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NATURE OF WORK:

Trunk failure will occur when stress exceeds the strength, or modulus of rupture (MOR), of the wood.
The ratio of MOR to stress at a given wind speed is the factor of safety, that is, the ‘over-design’ of the
tree trunk to withstand extreme drag-induced bending moments.

Our Questions:
1) Which morphometric measurements best predict Drag and Drag-ii
2) Whatiis the critical wind speed that causes trunk failure?

Measurements:

Modulus of Rupture (MOR) from wood samples

Drag (D) tested on live, landscape-sized trees in full leaf
Wind Speed (m/s)

Calculations:

D (M) at the base of the tree = product of drag and a lever arm that is
equal to the height of the center of pressure of the crown (HC): M=D*HC.

Bending stress (s) = a measure of the drag-induced bending moment divided by the second moment
of area of the trunk cross-section, which quantifies the trunk’s resistance to bending: s=32M/(mrab?),
where a and b are, respectively, the trunk cross-sectional dimensions normal and parallel to the wind
direction.

RESULTS AND DISCUSSION:

Drag, drag coefficient, bending moment, stress, and factor of safety differed among species in accordance
with physical parameters (Table 1). More massive trees experienced greater drag and bending moment,
but stress was greater for trees with smaller diameter trunks. Drag and bending moment |ncreased
linearly with wind speed (data not shown). OveraII Tree mass and trunk di reliably predi
drag and bendi crown di) luding crown area, were less reliable
predictors (Table 2) Crown reconfiguration (from wind) varied only slightly among species, and drag
coefficients were similar to previously reported values from trees of similar size.

Since trunk stress for all species was greater at the height of the cable than at the base of the tree, critical
wind speed for trunk breaking was based on failure at the height of the cable. Factors of safety based on
MOR of wood samples may be misleading because trunk strength can be less than MOR of wood
samples. Peltola et al. (1999) and Fons and Pong (1957) found that stem strength was, respectively, 85%
and 70% of MOR values from the literature. For factors of safety based on MOR, 85% MOR, and 70%
MOR, i that critical wind speeds for Freeman maple were 28, 25, and
21m/s {63 56, and 47 mph), for swamp white oak, 60, 51, and 43 m/s (134, 114,and 96 mph); for
shingle oak, 49, 42, and 35 m/s (110, 94,and 78 mph). Wind speeds based on MOR for Freeman
maple and 70% MOR for swamp white oak and shingle oak are similar to the wind speed at which
Mayhead (1973) reported damage to conifers during wind tunnel testing. It is not entirely appropriate to
extrapolate to wind speeds beyond those tested because reduction in frontal area will no longer be

o . _ " . . - . effective beyond some critical wind speed and the relationship between drag and wind speed may
bcrzgﬁ)al wind speed = predicted wind speed where bending stress = MOR (i.e. when trunk would change. Peltola et al. (1999) predicted that trunks of birch (Betula spp.) would break at wind speeds

between 13.1 and 29.1 m/s; taller and more slender trees were more susceptible to failure. The difference
between their predictions and ours may be attributed to 1) their use of average MOR values from the
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Species Tested literature, 2) their predictions were made for larger trees, and 3) Freeman maple, swamp white oak, and

Freeman maple (Acer x freemanii), swamp white oak (Quercus bicolor), and shingle oak (Quercus

imbricaria) shingle oak trunks were noticeably less slender.
Our study illustrates dramatic differences between species in resistance to trunk breakage during storm
wind. Our empirical data will also be useful for development of mathematical models that reliably assess
METHODS:

risk of tree damage from catastrophic storms.
We cut trees just above the root flare and fastened the entire tree above the cut in a steel sled mounted

in the rear of a pickup truck (see pictures below). The truck was then driven on a straight, nearly level
course from 0 to 24.5 m/s (0 to 55 mph). We measured wind speeds with two three-cup anemometers,
one attached to either side of the cab of the pickup truck. We measured loads with a 9800 N capacity
Dillon dynamometer, with an accuracy of 9.8 N. The dynamometer was attached to an anchor point on
the sled by a steel cable and to the tree by a polyester webbing sling. We used moment equilibrium to
convert measured loads into actual drag (for details of this procedure, see Kane and Smiley (2006)). To
match wind speeds with load measurements, wind speeds at subsequent one-second intervals were
averaged to create values for each half-second interval. For wind speeds between 13.4 and 24.5 m/s,
we plotted mean drag and bending moment versus wind speed from two test runs and fit a straight line

Table 2. Intercepts (B), slopes (B), coefficients of determination (R2), and root mean square error
(RMSE) for regressions of drag (top half of table) and bending moment (M) (bottom half of table)
calculated at 22.4 m/s versus measures of tree size for Freeman maple (Af, n=16), swamp white oak
(Qb, n=13), and shingle oak (Qi, n=18). Standard errors (SE) follow slopes and intercepts. Single
underlined RMSE / R? values indicate the best correlation; double underlined values indicate the
second best Means for i across all species are presented in the far
right column; means for each species are presented in the bottom row of each half of the table.

Af ab Qi Af ab Qi Af ab Qi

RMSE/  RVSEl  RMSE/  RMSE/

to the data including both runs. From the fitted line, we predicted drag and bending moment at 5 wind oy " 8'(s8) 8'(s) 859 L L B R R R R
speeds (13.4, 15.6, 17.9, 20.1, 22.4 m/s) for each tree. For each species we then plotted trunk bending Mt SOGLDR LGz TGO meYa  SIGATD  ASLAPD 4l w0 0% e
stress against the five wind speeds and set the equation for the best-fit line equal to mean modulus of T MG Ry meas W0t SS(3D  Z3EEHA L3I0 MOI000 1341050 1351029
rupture of wood samples to predict the critical wind speed at which the trunk would break. \Mam(m) e m0s)a awes)a ss@ara W@Iya  20Ea 260N THOT 1104 141052
e wgme  woma  esEea wsre  amema WESFa 101020 141007 1301053 1381027
kD
LITERATURE CITED: " soumys  aesma  Sopos  nSSeura SmEMYR wAsesSa DION 402 0w Bios
Fons, W.L. and Pong, W.Y. 1957. Tree breakage characteristics under static loading; ponderosa pine. USDA Forest Service, Div. Forest Fire Qv::"(mzy 102 (158)a 165 (149)a AB(123)a  u3(AL4)ra 152307 a 156 (224" ;;7”!0‘:5 imﬁ :m; ;g%u‘gﬂ
Research, Interim Tech. Rep. AFSWP-867. 51 pp. MM T 186) EXIE 8260089 L1692 522 (133)" 24T TIL108 29/067 128/095 1691083
Kane, B. and Smiley, E.T. 2006. Drag coefficients and crown area estimation of red maple. Can. J. For. Res. 36: 1951-1958. sxzﬂw m: ‘: . m‘[:): m: sé]: mz(ﬂ;a m(m: 2 (m. ! Bei0s 20000 WI0ss 103
Mayhead, G.J. 1973. Some drag coefficients for British trees derived from wind tunnel studies. Agric. Meteorol. 12: 123-130. tetm  2e4pna mge  1areire e w2 oyre
Peltola, H., Kellomaki, S., Vaisanen, H., and Ikonen, V.-P. 1999. A mechanistic model for assessing the risk of wind and snow damage to :ﬂ"("‘) -310(801)a 531 (406)a A04(7I5)a 8IS (3 604 (129 a 678(162)'a 32/028 2001067 3981047 3301047
single trees and stands of Scots pine, Norway spruce, and birch. Can. J. For. Res. 29: 647-661. Hegh(m) 3SD(Sa ISOENGE  250@EWFA  1B6ELra 686 s 7ra W03 0002 W08 5103
kD
B s mens s osseans osers omem s s s s
o) ags@sa  IWEAb  Te0@att  2m28ra spEL0Fa  a(G'a  7/02 201083 2191074 2951058
Table 1. Results of the analysis of variance (ANOVA) for the effects of [ US/073 13/055 133/088  U4/0T2

species (Freeman maple (Af), shingle oak (Qi), and swamp white oak (Qb))
and wind speed on drag, bending moment (M), stress (s), factor of safety
(SF), and drag coefficient (C,). Means are only presented for 2.4 m/s since
the species x wind speed interaction was not significant for any variable.

“Read across each row, slopes and intercepts for each species followed by the same letter
are not different at p=0.05 (Tukey's HSD).
*indicates that the slope or intercept is not equal to 0 (p<0.05).
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“Drag were using still

air crown frontal areas.

“Means followed by the same letter within a wind speed are not different at
p=0.05 (Tukey's HSD).

&CABLE" indicates that the variable was calculated based on
measurements taken at the height at which the dynamometer cable
attached to the tree (0.76 m); “BASE" indicates that the variable was
calculated based on measurements taken where the tree was attached to
the steel sled.

“indicates that Ogag, £>Oase
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