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Figure 5.11 (a) Applied load (P4, P5 & P6) and measured load (RS5); (b) load difference
(ARS) and (c) displacement (DS5) for t=588s to 592s for the same experiment shown in
Figure 5.10.

Figure 5.12 Load-displacement behavior for the same connection shown in Figure 5.10.
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Figure 5.13 Load difference vs. time (a, ¢) and Displacement vs. time (b, d) for
RTWC#03 and RTWC#04 respectively for one fluctuating wind loading system test with
6.35cm x 6.35cm x 0.476¢cm beams.

Figure 5.13 show the measured responses to the applied load for two of the
consecutive connections out of seven during one fluctuating wind loading test for the
stiffer system. Although the load difference is fairly constant for both the connections
before the first damaging peak (nail withdrawal at 900s), it changes substantially with
this first large damaging peak. (The reasons for the spikes (peaks) of load difference have
been explained earlier pertaining to the asynchronous loading.) However, these load-
sharing remains relatively constant until the next damaging peak around 1500 sec when
the load-sharing changes again for both the connections. After 1500 sec, the damage (i.e.,
displacement) continues to accumulate and the load difference changes with it, similar to
what was observed by Henderson et al. (2011) in their full-scale roof tests. Note that, in

the entire loading history of these two connections, RTWC#03 gets extra load from its
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neighbours, whereas RTWC#04 sheds its load to the neighbours. That means, RTWC#03
is relatively stronger than RTWC#04 in this case. This load distribution during peak loads
helps to keep the displacements at each connection similar (D3, D4 in Figure 5.13),
allowing the weakest connections to survive longer, while the stronger may fail earlier
because of the additional load they must take-up. Thus, the structural system, as
represented by the beam connecting the RTWCs in the current experiments, reduces the
effects of the variability of the individual connections. This behavior is consistent with
Wolfe & LaBissoniere (1991). The change in load difference with incremental
displacement behavior is consistent with the full-scale test results (Henderson et al.,

2011; Morrison et al., 2012).

Similar to the system ramp loading tests described earlier, the maximum absolute
load differences up to mean yield displacement (D,=1.22mm) for all the connections
were calculated. For the less stiff system, the mean maximum absolute load difference for
the 35 tested connections were found 0.23kN with a coefficient of variation of 0.41,
whereas for the stiffer system it was found 0.36kN with a coefficient of variation of 0.47.

This 50% increase for the stiffer system is statistically significant.

Again, the maximum absolute load difference from the yield displacement
(D,=1.22mm) to the point where the weakest connection within a system started to fail
was determined. For the less stiff and stiffer systems the mean maximum absolute load
difference were found to be 0.45kN with a coefficient of variation of 0.75 and 0.66kN
with a coefficient of variation of 0.39, respectively. Thus, it can be said that the mean
maximum absolute load difference for the stiffer system is significantly higher than the

less stiff system from the yield displacement to the point where the weakest connection
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starts to fail. This intrinsically means that the load-sharing is higher for the stiffer system;

in this case it is more than 40% higher.

Figure 5.14 & 5.15 shows the load difference vs. displacement for seven RTWCs
within a system (less stiff system and stiffer system respectively) for two experiments.
From these figures it can be easily seen that the load-sharing is extended for the stiffer
system (Figure 5.15) and actually higher in magnitude in the failure region (around
12mm-15mm) than the less stiff system (Figure 5.14). Load-sharing is extended for the
stiffer connection due to higher duration of the system failure compared to less stiff

system. The reason for higher duration for stiffer system is explained in Section 5.4.2.
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Figure 5.14 Load difference vs. displacement for seven RTWCs within the less stiff
system during one experiment.
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Figure 5.15 Load difference vs. displacement for seven RTWCs within the stiffer system
during one experiment.

5.4.1 Variation of displacements for RTWCs within the system

In this section the variation of the displacements for the same applied fluctuating
wind loads to the individual connections and the connections within a system will be
discussed. Figure 5.16 shows the box-and-whisker diagram for the mean displacements at
different time segments shown in Table 5.1. In total, 18 time segments (groups) were
chosen and for each time segment the mean displacements were calculated. These time
segments were selected to be in the region of relatively constant offset, between the
damaging peak loads where the connection displaces substantially. Since different
connections sustained different duration (especially for the individual test cases), the
number of samples at different groups may differ as well (see Table 5.1). From the plot, it

can be seen that for individual fluctuating tests, the variation is higher in the individual
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tests, compared to the system tests. Table 5.1 shows that for each group the coefficient of

variation for individual fluctuating tests is higher than any of the system tests.
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Figure 5.16 Box-and-whisker diagrams for mean displacements at different time
segments (groups) mentioned in Table 5.1 for (a) individual fluctuating, (b) less stiff
system fluctuating and (c) stiffer system fluctuating wind loads.

One-way analysis of variance (ANOVA) (Spiegel, 1990) test was performed to
find the differences in mean displacements between these tests are significant or not. At
5% significance level the null hypothesis could not be rejected that the mean

displacements are equal between the individual and system test in any group shown in

Table 5.1.
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Note that, the variation of failure displacements for individual fluctuating wind
loading tests are substantially higher (COV=0.50) than the variation of any system tests
(COV=0.28) for fluctuating wind loads (Table 4.4). For the same reason the distribution
of failure displacements (Figure 4.17) for individual fluctuating wind loading tests was
found broader than the distribution of any system tests. Thus, the beams which
interconnect the RTWCs reduce the variation of displacement among them for the same

identical applied fluctuating wind loading.

Table 5.1 Mean displacement (D) and coefficient of wvariation (COV) of mean
displacements at different time segments (groups) for the individual and system
fluctuating wind loading tests

Individual fluctuating Lesgusgilflfafiynsgtem Stiffer system fluctuating
Group Time Number | Mean, Number Mean Number Mean
of D (mm) | COV of | COV of | COV
samples samples D (mm) samples D (mm)

1 20s-274s 35 0.30 0.97 35 0.35 0.56 35 0.32 0.72
2 294s-745s 35 0.61 1.04 35 0.55 0.39 35 0.54 0.65
3 765s-936s 35 1.13 1.02 35 1.01 0.29 35 0.99 0.48
4 956s-991s 35 2.07 0.93 35 1.82 0.23 35 1.72 0.41
5 1011s-1117s 35 2.54 1.03 35 2.10 0.26 35 1.97 0.39
6 1137s-1300s 34 3.18 0.9 35 2.82 0.26 35 2.52 0.35
7 1320s-1362s 33 3.14 0.92 35 2.94 0.3 35 2.50 0.35
8 1382s-1494s 33 3.064 0.97 35 3.26 0.29 35 2.75 0.34
9 1514s-1616s 22 6.97 0.48 7 7.91 0.24 35 7.10 0.28
10 1636s-1649s 18 7.29 0.47 7 9.50 0.27 28 8.33 0.33
11 1714s-1799s 14 8.25 0.46 X X X 14 8.07 0.2
12 1819s-1850s 10 9.69 0.53 X X X 14 10.39 0.23
13 1870s-1952s 7 10.93 0.52 X X X 7 10.58 0.11
14 1972s5-2004s 6 10.90 0.56 X X X X X X
15 2024s-2062s 6 11.54 0.57 X X X X X X
16 2082s-2114s 5 13.75 0.6 X X X X X X
17 2134s-2215s 2 8.72 0.03 X X X X X X
18 2235s-2243s 1 12.13 0 X X X X X X
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5.4.2 Effect of bending stiffness on the time duration to failure

As explained earlier, load-sharing is extended (Figure 5.15) for the stiffer system
due to higher duration of the system failure compared to the less stiff system (Figure
5.14). In this section a detailed discussion on the failure duration for the less stiff system
and the stiffer system will be presented. For the less stiff system, the failure duration
(while the first connection fails) for five tests were 1504s, 1504s, 1504s, 1529s and
1658s. For the stiffer system the failure duration of the system for the five tests were
1630s, 1658s, 1684s, 1807s and 1860s. For the less stiff system, in 80% of the cases the
system fails during the 25 m/s segment of the loading history (time = 901s to 1620s). For
the stiffer system, no connection failed during the 25m/s segment; rather, all of them
failed during wind loading history of 30m/s (time = 1621s to 2220s). Longer duration and
increased wind speeds for the stiffer system means that, on average, the number of
damaging peaks required to fail a connection is higher for a stiffer system. With the
current time history, on averagel1.2 damaging peaks were required to fail a connection in
the stiffer system, whereas, on average, 9.2 damaging peaks are required to fail a

connection in the less stiff system.

Figures 5.17 and 5.18 shows the displacement vs. time for seven RTWCs in the
systems for the same experiments shown in Figure 5.14 & 5.15 respectively. Since the
less stiff system has less flexural rigidity (EI=23.1kN-m”) and the end connection
(RTWCH#01 in Figure 5.17) has only one adjacent connection it cannot transfer its load to
the connection that are far from it. As a result, when the end connection is sufficiently
damaged, it will fail. But other connections that are still in the system will try to resist the

failure of the whole system. From Figure 5.17 (b) it can be seen that the first connection
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(RTWCH#01) failed at around 1504s and the last connection (RTWC#07) failed at 1514s.
So, it took 10s (At) to fail the first to last connection. Considering 5 repetitive system
tests it also took 10s on average to fail the first to last connection. On the other hand, the
stiffer system has higher flexural rigidity (EI=91kN-m?) and hence even though the end
connection has one adjacent connection it will distribute its load to multiple connections
that are far away. For this reason, the whole system needs more incremental steps
(displacement) to weaken all the connections (Figure 5.18 (a)) and thus fail the whole
system. Since, all the connections are displaced (damaged) enough it took only 4sec
(considering 5 repetitive system tests) on average to fail the first to last connection. For
this reason the mean failure duration of the less stiff system (1539.8s) is lower compared
to the stiffer system (1727.8s). Thus, for a stiffer system load-sharing is higher and
extended to multiple connections for higher flexural rigidity of the beams in compared to

a less stiff system as shown in Figure 5.14 & 5.15.
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Figure 5.17 (a) Displacement vs. time for all the connections in the less stiff system
during one fluctuating wind loads test. (b) Inset showing the same plot from 1490s
t01520s.
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Figure 5.18 (a) Displacement vs. time for all the connections in the stiffer system during
one fluctuating wind loads test. (b) Inset showing the same plot from 1785s to1815s.
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Chapter 6: CONCLUSIONS & RECOMMENDATIONS

An experimental set-up was developed which investigates the load-sharing
behavior between toe-nailed, roof-to-wall connections in idealized wood-framed roofs
during high winds. Two types of loading, viz., ramp and fluctuating wind loading, were
applied to a series of 7 roof-to-wall connections (RTWCs) that were connected with two
steel beams which simulated the roof bending stiffness. Two types of beams which
ideally represent two types of roof stiffness (i.e. less stiff roof system and stiffer roof
system) were used for these loading types. Individual RTWCs were also subjected to
ramp and fluctuating wind loads to define the load-displacement behavior of toe-nail
connections and to make comparisons with the results found from the RTWCs of the

systems.

6.1 Conclusions
The conclusions of the major findings from this project are summarized below:

1. The load-displacement behavior of a toe-nail connection for ramp loads is
highly variable. Fits to the experimental data are provided for both bi-
linear and curvilinear load-displacements models. No notable correlation
between the initial slope and the failure capacity was found. In addition,
the COV (0.45) of the slope of the first linear region in the bi-linear model

is higher than the COV (0.31) of the slope of the second linear region.
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