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Abstract. Shade trees provide many benefits but can cause damage if they fail. Despite the potential for costly litigation that
sometimes arises when damage occurs, there are no investigations of bending moments and stresses involved in failure of shade
trees. Twenty-four shade trees of three species in the genus Acer were pulled to failure at a suburban property in Massachusetts,
U.S. The maximum load and distance to failure were used to calculate maximum bending moment; stress at the point of failure
was calculated from bending moment and stem cross-sectional dimensions. No trees uprooted, and failures were categorized as
either stem at a lateral branch(es) or the attachment of codominant stems. Failures of codominant stems required one-half of the
stress of stem failures. Similarly, failures of codominant stems occurred at only 45% of wood strength, whereas stem failures
occurred at 79% of wood strength. Prediction of maximum bending moment from tree morphometric data was more reliable than
prediction of maximum stress from tree morphometric data. Prediction of maximum bending moment and stress was more reliable
for stem failures than codominant failures. Results are compared with similar tests on conifers. Implications of findings are

discussed with respect to risk assessment of shade trees.
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Shade trees are an important part of communities because they
provide many diverse benefits (Nowak and Dwyer 2000). Large
shade trees provide greater environmental benefits than smaller
trees (Nowak et a. 2002), but large trees can also provide a
greater degree of risk. As trees mature, structural defects often
necessitate tree removal for safety reasons. Assessing the risk of
failure of shade trees has been hampered by a lack of empiric
data, especially with respect to assessment of structural defects.
Existing studies entail observations of failed and standing trees
after storms (Cutler et al. 1990; Gibbs and Greig 1990; Smiley
and Fraedrich 1992; Duryea et a. 1996; Jm and Liu 1997,
Francis 2000) Without empiric data, practitioners face the di-
lemma of deciding whether to remove a tree, balancing the ben-
efits provided with the liability sometimes associated with fail-
ure (Mortimer and Kane 2004).

There are many reports of applying aload with awinch to pull
forest trees (almost exclusively conifers) until they uprooted or
the stem failed (Fraser 1962; Fraser and Gardiner 1967; Somer-
ville 1979; Smith et al. 1987; Fredericksen et a. 1993; Papesch
et a. 1997; Moore 2000; Peltola et a. 2000). Such studies have
explored many aspects of tree failure such as which tree mor-
phometric data best predict the critical turning or bending mo-
ment to cause failure and the effect of soil type and silvicultura
practices on the probability of stem or root failure. Peltola (2006)
reviewed the literature and described how data from the studies
have been used to develop models to predict tree failure (e.g.,
Peltola et al. 1999; Gardiner et a. 2000; Ancelin et al. 2004).
Although the basic mechanical principles (such as determination
of drag, bending moment, and stress) should apply equally well
to forest or shade trees, it is not clear that results from forest
conifers can be extrapolated to shade trees.

Shade trees display an obviously different structure from for-
est trees. In particular, crowns tend to be taller and wider, trunks
areless dender, and branches are larger relative to the size of the
trunk. Shade trees often develop codominant stems, which de-
velop when the trunk divides into two stems of approximately

equal size. Often, the attachment between the stems makes a
narrow angle, forming a “v-shape” in which bark occlusion oc-
curs. Codominant stems are a common defect of shade trees
(Gibbs and Greig 1990; Jim and Liu 1997), particularly among
maples (Terho and Hallaksela 2005). Previous tree-pulling stud-
ies have often excluded trees with defects (Smith et al. 1987,
Fredericksen et al. 1993; Meunier et a. 2002), but for shade
trees, defects are common and quite relevant when assessing the
risk of failure (Gibbs and Greig 1990; Terho and Hallaksela
2005).

The main objective of this study was to provide baseline data
pertinent to failure of large shade trees. Of particular interest
were: 1) which tree morphometric data best predict the maxi-
mum stress and bending moment; 2) whether codominant stems
predispose shade trees to fail; and 3) whether stress at the point
of tree failure is related to the modulus of rupture (MOR) of
wood samples taken from the tree. Because the methodology
replicated previous studies of forest conifers, a secondary objec-
tive was to compare results with those studies to determine
whether mechanistic models of tree failure developed for forest
trees could be applied to shade trees.

METHODOLOGY
Three common species were tested in this study, Norway (Acer
platanoides L.), red (Acer rubrum L.), and sugar (Acer saccha-
rum Marsh.) maples. Each has been planted extensively along
streetsand in residential yardsin the Northeast and Mid-Atlantic
states of the United States. In total, 30 trees were pulled to
failure, but data from six trees were not collected properly as a
result of a malfunction of the data logger. The trees were part of
the landscaping of an institutional property in Belchertown, MA
(USDA hardiness zone 5a). All trees had been planted as street
trees, approximately 20 m (66 ft) apart from one another and 2
m (6.6 ft) from paved roads. This arrangement presumably re-
stricted root growth under the road, but the remainder of the root
system appeared to be unrestricted, although underground utili-
ties were present in some cases. Because no trees failed by
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Table 1. Mean (standard deviation) morphometric data for
trees of each species.?

Measure n AP n AR n AS

Tree height (m) 7 168(3.08) 6 185(3.63) 10 16.7 (7.45)

dbh (m) 7 045(0.11) 7 0.71(0.15) 10 0.71(0.13)

Slenderness 7 380(6.30) 6 28.6(7.88) 10 24.1 (11.4)
(height/dbh)

Crown height (m) 7 13.8(226) 3 nmY 6 17.2(242)

Crown width (m) 5 126(4.39) 2 nmY 6 15.7 (4.10)

*AP = Norway maple, AR = red maple, AS = sugar maple; dbh = diameter
measured at breast height (1.4 m aboveground).
Ynm indicates that there were too few samples to include in the analysis.

uprooting, compromised root systems were deemed to be irrel-
evant during testing. All trees were semimature to mature, but
none was in declining health. Trees were chosen primarily ac-
cording to practical considerations of the test procedure. Great
care was needed when breaking large trees so that buildings,
roads, aboveground utilities, and existing trees and shrubs on the
property were not damaged. The availability of appropriate sites
to conduct tests and the practical limitations of breaking large
shade trees in situ naturally limited the scope of the study and the
sample size. Before testing, tree height and diameter at breast
height (dbh) were measured. Crown height and width were mea-
sured for 16 and 13 trees, respectively. Table 1 presents mor-
phometric data for each species.

Field Tests

Tests were conducted in the summers of 2002, 2003, and 2005;
site constraints limited the number of days available to conduct
tests each year. Trees were pulled to failure using a cable winch
skidder (John Deere model 440D [Moline, IL], hydraulic winch
capacity 90 kN); the cable was run from the spool of the winch
through a large block attached to the main trunk and back to an
anchor point on the skidder (see Figure 1). The height of the
block ranged from 37% to 81% (mean = 51%) of tree height.
The variation was the result of the necessity of securing the cable
to a substantial portion of the trunk and of variation among trees
in both tree height and crown structure. The block was attached
at a height that incorporated a codominant stem when one ex-
isted in a tree. In such situations, the load was applied perpen-
dicular to the attachment between the codominant stems. The
distance from the skidder to the tree, the height of the winch
spool and anchor point, and the horizontal distance between the
spool and the anchor point were measured to determine the angle
between the cable and the ground. The angle was necessary to
resolve the applied load into components parallel and normal to
the ground.

Tension in the cable was measured by placing a load cell (111
kN capacity, accurate to 111 N; Futek Advanced Sensor Tech-
nology, Inc., Irvine, CA) between the anchor point on the skidder
and the cable after it was passed around the sheave of the block.
Measured tension was doubled to determine the actual load on
the tree because the cable was run through the block. To measure
fiber extension on the trunk, a linear variable displacement trans-
ducer (LVDT) (model TS50, accurate to 0.075 mm (0.003 in);
Novotechnik U.S., Inc., Southborough, MA) was attached to the
trunk at breast height on the side opposite the direction of the
applied load (see Figure 2). Fiber extensions were converted to
strains by dividing the fiber extension by the gauge length of the
LVDT (50 mm [2 in]). Loads and fiber extensions were collected

Load Cell and
Skidder Anchor

Winch

Figure 1. Diagram of tree-pulling setup. The dashed lines rep-
resent the cable with arrowheads indicating the tension. Dg is
the distance between the skidder and the tree, H; is the
height of the tree, and Hg is the height of the block. The angle
(o) between the cable and the ground was calculated as
tan~'(Hg/Ds). The distance between the winch and the skid-
der anchor was less than 2 m.

at 2 Hz with a three-channel data logger (Mini-ModuLogger;
Logic Beach, Inc., La Mesa, CA) that also recorded temperature
and relative humidity. Trees were pulled until failure without
stopping, which generally occurred within 15 sec of applying the
load (the maximum time to failure was 30 sec).

Tests during the summers of 2003 and 2005 were videotaped
to quantify the amount of deflection of the crown during tests.
Video images were scaled and the distance traveled by the block
attached to the trunk was measured on the video image. The
horizontal deflection of the crown adds a bending moment as a
result of the offset mass of the crown. Crown mass was not
measured, which means that the reported stress values underes-
timate the actual breaking stress. Because the horizontal deflec-
tion of the block did not exceed 2 m (6.6 ft) for any tree, the
bending moment resulting from the offset mass of the crown was
likely negligible relative to the applied load.

After failure, a clean cross-section adjacent to the point of
failure was cut with a chainsaw and the dimensions of the cross-
section were measured parallel and normal to the direction of the
applied load. The distance between the block and the point of
failure was also measured. Decay and other defects on the trunk
and cross-section were also noted and quantified with a digital
image. Failure was categorized by its location either along the
trunk (stem failures) or at the attachment between codominant
stems (codominant failures).

Stress Analysis

Compressive stress (o) at the point of failure was calculated by
adding the bending stress (the first fraction in Equation 1) and
axial stress (the second fraction in Equation 1) resulting from the
applied load:

o = 32Pcosal/(mwab?) + 4Psina/(mab) [1]
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Figure 2. Linear variable displacement transducer setup
used to measure fiber strain.

where P is twice the tension in the cable, « is the angle between
the cable and the ground, | is the distance between the block and
the point of failure, and a and b are the dimensions of the stem
cross-section normal and parallel to, respectively, the applied
load. Stress was also calculated on the trunk at breast height (1.4
m [4.6 ft] aboveground) using Equation 1 (except that | repre-
sented the height of the block minus 1.4 m [4.6 ft] and a and b
represented the corresponding cross-sectional dimensions at
breast height). A substantial portion of the trunk cross-section
was decayed on one red maple. For that tree, the decayed portion
was omitted from the stress calculation by calculating both the
area and second moment of area of the cross-section using a
photograph of the cross-section and the parallel axis theorem
(Lardner and Archer 1994). This procedure was described in
detail by Kane and Ryan (2004).

Laboratory Tests

A bolt of wood was removed from the stem, adjacent to the point
of failure, and four wood samples (one from each compass di-
rection, assuming North was the direction in which the load was
applied) were machined from each bolt. Samples (2.54 cm [1.02
in] x 2.54 cm [1.02 in] x 40.64 cm [16.26 in]) were tested in a
three-point bending test as described in the American Society of
Testing Materials D-143 Standard (ASTM 2000) to determine
MOR and Young’'s modulus (MOE) of the samples. Samples
from trees pulled in 2005 were loaded at twice the speed speci-

fied by the D-143 Standard, but this was assumed not to influ-
ence results because a 10% increase in MOR requires an increase
of 10 times the loading rate (Green et al. 1999). The average
MOR and MOE were calculated from the four samples of each
tree; in cases in which a specimen failed at a knot or other defect,
that value was excluded from the average.

MOE of the trunk at breast height was determined by fitting a
straight line to the plot of stress versus strain at breast height for
each tree. The slope of the line is MOE. Strain at breast height
was linear for every tree, indicating that fibers in the trunk at
breast height did not go beyond the elastic range.

To compare stresses measured during tree-pulling tests with
stresses endured during wind loading, trunk strains () on a sugar
maple (85 cm [33 in] dbh) and a sycamore maple (Acer pseduo-
platanus L.;) (70 cm [27 in] dbh) were each measured for 2 hr on
a windy day using the method described by James et al. (2006).
Both trees were dormant and leafless during data collection.
Previously, trunk strain had been measured while each tree was
loaded with a winch at the height of the approximate center of
pressure. The load was converted to trunk stress using Equation
1 and MOE of the trunk was calculated using Hooke’s Law:

MOE = o/e or 0 =MOE*¢ [2]

Hooke’s Law only applies when the stress/strain relationship is
linear, and because the relationship was linear for all trees pulled
to failure, it was safe to assume that the relationship was linear
for all measured wind speeds (11.9 m/s [27 mph] or less). The
maximum strain measured on the windy day was converted into
a stress using Equation 2 and this value was compared with
stresses at the point of failure and at breast height for trees pulled
to failure.

As a result of the small sample size and similarity among
species with respect to tree morphometric data (Table 1), data
from all species were pooled for analysis. Data were tested for
normality using the Kolmogorov-Smirnov test and were found to
be normally distributed. Within each failure type (stem or co-
dominants), a paired t-test was used to compare 1) stress at the
point of failure and at breast height; 2) bending moment at the
point of failure and at breast height; and 3) stress at the point of
failure with MOR of wood samples. MOE of whole trees was not
compared with MOE of wood samples because samples were not
taken from the height at which the strain gauge was placed on the
trunk. A t-test was used to determine whether stress and bending
moment at the point of failure, maximum tension in the cable,
and MOR of wood samples differed between stem failures and
codominant failures. The relationship between tree morphomet-
ric data and both trunk stress and bending moment at the point of
failure was investigated for all trees and within each failure type
using linear regression analysis. All analyses were conducted in
SAS (version 9.1; SAS Institute, Cary, NC).

RESULTS

There were 13 codominant failures and 11 stem failures. No trees
with codominant stems below the height of attachment of the
block exhibited stem failure, and all of the stem failures occurred
at a lateral branch(es) along the main trunk. No trees uprooted
during the tests; one additional tree was intentionally uprooted,
however, by applying the load sufficiently close to the ground
for the sake of comparison with stem and codominant failures.

There were many similarities between stem failures and co-
dominant failures (Table 2). Trees from both categories were
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Table 2. Means (standard deviation) for free morphometric
data, stress (o), bending moment (M), cable tension (P),
and modulus of rupture of wood samples (MOR) for stem
and codominant failures.

Stem failures Codominant failures  Difference?

Variable n Mean (SD) n  Mean (SD) P
dbh (m) 11 057(0.16) 13  0.69(0.17)  0.1072
Tree height(m) 11  18.0(5.72) 12 16.5 (4.98) 0.5303
Slenderness

(height/dbh) 11  31.8(7.62) 12 27.4 (12.4) 0.3227
Crown height

(m) 9 14.6(3.00) 7 16.1 (2.03) 0.2698
Crown width

(m) 7 16.2(3.87) 6 12.9 (4.66) 0.1955
Block height/tree

height 11  053(0.11) 12 0.56 (0.12) 0.5255
Stem volume

(m3) 11 6.90(479) 12  7.15(2.88)  0.8843
P (kN) 11  18.0(116) 13  139(7.28)  0.2971
Mep? (KN*m) 11 110(103) 13 137(87.1)  0.4989
Mgy (KN*m) 11 278(209) 13 216 (104) 0.3847
oep (kPa) 11 51,193 (20,521) 13 25,230 (15,442) 0.0029
gy (kPa) 11 12,117 (5,816) 13  7,138(3,897)  0.0280
MOR (kPa) 10 62,596 (11,287) 11 71,214 (22,764) 0.3004
Distance to

failure (m) 11  312(155) 13  555(2.15)  0.0041
Diameter at

failure (m) 11  0.30(0.15) 13  0.45(0.18)  0.0433
Height of

failure (m) 11 6.00 (2.15) 12 3.06 (3.09) 0.0044
Diameter at

failure/dbh 11 0.53 (0.20) 13 0.67 (0.27) 0.1406

“P value refers to the probability that the given variable for both failure types is
the same.

YThe subscript “FP" indicates that the measurement pertains to the point of failure;
the subscript “BH” indicates that the measurement refers to breast height (1.4 m
[4.6 ft] aboveground).

SD = standard deviation; dbh = diameter at breast height.

similar in size: there were no significant differences in tree
height, slenderness, crown height and width, stem volume, or
cable tension. There was weak evidence that dbh of stem failures
was less than codominant failures. MOR of samples was similar
for both types of failure.

There were a few statistical differences between stem and
codominant failures, however, and these were important (Table
2). They did not appear to be related to the experimental proce-
dure because the ratio of block height to tree height was similar
for both types of failure. Although stem and codominant failures
experienced similar bending moments at the point of failure,
stem failures required more than twice the stress of codominant
failures. The distance to failure from the block was 2.4 m (7.9 ft)

longer for codominant failures, which made diameter at the point
of failure 0.14 m (0.5 ft) greater for codominant failures. Stem
failures occurred twice as high in the crown as codominant fail-
ures, and all but one stem failure occurred above the base of the
crown. In contrast, two-thirds of codominant failures occurred at
the base of the crown.

For both failure types, stress at the point of failure was greater
than stress at breast height, but the mean difference was more
than twice as great for stem failures as codominant failures
(Table 3). Stress at the point of failure was less than MOR of
wood samples for codominant failures and there was some evi-
dence that this was also true of stem failures, but the difference
was not nearly as large. Bending moment at the point of failure
was consistently less than at breast height regardless of the lo-
cation of failure.

Only diameter at breast height and diameter at breast height
cubed produced statistically significant predictions of stress at
the point of failure for all trees, but neither variable explained
more than 17% of the variance of stress at the point of failure
(Table 4). For stem failures, there was some evidence that stress
at the point of failure was inversely proportional to crown width.
Although there were no statistically significant predictors of
stress at the point of failure when trees were separated by the
type of failure, correlation coefficients were generally greater for
stem failures than codominant failures (Table 4).

When grouping all trees, bending moment at the point of
failure was directly and linearly proportional to dbh, dbh cubed,
and stem volume (Table 5). These relationships were the same
when considering only stem failures, but not for codominant
failures, which were independent of stem properties. Correlation
coefficients were greater for regressions of bending moment at
the point of failure than stress at the point of failure for all trees
as well as when trees were separated by type of failure.

The single tree that was pulled to ensure root failure required
a bending moment at the root flare of 801 kN*m, somewhat
greater than the largest bending moment of any other tree, which
was 741 kN*m. Both of these trees were sugar maples, approxi-
mately 85 cm (33 in) dbh. Stress at breast height was 12,690 kPa
for the uprooted tree and 15,400 kPa for the other sugar maple;
stress at the point of failure was 24,380 kPa for the other sugar
maple.

DISCUSSION

Failure Type

The lack of root failures in the current study does not agree with
observations of failed trees after storms (Gibbs and Greig 1990;
Duryea et al. 1996; Jim and Liu 1997), but root failures are likely
the result of the presence of defects such as decay that compro-
mised root systems before wind loading (Gibbs and Greig 1990;
Jim and Liu 1997). For forest trees, stem failure was more likely

Table 3. Mean difference (standard deviation) and P value between paired comparisons for each failure type.

Stem failures Codominant failures

Paired comparison n Mean (SD) P n Mean (SD) P

Stress at failure point — stress at breast height* (kPa) 11 39,076 (20,812) 0.0001 13 18,092 (14,125) 0.0006
Stress at failure point — MORY (kPa) 10 -12,674 (19,862) 0.0744 11 -42,701 (28,839) 0.0006
Bending moment at failure point — bending moment at breast height (kN*m) 11 -169 (119) 0.0008 13 -78.4 (63.7) 0.0008

“Breast height is 1.4 m (4.6 ft) aboveground.
YMOR = modulus of rupture.
SD = standard deviation.
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Table 4. Predictions of stress at the point of failure from tree morphometric data and wood strength (MOR) for all trees, stem
failures, and codominant failures.

All trees Stem failures Codominant failures
Variable? n  Estimate (SE) P RMSE/R? n  Estimate (SE) P RMSE/R? n Estimate (SE) P RMSE/R?
BY 21 42,214 (17,428) 0.0256 21,270/0.00 10 5,444 (38,969) 0.8923 20,780/0.14 10 31,337 (15,404) 0.0724 15,536/0.00
MOR (kPa)  BY -0.052 (0.250) 0.8369 0.71 (0.61) 0.2803 -0.04 (0.21) 0.8517
Tree height B 24 42,050 (16,419) 0.0182 23,034/0.00 11 77,714 (21,133) 0.0051 19,827/0.16 12 22,006 (16,723) 0.2176 16,695/0.00
(m) B -288 (913) 0.7553 -1,473 (1126)  0.2232 132 (975) 0.8954
B 24 70,256 (16,289) 0.0003 20,581/0.17 11 86,741 (22,942) 0.0043 19,084/0.22 13 31,329 (19,047) 0.1282 16,347/0.01
dbh (m) B -52,155 (24,778) 0.0469 -62,068 (38,776) 0.1439 -8,879 (26,930) 0.7478
B 23 27,513 (14,226) 0.0667 22,813/0.02 11 52,749 (29,128) 0.1036 21,627/0.00 12 21,420 (11,718) 0.0975 16,655/0.01
Slenderness B 324 (454) 0.4828 -48.8 (890) 0.9575 100 (391) 0.8024
Crown height B 16 75623 (34,499) 0.0458 22,849/0.08 9 55,667 (37,272) 0.1789 20,957/0.00 7 94,889 (68,880) 0.2268 19,376/0.18
(m) B -2,435(2229)  0.2932 -408 (2477)  0.8737 -4,385 (4,243)  0.3487
Crown width B 16 75,623 (34,499) 0.0458 22,849/0.08 7 90,734 (23,481) 0.0118 13,441/0.46 7 45,985 (29,390) 0.1927 21,372/0.11
(m) B -2,435(2229)  0.2932 -2,967 (1432)  0.0931 -1,504 (2159)  0.5245
Stem volume B 23 49,156 (9,816) 0.0001 22,092/0.08 11 64,497 (10,547) 0.0002 19,314/0.20 12 29,673 (13,276) 0.0494 16,547/0.02
(m%) B -1,716 (1233)  0.1786 -1,927 (1274)  0.1646 =770 (1733)  0.6661
B

24 48,830(7,232) 0.0001 20,799/0.15 11 64,419 (9,838) 0.0001 18,949/0.23 13 27,241(8,411) 0.0079 16,368/0.01

(doh®*(m® B -37,601 (18,834) 0.0584

-58,430 (35,380) 0.1330

-5,229 (18,409) 0.7817

“dbh = diameter at breast height; slenderness = tree height/dbh; stem volume = tree height*(dbh)?.
YB, B = intercept and slope, respectively, of best fit line for the plot of stress at the point of failure and the variable listed in the first column.

SE = standard error; RMSE = root mean square error.

when roots were not decayed or restricted by soil conditions
(Fraser 1962; Somerville 1979; Moore 2000; Peltola et al. 2000).

Codominant stems were clearly a significant structural defect
for large maples, which agreed with prior observations of fail-
ures of multitrunk trees and branches (Gibbs and Greig 1990).
More than half of the maples considered hazardous in Helsinki,
Finland, were deemed hazardous by virtue of poor branch at-
tachments, including codominant stems (Terho and Hallaksela
2005). A frequency analysis of the International Tree Failure
Database (ITFD; data downloaded in March 2007 from http://
fteweb.fs.fed.us/natfdb/) shows that 36% of 1627 trunk failures
occurred when codominant stems were involved.

Although it was not part of this investigation to determine the
cause of weakness of codominant stems, two explanations offer
some insight. One codominant failure was observed not to have
bark occluded among the stems, unlike every other codominant
failure. The failure stress for this tree was 74% greater than the
next largest value for a codominant failure. Although our study
supports the idea that the presence of occluded bark reduces tree
strength, the influence of bark occlusions with respect to failure
stress is not entirely clear in the literature. Smiley (2003) found
that bark occlusions reduced the strength of the attachment
among codominant branches of small red maples, but others
suggested that the most reliable predictor of branch attachment

Table 5. Predictions of bending moment at the point of failure from tree morphometric data and wood strength (MOR) for alll
trees, stem failures, and codominant failures.

All failures Stem failures Codominant failures
Variable? n  Estimate (SE) P RMSE/R? n  Estimate (SE) P RMSE/R? n  Estimate (SE) P RMSE/R?
BY 21 169 (77.8) 0.0430 95.0/0.01 10 162 (207) 0.4567 110/0.01 11 210 (83.5) 0.0328 84.2/0.05
MOR (kPa) BY -0.0004 (0.0011) 0.7013 -0.0007 (0.0033) 0.8386 -0.0007 (0.0011) 0.5300
Tree height B 23 75.6 (70.2) 0.2936 97.2/0.02 11 145 (111) 0.8989 104/0.08 12 121 (96.7) 0.2404 96.5/0.00
(m) B 2.65(3.91) 0.5056 5.29 (5.93) 0.3954 0.6607 (5.64) 0.9091
B 24 -53.2 (66.6) 0.4334 84.2/0.26 11 -156 (93.7) 0.1309 78.0/0.49 13 21.9 (104) 0.8373 89.5/0.11
dbh (m) B 280 (101) 0.0113 464 (158) 0.0169 168 (148) 0.2789
Crown height B 16 -22.6 (141) 0.8751 90.5/0.06 9 -26.2 (204) 0.9012 115/0.07 7 -73.83(230) 0.7616 64.8/0.11
(m) B 8.82 (9.07) 0.3468 9.69 (13.5) 0.4973 11.3(14.2) 0.4634
Crown width B 13 42.0 (90.8) 0.6527 87.8/0.09 7 =79.4 (190) 0.6934 109/0.22 6 134 (85.4) 0.1926 62.1/0.01
(m) B 6.27 (5.99) 0.3176 13.9(11.6) 0.2831 -0.8982 (6.27) 0.8931
B 23 172 (60.1) 0.0092 96.4/0.04 11 263 (137) 0.087 102/0.13 12 146 (67.8) 0.0563 96.3/0.01
Slenderness B -1.74 (1.92) 0.3753 -4.81 (4.18) 0.2804 -0.5386 (2.26) 0.8165
Stem volume B 23 26.5 (36.9) 0.4794 83.0/0.29 11 16.6 (46.4) 0.7288 84.9/0.39 12 38.3(70.8) 0.6004 88.2/0.17
(m%) B 13.5 (4.63) 0.0085 13.5 (5.60) 0.0392 13.0 (9.24) 0.1881
B 24 56.9 (28.9) 0.0617 83.1/0.28 11 3.42 (36.1) 0.9266 69.5/0.59 13 86.0 (45.0) 0.0827 87.6/0.14
dbh® (m%) B 217 (75.1) 0.0084 470 (130) 0.0056 134 (98.6) 0.2026

?dbh = diameter at breast height; slenderness = tree height/dbh; stem volume = tree height*(dbh)2.
YB, B = intercept and slope, respectively, of best fit line for the plot of bending moment at the point of failure and the variable listed in the first column.
SE = standard error; RMSE = root mean square error.
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strength was the ratio of branch diameter to trunk diameter at the
point of attachment, regardless of whether bark occlusions were
present (Miller 1959; Gilman 2003). Bark occlusions were pres-
ent for 21% of 1627 trunk failures recorded in the ITFD (data
downloaded in March 2007 from http://ftcweb.fs.fed.us/natfdb/).

A second explanation considered the orientation of wood fi-
bers and the corresponding initial mode of failure of codominant
stems. Video footage revealed that failure initiated in a complex
combined stress state at the attachment: through combined shear
and tension. Both shear and tension perpendicular to the grain
are significantly weaker failure modes of wood than tension
parallel to the grain (Green et al. 1999) and therefore more likely
the governing factors. A crack was then observed to have formed
pulling the fibers apart parallel to the long axis of the trunk and
effectively splitting it in two. Supporting this speculation, the
mean stress at the point of failure of codominant failures was
approximately one-half of stress for stem failures—the value
expected if the cross-section that resisted bending were one-half
of the measured cross-section. In some cases, there was obvious
splintering of fibers (typical of tensile parallel-to-grain failure) in
the side of the trunk expected to be under compressive stress if
the entire trunk were stressed, i.e., proximal to the applied load.
Furthermore, for six of the nine codominant failures that oc-
curred within 2.5 m (8.3 ft) of the ground, no trunk strains were
recorded, indicating that that side of the trunk was separate and
did not contribute to tree strength. The effect of shear and tension
perpendicular to the grain should be considered more carefully in
future investigations of codominant stems and branch attach-
ments.

Bending moment was found to be statistically similar for stem
and codominant failures, but distance to failure was significantly
larger for codominant trees. This implies that failure load was
lower, but that was not the case, presumably as a result of large
variability among trees within each failure type. Such variability
can be attributed to size differences among trees. It is also spec-
ulated that the difference in calculated stress at the point of
failure between stem and codominant failures was partially the
result of differences in cross-sectional dimension at the point of
failure and the weaker failure mode of codominants. Differences
in diameter at failure were the result of the greater height of
failure of stem failures.

The apparently contradictory findings that bending moments
were similar between failure types whereas stem failures re-
quired twice the stress of codominant failures can be explained
by the weaker failure mode of the codominants. Furthermore,
greater diameter at the point of failure for codominant failures
resulted in lower stresses. Because stress is inversely propor-
tional to the cube of diameter, a small increase in diameter can
cause a large decrease in stress.

Variations in stem shape help explain why the correlation
coefficients for predictions of bending moment were greater than
for stress for both failure types. Stem cross-sections were con-
sidered ellipses, but none was a perfect ellipse, which introduced
some error into the calculation of stress. For codominant failures,
the weak correlation between dbh and bending moment was
presumably the result of the influence of tension perpendicular to
grain failure. Furthermore, the lack of correlation between dbh
and stress was likely the result of orientation of stress (perpen-
dicular to grain) and the assumed shape and orthotropy of the
stem cross-section at failure. Future studies could focus on re-
finement of prediction models for codominant tree failures.

Although codominant stems constituted a significant struc-
tural defect, none appeared to be in imminent danger of failing.
As a point of comparison, for a wind speed of 11.9 m/s (27 mph),
the maximum stress measured on the sycamore maple was 510
kPa. On the sugar maple, the maximum stress was 2190 kPa
when the maximum wind speed was 11.4 m/s (25 mph). Both of
these values were much less than the average stress at breast
height for all stem and codominant failures (Table 2), but the
lack of foliage certainly reduced stress on the trees measured in
the wind. It is also important to consider that stress determined
by a static pull test will overestimate breaking stress endured
during dynamic loading that occurs during windstorms (Oliver
and Mayhead 1974).

Although stem failures occurred at greater stress than codom-
inant failures, it was likely that lateral branches still constituted
a trunk defect. The orientation of branch and trunk fibers at the
point of branch attachment presumably causes the point of weak-
ness. Moore (2000) also observed that stem failures often oc-
curred at lateral branches. Fredericksen et al. (1993) noted that
stem failures of winched loblolly pines (Pinus taeda L.) gener-
ally occurred closer to ground than trees damaged during a
storm, an artifact of the height of the applied load. This was not
the case for maples, presumably because defects (i.e., lateral
branches and codominant stems) were incorporated below the
height of applied load. The mean height of failure for all maples
was 26% of tree height, which is almost identical to the mean of
25% from the ITFD (data downloaded in March 2007 from
http://ftcweb.fs.fed.us/natfdb/).

The lack of stem failures close to the ground and the substan-
tially smaller stress at breast height compared with the point of
failure have important implications for practitioners, who often
assess tree risk by investigating trunk decay within a few meters
of the ground. For stress at breast height to have been equal to
stress at the point of failure, maples would have to have been
82% hollow at breast height. This value is larger than the com-
mon guideline that a trunk that is 70% hollow constitutes a
substantial defect (Kane et al. 2001). Assessing defects higher in
the crown may be more useful in predicting failure.

Bending Moment and Stress at the Point

of Failure

Elementary mechanical principles explain why stress and bend-
ing moment at the point of failure were greater than and less
than, respectively, stress and bending moment at breast height.
Bending moment is the product of the applied load and the lever
arm. At the point of failure, the lever arm was the distance
between the block and the point of failure; at breast height, it was
the height of the block less 1.4 m (4.6 ft). For the maximum
applied load, the greater lever arm at breast height caused the
bending moment to be greater. Because stress was inversely
proportional to the cube of diameter, and diameter at breast
height was larger than at the point of failure, stress was expected
to be less. This was true although the bending moment was
greater at breast height because the inverse relationship between
stress and diameter is nonlinear.

Stress at the point of failure for stem and codominant failures,
respectively, was 79% and 45% of the MOR of wood samples.
For stem failures, Fons and Pong (1957) reported that failure
stress was 70% of published MOR values for ponderosa pine
(Pinus ponderosa P&C Lawson), and Peltola et al. (1999) sug-
gested that failure stress was 85% of published MOR values for
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Norway spruce [Picea abies (L.) Karst.], Scots pine (Pinus syl-
vestris L.), and birch (Betula spp.). Part of the disparity between
tree stress and wood samples can be explained by the fact that
stress at the point of failure was based on outside bark diameter.
Because bark has a lower MOR than wood, adding bark to the
diameter of wood that resists bending underestimates the actual
stress. MOR values for wood samples of red and sugar maples in
this study were similar to those published in the Wood Handbook
(Green et al. 1999), whereas MOR values for Norway maples
were less than those from trees sampled in Germany (Hannover
and Schaper 2003). It appears that shade tree risk assessment
models that use a static pulling test and Hooke’s Law to quantify
stem defects (e.g., Brudi and van Wassenaer 2001) may overes-
timate bending strength and therefore underestimate the risk of
failure because such models use wood properties taken from
samples, not entire trees.

Prediction of Bending Moment and Stress at the
Point of Failure
The inverse relationship between stress and diameter cubed ex-
plains why diameter at breast height and diameter at breast
height cubed were somewhat reliable predictors of stress at the
point of failure. The relationships between bending moment at
the point of failure and measures of tree size were the result of
the fact that bending moment is directly proportional to the
fourth power of diameter (Lardner and Archer 1994). The fact
that bending moment at the point of failure for codominant fail-
ures was not reliably predicted by measures of tree size for
codominant failures supports the notion that codominant stems
constitute structural defects, although the small sample size may
have undermined predictions. This notion is further supported by
the fact that stress at the point of failure for codominants was
only 45% of the MOR of wood samples. Measures of tree size
such as dbh, dbh cubed, and stem volume were excellent pre-
dictors of the maximum bending moment for stem failures of
forest conifers (Fredericksen et al. 1993; Papesch et al. 1997;
Moore 2000; Peltola et al. 2000) with most R? values greater
than 0.90. Coefficients of determination from those studies were
much greater than was found for maples in the current study,
indicating the importance of defects in causing failure.
Slenderness was inversely proportional to the maximum bend-
ing moment and stress of forest trees (Petty and Swain 1985;
Milne and Blackburn 1989; Fredericksen et al. 1993; Peltola et
al. 2000), but was not a reliable predictor of bending moment or
stress at the point of failure for maples, regardless of the type of
failure. This was likely the result of forest trees from previous
studies being noticeably more slender than maples. The least
slender trees were tested in New Zealand (height/dbh = 50)
(Papesch et al. 1997; Moore 2000), but values are commonly
twice as large (Blackburn et al. 1988; Peltola et al. 2000). Typi-
cal values of slenderness in windthrow models range from 80 to
120 (Peltola et al. 1999; Ancelin et al. 2004).

Comparison to Forest Conifers

Most previous studies have reported that root failures were more
common than stem failures (Smith et al. 1987; Papesch et al.
1997; Moore 2000; Peltola et al. 2000; Achim et al. 2004), which
is attributable in part to the height at which the load was applied.
In most cases, it was between one-third and one-half of tree
height, less than the height at which a uniform distribution of
stress along the trunk would occur (i.e., 80% of tree height)

(Wood 1995). When stem failures occurred, however, the vast
majority occurred below 10% of tree height (Moore 2000) or
closer to the ground (Fredericksen et al. 1993; Peltola et al.
2000). In contrast, although the load was applied, on average, at
approximately the same height as previous studies, only two
maples failed below 11% of tree height; both were codominant
failures. This disparity was presumably attributable, in large part,
to the presence of lateral branches.

Maples in the current study were noticeably larger than forest
trees tested in previous studies, but the maximum bending mo-
ment at the point of failure was only marginally greater than the
largest bending moments reported for forest trees (e.g., Papesch
et al. 1997; Moore 2000). Part of this disparity can be explained
by the difference in height of failure; the lever arm from which
bending moment was calculated was naturally longer for trees
that failed closer to the ground. The maximum bending moment
at breast height, however, was more than twice the values from
previous studies because maples tested in the current study were
larger. This finding further illustrates the importance of defects
(i.e., lateral branches and codominant stems) as a source of fail-
ure of shade trees.

CONCLUSIONS

This study was the first to test large shade trees by pulling them
to failure, providing much-needed empiric data. In light of po-
tential risk associated with failure of large shade trees and their
importance to urban and suburban communities, results of this
study are integral to developing better techniques to assess the
risk of failure of shade trees. Arborists and urban foresters can
use the results to quantify risk associated with codominant stems
and should cautiously predict tree strength based on MOR of
wood samples.

It was difficult to predict stress and slightly less difficult to
predict bending moment at the point of failure for maples, and
extrapolation from forest trees seems to be inappropriate given
the importance of defects as points of failure on shade trees.
Although species did not appear to influence results, the small
sample size made it difficult to draw robust conclusions about
the apparent lack of influence. The differences between stem
failures and codominant failures merit further investigation.
In particular, the importance of included bark as a synergist
with codominant stems to weaken the structure of shade trees
should be examined as well as investigations to determine the
extent to which codominant stems are separate below the point
of attachment.
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Résumé. Les arbres ornementaux peuvent blesser les gens et causer
des dommages aux propriétés lorsqu’ils tombent. En dépit du risque
potentiel de litiges coliteux qui survient lorsque des arbres tombent et
causent des dommages, il n’y a pas d’étude qui a pu déterminer de
maniére empirique la chute des arbres ornementaux. Trente-quatre ar-
bres ornementaux de trois especes du genre Acer ont été tirés jusqu’au
point de rupture dans une propriété de banlieue du Massachusetts. La
charge maximum et la distance de bris ont été employées pour calculer
le moment de flexion maximum; le stress au point de rupture a été
calculé a partir du moment de flexion et des dimensions de la section
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transversale de la tige. Aucun arbre ne s’est déraciné; quant aux bris, ils
ont été classés entre ceux provenant le long de la tige sur des branches
latérales et ceux provenant du point d’attache entre des branches cod-
ominantes. Les bris de branches codominantes ont requis la moitié seu-
lement de la valeur en stress par rapport aux bris de tiges elles-mémes.
De maniére similaire, les bris de branches codominantes se produisaient
a seulement 45% de la capacité de résistance du bois tandis que ceux des
tiges se produisaient a 79% de la capacité. La prédiction du moment de
flexion maximum a partir de données morphométriques de I’arbre était
plus fiable que la prédiction du stress maximal. La prédiction du moment
maximum de flexion et de stress a été comparée a des tests similaires sur
des coniferes forestiers. Ces découvertes ont des implications impor-
tantes en regard de I’évaluation du risque posé par un arbre.
Zusammenfassung. Schattenbaume koénnen, wenn sie versagen,
Menschen verletzen und Sachsché&den verursachen. Trotz der potentiell
kostenintensiven Rechtsstreite, die gelegentlich entstehen, wenn
Schaden verursacht werden, gibt es keine Studien, die empirisch das
Versagen von Schattenb&dumen untersuchen. 24 Schattenbdume aus drei
Species der Gattung Acer wurden auf einem suburbanen Gelande in
Massachusetts bis zum Umfallen gezogen. Die maximale Last und Dis-
tanz des Versagens wurde verwendet, um den maximalen Biegemoment
zu kalkulieren, der Stress am Versagenspunkt wurde kalkuliert aus dem
Biegemoment und den Baumdurchmesser-Dimensionen. Kein Baum
wurde entwurzelt und das Versagen wurde kategorisier in entweder des
Stammes an einem lateralen Ast oder an der Anbindung eines kodomi-
nanten Stammes. Das Versagen von kodominanten Stammen erforderte
nur die Halfte des Stresses als Einzelstimme. Vergleichbar traten die
Versagen von kodominanten Stdmmen bei nur 45 % der Holzstérke auf,

wahrend Stammversagen bei 79% auftraten. Die VVorhersage des maxi-
malen Biegemoments aus den morphometrischen Daten des Baumes war
verlasslicher als die VVorhersage des maximalen Stresses. Die Ergebnisse
wurden verglichen mit &hnlichen Tests an Koniferen. Die Resultate
enthalten wichtige Implikationen in Verbindung mit der Risikobewer-
tung bei Béaumen.

Resumen. Los arboles de sombra, si fallan, pueden lastimar y dafiar
las propiedades. A pesar del potencial por los costosos litigios que
algunas veces se elevan cuando el arbol causa dafio, no hay estudios que
tengan investigado empiricamente la falla de arboles de sombra. Vein-
ticuatro arboles de sombra de tres especies del género Acer fueron
probados en una propiedad suburbana en Massachusetts. Se usé la carga
maxima y la distancia para calcular el maximo del momento de dobla-
miento; el estrés en el punto de falla fue calculado del momento de
doblamiento y las dimensiones de la seccion trasversal del tallo. No se
categorizaron los arboles dafiados bien sea en la rama lateral o en la
unién de la ramas codominantes. Las fallas de las ramas codominantes
requirieron solamente la mitad del estrés de las fallas de los tallos.
Similarmente, las fallas de las ramas codominantes ocurrieron en sola-
mente 45% de resistencia de la madera, mientras que las fallas en los
tallos ocurrieron en el 79% de la madera. La prediccion del maximo
momento de doblamiento de los datos morfométricos del &rbol fue més
real que la prediccion del estrés maximo. La prediccion del maximo
momento de doblamiento y estrés fue mas real para las fallas de los
tallos que en las ramas codominantes. Los resultados son comparados a
pruebas similares en bosques de coniferas. Los hallazgos tienen impor-
tantes implicaciones con respecto a la evaluacion del riesgo en los ar-
boles.
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