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relation to bending and torsional 
loads strongly depends on trunk 
diameter (D): 

LCC ~ D³

This means, wind load depends in 
a similar way on tree-height as load-
carrying capacity on cross-sectional 
diameter. The breaking safety of a 
structure is typically described by: 

Load-carrying capacity (~D³) / 
Load (~H³).

Consequently, D³/H³ can be seen 
as a measure of breaking safety.

When H/D of trees is constant 
for decades as found by Kahle (et.
al. 2008), D/H is constant, too. Ob-
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Abstract: The ratio of tree height over 
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been used to characterize different 
aspects of both forest and urban tree 
growth, for example biomass and 
stability. Research found a constant 
H/D-ratio in many forest stand trees 
after having survived the juvenile 
growth phase. This is extremely im-
portant information for tree-risk as-
sessors because it confirms that H/D 
is a valid measure for breaking safety. 
When trees stop growing in height, ra-
dial growth, however, continues. This 
serves to increase the diameter of the 
trunk cross-section. Consequently, 
breaking safety continues to increase 
because load-carrying capacity of a 
cross section strongly depends on its 
diameter.
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Introduction
The ratio of tree height over breast 
height diameter (H/D) has been ex-
tensively studied in forestry and used, 
for example, as a parameter character-
izing biomass (Picard et.al. 2012) and 
tree stability (van Gelder et.al. 2006). 
For conifer forest trees, a nearly con-
stant H/D-value was found over a 
long period of time (Kahle et.al. 2008): 
while H/D drops down from values 
over 100 in the juvenile growth phase, 
H/D then remains nearly constant 
for several decades before the trees 
reach maximum height. For the ratio 
of tree-height over breast-height di-
ameter to remain constant over such 
a long period of time, there must be a 
reason and an internal self-regulating 
process within trees to do so.

The fact that mechanical stresses 
influence the growth rate of cam-
bium cells was already reported by 

Telewski and Jaffe (1986). However, 
a mathematical description and expla-
nation of the self-regulating process 
within the tree leading to a constant 
H/D-ratio was still absent, as well 
as its implication for tree-risk assess-
ment in arboriculture.

Load and capacity relations
The wind load arriving at the stem 
base is proportional to tree-height 
(Fig. 1)  to the power of approximately 
three (Rinn 2014): 
M ~ H~3

According to Gere and Timosh-
enko (1997), load-carrying capacity 
(LCC) of a circular cross-section in 

…cross sectional diameter at the 
lower trunk largely depends on 
tree-height to provide constant 
breaking safety.

Figure 1. Commonly, wind speed increases with height above ground, mainly 
depending on the so-called surface roughness, describing typical height of build-
ings or vegetation and characterized by a certain parameter in the equations.
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viously, then D³/H³ is constant as 
well. This automatically leads to 
the conclusion that cross sectional 
diameter at the lower trunk largely 
depends on tree-height to provide 
constant breaking safety during this 
time period. This shows that cambial 
growth is not influenced locally by 
mechanical stress alone, but that it 
is also a consequence of a natural ar-
chitecture to meet a specific purpose 
― constant stability.

Physiological reasons seem to be 
much less relevant in this context for 
explaining radial stem growth for this 
phase of tree growth. The ability to 
supply the crown with water, largely 
depends on the cross sectional area 
of the stem (Ennos 1999). The cross-
sectional area of the stem increases 
in proportion to stem diameter to 
the power of two (~D²) – thus not in 
the same way as the load-carrying 
capacity depends on D (Fig. 2). As a 
result, the connection between tree-
height and stem diameter, as repre-
sented by a constant H/D ratio for 
several decades, seems to be mainly 
a consequence of mechanical load-
ing (proportional to H³), balanced by 
load-carrying capacity (proportional 
to D³). 

This also helps to explain the rela-
tively small taper seen in many trees. 
The lever arm of the acting wind-force 
increases when going down the stem 
because the distance to the crown 
increases. The bending moment of 
any cross-section of the stem below 
the crown is basically the product of 
the total wind force multiplied by the 
distance of the corresponding cross-
section from the crown-force center. 
What this means is that if we compare 
two cross-sections of a stem at two dif-
ferent heights, the bending moment of 
these two cross-sections differs in the 
same way as the lever arm length (= 
distance of the corresponding cross-
section from crown center). When 
the lower cross-section has a 10% 
longer distance to the crown center 
compared to a higher cross-section, 
the lower cross-section has to carry a 
10% larger bending moment due to 
wind-loading of the crown. To com-

pensate for this 10% higher load, the 
lower cross-section need only be 3% 
larger in diameter to provide the same 
stability, because the load-carrying 
capacity of each intact cross-section 
depends on the diameter raised to the 
third power. Consequently, 3% more 
in diameter supplies approximately 
10% more load-carrying capacity. 
This explains why trees do not need 
to be proportionally bigger in diam-
eter when going down the stem. And 
thus explains the typical taper pattern 
found in trees.

The fact that wind load seems to be 
proportional to tree height to the pow-
er of about three may be related to the 
time shift between facing increased 
wind loads (due to height growth or 
changing wind pattern) and the cor-

responding growth response of the 
cambium (which requires time and 
can only happen during the follow-
ing vegetation period). The details of 
this connection shall be analyzed by 
future scientific studies.

Understanding these relationships 
and growth principles helps in tree-
risk assessment both in forest stands 
and urban landscapes. 

Arboricultural consequences
Tree-risk assessors need to under-
stand that:

before (conifers and broad leaf) 
trees reach their maximum 
height, the same safety measures 
and thresholds should be ap-
plied when evaluating breaking 
safety of the stem;
after reaching maximum height, 
basic stem breaking safety in-
creases with every year because 
load-carrying capacity increases 
with every annual increment.

Arborists need to take into account 
that wind load remains relatively 
unchanged when evaluating risk po-
tential of mature urban trees that have 
reached their maximum potential 
height. Radial growth, however, con-
tinues as long as the tree is alive, and 
this leads to a steadily increasing stem 
diameter with age. Due to the pro-
portionality of cross-sectional load-
carrying capacity to diameter raised 
to the third power, a 1% increase of 
diameter leads to approximately a 3% 
increase in breaking safety. 

Consequently, the basic breaking 
safety factor (proportional to D³/H³) 
then steadily increases with every 
additional year. Thus, safety thresh-
olds, such as the required shell-wall-
to-radius-ratio have to be adapted 
continually (depending on tree-age, 
tree-height, and annual radial incre-
ments).

The so-called ⅓-rule which states 
that shell-wall thickness (t) over 
radius (R) shall be greater than one-
third for acceptable stability is valid 
as a safety threshold only for the time-
period when both tree-height and 
stem-diameter are increasing and 



Figure 2. The difference in cross-
sectional diameter between two 
positions at the lower stem help 
understand basic principles of taper: 
if the distance to the crown center 
of the lower point (L2) is 10% bigger 
than the distance of the higher point 
(L1), the lever arm of the acting wind 
load and thus the resulting bending 
moment is 10% bigger, too. In order to 
compensate this, it is sufficient, when 
the stem diameter D2 is only ~3% big-
ger than D1, because then D2 pro-
vides the same load carrying capacity 
(and breaking safety!).
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providing a nearly constant H/D 
as described above. After having 
reached maximum tree-height, the 
required shell-wall-to-radius-ratio 
falls with every radial increment. In 
many cases, t/R=1/5 or even 1/10 can be 
sufficient, and can provide the same 
safety as the completely intact cross-
section years before.

If, for example, breast height di-
ameter (D) increased by 25% from 
1m (~40 inches) at the time when 
maximum tree height was reached, to 
1.25m (~50 inches) at a later point in 
time, the basic safety factor will have 
increased by about 95%! Therefore, 
the tree has nearly doubled its break-

ing safety compared to that when 
maximum height was reached. Now, 
if the stem of this tree has lost 75% of 
its core wood due to a central decay, 
load-carrying capacity will have been 
reduced by about 30%. Surprisingly, 
in such a tree, this deterioration still 
leaves approximately 35% more 
breaking safety than the tree had 
when its cross section was intact at 
the time it had reached its maximum 
height (Fig. 3).

Although it sounds counter-in-
tuitive, this explains why so many 
mature trees that are extensively 
decayed internally, or that have large 
open cavities can withstand repeated 

storms. And it makes clear that 
evaluating mature trees requires an 
individual approach – because, even 
with significant decay, such trees 
can be more stable than younger and 
completely intact trees. Thus, before 
recommending pruning, topping or 
felling, tree-risk assessors should 
determine the major parameters 
(tree height, diameter, location and 
extent of internal decay, number of 
years and amount of radial growth 
produced after maximum height 
was reached). These measures need 
only be determined with reasonable 
precision, bearing in mind how im-
precisions influence the later outcome 
of calculations (Rinn 2014). There is 
a software application available for 
desktop and mobile computers (‘Ar-
boStApp’) that provides a compara-
tive evaluation of critical parameters 
for instantly calculating loads and 
load-carrying capacity at the site. In 
this manner, a more comprehensive 
recommendation can be made about 
what should be done in order to 
achieve sufficient safety.

In most cases, the application of 
the findings presented here lead to 
drastically less pruning recommenda-
tions. Thus, more trees can be retained 
or pruned less extensively, providing 
increased environmental, social and 
cultural benefits. In addition, it can 
reduce costs without significantly 
increasing risk. 

Frank Rinn
Heidelberg, Germany

Figure 3. Although it may sound 
contradictory, these two cross-sec-
tions provide the same load carry-
ing capacity and the same breaking 
safety. These cross-sectional stabil-
ity calculations originally have been 
developed for the patent on sonic 
tomography (Rinn 1999) and based on 
established mathematical basics (Gere 
and Timoshenko 1997). This was later 
confirmed by recent studies on failure 
modes of tubular plant organs (Spatz 
and Niklas 2013), such as hollow tree 
trunks. Spatz and Niklas showed that 
these conventional calculations of 
section modulus come to a limit when 
the ratio of outer intact shell-wall thickness to radius drops far below 1/5, mainly 
depending on the longitudinal extension of the damage increases. The software 
TuboCalc™, running on WINDOWS and MacOS, allows experienced experts to 
practically apply the findings of Spatz and Niklas in order to analyze the behav-
ior of even extremely hollow/damaged organic structures, such as hollow trees, 
under (wind) load.
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