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FOREWORD
This study was undertaken under a contract with the Canadian Forestry 

Service of the Government of Canada. The project, No. 7, is entitled 

"Monitoring of Existing Building Constructions" , and forms part 

of a program on "Strength and Performance of Wood Materials and 
Building Components" . The goal which the work reported herein 

addresses is to complete a report on the performance of floors in the 

Mark XI project.
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ABSTRACT

Tests on floors at two houses of the Mark XI project under concentrated 

load were conducted in order to determine if changes in performance 
could be detected. The performance was compared to the response 

obtained at previous test of the same floors by Onysko et al. (1981a) 
and to the response obtained by Onysko et al. (1981b) on floors that 

were dried in the laboratory.

The increases in maximum deflections for the four floors studied are 

explained in terms of moisture content changes and differences between 

floors in material properties, joist spacing, span and loads. The 
effects of cross-bridging and strapping are discussed. Measures of the 

degree of load sharing and composite action are defined.

It is concluded that a reduction of performance may be due 
primarily to an increase in moisture content in the subfloor with second 

order effects due to the reduction in effectiveness of cross-bridging 

and strapping.
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TERMINOLOGY AND ABBREVIATIONS

El - product of flexural modulus of elasticity, E, and the nouent 
u of inertia, I, for the section with no composite action between 

layers (G.N.mmI 2 * * S )

El ( || ) - as above, but for a plywood section parallel to face grain 
(per unit width) and full composite action (G.N.mm)

(EA)i - product of axial modulus of elasticity, E, and effective area 
of cross section, A (MN)

h - distance between centroids of areas, A, of two layers (mm)

L - span (mm)

J - joist spacing, centre to centre (mm)

A (J_) - net area perpendicular to face grain (per unit width) for 
plywood (G.N.nm)

I ( || ) - net moment of inertia parallel to face grain (per unit width) 
for plywood (G.N.mm)

d - joist depth (mm)

HI and H2 - designations for Mark XI houses numbers 1 and 2 respectively

LR and DR - abbreviations for floors in living room and dining room 
respectively

LSF - load sharing factor

DLS - degree of load sharing

DCA - degree of composite action

- maximum bending deflection (mm)

S - joint stiffness (MPa)
n - number of joists in floor v



A  COMPARISON OF THE PERFORMANCE UNDER CONCENTRATED

LOADS OF FLOORS AT THE MARK XI 

by G.J. van Rijn

1.0 INTRODUCTION

In 1977, a series of four single detached houses was built in 
Orleans, Ontario under the sponsorship of the Housing and Urban 

Development Association of Canada. These houses, designated the Mark 

XI series, were used by the Division of Building Research of the National 

Research Council to study various measures for energy conservation.

At the same time, a study was conducted on the performance of the 

floors in these four houses in order to assess the relative merits of 

gluing the sub-floor to joist with elastomeric adhesive in addition 
to nailing and of using continuous joists instead of the conventional 

lapped or simply supported joist.

Various tests were conducted in 1977 and 1979 on the performance of these 

floor constructions under concentrated loads and uniformly distributed 

loads. The results of these tests were report by Onysko et al. (1981a).
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2.0 LITERATURE REVIEW

Onysko et al. (1981a) reported on concentrated load tests in as-built 
houses which showed that combining cross-bridging with strap on the 

underside of the joists produced higher improvements, as measured by a 
reduction in peak deflection of joists, than by cross-bridging alone. 

Unfortunately, the cross-bridging was incomplete at the time of testing 

due to the presence of heating ducts in these places. Onysko defined 
load sharing as the proportion of a concentrated load which is carried 

by the joist on which a concentrated load rests. Comparison between 

floors was difficult because of differences in spacing of joists and
differences in room width or number of joists which could participate

)

in load sharing.

Other work by Onysko et al. (1981b) reported on the effectiveness of 

bridging in floors that dry out after construction. In this work,
• 'ftfloors with seven joists were built in a laboratory. These floors were 

tested in a condition of high moisture content and re-tested at a 

lower moisture condition. The tests at each condition involved the 
application of a concentrated load to the floors when various bridging 

types were in place and the measurement of deflection at the mid-span of 

each joist in the floor.

The El product of the joist section were determined both before (green) 
and after (dry) the conditioning. On the average, the change in El 

product for each change in percent moisture content was found to be 
-0.46 percent. This agrees with a calculated value of -0.58 percent which
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was based on values of changes in MOE and dimensions reported in the Wood 

Handbook (1974).

Onysko et al (1981a) reported that " the effectiveness of most bridging 
types was reduced when the floors dried out, but the decrease is not 

separable from loss in effectiveness of nailing the sub-floor" .
Maximum deflections for floors with some form of bridging and strapping 

were shown to increase from 14 to 58 percent after drying from an 

average moisture content of 23.5 percent to 10.4 percent.

The effect of connecting sub-floor and joist on the bending stiffness 
may be estimated from work reported by McCutcheon (1977) who gives 

the following relationship to estimate the El product with partial 
composite action from the El products with no composite action, EIU , and 

with full composite action EIR :

El EIr
1 + f A

(1 )

1

a2

10
(L a)2 + 10

h2S EIr

(eir - s y x

EIp = El + h2 EA •K u

(2)

(3)

(4)

(EA) x (EA) 2 

(EA)! + (EA)2
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For the purpose of predicting deflections from application of 

concentrated load, more accurate analysis techniques are proposed by 

Qnysko (1981c), Foschi (1981), and Thompson et al. (1975). For the 
purpose of comparing the relative performance of the floors, the accuracy 

provided by the approach suggested by McCutcheon for the estimation of 

the effective El product was considered sufficient.
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3.0 OBJECTIVE

The tests for deflection response under the application of a concentrated 
load which were conducted in 1977 at the Mark XI houses were repeated 
in 1981 in order to determine if changes in performance could be 
detected and explained.
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4.0 EXPERIMENTAL PROCEDURES

It was not considered necessary to perform tests on all houses at 

the Mark XI since the question of changes in performance of the 

continuous joists in two of the four houses were not an issue. 

Therefore, the repetition of the concentrated load tests and the 
comparison of the results are confined to the two houses with " simply" 

supported joists.

The procedure follows that reported by Onysko et al, (1981a)

Essentially, the procedure was as follows: A technician who wore

lead shoes to bring the total applied force to about 1 kN, positioned 
himself over successive joists at mid-span. At the same time, deflections 

at mid-span were recorded from dial gauges mounted on a framework 

which rested on the basement floor.

The moisture content of the joists was measured using a resistance-
type moisture meter. The temperature of the joists was taken with a digital

thermometer, which measured the surface temperature of the joists.
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5.0 RESULTS AND DISCUSSIONS

The results of initial measurements of span (L), average plywood thickness 

(t), and average joist depth (d) are given in Table 1 from those 
reported by Qnysko et al. (1981a). The plywood EA product, (EA), is 

calculated from average El products reported by Qnysko et al. (1981a) 

in the direction parallel to the face grain. Since Equation 5 requxres 

the property (EA), perpendicular to the face grain, this was calculated 

from the ratio of area perpendicular to the face grain A ( JJ, and moment 

of inertia parallel to the face grain I ( || ) given by CSA standard 086 

(1980) as follows:

(EA)x - El ( || ) x ~f— jÿjyx J (6)

where J is the joist spacing.

Similarly, the joist EA product, (EA)2 was calculated from El reported 

by Qnysko after suitable adjustment for the effects of moisture content 
changes. Thus, (EA)2 for the joist may be estimated from the E in 

bending using the previously determined El product in the following 

relationship with the average depth of the joist, d:

(e a )2 12 (El)
d2 (7)

The El products for each joist specimen for which deflections were 

measured in the floor are given in Table 2 along with the joist number 

which identifies each specimen. These joist identification numbers 

can be related to their placement in the floor in Figures 1 and 2
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which show plans of the living roam (LR) and dining room (DR) of Houses 

1 and 2 (Hi and H2 respectively).

The joist deflections which were measured are tabulated in Table 3 for 

a condition where the most central joist in each floor was loaded. The 

first three sets of data are those which were recorded in 1977 at a 
moisture content of 12.1 percent in the case of Hi and 13.6 percent 

in the case of H2. The fourth set of deflections are those recorded 

in 1981. The moisture content values given in Tables 2 and 3 were 

obtained using a resistance type meter and correcting for the effects 
of species and temperature. Of the measurements taken of the moisture 

content of the joists in 1981 which were reliable, a moisture content 

of about ten percent for all floors was indicated after correction 
for species and temperature.

Only the deflection profiles which seemed to include most of the 

deflections of- joists are tabulated. In fact, a series of deflection 

profiles were recorded with the load being applied at successive 

joist locations. However, in these cases the applied load was 

resisted by joists for which deflections were not recorded or parts 
of the load were transferred by bridging action to end or bearing walls.

It is immediately obvious that the data on maximum deflections given 

in Table 3 shows an increase in maximum deflections for the cases where 
both cross-bridging and strapping are in place (condition C in Table 3). 

This increase was recorded in spite of a reduction in moisture content 

for which an increase in joist stiffness might have been expected. The
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magnitude of the increase in maximum deflections varied considerably 

between rooms. For the dining rooms, increases of 2 percent and 5 
percent were recorded while for the living rooms, Hi showed a 13 

percent increase while H2 showed a 26 percent increase. Since the dining 

rooms are narrower than the living rooms, the effect of having end or 

bearing walls closer might result in more load sharing taking place 
because the transverse bending stiffness is increased. However, the 
comparison is difficult due to differences between floors in initial 
iroisture content, joist flexural properties, subfloor flexural properties, 

span, joist spacing, applied load, joint stiffness, and presence of 

cross-bridging.

In order to provide a more meaningful comparison, the deflection profiles 

of Table 3 are modified by the ratio of the El of the joist under 

the load to the El of each joist in each profile. These are then 
shown in graphic form in Figures 3 and 4 under a sketch of each floor 

section at the location of bridging, which is also about mid-point 

of the span.

It is apparent from these figures that the influence of cross-bridging 

by itself (condition B) is small, while the influence of cross-bridging 
with strapping is much larger. This influence seems to have diminished 

somewhat at the lower moisture content for the joist.

Another point which must be made with respect to the deflection profiles

9



is the apparent relationship between the presence of cross-bridging 
next to the loaded joist and the decrease in differences between the 

deflections of these joists. Note the deflection profile for joists 
68 and 67 in Hi LR and joists 81 and 70 of H2 LR. This effect seems to 

diminish somewhat at the lower moisture content.

In order to investigate this observation further the unmodified deflection 

data was analyzed. As was previously mentioned, the load was applied 
successively at each joist location and the deflections of all joists, 

except those at the edges of the rooms, were recorded. The differences 

between deflections of the joist adjacent to the loaded joist were cal
culated and assigned to one of two groups depending upon the presence 

of cross-bridging or blocking between the joists in question. The 
group with cross-bridging had a mean difference in the 1981 tests of 

0.38 mm and a standard deviation of 0.13 mm while the group without 
cross-bridging had a mean difference of 0.57 ran and a standard deviation 
of 0.15 mm. Each group had 24 cases. This difference in mean values

was significant at the 0.1 percent level of significance, using the 

Student's t-test.

The increase in maximum deflections in all floors may be attributed to 

a combination of a change in bending stiffness parallel to the joists 

and a change in bending stiffness perpendicular to the joists.

The change in bending stiffness parallel to the joists may be due to 
changes in the effective El product or to changes in joint stiffness.

The former may be due to changes in moisture content while the latter 

due to the effects of cyclic loading and creep on the connection at 

the joint.
10



The change in bending stiffness perpendicular to the joist, which is the 
summation of the effects of all bridging mechanisms, may be due to 
changes in the El pioduct of the sheathing and to changes in the 
behaviour of cross-bridging and strapping.

In order to compare the load-sharing behaviour of the floor it was necessary 
to account for the differences known to exist in the floor. The method 

used involved the calculation of an equivalent concentrated load, P, 

which would cause the joist under the applied concentrated load to deflect 
by the amount measured, A .

48P = ----- AEI <8>
L3

This calculated load may be divided by the total applied load which is 
defined as the load sharing factor (LSF) . The proportion of the 

total applied load which has been shared with the remaining joists in 
an n joist floor may be compared to the proportion if all joists shared 

the load equally in the following expression, which is defined as the 
degree of load sharing (DLS):

DLS = (1—LSFUÎ__
tn-1) (9)

In order to calculate P, an estimate must be made of the El product, 
using Equation 1.

The El values given in Table 2 were adjusted by the difference in
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moisture contents at the time of the El test and concentrated load test. 
Based on the discussion earlier of the change in El reported by Onysko 
(1981b) and data in the Wood Handbook (1974), an increase of 0.5 percent 
for each percent decrease in moisture content was used. This was taken 
to be the El value in Equation 1 at each joist location. The value

ÊÂ was calculated using Equations 5,6, and 7.

Spiral nails of 63-mm length were used at a spacing of 150 mm in connecting 

sub-floor sheathing to joists in HI. McCutcheon (1977) suggests values 

for joint stiffness per nail under lateral load for 8d or 9d common

nails in 15.5-mm Douglas fir plywood of about 1650 N/mm at 150 mm 
spacing. This would suggest a joint stiffness of 11 MPa.

An elastomeric adhesive was used in the joint between plywood sub-floor 

and joist in H2. McGee and Hoyle (1974) suggest values for glue line 

thickness and moduli of rigidity for elastomeric adhesives which result 
in a range of joint stiffness for elastomeric adhesives of between 10 
and 30 MPa.

For this analysis, a joint stiffness of 3 MPa for HI and 25 MPa for 

H2 was chosen. This resulted in a certain degree of composite action 

(DCA) between sheathing and joist which is defined as the following:

An ~ ADCA = - a _ _---- (10)
Au Ar
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This can be shown to be related to the term f A in Equations 1 and 

(2) in the following way:

DCA =  1 - f a (ID

The total applied load, total calculated equivalent load, maximum cal

culated load, DCA, LSF and DLS for each floor deflection profile of Table 

3 are tabulated in Table 4.

The total calculated loads which are explained by the deflections 

of the joists are slightly smaller than the total applied load 
in the dining rooms of both houses, while for the living rooms, the 

calculated values are closer to the total applied loads. This indicates 

that the floors with smaller dimensions perpendicular to the joist 
span are able to transfer more of the applied load to end or bearing 

walls.

DCA is an indicator of the improvement or gain in composite action 

relative to the total gain possible. A DCA of 0 would indicate no 
composite action while a DCA of 1 would indicate full composite action. 

From Table 4, it can be seen that the nailed floor had a DCA of about .36 

while for the elastomeric adhesive the DCA was about 0.81 in all 

cases.

LSF, like deflection, shows a decreasing value when cross-bridging 

(condition B) and then strapping is added (condition C) at the

13



higher moisture content and then at the lower moisture content an in
crease in LSF is apparent. It is interesting to note that the increase 
in LSF is lower in the dining rooms ( 9 percent and 4 percent) than 
it is in the living rooms (15 percent and 30 percent).

These differences in LSF are due, in part, to the difference in number and 

spacing of the joists which might participate in load sharing. A 

comparison of DLS which attempts to account for these differences shows 
that no distinction between results in the dining rooms and living 

rooms can be observed. The DLS value for H2LR shows a large increase 

when strapping was added to the cross-bridging and a large decrease at 
the time of the last test. However, this floor had all cross-bridging 
present to one side of the loaded joist.

Generally, the DLS was high in all cases and shows that the major con
tribution to load sharing is that provided by the sheathing. The 

increase in DLS at the higher moisture content was due purely to the 

addition of cross-bridging and strapping, since all other conditions 

remained constant.

The decrease in DLS, however, may not be due to a reduction in 

effectiveness of cross-bridging and strapping but rather to the changes 

in stiffness of the sheathing which, by far, is the major contributor 
to the load sharing behaviour of the floor. This change in sheathing 

properties may be due to the changes in moisture content in the 
sheathing. Qnysko et al. (1981b) reported that the sheathing studied

14



in the floor built in the laboratory picked up moisture in the conditioning 
that forced the joists to lower moisture contents. The initial tests under

concentrated loads were done in December of 1977, a few months after 
construction. It is suspected that the subfloor was still adjusting 
to the environment by absorbing moisture. Therefore, final testing was 
done on sheathing which was at a higher moisture content than the initial 

tests. This would have the effect of decreasing both the flexural 

El product perpendicular to the joist and the axial EA product along 
the joist.

The moisture content of the sheathing at the time of test was not 

measured. If we make the assumption that the magnitude of change in 

moisture content was the same as that of the joists and that the 
change in E of the veneer was the same as that found for small clear 

wood which is reported in the Wood Handbook 0-974 ), then it can be 

shown that for white spruce, a decrease of 3.1 percent in E would 
result from an increase of 2.1 percent moisture content. Similarly, 

a decrease of 5.3 percent in E would result from an increase of 

3.6 percent moisture content. This compares to the 3 to 5 percent 

decrease in DLS found in the first three floors. The last floor,
H2LR, as mentioned previously, had the most complete cross-bridging 

of the floors studied, so that, its reduction in DLS (about 11 percent) 

could be attributed in part to a reduction in the effectiveness of 
cross-bridging and strapping.
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All of the above consider the fact that there was no reduction in 

the effectiveness of the joint stiffness. If ve assume, for the moment 

that the DLS did not decrease at the last test, then we can calculate 
the stiffness in the joint required to explain the deflections reported. 

This was done and the results are tabulated in Table 5, vhere the DLS and 

the original joint stiffness, SQ , and the final joint stiffness, S^, are 

tabulated for each floor. This exercise shows that a massive reduction 

in joint stiffness is required to explain the increased deflection. This 

is not to conclude that no reduction in joint stiffness occurred, but 

rather the performance of the floor is more sensitive to changes in 

subfloor stiffness than to changes in joint stiffness.

16



6.0 CONCLUSIONS
A reduction in performance under concentrated load, as measured by an 

increase in maximum deflection, can be attributed to a combination 
of changes in the following, which are listed in order of iirportance:

1. Subfloor El product perpendicular to the joists.

2. Cross-bridging and strapping.
3. Subfloor EA product parallel to the joist.

4. Joint stiffness.

In the floors studied, a reduction in cross-bridging and strapping 
effectiveness is not as probable an explanation of the reduced performance 

observed as is a reduction in the stiffness of the subfloor across 

the joists.

17



RECOMMENDATIONS

Although the tests on the floors at the Mark XI were useful to 
understand the behaviour of floors under concentrated loads, future 

research should be directed toward improving the effectiveness of 
bridging, whereas this work and that of Qnysko have been directed 
toward understanding the effect of bridging on performance. 

Cross-bridging and strapping could be effective if they are continuous 
across a floor and a means is provided to transfer a portion of the 

load to end or bearing walls.
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TABLE 1: Properties of the floors in Houses 1 and 2 of HUDAC MARK XI project

FLOOR1 SPAN2
(m)

3PLYWOOD 
EA (MN)

PLYWOOD2 
t (mm)

JOIST2 
DEPTH (mm)

HI DR 3.962 17.3 15.34 184.5

HI LR 3.886 17.3 15.34 184.7

H2 DR 3.975 23.9 15.48 184.7

H2 LR 3.861 23.9 15.48 184.7

Hi DR refers to the dining room in house No. 1, H1LR refers to the living 
room of house No. 1

Values are those reported by Qnysko et al. (1981a) where plywood thickness 
and joist depth are average values for each floor.

Calculated values from average El per unit width values reported by Qnysko 
et al. (1981a)for the same floors.
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TABLE 2: Properties of joists in each floor and average moisture
content at time of test

FLOOR JOIST NUMBER
(MOISTURE El (GN * mm2 )
CONTENT)

HI DR 71 52 94 88 75 76 58 —
(27.0%) 167.7 201.8 183.2 207.4 183.2 171.0 162.4

HI LR 40 66 63 93 68 87 51 86
(25.8%) 201.2 137.5 149.8 168.1 176.9 197.6 155.3 128.4

H2 DR 48 96 98 85 77 59 42
(23.8%) 333.5 156.0 195.3 190.4 204.2 166.8 174.6

H2 LR 39 84 81 70 91 62 95
(25.3%) 177.8 192.0 213.9 166.4 143.4 172.4 181.7 —
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TABLE 3: Deflection results

FLOOR Bridging ^ 
Condition

Moisture 
Content (%)

Joist Deflection (mm)

1 2 3 4 5 6 7 8

HI DR A 12.1 .14 .58 1.14 1.74 1.05 .38 .16 _-

B 12.1 .21 .61 1.13 1.69 .90 .51 .21 —
C 12.1 • u> 00 .63 .94 1.39 00r-'• .46 C

M. —
C 10.0 .27 .55 .86 1.46 .89 .51 .18 —

HI LR A 12.1 .14 .29 .70 1.26 1.70 1.13 .40 .15
B 12.1 .07 .29 .72 1.25 1.80 1.11 .39 .11
C 12.1 .20 .39 .61 0000• 1.35 1.02 .40 r—1(N•

C 10.0 .14 .32 • Ln 00 1.01 1.52 1.23 .62 .32

H2 DR A 13.6 .00 .26 .87 1.59 00 
1 

• .22 .05 —
B
C 13.6 .03 .38 .76 1.33 .62 .34 .14 —
c 10.0 .02 .20 .70 1.35 .80 .42 .17 —

H2 LR A 13.6 .08 .20 • CO H 1.70 0000• .25 .07 —
B 13.6 .18 .46 .96 1.62 .82 .26 .05 —
C 13.6 .18 .45 00t''• 1.08 .45 .32 .10 —
C 10.0 .14 .37 o00• 1.36 .74 .35 .19

Bridging condition denotes the presence of certain types of bridging in the floor during 
the test. Type A indicates no cross-bridging or strap. Type B indicates a partial 
installation of cross-bridging. Type C indicates the same bridging as in Type B but 
with a 1 x 4 strap added at the same location.
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TABLE 4: Calculated equivalent concentrated loads assuming no loss in joint
stiffness.

Bridging Moisture Load (N)
FLOOR Type Content ----------------- --------- DCA LSF DLS

,0. Total Total fl&xinum
° Applied Calculated Calculated

HI DR A 12.1 1021 965 347 .352 .340 .73
n = 10 2 B 12.1 1021 974 337 I I .330 .74

C 12.1 1021 887 277 I I .271 .81
C 10.0 995 878 293 .351 .294 00r~•

HI LR A 12.1 1028 1026 310 .363 .302 .77
n = 11 B 12.1 1018 1020 328 I I .322 .75

C 12.1 1016 895 246 I I .242 • C
O (jj

C 10.0 1005 1023 280 .362 .279 .79

H2 DR A 13.6 1028 947 393 .807 .382 .71
n = 8 C 13.6 1028 883 329 I I .320 00r»•

C 10.0 1010 912 337 .806 .334 .76

H2 LR A 13.6 1022 1005 417 .811 .408 .66
n = 10 B 13.6 1022 1109 398 I I .389 • 00

C 13.6 1022 867 265 I I .259 CN00•

C 10.0 995 1017 338 .809 .340 .73

Assuming S = 3 for HI and S = 25 for H2.

n = number of joists in floor
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TABLE 5: Reduction in joint stiffness assuming no change in load-sharing

FLOOR Load^
(N)

DLS So
(MPa)

Sf
(MPa)

w11 $
 

ir-4

HI DR 270 .81 3 .8 .73

HI LR 243 .83 3 .2 .93

H2 DR 323 .78 25 17 .32

H2 LR 258 .82 25 4 .84

Calculated load that should be taken by the joist under the applied load 
so that DLS is unchanged between tests with all bridging in place.
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U1

J 71 

J 52 

J 94 
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Figure 1. Partial ground floor plan of House No. 1 showing joist and plywood layout. 
Joists are at 304 mm spacing and the 16-mm spruce plywood sub-floor is 
nailed to the joists.
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Figure 2. Partial ground floor plan of House No. 2 showing joist and plywood layout.
Joists are at 406 mm spacing and the 16-mm spruce plywood is field glued 
to the joists with elastomeric adhesive.



MARK X1 HOUSE 1

LIVING ROOM DINING ROOM

-------------- With x bridging + 1” x 4” strap
------------ With x bridging
-------------- No bridging

Figure 3. House No. 1, simply supported joists spaced at 300 mm; transverse profiles of 
deflection at midspan normalized to El of joist under load.



MARK X1 HOUSE 2

LIVING ROOM DINING ROOM

-------------- With x bridging + 1” x4” strap
--------------With x bridging
-------------- No bridging

Figure 4. House No. 2, simply supported joists spaced at 400 ran, field glued; transverse 
profiles of deflection at midspan normalized to El of joist under load.


