteristics of the 

building and its surroundings leads the designer to a worst case wind design load. 

The collection of simultaneous wind and load data presents the opportunity to determine 

the relationship that links observed load to real world wind speed and direction.  Using 

multiple linear regression the following model was examined for all six load cells and for 

wind readings from both upper and lower anemometers. 
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Equation 7 	 	 	  
where: 

y = estimate of resultant roof load due to wind, kg, 
b0 = regression intercept parameter, 
b1 = regression slope parameter, 
x1 = square of wind speed observed by upper (WSU2) or lower 

(WSL2) anemometer, wind speed in m/s, 
b2 = regression slope parameter, 
x2 = sine of wind direction observed by upper (sin WDU) or lower (sin 

WDL) anemometer, direction in degrees, 
b3 = regression slope parameter, 
x3 = cosine of wind direction observed by upper (cos WDU) or lower 

(cos WDL) anemometer, direction in degrees. 

Taking a cue once again from the relationship between wind speed and pressure in 

Equation 4 it was assumed that load must be proportional to the square of wind speed.  

Wind direction was converted into its Cartesian components through trigonometry.  None 

of the 12 individual models that were analysed were found to be statistically significant.  

Results of these analyses are summarized in Appendix D. 
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5 DISCUSSION 

5.1. Baseline loads 

Once issues with data acquisition systems were dealt with focus could be drawn to the 

analysis of the data obtained from the Agilent data acquisition system.  The first objective 

was to determine a baseline reading for each load cell, in theory the constant and 

unchanging dead load observed in the absence of all other transient loads.  Despite the 

occurrence of several periods of absolute calm which provided ideal conditions for their 

observation, definitive values of these baseline loads remained elusive.  Each calm period 

provided a set of load cell readings which showed promisingly low standard deviations; 

however, there was an unexpectedly wide range of disagreement from one calm period to 

the next.  There was no evidence supporting the selection of baseline loads from any 

individual calm period; however, it was decided that a final working set of baseline loads 

would be determined from a combination of all load data occurring during periods of 

calm, in order to proceed with other phases of analysis.  Several potential scenarios which 

would contribute to the elusiveness of definitive baseline load values are briefly listed 

below and are discussed in greater detail in Section 5.4. 

 Load cell calibration conditions were not consistent with installed conditions, 
 Perhaps dead load was not truly constant, 
 Load path was more complex than expected. 

5.2. Comparison of linear regression models to NBCC 

Observations of load, wind speed and direction obtained from the Agilent data 

acquisition system were compared to the wind load predicted by NBCC-2005.  This was 

accomplished by sorting the entire composite data set of 53 observation periods into 
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categories of direction matching those defined by NBCC.  This sorting was done first 

according to the upper anemometer’s readings, WDU, and then according to the lower 

anemometer’s, WDL.  Within each of the resulting 48 subsets of data linear regression 

was used to test the wind load relationship defined by Equation 6.  ANOVA and Fisher’s 

F-test with a 5% level of significance determined only four of the 48 models to be 

statistically significant with a fifth model falling just short of the 5% mark.  A graphical 

comparison of these five regression models to their corresponding NBCC-predicted load 

ranges showed that only the first model, IUAsW, exhibited behaviour consistent with 

NBCC.  Failure of the other statistically significant models to behave as expected, 

coupled with the sheer volume of models which failed to pass the F-test suggested that 

some alternative behaviour was at work.  A list of potential scenarios that would 

contribute to this unexpected behaviour is presented below, and these items are 

elaborated upon in Section 5.4. 

 Load cell calibration conditions were not consistent with installed conditions, 
 Load path was more complex than expected. 

5.3. Multiple linear regression models 

The National Building Code of Canada’s wind design load calculations reduce wind 

direction into two broad categories, referred to as Case A and Case B (see Figure 8), for 

practical reasons.  Therefore a direct comparison to NBCC was best made by grouping 

observations into corresponding categories of wind direction prior to the investigation of 

a simple linear model (Equation 6).  This had the unfortunate yet unavoidable 

consequence of ignoring the contribution of changing wind direction, at a scale finer than 

90 degree increments, to the observed load.  In pursuit of a more comprehensive model 
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that would better reflect the contribution of azimuth-dependent terrain effects multiple 

linear regression was used to evaluate the model defined in Equation 7 for each of the six 

load cells.  This analysis was performed twice: first using wind direction readings from 

the upper anemometer, WDU, and then from the lower anemometer, WDL.  Once again 

ANOVA and Fisher’s F-test with a 5% level of significance were employed to determine 

statistical significance.  All twelve of the models failed the significance testing leading 

again to speculation that an alternative behaviour is at work.  The following list contains 

potential scenarios that would contribute to this unexpected behaviour; Section 5.4 

contains a more comprehensive discussion of these items. 

 Load cell calibration conditions were not consistent with installed conditions, 
 Load path was more complex than expected. 
 Wind direction readings required correction for inertial damping, 

5.4. Potential sources of uncertainty 

Despite expectations to the contrary observed wind load behaviour did not match 

predictions based on theoretical reaction loads.  Attempts to resolve statistically 

significant regression models from the observations of load, wind speed and wind 

direction were also unsuccessful.  Several reasons for these results are discussed herein. 

5.4.1. Load cell calibration conditions 

The custom built load cells and mounting brackets installed at the top of the straw bale 

building’s monitored posts and pictured in Figure 7 were not designed to function 

identically in tension and compression, nor were they calibrated under conditions 

identical to those they experienced once installed.  In compression, load was transferred 

through a ball bearing aligned with the cell’s central axis through a horizontal top plate 



56 
 

and into the cylinder upon which the load cell’s strain gauges were installed.  In tension 

load was transferred through the four threaded rods securing the load cell’s top plate to a 

bearing plate on top of the building’s eave beam.  In theory, the magnitude of wind-

induced uplift load would never exceed that of the roof structure’s dead load, and thus the 

net load experienced by a load cell would always be one of compression.  Even so, pre-

tensioning of the four threaded rods would ensure that the cell’s top plate would 

experience some degree of stress imposed by the opposition of forces in the ball bearing 

to those in the threaded rods.  Since there was no specification of torque on the nuts 

securing the rods they were undoubtedly tensioned unevenly and their individual levels of 

tension remain unknown as does the baseline distribution of stress in the top plate. 

During the initial calibration by Tse in 2004 and the recalibration undertaken as part of 

this project load cells were only subjected to compression loads, and there was no attempt 

to re-create the tension forces induced by the threaded rods connected to the top plate.  It 

stands to reason that if the top plate stresses experienced by a load cell during calibration 

differ substantially from those experienced once installed and subjected to load then the 

calibration parameters presented in Table 2 were not valid.  Load data collected during 

the course of this project would therefore be erroneous. 

 Figure 26 illustrates how stresses within the plates and cylinder of a load cell may differ 

based on various conditions experienced during calibration and installation.  In panel A 

the load cell experiences no external load; this is analogous to conditions experienced at 

the start of the calibration procedures undertaken by Tse (2004) and during the re-

calibration phase of this project, where the pre-tensioned threaded rods were omitted 

from consideration.  Panel B shows how stresses would begin to increase in response to a  
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Figure 26.  Load cell component stresses resulting from various installation 

conditions. 

single compressive load applied to the central axis of the load cell i.e. via the centred ball 

bearing during a calibration event.  In panel C the load cell experiences the same central 

compressive load as in panel B, but it is counteracted by four loads representing tension 

in the threaded rods, each of which is one quarter of the compression load’s magnitude, 

thus the sum of forces on the top plate is zero.  Panel C is an analogy of a load cell when 

first installed in the partially completed research structure, when the roof had yet to be 

installed and dead and wind loads were essentially non-existent, but assuming stresses 

had been applied to the load cell through the balanced pre-tensioning of the threaded 

rods.  Panel D depicts how stresses might be redistributed if the four counteracting loads 

vary in their individual magnitudes but collectively remain equal to the magnitude of the 

A B

C D
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central compressive load, i.e. if pre-tensioning of the threaded rods was not standardized.  

Panel D is most likely the best analogy of the installed conditions of the load cells in the 

absence dead and wind loads. 

Additionally, changes in the tension of these threaded rods arising from cyclic loading of 

the roof structure and a resulting stress-induced drifting of load cell calibration 

parameters may account for the observed variations in baseline loads from one period of 

calm to the next.  It could also explain the absence of an observable wind load 

relationship within the 53-part composite data set. 

5.4.2. Variations in dead load 

The pursuit of baseline loads in the absence of wind load was undertaken based on the 

assumption that the roof structure’s dead load would remain a fixed value; however, there 

is no way to prove that is the case.  One potential cause of a change in dead load may be 

the moisture content of the loose fill insulation above the ceiling.  At this time it is not 

known how great an effect, if any, this could have, but further investigation may simply 

refute the notion. 

5.4.3. Alternative load path 

During the final stages of construction of the University of Manitoba’s straw bale 

building the skeletal post frame structure was filled in with a mesh-reinforced, plastered  

straw bale wall system which was intended to be non-load bearing.  However, the interior 

skin of stucco was mechanically fastened to the eave beams and could theoretically 

provide an alternative load path for both tension and compression loads which would 

reduce the amount of load experienced by the load cells. 
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5.4.4. Erroneous wind direction readings 

The absence of an observable wind load relationship within the 53-part composite data 

set may be the result erroneous readings of wind direction.  Since the WMO’s procedure 

(WMO, 2008) for correcting for the effects of inertial damping could not be carried out 

using specifications provided by the manufacturer of the anemometer, and since inertial 

damping was not an issue addressed by ASAE (2006), no attempt was made to correct the 

raw readings of wind direction.  Perhaps after such a corrective measure the 

comprehensive relationship sought in Section 4.2.2, linking load to both wind speed and 

direction would have been revealed. 

5.4.5. Building’s characteristics 

In Section 4.2.1 several simple models linking load to the square wind speed, determined 

by linear regression, were shown to be statistically significant, yet they were not 

necessarily consistent with the range of wind load predicted by NBCC-2005.  Since 

models that failed the significance test outnumbered the statistically significant models 

by a factor of roughly nine to one, the fault was assumed to be with the observed data; 

possibly arising from a lack of control over and/or determination of the interior pressure 

conditions from one data collection event to the next.  However, it is conceivable that 

through simplification, generalization and a healthy tendency towards being conservative 

the NBCC-based calculation of wind load is not as representative of the straw bale 

building as would be hoped.  Slight changes to any or all of the interior and exterior 

pressure coefficients and gust factors, CpCg, Cpi, and Cgi, or to the exposure coefficient, 

Ce, could change the predicted wind load substantially, and could account for the 

deviation of observed loads outside of the range predicted by NBCC-2005. 
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6 CONCLUSION 

The University of Manitoba’s instrumented post-frame building was constructed in 2004 

as a multi-role research facility.  As an instrumented structure it would serve as a test bed 

for the study of both the thermal and moisture performance of the straw bale wall system 

and for the study of load path through the building’s structural components including 

bracing between roof trusses, the connections between roof system and post-frame, and 

through the embedded posts to their footing pads.  Some of the original structural 

research objectives proposed by Dick and Britton (2004) could not be accomplished 

within the scope of this project, the study of post foundation uplift resistance being the 

prime example.  The inability to identify and re-calibrate the load cells installed at the 

base of the monitored posts was an insurmountable road block. 

This project focused on the evaluation of loads at the roof-to-post-frame connection 

points, and attempted to correlate observed loads to measurements of wind speed and 

direction using regression models and common statistical methods.  Six out of twenty 

existing load cells, only those which had remained accessible, were removed from the 

structure for the purpose of recalibration and then returned to duty.  A pair of 

anemometers and a data acquisition system were installed and brought online.  Fifty-three 

observation events occurred in September and October, 2011, resulting in a total of 

63,600 readings from each of the six re-calibrated load cells along with simultaneous 

measurements of wind speed and direction from two instrument heights.  Periods of calm 

were isolated in order to determine baseline loads which, it was hoped, could be 

subtracted from the raw load cell data in order to focus on the contribution of wind load 

alone.  Comparisons were made to wind load values predicted by NBCC-2005. 
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Unfortunately, the results of the modeling and comparisons to NBCC were largely 

unsuccessful, with no strong correlations between load cell readings and wind 

measurements being observed.  A number of potential sources of error and uncertainty 

were discussed.  Although none of the original objectives were met satisfactorily, the 

project did succeed in performing a valuable commissioning of the load cells, 

anemometers and data acquisition system, overcoming several hurdles which stood in the 

way of the straw bale building’s structural research program and paving the way for 

future study.  
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7 RECOMMENDATIONS FOR FURTHER STUDY 

The University of Manitoba’s post-frame, plastered straw bale in-filled building is an 

innovative research platform.  This research project fell short of achieving all of the 

structural research objectives proposed by Dick and Britton (2004) during the building’s 

conception.  Some of those objectives have become either impractical or impossible and 

must be stricken from the to-do list; however, the remaining research tasks will benefit 

from some of the following recommendations. 

7.1. Revisit load cell calibration 

Validation of the spare load cell’s current calibration parameters using the Agilent data 

acquisition system would address the assertions made in Section 5.4.1.  This should be 

done first with and then without an approximation of pre-tensioned threaded rods.  Then 

if warranted another re-calibration of the six accessible load cells should be performed 

under conditions that are more representative of their installed conditions. 

7.2. Simplify the monitored load path 

The truss-to-beam-to-post load path anticipated at the conception of the University of 

Mantioba's post-frame research structure, which is typical of ordinary post-frame 

buildings, is undoubtedly too simple to explain the behaviour of this hybrid structure with 

its plastered straw bale in-fill walls.  As asserted in Section 5.4.3, the interface between 

the eave beam and the interior plaster skin of the straw bale wall is suspected to be a 

major source uncertainty in this project.  Future study of loads within this structure would 

benefit from the measurement of roof load at a point that is "up-stream" of this interface.  

This could be accomplished by introducing load cells between a roof truss and the eave 

beams, perhaps via a yoke-like assembly which would connect to the vertical web 
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member at each of the truss's heels and suspends the truss above the beam just far enough 

to allow unencumbered load measurement without creating an unacceptable amount of 

upward deflection in the roof and ceiling membranes. 

Adding these reaction force monitors to all trusses within the tributary area of a matched 

pair of monitored posts and taking the stiffness of the LVL eave beam into consideration 

would allow the further study of the interaction between the eave beam and the interior 

plaster skin.   

7.3. Snow load 

A mock snow load experiment could be conducted, similar to that performed by Gies 

(2007).  A partitioned bladder would be placed over a known surface area of the roof and 

filled with a known quantity of water to simulate a sustained snow load. 

7.4. Additional instrumentation 

The load path study can now be expanded, as planned by Dick and Britton (2004), to 

include the measurement of forces occurring within the roof truss bracing.  Load cells are 

already installed within a number of these bracing members, and could now be wired into 

the Agilent data acquisition system.  Another possibility, which is beyond the original 

scope set in 2004, might involve the instrumentation of roof purlins with multi-axis strain 

sensors similar to the FFML employed by Bohnhoff et al. (2002) in order to monitor the 

deflection of the roof membrane under load. 

In addition, it would be beneficial to monitor the interior pressure conditions of the 

building in some way in order to account for pressure deviations from one data collection 

event to the next that might arise from the other activities that occur within the research 
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structure and frequently require one or both overhead doors to be fully opened.  This 

pressure monitoring would also provide a means of confirming the applicability of 

NBCC-2005's prescribed range of the Cpi coefficient.  
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9 APPENDIX A – ORIGINAL CALIBRATION PARAMETERS 

Table 11.  Initial load cell calibration parameters. 
Load cell ID Slope, kg/VDC Offset, kg 
A -5.13 x105 -2.89 x103 
B -4.96 x105 -6.02 x103 
C -1.10 x106 -6.05 x103 
D -1.10 x106 -3.23 x103 
E -4.27 x105 -1.41 x103 
F -8.02 x105 -5.33 x103 
G -6.68 x105 -4.51 x103 
H -1.00 x106 -5.04 x103 
I 5.42 x105 2.07 x103 
J -6.10 x105 -2.72 x103 
1 -5.04 x105 -6.51 x103 
2 -5.87 x105 -4.04 x103 
3 -5.35 x105 -3.08 x103 
4 1.07 x106 3.56 x103 
5 -6.30 x105 -2.87 x103 
6 9.08 x105 1.00 x104 
7 5.92 x105 2.27 x103 
8 -4.88 x105 -2.39 x103 
9 1.05 x106 2.52 x103 
10 -4.47 x105 2.45 x102 
11 9.01 x105 3.66 x103 

Adapted from Tse, 2004 
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10 APPENDIX B – OBSERVATIONS OF WIND SPEED AND DIRECTION 

Data set characteristics: 

NBCC wind direction case, upper anemometer: Case A   

NBCC wind direction case, lower anemometer: Case A   

Leeward load cells: BU CU DU 

Windward load cells: IU HU GU 

Figure 27.  Wind profile #01, 17 September, 2011 

Data set characteristics: 

NBCC wind direction case, upper anemometer: Case A   

NBCC wind direction case, lower anemometer: Case A   

Leeward load cells: BU CU DU 

Windward load cells: IU HU GU 

Figure 28.  Wind profile #02, 17 September, 2011 
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Data set characteristics: 

NBCC wind direction case, upper anemometer: Case A   

NBCC wind direction case, lower anemometer: Case A   

Leeward load cells: BU CU DU 

Windward load cells: IU HU GU 

Figure 29.  Wind profile #03, 17 September, 2011 

Data set characteristics: 

NBCC wind direction case, upper anemometer: Case A   

NBCC wind direction case, lower anemometer: Case A   

Leeward load cells: BU CU DU 

Windward load cells: IU HU GU 

Figure 30.  Wind profile #04, 17 September, 2011 
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Data set characteristics: 

NBCC wind direction case, upper anemometer: Case A   

NBCC wind direction case, lower anemometer: Case A   

Leeward load cells: BU CU DU 

Windward load cells: IU HU GU 

Figure 31.  Wind profile #05, 17 September, 2011 

Data set characteristics: 

NBCC wind direction case, upper anemometer: Case A   

NBCC wind direction case, lower anemometer: Case A   

Leeward load cells: BU CU DU 

Windward load cells: IU HU GU 

Figure 32.  Wind profile #06, 17 September, 2011 
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Data set characteristics: 

NBCC wind direction case, upper anemometer: Case A   

NBCC wind direction case, lower anemometer: Case A   

Leeward load cells: BU CU DU 

Windward load cells: IU HU GU 

Figure 33.  Wind profile #07, 17 September, 2011 

Data set characteristics: 

NBCC wind direction case, upper anemometer: Case A   

NBCC wind direction case, lower anemometer: Case A   

Leeward load cells: BU CU DU 

Windward load cells: IU HU GU 

Figure 34.  Wind profile #08, 18 September, 2011 
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Data set characteristics: 

NBCC wind direction case, upper anemometer: Case A   

NBCC wind direction case, lower anemometer: Case A   

Leeward load cells: BU CU DU 

Windward load cells: IU HU GU 

Figure 35.  Wind profile #09, 18 September, 2011 

Data set characteristics: 

NBCC wind direction case, upper anemometer: Case A   

NBCC wind direction case, lower anemometer: Case A   

Leeward load cells: BU CU DU 

Windward load cells: IU HU GU 

Figure 36.  Wind profile #10, 18 September, 2011 
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Data set characteristics: 

NBCC wind direction case, upper anemometer: Case A   

NBCC wind direction case, lower anemometer: Case A   

Leeward load cells: BU CU DU 

Windward load cells: IU HU GU 

Figure 37.  Wind profile #11, 18 September, 2011 

Data set characteristics: 

NBCC wind direction case, upper anemometer: Case B   

NBCC wind direction case, lower anemometer: Case B   

Leeward load cells: BU CU DU 

Windward load cells: IU HU GU 

Figure 38.  Wind profile #12, 18 September, 2011 
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Data set characteristics: 

NBCC wind direction case, upper anemometer: Case B   

NBCC wind direction case, lower anemometer: Case B   

Windward load cells: BU CU DU 

Leeward load cells: IU HU GU 

Figure 39.  Wind profile #13, 18 September, 2011 

Data set characteristics: 

NBCC wind direction case, upper anemometer: Case B   

NBCC wind direction case, lower anemometer: Case B   

Windward load cells: BU CU DU 

Leeward load cells: IU HU GU 

Figure 40.  Wind profile #14, 18 September, 2011 

 

0 1 2 3 4 5 6 7 8 9 10 30 50

Speed, m/s

Wind speed frequency

Lower

Upper
N

NE

E

SE

S

SW

W

NW

N

NE

E

SE

S

SW

W

NW

Wind direction frequency
NNEESESSWWNWN

Lower

Upper

0 1 2 3 4 5 6 7 8 9 10 30 50

Speed, m/s

Wind speed frequency

Lower

Upper
N

NE

E

SE

S

SW

W

NW

N

NE

E

SE

S

SW

W

NW

Wind direction frequency
NNEESESSWWNWN

Lower

Upper



10-8 
 

Data set characteristics: 

NBCC wind direction case, upper anemometer: Mixed   

NBCC wind direction case, lower anemometer: Mixed   

Windward load cells: BU CU DU 

Leeward load cells: IU HU GU 

Figure 41.  Wind profile #15, 18 September, 2011 

Data set characteristics: 

NBCC wind direction case, upper anemometer: Mixed   

NBCC wind direction case, lower anemometer: Mixed   

Windward load cells: BU CU DU 

Leeward load cells: IU HU GU 

Figure 42.  Wind profile #16, 18 September, 2011 
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Data set characteristics: 

NBCC wind direction case, upper anemometer: Case B   

NBCC wind direction case, lower anemometer: Case B   

Windward load cells: BU CU DU 

Leeward load cells: IU HU GU 

Figure 43.  Wind profile #17, 18 September, 2011 

Data set characteristics: 

NBCC wind direction case, upper anemometer: Case B   

NBCC wind direction case, lower anemometer: Case B   

Leeward load cells: BU CU DU 

Windward load cells: IU HU GU 

Figure 44.  Wind profile #18, 19 September, 2011 
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Data set characteristics: 

NBCC wind direction case, upper anemometer: Mixed   

NBCC wind direction case, lower anemometer: Mixed   

Leeward load cells: BU CU DU 

Windward load cells: IU HU GU 

Figure 45.  Wind profile #19, 19 September, 2011 

Data set characteristics: 

NBCC wind direction case, upper anemometer: Mixed   

NBCC wind direction case, lower anemometer: Mixed   

Leeward load cells: BU CU DU 

Windward load cells: IU HU GU 

Figure 46.  Wind profile #20, 19 September, 2011 
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Data set characteristics: 

NBCC wind direction case, upper anemometer: Case A   

NBCC wind direction case, lower anemometer: Case A   

Windward load cells: BU CU DU 

Leeward load cells: IU HU GU 

Figure 47.  Wind profile #21, 19  September, 2011 

Data set characteristics: 

NBCC wind direction case, upper anemometer: Case B   

NBCC wind direction case, lower anemometer: Case B   

Windward load cells: BU CU DU 

Leeward load cells: IU HU GU 

Figure 48.  Wind profile #22, 19 September, 2011 
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Data set characteristics: 

NBCC wind direction case, upper anemometer: Mixed   

NBCC wind direction case, lower anemometer: Mixed   

Windward load cells: BU CU DU 

Leeward load cells: IU HU GU 

Figure 49.  Wind profile #23, 19 September, 2011 

Data set characteristics: 

NBCC wind direction case, upper anemometer: Case A   

NBCC wind direction case, lower anemometer: Case A   

Windward load cells: BU CU DU 

Leeward load cells: IU HU GU 

Figure 50.  Wind profile #24, 19 September, 2011 
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Data set characteristics: 

NBCC wind direction case, upper anemometer: Mixed   

NBCC wind direction case, lower anemometer: Mixed   

Windward load cells: BU CU DU 

Leeward load cells: IU HU GU 

Figure 51.  Wind profile #25, 19 September, 2011 

Data set characteristics: 

NBCC wind direction case, upper anemometer: Case A   

NBCC wind direction case, lower anemometer: Case A   

Windward load cells: BU CU DU 

Leeward load cells: IU HU GU 

Figure 52.  Wind profile #26, 19 September, 2011 
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Data set characteristics: 

NBCC wind direction case, upper anemometer: Case A   

NBCC wind direction case, lower anemometer: Case A   

Windward load cells: BU CU DU 

Leeward load cells: IU HU GU 

Figure 53.  Wind profile #27, 19 September, 2011 

Data set characteristics: 

NBCC wind direction case, upper anemometer: Mixed   

NBCC wind direction case, lower anemometer: Mixed   

Windward load cells: BU CU DU 

Leeward load cells: IU HU GU 

Figure 54.  Wind profile #28, 20 September, 2011 
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Data set characteristics: 

NBCC wind direction case, upper anemometer: Mixed   

NBCC wind direction case, lower anemometer: Mixed   

Windward load cells: BU CU DU 

Leeward load cells: IU HU GU 

Figure 55.  Wind profile #29, 20 September, 2011 

Data set characteristics: 

NBCC wind direction case, upper anemometer: Case A   

NBCC wind direction case, lower anemometer: Case A   

Windward load cells: BU CU DU 

Leeward load cells: IU HU GU 

Figure 56.  Wind profile #30, 20 September, 2011 
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Data set characteristics: 

NBCC wind direction case, upper anemometer: Case A   

NBCC wind direction case, lower anemometer: Case A   

Windward load cells: BU CU DU 

Leeward load cells: IU HU GU 

Figure 57.  Wind profile #31, 20 September, 2011 

Data set characteristics: 

NBCC wind direction case, upper anemometer: Case A   

NBCC wind direction case, lower anemometer: Case A   

Windward load cells: BU CU DU 

Leeward load cells: IU HU GU 

Figure 58.  Wind profile #32, 20 September, 2011 
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Data set characteristics: 

NBCC wind direction case, upper anemometer: Case A   

NBCC wind direction case, lower anemometer: Case A   

Windward load cells: BU CU DU 

Leeward load cells: IU HU GU 

Figure 59.  Wind profile #33, 20 September, 2011 

Data set characteristics: 

NBCC wind direction case, upper anemometer: Case A   

NBCC wind direction case, lower anemometer: Case A   

Windward load cells: BU CU DU 

Leeward load cells: IU HU GU 

Figure 60.  Wind profile #34, 20 September, 2011 
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Data set characteristics: 

NBCC wind direction case, upper anemometer: Case A   

NBCC wind direction case, lower anemometer: Case A   

Windward load cells: BU CU DU 

Leeward load cells: IU HU GU 

Figure 61.  Wind profile #35, 20 September, 2011 

Data set characteristics: 

NBCC wind direction case, upper anemometer: Case A   

NBCC wind direction case, lower anemometer: Mixed   

Windward load cells: BU CU DU 

Leeward load cells: IU HU GU 

Figure 62.  Wind profile #36, 21 September, 2011 
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Data set characteristics: 

NBCC wind direction case, upper anemometer: Case A   

NBCC wind direction case, lower anemometer: Mixed   

Windward load cells: BU CU DU 

Leeward load cells: IU HU GU 

Figure 63.  Wind profile #37, 21 September, 2011 

Data set characteristics: 

NBCC wind direction case, upper anemometer: Case A   

NBCC wind direction case, lower anemometer: Mixed   

Windward load cells: BU CU DU 

Leeward load cells: IU HU GU 

Figure 64.  Wind profile #38, 21 September, 2011 
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Data set characteristics: 

NBCC wind direction case, upper anemometer: Case A   

NBCC wind direction case, lower anemometer: Mixed   

Windward load cells: BU CU DU 

Leeward load cells: IU HU GU 

Figure 65.  Wind profile #39, 21 September, 2011 

Data set characteristics: 

NBCC wind direction case, upper anemometer: Case A   

NBCC wind direction case, lower anemometer: Mixed   

Windward load cells: BU CU DU 

Leeward load cells: IU HU GU 

Figure 66.  Wind profile #40, 21 September, 2011 
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Data set characteristics: 

NBCC wind direction case, upper anemometer: Case B   

NBCC wind direction case, lower anemometer: Case B   

Leeward load cells: BU CU DU 

Windward load cells: IU HU GU 

Figure 67.  Wind profile #41, 22 September, 2011 

Data set characteristics: 

NBCC wind direction case, upper anemometer: Case B   

NBCC wind direction case, lower anemometer: Case B   

Leeward load cells: BU CU DU 

Windward load cells: IU HU GU 

Figure 68.  Wind profile #42, 22 September, 2011 
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Data set characteristics: 

NBCC wind direction case, upper anemometer: Case B   

NBCC wind direction case, lower anemometer: Case B   

Leeward load cells: BU CU DU 

Windward load cells: IU HU GU 

Figure 69.  Wind profile #43, 22 September, 2011 

Data set characteristics: 

NBCC wind direction case, upper anemometer: Mixed   

NBCC wind direction case, lower anemometer: Mixed   

Leeward load cells: BU CU DU 

Windward load cells: IU HU GU 

Figure 70.  Wind profile #44, 22 September, 2011 
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Data set characteristics: 

NBCC wind direction case, upper anemometer: Mixed   

NBCC wind direction case, lower anemometer: Mixed   

Leeward load cells: BU CU DU 

Windward load cells: IU HU GU 

Figure 71.  Wind profile #45, 22 September, 2011 

Data set characteristics: 

NBCC wind direction case, upper anemometer: Mixed   

NBCC wind direction case, lower anemometer: Mixed   

Leeward load cells: BU CU DU 

Windward load cells: IU HU GU 

Figure 72.  Wind profile #46, 22 September, 2011 

 

0 1 2 3 4 5 6 7 8 9 10 30 50

Speed, m/s
Wind speed frequency

Lower

Upper
N

NE

E

SE

S

SW

W

NW

N

NE

E

SE

S

SW

W

NW

Wind direction frequency

NNEESESSWWNWN

Lower

Upper

0 1 2 3 4 5 6 7 8 9 10 30 50

Speed, m/s
Wind speed frequency

Lower

Upper
N

NE

E

SE

S

SW

W

NW

N

NE

E

SE

S

SW

W

NW

Wind direction frequency
NNEESESSWWNWN

Lower

Upper



10-24 
 

Data set characteristics: 

NBCC wind direction case, upper anemometer: Mixed   

NBCC wind direction case, lower anemometer: Mixed   

Leeward load cells: BU CU DU 

Windward load cells: IU HU GU 

Figure 73.  Wind profile #47, 22 September, 2011 

Data set characteristics: 

NBCC wind direction case, upper anemometer: Case B   

NBCC wind direction case, lower anemometer: Case B   

Windward  & leeward load cells: BU CU DU 

Windward  & leeward load cells: IU HU GU 

Figure 74.  Wind profile #48, 22 September, 2011 
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Data set characteristics: 

NBCC wind direction case, upper anemometer: Case A   

NBCC wind direction case, lower anemometer: Case A   

Windward  load cells: BU CU DU 

Leeward load cells: IU HU GU 

Figure 75.  Wind profile #49, 3 October, 2011 

Data set characteristics: 

NBCC wind direction case, upper anemometer: Case A   

NBCC wind direction case, lower anemometer: Case A   

Windward  & leeward load cells: BU CU DU 

Windward  & leeward load cells: IU HU GU 

Figure 76.  Wind profile #50, 7 October, 2011 
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Data set characteristics: 

NBCC wind direction case, upper anemometer: Case A   

NBCC wind direction case, lower anemometer: Case A   

Windward  & leeward load cells: BU CU DU 

Windward  & leeward load cells: IU HU GU 

Figure 77.  Wind profile #51, 7 October, 2011 

Data set characteristics: 

NBCC wind direction case, upper anemometer: Case A   

NBCC wind direction case, lower anemometer: Case A   

Windward  & leeward load cells: BU CU DU 

Windward  & leeward load cells: IU HU GU 

Figure 78.  Wind profile #52, 7 October, 2011 
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Data set characteristics: 

NBCC wind direction case, upper anemometer: Case A   

NBCC wind direction case, lower anemometer: Case A   

Windward  & leeward load cells: BU CU DU 

Windward  & leeward load cells: IU HU GU 

Figure 79.  Wind profile #53, 9 October, 2011 

Figure 80.  Combined wind profile, data sets #01 through #53. 
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11 APPENDIX C – RESULTS OF LINEAR REGRESSION 

Figure 81.  WDU Case A north wind profile. 
 

Table 12.  Regression parameters for loads proportional 
to WSU2, Case A winds from the north. 

Load cell ID b0 b1 

Windward cells 
BU 13.7 -1.32 x 10-1 
CU 2.84 4.24 x 10-2 
DU 8.51 -2.21 x 10-2 

Leeward cells 
GU 8.57 -7.31 x 10-2 
HU 13.8 -5.80 x 10-2 
IU 2.94 -5.49 x 10-2 

 

Table 13.  ANOVA tables for loads proportional to WSU2, Case A winds from the north. 
Load cell 

ID Source df SS MS F-ratio Probability 

BU 

Slope (b1|b0) 2 2.26 x 105 1.13 x 105 1,087.4 <0.001% 

Error (e) 21,798 2.27 x 106 1.04 x 102   

Total (y) 21,800 2.50 x 106    

CU 

Slope (b1|b0) 2 2.34 x 104 1.17 x 104 1,060.6 <0.001% 

Error (e) 21,798 2.41 x 105 1.11 x 101   

Total (y) 21,800 2.64 x 105    

DU 

Slope (b1|b0) 2 6.33 x 103 3.17 x 103 123.4 <0.001% 

Error (e) 21,798 5.59 x 105 2.56 x 101   

Total (y) 21,800 5.65 x 105    

GU 

Slope (b1|b0) 2 6.94 x 104 3.47 x 104 688.8 <0.001% 

Error (e) 21,798 1.10 x 106 5.04 x 101   

Total (y) 21,800 1.17 x 106    

HU 

Slope (b1|b0) 2 4.38 x 104 2.19 x 104 189.6 <0.001% 

Error (e) 21,798 2.52 x 106 1.15 x 102   

Total (y) 21,800 2.56 x 106    

IU 

Slope (b1|b0) 2 3.92 x 104 1.96 x 104 328.6 <0.001% 

Error (e) 21,798 1.30 x 106 5.96 x 101   

Total (y) 21,800 1.34 x 106    

Notes: 
1. α = 0.05 
2. 315° < WDU < 45° 

0 1 2 3 4 5 6 7 8 9 10 30 50

Speed, m/s

Wind speed frequency

N

NE

E

SE

S

SW

W

NW

Wind direction frequency
NNEESESSWWNWN



11-2 
 

Figure 82.  WDU Case A south wind profile. 
 

Table 14.  Regression parameters for loads proportional 
to WSU2, Case A winds from the south. 

Load cell ID b0 b1 

Leeward cells 
BU 12.1 -2.31 x 10-2 
CU 2.04 1.48 x 10-3 
DU 1.08 -3.61 x 10-3 

Windward cells 
GU 2.98 -5.48 x 10-3 
HU 2.51 -1.69 x 10-2 
IU -4.90 x 10-1 1.15 x 10-3 

 
Table 15.  ANOVA tables for loads proportional to WSU2, Case A winds from the south. 

Load cell 
ID Source df SS MS F-ratio Probability 

BU 

Slope (b1|b0) 2 5.37 x 104 2.68 x 104 178.3 <0.001% 

Error (e) 20,294 3.06 x 106 1.51 x 102   

Total (y) 20,296 3.11 x 106    

CU 

Slope (b1|b0) 2 2.20 x 102 1.10 x 102 12.2 <0.001% 

Error (e) 20,294 1.82 x 105 8.96   

Total (y) 20,296 1.82 x 105    

DU 

Slope (b1|b0) 2 1.31 x 103 6.55 x 102 10.0 0.005% 

Error (e) 20,294 1.33 x 106 6.57 x 101   

Total (y) 20,296 1.34 x 106    

GU 

Slope (b1|b0) 2 3.02 x 103 1.51 x 103 41.2 <0.001% 

Error (e) 20,294 7.44 x 105 3.67 x 101   

Total (y) 20,296 7.47 x 105    

HU 

Slope (b1|b0) 2 2.87 x 104 1.44 x 104 46.7 <0.001% 

Error (e) 20,294 6.24 x 106 3.07 x 102   

Total (y) 20,296 6.27 x 106    

IU 

Slope (b1|b0) 2 1.32 x 102 6.62 x 101 1.1 33.7% 

Error (e) 20,294 1.24 x 106 6.09 x 101   

Total (y) 20,296 1.24 x 106    

Notes: 
1. α = 0.05 
2. 135° < WDU < 225° 
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Figure 83.  WDU Case B north wind profile. 
 

Table 16.  Regression parameters for loads proportional 
to WSU2, Case B winds from the north. 

Load cell ID b0 b1 

Leeward cells 
BU 16.4 -3.26 x 10-2 
CU 1.67 2.86 x 10-3 
DU 8.83 -5.43 x 10-2 

Windward cells 
GU 10.9 -6.66 x 10-2 
HU 18.9 -3.88 x 10-2 
IU 7.38 -1.01 x 10-2 

 
Table 17.  ANOVA tables for loads proportional to WSU2, Case B winds from the north. 

Load cell 
ID Source df SS MS F-ratio Probability 

BU 

Slope (b1|b0) 2 3.96 x 103 1.98 x 103 35.9 <0.001% 

Error (e) 9,876 5.44 x 105 5.51 x 101   

Total (y) 9,878 5.48 x 105    

CU 

Slope (b1|b0) 2 3.05 x 101 1.52 x 101 1.4 24.5% 

Error (e) 9,876 1.07 x 105 1.09 x 101   

Total (y) 9,878 1.07 x 105    

DU 

Slope (b1|b0) 2 1.10 x 104 5.50 x 103 181.4 <0.001% 

Error (e) 9,876 2.99 x 105 3.03 x 101   

Total (y) 9,878 3.10 x 105    

GU 

Slope (b1|b0) 2 1.65 x 104 8.27 x 103 220.9 <0.001% 

Error (e) 9,876 3.70 x 105 3.75 x 101   

Total (y) 9,878 3.86 x 105    

HU 

Slope (b1|b0) 2 5.62 x 103 2.81 x 103 32.2 <0.001% 

Error (e) 9,876 8.62 x 105 8.73 x 101   

Total (y) 9,878 8.67 x 105    

IU 

Slope (b1|b0) 2 3.79 x 102 1.90 x 102 3.7 2.4% 

Error (e) 9,876 5.03 x 105 5.09 x 101   

Total (y) 9,878 5.03 x 105    

Notes: 
1. α = 0.05 
1. 45° < WDU < 90° and 270° < WDU < 315° 
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Figure 84.  WDU Case B south wind profile. 
 

Table 18.  Regression parameters for loads proportional 
to WSU2, Case B winds from the south. 

Load cell ID b0 b1 

Leeward cells 
BU 13.3 -1.13 x 10-2 
CU 3.79 -4.95 x 10-4 
DU 8.76 -9.83 x 10-3 

Windward cells 
GU 7.62 -9.77 x 10-3 
HU 18.6 -2.11 x 10-2 
IU 7.48 -4.07 x 10-4 

 
Table 19.  ANOVA tables for loads proportional to WSU2, Case B winds from the south. 

Load cell 
ID Source df SS MS F-ratio Probability 

BU 

Slope (b1|b0) 2 2.63 x 103 1.32 x 103 10.3 0.003% 

Error (e) 11,620 1.48 x 106 1.27 x 102   

Total (y) 11,622 1.48 x 106    

CU 

Slope (b1|b0) 2 5.04 2.52 0.2 83.2% 

Error (e) 11,620 1.59 x 105 1.37 x 101   

Total (y) 11,622 1.59 x 105    

DU 

Slope (b1|b0) 2 1.99 x 103 9.95 x 102 17.6 <0.001% 

Error (e) 11,620 6.55 x 105 5.63 x 101   

Total (y) 11,622 6.57 x 105    

GU 

Slope (b1|b0) 2 1.96 x 103 9.82 x 102 29.0 <0.001% 

Error (e) 11,620 3.94 x 105 3.39 x 101   

Total (y) 11,622 3.96 x 105    

HU 

Slope (b1|b0) 2 9.17 x 103 4.59 x 103 19.6 <0.001% 

Error (e) 11,620 2.72 x 106 2.34 x 102   

Total (y) 11,622 2.73 x 106    

IU 

Slope (b1|b0) 2 3.41 1.70 0.03 97.4% 

Error (e) 11,620 7.48 x 105 6.44 x 101   

Total (y) 11,622 7.48 x 105    

Notes: 
1. α = 0.05 
2. 90° < WDU < 135° and 225° < WDU < 270° 
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Figure 85.  WDL Case A north wind profile. 
 

Table 20.  Regression parameters for loads proportional 
to WSL2, Case A winds from the north. 

Load cell ID b0 b1 

Windward cells 
BU 15.0 -2.32 x 10-1 
CU 2.48 5.60 x 10-2 
DU 9.12 -2.56 x 10-1 

Leeward cells 
GU 9.98 -4.46 x 10-1 
HU 15.5 -5.86 x 10-1 
IU 4.14 -4.20 x 10-1 

 
Table 21.  ANOVA tables for loads proportional to WSL2, Case A winds from the north. 

Load cell 
ID Source df SS MS F-ratio Probability 

BU 

Slope (b1|b0) 2 3.55 x 104 1.78 x 104 174.4 <0.001% 

Error (e) 19,244 1.96 x 106 1.02 x 102   

Total (y) 19,246 2.00 x 106    

CU 

Slope (b1|b0) 2 2.08 x 103 1.04 x 103 94.0 <0.001% 

Error (e) 19,244 2.13 x 105 1.11 x 101   

Total (y) 19,246 2.15 x 105    

DU 

Slope (b1|b0) 2 4.33 x 104 2.17 x 104 824.6 <0.001% 

Error (e) 19,244 5.06 x 105 2.63 x 101   

Total (y) 19,246 5.49 x 105    

GU 

Slope (b1|b0) 2 1.32 x 105 6.59 x 104 1,224.8 <0.001% 

Error (e) 19,244 1.03 x 106 5.38 x 101   

Total (y) 19,246 1.17 x 106    

HU 

Slope (b1|b0) 2 2.28 x 105 1.14 x 105 956.5 <0.001% 

Error (e) 19,244 2.29 x 106 1.19 x 102   

Total (y) 19,246 2.52 x 106    

IU 

Slope (b1|b0) 2 1.17 x 105 5.83 x 104 963.5 <0.001% 

Error (e) 19,244 1.16 x 106 6.05 x 101   

Total (y) 19,246 1.28 x 106    

Notes: 
1. α = 0.05 
2. 315° < WDL < 45° 
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Figure 86.  WDL Case A south wind profile. 
 

Table 22.  Regression parameters for loads proportional 
to WSL2, Case A winds from the south. 

Load cell ID b0 b1 

Leeward cells 
BU 15.1 -4.36 x 10-1 
CU 2.56 -3.32 x 10-2 
DU 2.97 -3.01 x 10-1 

Windward cells 
GU 4.39 -1.48 x 10-1 
HU 6.91 -5.30 x 10-1 
IU 5.85 x 10-1 -9.09 x 10-2 

 
Table 23.  ANOVA tables for loads proportional to WSL2, Case A winds from the south. 

Load cell 
ID Source df SS MS F-ratio Probability 

BU 

Slope (b1|b0) 2 4.12 x 105 2.06 x 105 1,632.9 <0.001% 

Error (e) 17,163 2.16 x 106 1.26 x 102   

Total (y) 17,165 2.57 x 106    

CU 

Slope (b1|b0) 2 2.38 x 103 1.19 x 103 144.4 <0.001% 

Error (e) 17,163 1.41 x 105 8.24   

Total (y) 17,165 1.44 x 105    

DU 

Slope (b1|b0) 2 8.73 x 104 4.37 x 104 770.2 <0.001% 

Error (e) 17,163 9.73 x 105 5.67 x 101   

Total (y) 17,165 1.06 x 106    

GU 

Slope (b1|b0) 2 4.75 x 104 2.37 x 104 788.2 <0.001% 

Error (e) 17,163 5.17 x 105 3.01 x 101   

Total (y) 17,165 5.64 x 105    

HU 

Slope (b1|b0) 2 6.07 x 105 3.04 x 105 1,135.9 <0.001% 

Error (e) 17,163 4.59 x 106 2.67 x 102   

Total (y) 17,165 5.19 x 106    

IU 

Slope (b1|b0) 2 1.79 x 104 8.94 x 103 146.7 <0.001% 

Error (e) 17,163 1.05 x 106 6.09 x 101   

Total (y) 17,165 1.06 x 106    

Notes: 
1. α = 0.05 
2. 135° < WDL < 225°\ 
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Figure 87.  WDL Case B north wind profile. 
 

Table 24.  Regression parameters for loads proportional 
to WSL2, Case B winds from the north. 

Load cell ID b0 b1 

Leeward cells 
BU 10.5 1.67 x 10-1 
CU 3.08 -5.33 x 10-2 
DU 8.82 -1.44 x 10-1 

Windward cells 
GU 8.91 -7.84 x 10-2 
HU 16.9 -2.52 x 10-2 
IU 5.53 3.31 x 10-2 

 
Table 25.  ANOVA tables for loads proportional to WSL2, Case B winds from the north. 

Load cell 
ID Source df SS MS F-ratio Probability 

BU 

Slope (b1|b0) 2 2.43 x 104 1.21 x 104 143.1 <0.001% 

Error (e) 13,657 1.16 x 106 8.48 x 101   

Total (y) 13,659 1.18 x 106    

CU 

Slope (b1|b0) 2 2.48 x 103 1.24 x 103 100.8 <0.001% 

Error (e) 13,657 1.68 x 105 1.23 x 101   

Total (y) 13,659 1.71 x 105    

DU 

Slope (b1|b0) 2 1.82 x 104 9.10 x 103 355.1 <0.001% 

Error (e) 13,657 3.50 x 105 2.56 x 101   

Total (y) 13,659 3.68 x 105    

GU 

Slope (b1|b0) 2 5.37 x 103 2.69 x 103 84.5 <0.001% 

Error (e) 13,657 4.34 x 105 3.18 x 101   

Total (y) 13,659 4.40 x 105    

HU 

Slope (b1|b0) 2 5.56 x 102 2.78 x 102 3.1 4.6% 

Error (e) 13,657 1.24 x 106 9.06 x 101   

Total (y) 13,659 1.24 x 106    

IU 

Slope (b1|b0) 2 9.59 x 102 4.80 x 102 10.0 0.005% 

Error (e) 13,657 6.58 x 105 4.81 x 101   

Total (y) 13,659 6.58 x 105    

Notes: 
1. α = 0.05 
3. 45° < WDL < 90° and 270° < WDL < 315° 
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Figure 88.  WDL Case B south wind profile. 
 

Table 26.  Regression parameters for loads proportional 
to WSL2, Case B winds from the south. 

Load cell ID b0 b1 

Leeward cells 
BU 13.1 -2.06 x 10-1 
CU 3.69 -3.77 x 10-2 
DU 7.10 -1.72 x 10-1 

Windward cells 
GU 6.22 -1.05 x 10-1 
HU 15.3 -3.85 x 10-1 
IU 5.64 -6.75 x 10-2 

 

Table 27.  ANOVA tables for loads proportional to WSL2, Case B winds from the south. 
Load cell 

ID Source df SS MS F-ratio Probability 

BU 

Slope (b1|b0) 2 4.86 x 104 2.43 x 104 169.6 <0.001% 

Error (e) 13,524 1.94 x 106 1.43 x 102   

Total (y) 13,526 1.98 x 106    

CU 

Slope (b1|b0) 2 1.63 x 103 8.16 x 102 50.9 <0.001% 

Error (e) 13,524 2.17 x 105 1.60 x 101   

Total (y) 13,526 2.18 x 105    

DU 

Slope (b1|b0) 2 3.37 x 104 1.69 x 104 200.1 <0.001% 

Error (e) 13,524 1.14 x 106 8.43 x 101   

Total (y) 13,526 1.17 x 106    

GU 

Slope (b1|b0) 2 1.27 x 104 6.36 x 103 127.4 <0.001% 

Error (e) 13,524 6.75 x 105 4.99 x 101   

Total (y) 13,526 6.87 x 105    

HU 

Slope (b1|b0) 2 1.70 x 105 8.50 x 104 250.9 <0.001% 

Error (e) 13,524 4.58 x 106 3.39 x 102   

Total (y) 13,526 4.75 x 106    

IU 

Slope (b1|b0) 2 5.22 x 103 2.61 x 103 30.5 <0.001% 

Error (e) 13,524 1.16 x 106 8.56 x 101   

Total (y) 13,526 1.16 x 106    

Notes: 
1. α = 0.05 
2. 90° < WDL < 135° and 225° < WDL < 270° 
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12  APPENDIX D – RESULTS OF MULTIPLE LINEAR REGRESSION 

Table 28.  ANOVA tables for BU estimates proportional to WSU2 and WDU. 

Model type Source df SS MS 
F-

ratio Probability 

Type I SS 
Slopes (b1,b2,b3|b0) 3 1.59 x 105 5.31  x 104 441.9 <0.001% 
Error (e) 63,596 7.64 x 106 1.20  x 102   
Total (y) 63,599 7.80 x 106    

Sequential, 
Type I SS1 

Slope, x1 (b1|b0) 1 1.52 x 105 1.52  x 105 1,267 <0.001% 
Slopes, x2 & x3 (b2,b3|b0,b1) 2 7.03 x 103 3.52  x 103 29.3 <0.001% 
Error (e) 63,596 7.64 x 106 1.20  x 102   
Total (y) 63,599 7.80 x 106    

Sequential, 
Type I SS2 

Slope, x2 (b2|b0) 1 4.00 x 103 4.00 x 103 33.3 <0.001% 
Slopes, x1 & x3 (b1,b3|b0,b2) 2 1.55 x 105 7.76  x 104 646.2 <0.001% 
Error (e) 63,596 7.64 x 106 1.20  x 102   
Total (y) 63,599 7.80 x 106    

Sequential, 
Type I SS3 

Slope, x3 (b3|b0) 1 6.71 x 101 6.71 x 101 0.56 45.5% 
Slopes, x1 & x2 (b2,b2|b0,b3) 2 1.59 x 105 7.96  x 104 662.5 <0.001% 
Error (e) 63,596 7.64 x 106 1.20  x 102   
Total (y) 63,599 7.80 x 106    

Partial model, 
Type II SS 

Slope, x1 (b1|b0,b2,b3) 1 1.55 x 105 1.55  x 105 1,292 <0.001% 
Slope, x2 (b2|b0,b1,b3) 1 6.96 x 103 6.96 x 103 58.0 <0.001% 
Slope, x3 (b3|b0,b1,b2) 1 3.03 x 103 3.03 x 103 25.5 <0.001% 
Error (e) 63,596 7.64 x 106 1.20  x 102   
Total (y) 63,599 7.80 x 106    

Notes: 
1. α = 0.05 
2. Model as per  
3. Equation 7.  See Table 40 for regression parameters. 

 

Table 29.  ANOVA tables for CU estimates proportional to WSU2 and WDU. 
Model type Source df SS MS F-ratio Probability 

Type I SS 
Slopes (b1,b2,b3|b0) 3 1.95 x 104 6.51 x 103 560.7 <0.001% 
Error (e) 63,596 7.38 x 105 1.16 x 101   
Total (y) 63,599 7.58 x 105    

Sequential, 
Type I SS1 

Slope, x1 (b1|b0) 1 3.50 x 103 3.50 x 103 301.3 <0.001% 
Slopes, x2 & x3 (b2,b3|b0,b1) 2 1.60 x 104 8.02 x 103 690.4 <0.001% 
Error (e) 63,596 7.38 x 105 1.16 x 101   
Total (y) 63,599 7.58 x 105    

Sequential, 
Type I SS2 

Slope, x2 (b2|b0) 1 4.53 x 103 4.53 x 103 390.2 <0.001% 
Slopes, x1 & x3 (b1,b3|b0,b2) 2 1.50 x 104 7.50 x 103 646.0 <0.001% 
Error (e) 63,596 7.38 x 105 1.16 x 101   
Total (y) 63,599 7.58 x 105    

Sequential, 
Type I SS3 

Slope, x3 (b3|b0) 1 1.02 x 104 1.02 x 104 875.8 <0.001% 
Slopes, x1 & x2 (b2,b2|b0,b3) 2 9.36 x 103 4.68 x 103 403.1 <0.001% 
Error (e) 63,596 7.38 x 105 1.16 x 101   
Total (y) 63,599 7.58 x 105    

Partial model, 
Type II SS 

Slope, x1 (b1|b0,b2,b3) 1 4.83 x 103 4.83 x 103 416.2 <0.001% 
Slope, x2 (b2|b0,b1,b3) 1 5.86 x 103 5.86 x 103 505.1 <0.001% 
Slope, x3 (b3|b0,b1,b2) 1 1.15 x 104 1.15 x 104 990.6 <0.001% 
Error (e) 63,596 7.38 x 105 1.16 x 101   
Total (y) 63,599 7.58 x 105    

Notes: 
1. α = 0.05 
2. Model as per  
3. Equation 7.  See Table 40 for regression parameters. 
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Table 30.  ANOVA tables for DU estimates proportional to WSU2 and WDU. 
Model type Source df SS MS F-ratio Probability 

Type I SS 
Slopes (b1,b2,b3|b0) 3 4.74 x 105 1.58 x 105 3,214 <0.001% 
Error (e) 63,596 3.13 x 106 4.92 x 101   
Total (y) 63,599 3.60 x 106    

Sequential, 
Type I SS1 

Slope, x1 (b1|b0) 1 1.12 x 104 1.12 x 104 227.1 <0.001% 
Slopes, x2 & x3 (b2,b3|b0,b1) 2 4.63 x 105 2.32 x 105 4,708 <0.001% 
Error (e) 63,596 3.13 x 106 4.92 x 101   
Total (y) 63,599 3.60 x 106    

Sequential, 
Type I SS2 

Slope, x2 (b2|b0) 1 6.91 x 103 6.91 x 103 140.5 <0.001% 
Slopes, x1 & x3 (b1,b3|b0,b2) 2 4.68 x 105 2.34 x 105 4,751 <0.001% 
Error (e) 63,596 3.13 x 106 4.92 x 101   
Total (y) 63,599 3.60 x 106    

Sequential, 
Type I SS3 

Slope, x3 (b3|b0) 1 4.60 x 105 4.60 x 105 9,346 <0.001% 
Slopes, x1 & x2 (b2,b2|b0,b3) 2 1.46 x 104 7.28 x 103 147.9 <0.001% 
Error (e) 63,596 3.13 x 106 4.92 x 101   
Total (y) 63,599 3.60 x 106    

Partial model, 
Type II SS 

Slope, x1 (b1|b0,b2,b3) 1 7.64 x 103 7.64 x 103 155.3 <0.001% 
Slope, x2 (b2|b0,b1,b3) 1 3.38 x 103 3.38 x 103 68.7 <0.001% 
Slope, x3 (b3|b0,b1,b2) 1 4.56 x 105 4.56 x 105 9,274 <0.001% 
Error (e) 63,596 3.13 x 106 4.92 x 101   
Total (y) 63,599 3.60 x 106    

Notes: 
1. α = 0.05 
2. Model as per  
3. Equation 7.  See Table 40 for regression parameters. 

 

Table 31.  ANOVA tables for GU estimates proportional to WSU2 and WDU. 
Model type Source df SS MS F-ratio Probability 

Type I SS 
Slopes (b1,b2,b3|b0) 3 2.69 x 105 8.98 x 104 2,002 <0.001% 
Error (e) 63,596 2.85 x 106 4.48 x 101   
Total (y) 63,599 3.12 x 106    

Sequential, 
Type I SS1 

Slope, x1 (b1|b0) 1 3.25 x 104 3.25 x 104 725.1 <0.001% 
Slopes, x2 & x3 (b2,b3|b0,b1) 2 2.37 x 105 1.18 x 105 2,641 <0.001% 
Error (e) 63,596 2.85 x 106 4.48 x 101   
Total (y) 63,599 3.12 x 106    

Sequential, 
Type I SS2 

Slope, x2 (b2|b0) 1 9.54 x 105 9.54 x 103 212.7 <0.001% 
Slopes, x1 & x3 (b1,b3|b0,b2) 2 2.60 x 104 1.30 x 105 2,897 <0.001% 
Error (e) 63,596 2.85 x 106 4.48 x 101   
Total (y) 63,599 3.12 x 106    

Sequential, 
Type I SS3 

Slope, x3 (b3|b0) 1 2.32 x 105 2.32 x 105 5,177 <0.001% 
Slopes, x1 & x2 (b2,b2|b0,b3) 2 3.72 x 104 1.86 x 104 415.1 <0.001% 
Error (e) 63,596 2.85 x 106 4.48 x 101   
Total (y) 63,599 3.12 x 106    

Partial model, 
Type II SS 

Slope, x1 (b1|b0,b2,b3) 1 2.77 x 104 2.77 x 104 617.5 <0.001% 
Slope, x2 (b2|b0,b1,b3) 1 4.71 x 103 4.71 x 103 105.1 <0.001% 
Slope, x3 (b3|b0,b1,b2) 1 2.27 x 105 2.27 x 105 5,069 <0.001% 
Error (e) 63,596 2.85 x 106 4.48 x 101   
Total (y) 63,599 3.12 x 106    

Notes: 
1. α = 0.05 
2. Model as per  
3. Equation 7.  See Table 40 for regression parameters. 
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Table 32.  ANOVA tables for HU estimates proportional to WSU2 and WDU. 
Model type Source df SS MS F-ratio Probability 

Type I SS 
Slopes (b1,b2,b3|b0) 3 1.51 x 106 5.03 x 105 2,330 <0.001% 
Error (e) 63,596 1.37 x 107 2.16 x 102   
Total (y) 63,599 1.52 x 107    

Sequential, 
Type I SS1 

Slope, x1 (b1|b0) 1 9.96 x 104 9.96 x 104 461.1 <0.001% 
Slopes, x2 & x3 (b2,b3|b0,b1) 2 1.41 x 106 7.05 x 105 3,264 <0.001% 
Error (e) 63,596 1.37 x 107 2.16 x 102   
Total (y) 63,599 1.52 x 107    

Sequential, 
Type I SS2 

Slope, x2 (b2|b0) 1 2.39 x 105 2.39 x 105 1,108 <0.001% 
Slopes, x1 & x3 (b1,b3|b0,b2) 2 1.27 x 106 6.35 x 105 2,941 <0.001% 
Error (e) 63,596 1.37 x 107 2.16 x 102   
Total (y) 63,599 1.52 x 107    

Sequential, 
Type I SS3 

Slope, x3 (b3|b0) 1 9.93 x 105 9.93 x 105 4,596 <0.001% 
Slopes, x1 & x2 (b2,b2|b0,b3) 2 5.17 x 105 2.59 x 105 1,197 <0.001% 
Error (e) 63,596 1.37 x 107 2.16 x 102   
Total (y) 63,599 1.52 x 107    

Partial model, 
Type II SS 

Slope, x1 (b1|b0,b2,b3) 1 2.78 x 105 2.78 x 105 1,287 <0.001% 
Slope, x2 (b2|b0,b1,b3) 1 4.18 x 105 4.18 x 105 1,933 <0.001% 
Slope, x3 (b3|b0,b1,b2) 1 1.17 x 106 1.17 x 106 5,421 <0.001% 
Error (e) 63,596 1.37 x 107 2.16 x 102   
Total (y) 63,599 1.52 x 107    

Notes: 
1. α = 0.05 
2. Model as per  
3. Equation 7.  See Table 40 for regression parameters. 

 

Table 33.  ANOVA tables for IU estimates proportional to WSU2 and WDU. 
Model type Source df SS MS F-ratio Probability 

Type I SS 
Slopes (b1,b2,b3|b0) 3 2.53 x 105 8.43 x 104 1,262 <0.001% 
Error (e) 63,596 4.25 x 106 6.68 x 101   
Total (y) 63,599 4.50 x 106    

Sequential, 
Type I SS1 

Slope, x1 (b1|b0) 1 9.20 x 103 9.20 x 103 137.7 <0.001% 
Slopes, x2 & x3 (b2,b3|b0,b1) 2 2.44 x 105 1.22 x 105 1,824 <0.001% 
Error (e) 63,596 4.25 x 106 6.68 x 101   
Total (y) 63,599 4.50 x 106    

Sequential, 
Type I SS2 

Slope, x2 (b2|b0) 1 1.69 x 105 1.69 x 105 2,529 <0.001% 
Slopes, x1 & x3 (b1,b3|b0,b2) 2 8.39 x 104 4.20 x 104 627.9 <0.001% 
Error (e) 63,596 4.25 x 106 6.68 x 101   
Total (y) 63,599 4.50 x 106    

Sequential, 
Type I SS3 

Slope, x3 (b3|b0) 1 4.40 x 104 4.40 x 104 658.0 <0.001% 
Slopes, x1 & x2 (b2,b2|b0,b3) 2 2.09 x 105 1.04 x 105 1,564 <0.001% 
Error (e) 63,596 4.25 x 106 6.68 x 101   
Total (y) 63,599 4.50 x 106    

Partial model, 
Type II SS 

Slope, x1 (b1|b0,b2,b3) 1 3.99 x 104 3.99 x 104 597.7 <0.001% 
Slope, x2 (b2|b0,b1,b3) 1 2.00 x 105 2.00 x 105 2,989 <0.001% 
Slope, x3 (b3|b0,b1,b2) 1 7.47 x 104 7.47 x 104 1,118 <0.001% 
Error (e) 63,596 4.25 x 106 6.68 x 101   
Total (y) 63,599 4.50 x 106    

Notes: 
1. α = 0.05 
2. Model as per  
3. Equation 7.  See Table 40 for regression parameters. 
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Table 34.  ANOVA tables for BU estimates proportional to WSL2 and WDL. 
Model type Source df SS MS F-ratio Probability 

Type I SS 
Slopes (b1,b2,b3|b0) 3 3.17 x 105 1.06 x 105 897.8 <0.001% 
Error (e) 63,596 7.48 x 106 1.18 x 102   
Total (y) 63,599 7.80 x 106    

Sequential, 
Type I SS1 

Slope, x1 (b1|b0) 1 2.92 x 105 2.92 x 105 2,484 <0.001% 
Slopes, x2 & x3 (b2,b3|b0,b1) 2 2.46 x 104 1.23 x 104 104.5 <0.001% 
Error (e) 63,596 7.48 x 106 1.18 x 102   
Total (y) 63,599 7.80 x 106    

Sequential, 
Type I SS2 

Slope, x2 (b2|b0) 1 9.92 x 102 9.92 x 102 8.4 0.37% 
Slopes, x1 & x3 (b1,b3|b0,b2) 2 3.16 x 105 1.58 x 104 1,343 <0.001% 
Error (e) 63,596 7.48 x 106 1.18 x 102   
Total (y) 63,599 7.80 x 106    

Sequential, 
Type I SS3 

Slope, x3 (b3|b0) 1 3.04 x 104 3.04 x 104 258.3 <0.001% 
Slopes, x1 & x2 (b2,b2|b0,b3) 2 2.87 x 105 1.43 x 105 1,218 <0.001% 
Error (e) 63,596 7.48 x 106 1.18 x 102   
Total (y) 63,599 7.80 x 106    

Partial model, 
Type II SS 

Slope, x1 (b1|b0,b2,b3) 1 2.86 x 105 2.86 x 105 2,427 <0.001% 
Slope, x2 (b2|b0,b1,b3) 1 -5.79 x 103 -5.79 x 103 49.2 <0.001% 
Slope, x3 (b3|b0,b1,b2) 1 2.36 x 103 2.36 x 103 200.6 <0.001% 
Error (e) 63,596 7.48 x 106 1.18 x 102   
Total (y) 63,599 7.80 x 106    

Notes: 
1. α = 0.05 
2. Model as per  
3. Equation 7.  See Table 41Table 40 for regression parameters. 

 

Table 35.  ANOVA tables for CU estimates proportional to WSL2 and WDL. 
Model type Source df SS MS F-ratio Probability 

Type I SS 
Slopes (b1,b2,b3|b0) 3 1.60 x 104 5.34 x 103 457.5 <0.001% 
Error (e) 63,596 7.42 x 105 1.17 x 101   
Total (y) 63,599 7.58 x 105    

Sequential, 
Type I SS1 

Slope, x1 (b1|b0) 1 4.07 x 103 4.07 x 103 348.6 <0.001% 
Slopes, x2 & x3 (b2,b3|b0,b1) 2 1.19 x 104 5.97 x 103 511.9 <0.001% 
Error (e) 63,596 7.42 x 105 1.17 x 101   
Total (y) 63,599 7.58 x 105    

Sequential, 
Type I SS2 

Slope, x2 (b2|b0) 1 8.82 x 103 8.82 x 103 755.7 <0.001% 
Slopes, x1 & x3 (b1,b3|b0,b2) 2 7.20 x 105 3.60 x 103 308.4 <0.001% 
Error (e) 63,596 7.42 x 105 1.17 x 101   
Total (y) 63,599 7.58 x 105    

Sequential, 
Type I SS3 

Slope, x3 (b3|b0) 1 6.59 x 102 6.59 x 102 56.5 <0.001% 
Slopes, x1 & x2 (b2,b2|b0,b3) 2 1.54 x 104 7.68 x 103 658.0 <0.001% 
Error (e) 63,596 7.42 x 105 1.17 x 101   
Total (y) 63,599 7.58 x 105    

Partial model, 
Type II SS 

Slope, x1 (b1|b0,b2,b3) 1 6.54 x 103 6.54 x 103 560.3 <0.001% 
Slope, x2 (b2|b0,b1,b3) 1 1.13 x 104 1.13 x 104 967.3 <0.001% 
Slope, x3 (b3|b0,b1,b2) 1 3.13 x 103 3.13 x 103 268.1 <0.001% 
Error (e) 63,596 7.42 x 105 1.17 x 101   
Total (y) 63,599 7.58 x 105    

Notes: 
1. α = 0.05 
2. Model as per  
3. Equation 7.  See Table 41Table 40 for regression parameters. 
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Table 36.  ANOVA tables for DU estimates proportional to WSL2 and WDL. 
Model type Source df SS MS F-ratio Probability 

Type I SS 
Slopes (b1,b2,b3|b0) 3 6.06 x 105 2.02 x 105 4,283 <0.001% 
Error (e) 63,596 3.00 x 106 4.71 x 101   
Total (y) 63,599 3.60 x 106    

Sequential, 
Type I SS1 

Slope, x1 (b1|b0) 1 2.24 x 105 2.24 x 105 4,760 <0.001% 
Slopes, x2 & x3 (b2,b3|b0,b1) 2 3.81 x 105 1.91 x 105 4,044 <0.001% 
Error (e) 63,596 3.00 x 106 4.71 x 101   
Total (y) 63,599 3.60 x 106    

Sequential, 
Type I SS2 

Slope, x2 (b2|b0) 1 2.07 x 103 2.07 x 103 44.0 <0.001% 
Slopes, x1 & x3 (b1,b3|b0,b2) 2 6.04 x 105 3.02 x 105 6,402 <0.001% 
Error (e) 63,596 3.00 x 106 4.71 x 101   
Total (y) 63,599 3.60 x 106    

Sequential, 
Type I SS3 

Slope, x3 (b3|b0) 1 3.97 x 105 3.97 x 105 8,423 <0.001% 
Slopes, x1 & x2 (b2,b2|b0,b3) 2 2.09 x 105 1.04 x 105 2,213 <0.001% 
Error (e) 63,596 3.00 x 106 4.71 x 101   
Total (y) 63,599 3.60 x 106    

Partial model, 
Type II SS 

Slope, x1 (b1|b0,b2,b3) 1 2.07 x 105 2.07 x 105 4,381 <0.001% 
Slope, x2 (b2|b0,b1,b3) 1 -1.58 x 104 -1.58 x 104 334.4 <0.001% 
Slope, x3 (b3|b0,b1,b2) 1 3.97 x 105 3.97 x 105 8,045 <0.001% 
Error (e) 63,596 3.00 x 106 4.71 x 101   
Total (y) 63,599 3.60 x 106    

Notes: 
1. α = 0.05 
2. Model as per  
3. Equation 7.  See Table 41Table 40 for regression parameters. 

 

Table 37.  ANOVA tables for GU estimates proportional to WSL2 and WDL. 

Model type Source df SS MS 
F-

ratio Probability 

Type I SS 
Slopes (b1,b2,b3|b0) 3 3.96 x 105 1.32 x 105 3,085 <0.001% 
Error (e) 63,596 2.72 x 106 4.28 x 101   
Total (y) 63,599 3.12 x 106    

Sequential, 
Type I SS1 

Slope, x1 (b1|b0) 1 1.60 x 105 1.60 x 105 3,724 <0.001% 
Slopes, x2 & x3 (b2,b3|b0,b1) 2 2.37 x 105 1.18 x 105 2,765 <0.001% 
Error (e) 63,596 2.72 x 106 4.28 x 101   
Total (y) 63,599 3.12 x 106    

Sequential, 
Type I SS2 

Slope, x2 (b2|b0) 1 3.28 x 103 3.28 x 103 76.6 <0.001% 
Slopes, x1 & x3 (b1,b3|b0,b2) 2 3.93 x 105 1.97 x 105 4,589 <0.001% 
Error (e) 63,596 2.72 x 106 4.28 x 101   
Total (y) 63,599 3.12 x 106    

Sequential, 
Type I SS3 

Slope, x3 (b3|b0) 1 2.51 x 105 2.51 x 105 5,860 <0.001% 
Slopes, x1 & x2 (b2,b2|b0,b3) 2 1.45 x 105 7.27 x 104 1,697 <0.001% 
Error (e) 63,596 2.72 x 106 4.28 x 101   
Total (y) 63,599 3.12 x 106    

Partial model, 
Type II SS 

Slope, x1 (b1|b0,b2,b3) 1 1.42 x 105 1.42 x 105 3,317 <0.001% 
Slope, x2 (b2|b0,b1,b3) 1 -1.42 x 103 -1.42 x 103 330.4 <0.001% 
Slope, x3 (b3|b0,b1,b2) 1 2.34 x 103 2.34 x 103 5,453 <0.001% 
Error (e) 63,596 2.72 x 106 4.28 x 101   
Total (y) 63,599 3.12 x 106    

Notes: 
1. α = 0.05 
2. Model as per  
3. Equation 7.  See Table 41Table 40 for regression parameters. 
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Table 38.  ANOVA tables for HU estimates proportional to WSL2 and WDL. 
Model type Source df SS MS F-ratio Probability 

Type I SS 
Slopes (b1,b2,b3|b0) 3 2.41 x 106 8.05 x 105 3,989 <0.001% 
Error (e) 63,596 1.28 x 107 2.02 x 102   
Total (y) 63,599 1.52 x 107    

Sequential, 
Type I SS1 

Slope, x1 (b1|b0) 1 1.01 x 106 1.01 x 106 5,005 <0.001% 
Slopes, x2 & x3 (b2,b3|b0,b1) 2 1.40 x 106 7.02 x 105 3,481 <0.001% 
Error (e) 63,596 1.28 x 107 2.02 x 102   
Total (y) 63,599 1.52 x 107    

Sequential, 
Type I SS2 

Slope, x2 (b2|b0) 1 2.48 x 105 2.48 x 105 1,230 <0.001% 
Slopes, x1 & x3 (b1,b3|b0,b2) 2 2.17 x 106 1.08 x 106 5,368 <0.001% 
Error (e) 63,596 1.28 x 107 2.02 x 102   
Total (y) 63,599 1.52 x 107    

Sequential, 
Type I SS3 

Slope, x3 (b3|b0) 1 8.90 x 105 8.90 x 105 4,413 <0.001% 
Slopes, x1 & x2 (b2,b2|b0,b3) 2 1.52 x 106 7.62 x 105 3,777 <0.001% 
Error (e) 63,596 1.28 x 107 2.02 x 102   
Total (y) 63,599 1.52 x 107    

Partial model, 
Type II SS 

Slope, x1 (b1|b0,b2,b3) 1 1.28 x 106 1.28 x 106 6,324 <0.001% 
Slope, x2 (b2|b0,b1,b3) 1 5.14 x 105 5.14 x 105 2,548 <0.001% 
Slope, x3 (b3|b0,b1,b2) 1 1.16 x 106 1.16 x 106 5,731 <0.001% 
Error (e) 63,596 1.28 x 107 2.02 x 102   
Total (y) 63,599 1.52 x 107    

Notes: 
1. α = 0.05 
2. Model as per  
3. Equation 7.  See Table 41Table 40 for regression parameters. 

 

Table 39.  ANOVA tables for IU estimates proportional to WSL2 and WDL. 
Model type Source df SS MS F-ratio Probability 

Type I SS 
Slopes (b1,b2,b3|b0) 3 3.37 x 105 1.12 x 105 1,715 <0.001% 
Error (e) 63,596 4.17 x 106 6.55 x 101   
Total (y) 63,599 4.50 x 106    

Sequential, 
Type I SS1 

Slope, x1 (b1|b0) 1 7.75 x 104 7.75 x 104 1,183 <0.001% 
Slopes, x2 & x3 (b2,b3|b0,b1) 2 2.60 x 105 1.30 x 105 1,981 <0.001% 
Error (e) 63,596 4.17 x 106 6.55 x 101   
Total (y) 63,599 4.50 x 106    

Sequential, 
Type I SS2 

Slope, x2 (b2|b0) 1 1.54 x 105 1.54 x 105 2,358 <0.001% 
Slopes, x1 & x3 (b1,b3|b0,b2) 2 1.83 x 105 9.13 x 104 1,394 <0.001% 
Error (e) 63,596 4.17 x 106 6.55 x 101   
Total (y) 63,599 4.50 x 106    

Sequential, 
Type I SS3 

Slope, x3 (b3|b0) 1 4.64 x 104 4.64 x 104 708.9 <0.001% 
Slopes, x1 & x2 (b2,b2|b0,b3) 2 2.91 x 105 1.45 x 105 2,218 <0.001% 
Error (e) 63,596 4.17 x 106 6.55 x 101   
Total (y) 63,599 4.50 x 106    

Partial model, 
Type II SS 

Slope, x1 (b1|b0,b2,b3) 1 1.36 x 105 1.36 x 105 2,079 <0.001% 
Slope, x2 (b2|b0,b1,b3) 1 2.13 x 103 2.13 x 103 3,254 <0.001% 
Slope, x3 (b3|b0,b1,b2) 1 1.05 x 103 1.05 x 103 1,605 <0.001% 
Error (e) 63,596 4.17 x 106 6.55 x 101   
Total (y) 63,599 4.50 x 106    

Notes: 
1. α = 0.05 
2. Model as per  
3. Equation 7.  See Table 41Table 40 for regression parameters. 
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Table 40.  Regression parameters for loads proportional to WSU2 and WDU 
Load cell ID b0 b1 b2 b3 

BU 13.1 -3.35 x 10-2 -5.40 x 10-1 1.36 x 10-1 
CU 2.77 4.55 x 10-3 -5.13 x 10-1 5.49 x 10-1 
DU 6.08 -1.03 x 10-2 -5.01 x 10-2 3.41 
GU 6.59 -1.61 x 10-2 1.89 x 10-1 2.42 
HU 11.9 -3.11 x 10-2 -4.17 5.43 
IU 3.28 -1.02 x 10-2 -2.93 1.35 

 

Table 41.  Regression parameters for loads proportional to WSL2 and WDL 
Load cell ID b0 b1 b2 b3 

BU 13.8 -2.44 x 10-1 -3.27 x 10-1 8.36 x 10-1 
CU 2.99 -3.33 x 10-2 -6.50 x 10-1 2.20 x 10-1 
DU 6.94 -2.06 x 10-1 -6.86 x 10-1 3.34 
GU 7.22 -1.73 x 10-1 -4.29 x 10-1 2.63 
HU 13.6 -4.70 x 10-1 -4.72 5.50 
IU 3.75 -1.43 x 10-1 -2.84 1.51 

 


