Basic Aspects of Mechanical Stability

of Tree Cross-Sections

The mechanical stability of a tree trunk against bending loads caused
by wind depends on the strength and condition of its wood as well
as on the size and shape of its cross-section. A basic understanding
of these aspects can help when evaluating tree strength loss due to
decay within the scope of tree risk assessments.

Diameter and Stability

When a tree is impacted by a wind force, its cells in the trunk on
the windward (wind-exposed) side are stretched, while those on
the leeward (wind-sheltered) side are compressed (Figure 1).
Furthermore, the tree
crown’s own weight has
to be added as well,
which results in an even
higher compression load
on the leeward cells
and a correspondingly
lower tension on the
opposite side.

To describe the tree’s
ability to withstand such
bending loads, the so
called “moment of resist-
ance,” represented by
the symbol “W” (for the
German word Wider-
standsmoment) is used.
It characterizes the mech-
anical stability of a cross-section as far as it depends on size and
geometrical shape. The resistance moment of a circular cross-sec-
tion with a diameter D can be summarized with a simple formula:

o
W= Pi =

VY

Figure 1. Wind
from the left leads
to compression
load on the right
side of the stem

and tension on
the left. .

This formula helps us understand the effect of diameter on sta-
bility: if the diameter is doubled, for instance, the moment of
resistance increases eightfold, since (2D)* = 8D". Likewise, if trunk
diameter grows one percent, its moment of resistance rises by
about three percent, since (1.01D)*~1.03D°. Therefore, an annual
tree growth ring width of 0.2 in (5 mm) within a tree trunk cross-
section of 20 in (500 mm) diameter (so one percent increase on
each side) denotes a stabilization of a tree trunk cross-section of
about 6 percent. In this manner, a sound tree gains stability by its
annual ring growth on a yearly basis, ignoring potential changes in
the tree crown’s surface or wind load and internal damages.

Wrapped Curves Around Cross-Sections
To precisely calculate the load-carrying capacity of a tree trunk

cross-section, often called its “strength” or “stability,” one would have
to know the individual characteristics of each cell and the stability
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of its compounds. This is hardly feasible, neither in terms of practi-
cal work with trees nor with scientific measurement. Therefore, it
seems appropriate to adopt a simpler and more relative approach.
We can do this by calculating the moment of resistance for load-
ing capacities from 1° to 360° (all wind directions), then dividing
each result by the maximal value to produce a relative stability per-
centage. Those numbers would normally be represented as a linear
graph, with the x-axis representing wind direction and the y-axis the
percentage of maximum strength/stability. For better understanding,
we can also wrap such a graph around the trunk cross-section to
better visualize this effect. A circular trunk cross-section shows, there-
fore, a constant
stability S 3
towards wind '
loads from all
directions.
Consequently,
the curve of the
calculated rela-
tive stability
percentages
(moment of
Tesistance) runs
along the 100
percent level,
creating a per-
fect circle on
the wrapped
graph (Figure 2).

Figure 2. The green curve indicates relative
strength of the cross-section against wind load
as revealed by the moment of resistance.

Influence of Trunk Profile

This situation changes with different cross-sectional shapes. Trees
growing between buildings that are located on their northern and
southern side (so
wind load is limited
to the west or east),
for example, mostly
develop oval trunk
Cross-sections
(Figure 3). In such
a case, calculation |}
of relative stability
reveals the conse-
quences of this
mechanical impact
on tree growth: a
tree trunk with an
E-W diameter of
401in (1 m) and a
N-S diameter of
28 in (0.7 m)

. S
Figure 3. The weaker the cross section the

more the green curve bulges into the direction
of the corresponding wind flow.
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Figure 4. The arrow indicates the wind flow
direction where the cross section is the weakest.

retains only approx.
50 percent of maxi-
mum stability when
exposed to wind
load from the north
or south. The rela-
tive stability curve
around the trunk
“bulges” accord-
ingly (Figure 3),
where the bulges
represent drops in
strength. As a con-
sequence, if the
buildings south

of the tree were
demolished and

torsional and
shear strength
characteristics of
wood are signifi-
cantly lower com-
pared to compres-
sion and tension
strength in longi-
tudinal direction.
Skatter and Kucera
(2000) showed
that this is the rea-
son why torsion is
an important fac-
tor for tree failures.
For example, a
tree trunk with a

Figure 5. If a center cavity covers 70 percent
of the diameter, 50 percent of the cross section

the tree suddenly exposed to wind from that direction, the possi-
bility of the tree’s failure would be greatly increased.

Trunk flares at the lower trunk cannot only be used to estimate the
primary wind-loading direction. In addition, they are critical for a tree’s
stability because of their influence on the profile of the cross-section.

For example, the cross-section in Figure 4 matches a tree growing
at a location where the dominant wind exposure is to the south-west.
Along the SW-NE axis of wind exposure, the resulting cross-section
is approximately twice as strong along the opposing SE-NW axis.

The green arrow pointing SE on the diagram indicates that the
cross-section displays the lowest stability against wind loading from
the NW, as revealed by the large bulge (=drop in strength) on the
opposite side. If the tree were exposed to wind loads from all direc-
tions, the highest possibility of a bending break would be expected
in the direction of the arrow.

Defect Size and Strength Loss

In the simple case of a circular trunk cross-section with a cavity in
its center, the internal diameter of this cavity will be included in
calculating the moment of resistance:

D=

FEr i)

For example, a trunk diameter of D=40 in (1 m) with a center
cavity diameter d=20 in (0.5 m) has 50 percent of its radius missing.
That corresponds to a loss of cross-section surface of 25 percent but
a relative strength loss of a mere 6 percent. Following this equation,
when about 70 percent of the radius is gone (i.e., VR~ 0.3), the
cross-section lost about 50 percent of its area but only 25 percent
of its strength (Figure 5).

Consequently, the actual strength loss is significantly lower than
professionals as well as laymen might expect when observing the
extent of internal damage. If this aspect is considered when making
decisions about tree stability, it can often save the tree, especially if
non-arborists have to decide what action has to be taken — be it
neighbours in dispute or politicians.

As the cross-sectional residual wall (‘shell wall’) continues to thin
out (Figure 6), the informational value of the formula we examined
begins to reach the limits of its validity: it assumes that a cross-section
stays firm and does not get deformed due to the loading force. But, the

W= Pi

is lost but only 25 percent of the moment of
resistance.

remaining shell
wall thickness of
only 10 percent of the radius (Figure 7), should theoretically still
provide 35 percent of its strength. This cannot be true and needs
to be corrected due to torsional effects, shear stresses and different
failure modes than just bending.

Influence of Location of Decay

Up to this point we have assumed that the decay was located in
the center of the cross-section. When it is not, different calculations
must be used: mathematically speaking, an integral is calculated
summarizing the contribution of each wooden cell regarding whether
it is loaded under compression or tension.

When wood decay in a tree trunk is at the edge, the resistance
moment towards the opposite side from the decay decreases to a
greater degree because tension strength of wood is higher than
compression strength (FPL 2010).

Figure 8 represents such an off-center situation, characterized in
this example by a thin or missing shell wall on one side. As earlier,
the red curve shows the relative value of resistance moment in the

=
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Figure 6. Size of a central cavity and the corresponding relative
strength loss as a function of cavity diameter.
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Basic Aspects of Mechanical Stability (continued)

damaged cross-
section for all wind
directions. The out-
ward bulge (=rela-
tive decrease in sta-
bility) on the side
opposite from the
decay corresponds to
the comparatively
higher reduction of
tensile strength for
wind coming from
i the side where the
i decay is located.
i Therefore, rela-
tive strength loss of a
trunk cross-section
depends not only
on the extent of decay, but also — and above all — on its location.
This is relevant for expert assessment of breaking resistance and
critical when trying to communicate expert opinion to laymen.
: Finally, for the
T real and mostly non-
' J concentric cross-

sections of urban
trees that have to be
inspected, a third
curve is calculated
in the moment of
resistance graph:
dividing the values
of the red curve
(representing the
resistance moment of
] the decayed cross-
L1y, W section) by the green
curve (representing
the intact cross-
section) delivers a
curve (in blue)
revealing the relative strength loss in percent for every wind direction.
The more the blue curve bulges outward, the higher the strength
loss due to wind blowing into this direction.

A typical result is shown in Figure 9, again indicating that decay
location is more critical than extent: the blue curve shows that

Figure 7. Theoretically, 90 percent loss of
radius equals approximately 65 percent loss
of moment of resistance.

Figure 8. If a cavity covers 50 percent of the
cross-section area and is located at the edge, the
corresponding relative strength loss is doubled
as compared to being located at the center.

RESEARCH YOU NEED TO READ | E

degradation strongly
points towards the
south of that trunk
cross-section (or
bottom of that
branch). Even
though only about
10 percent of the
cross-section area
is damaged, the
moment of resist-
ance for this direc-
tion has already
decreased by about %%
50 percent. o

Figure 9. The blue curve reveals the relative
strength loss for all load directions due to
decay. It is used for evaluating failure potential
and as a base for determining risk mitigation
strategies, for example a corresponding wind
load reduction by pruning.

Summary
The moment of
resistance is used
to characterize rel-
ative strength of cross-sections referring to different static wind
loading directions as well as the influence of defects. The first major
conclusion is, the cross-section diameter determines a mostly direc-
tional stability; the second, that the location of decay is of higher
importance than extent. Relative strength loss due to decay can be
higher or lower than corresponding loss in cross-section area, strongly
depending on cross-sectional shape and defect location. For thin
shell walls and dynamic loading, more complex approaches would
be required.
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Aboveground Growth Response of
Platanus orientalis to Porous Pavements
Justin Morgenroth and Rien Visser
Integrating healthy, mature trees into paved
urban environments is a challenging task for
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BAUMSTATIK

Wie hohl darf
ein alter Baum sein?

Uber die Frage, ab welchem Hohlungsgrad ein Baum als signifikant er-
hoéht bruchgefahrdet anzusehen ist, wird seit vielen Jahren nicht nur ge-
ratselt und geforscht, sondern oft gestritten. Auch wenn diese Frage
hier noch nicht fUr alle Baume geklart werden kann, so zeigt eine relativ
einfache Analogieberechnung jedoch zumindest fur alte Baume, wie der
jeweils akzeptable Hohlungsgrad ermittelt werden kann. Von Frank Rinn

Fiir viele Fachleute ist das Ergebnis die-
ser Berechnung an sich schon erstaun-
lich. Esist dariiber hinaus aber auch tiber-
raschend unabhingig von den grundle-
genden Annahmen, ab wann der Stamm
eines Baumes nicht mehr stabil ist und
mindestens ebenso unerwartet wenig be-
einflusst von den Festigkeiten und Mate-
rialeigenschaften des Holzes.

Zur Geschichte

Nachdem die urspriinglichen Erfinder
Kamm und Vo8 die ersten Nadel-Bohr-
widerstandsmessgeridte mit federgetrie-
bener Aufzeichnung iiber Kratzstift auf
Wachspapierstreifen wegen systematisch
falscher Kurven als untauglich erkannt
hatten, entwickelten sie eine elektrische
Aufzeichnung. Diese Idee wurde in und
nach einer Physik-Diplomarbeit zu einer
elektronisch messenden Methode weiter
entwickelt (Rinn 1986-88; 1990), weil nur
so verldssliche und hochauflésende Dich-
te-Profile zu erzielen waren.

Einige Jahre spéter wurde eine statisti-
sche Auswertung von Stammbriichen pu-
bliziert (Mattheck & Breloer 1994) und
postuliert, dass vollbekronte Biume ab
duBeren Restwandstdrken von unter 1/3
des Radius eine deutlich ansteigende
Bruchwahrscheinlichkeit aufwiesen. Da
Kokospalmen zumindest hinsichtlich ih-
rer allometrischen Eigenschaften und
mechanischen Belastungen schlanken
Bestands-Nadelbdumen mit runden
Stammen und zentrischen Schiden nicht
undhnlich sind, erschienen diese Ergeb-
nisse kongruent und wurden interpretiert
als Hinweis auf eine biomechanische
Grundregel derartiger natiirlicher Kon-
struktionen. Spédter zeigten Finite-Ele-
mente-Berechnungen, dass nicht unbe-
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dingt direkt die Biegebeanspruchung,
sondern eher andere Materialeigenschaf-
ten und Spannungen fiir das Ansteigen
der Versagensrate verantwortlich sind,
wenn Restwandstidrken deutlich unter
ein Drittel des Radius sinken (Leder-
mann 2003). Dies wiederum war nach-
vollziehbar,zumal die tangentialen Quer-
zugfestigkeiten zu den schwichsten Ma-
terialeigenschaften von Holz gehoren
(Blass & Schmidt 1998).

Im Laufe der Jahre kam jedoch ver-
mehrt Kritik an dem sogenannten
1/3-Kriterium auf, nicht nur, weil es an-
geblich schon zu oft missbraucht wurde,
um unliebsame Baume fillen zu lassen,
sondern auch, weil es angeblich grund-
sétzlich keine verléssliche wissenschaftli-
che Begriindung dafiir gebe (Gruber
2007). Insofern stellt sich nicht nur Prak-
tikern, sondern auch Sachverstidndigen
und Wissenschaftlern die Frage, ob und
wann das 1/3-Kriterium giiltig sein kann.
Hierzu nachfolgend einige grundlegende
Erlduterungen wichtiger Hintergriinde
und einige auch in der Praxis hilfreiche
Empfehlungen beziiglich alter Biume.

Stamm und Krone

Die mechanische Biege-Belastung des
Stammes von nicht schrig oder am Hang
stehenden Biumen wird vor allem vom
Wind bestimmt. Da die Windlast von der
Windgeschwindigkeit zum Quadrat ab-
hiangt und die Windgeschwindigkeit mit
der Hohe iiber Boden ansteigt (Spatz &
Bruechert 2000), bestimmt vor allem die
Hohe eines Baumes die maximal auftre-
tende Windlast. Wenn Bidume ihre maxi-
male Hohe erreicht haben wichst dem-
nach auch die Windlast nicht weiter an.
Da alternde Bidume tendenziell eher

Abb 1: Viele alte Bdume stehen seit Jahrzehnten,
obwohl sie hohl sind und diinne Wandstdrken
aufweisen, oftmals sogar mit Stamméffnungen.

noch Aste verlieren und die Krone klei-
ner wird (White 1998), nimmt die am
Stammfufl ankommende Windlast insge-
samt also tendenziell eher ab—auch wenn
die zunehmende Versteifung der altern-
den Aste gegebenenfalls zu einer lokalen
Erhohung der Windbelastung fithren
kann (Fratzl 2002).

Mit jedem neuen Jahrring wird der
Stamm aber dicker und stabiler, denn die
Biege-Belastbarkeit eines Zylinders
héngt vor allem von seinem Durchmesser
ab. Und so stellt sich die Frage, welchen
Einfluss dies auf die Bruchsicherheit des
Baumes hat.

Rechnerische Abschitzung
Die mechanische Belastung im Quer-
schnitt eines Zylinders ergibt sich aus der
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BAUMSTATIK

wirkenden Kraft F und der betroffenen
Querschnittfliche A, wird meist als
»Spannung“ bezeichnet und mit dem
griechischen Buchstaben Sigma (o) ge-
kennzeichnet:
0' = E
A
Im Falle der Biegebelastung von Stim-
men ergibt sich die Spannung aus dem
Quotienten des angreifenden Biegemo-
ments (M) geteilt durch das (axiale) Wi-
derstandsmoment (W). Zum Zeitpunkt
des Erreichens der maximalen Baumho-
he sei dies wie folgt definiert:
o o M
1 w,
Das Widerstandsmoment kann fiir runde
Querschnitte mit AuBBendurchmesser D
und zentraler und runder Hohlung (d)
durch eine einfache Formel beschrieben
werden: #
— % (D — )
W=r* "3+ D)
Fiir einen vollholzigen Stamm (d = 0) er-
gibt sich
D3
32
Eine verdoppelte Festigkeit o, _fiihrt al-
so zu einer ebenso verdoppelten maxi-
malen Moment-Belastbarkeit M, die
oft als Tragfahigkeit bezeichnet wird. Ein

W=n*

34

doppelter Durchmesser dagegen fiihrt
aufgrund der dritten Potenz bei gleicher
Festigkeit zu einer achtfach hoheren Be-
lastbarkeit des Querschnitts. Die Abmes-
sungen eines Querschnitts haben also ei-
nen vielfach hoheren Einfluss auf seine
Tragfihigkeit als Anderungen in der Fes-
tigkeit.

Alters-Tragfahigkeits-Zuwachs
Wie Briker bereits bei der Erlduterung
des sogenannten Alterstrends zeigte
(1981), stagniert bei alternden Bdaumen
die Jahrringbreite typischerweise auf ei-
nem oftmals nahezu konstanten Niveau.
Daher nehmen wir hier in konservativer
Weise an, der Baum lege ab Erreichen
seiner MaximalhOhe nur noch eine kon-
stante kleine Jahrringbreite zu, die als
Prozentanteil (p) des Durchmessers D
ausgedriickt wird. Damit ergibt sich der
jeweils aktuelle Durchmesser D, nach y
Jahren also zuriickhaltend geschétzt zu:
D,=(+y*p)*D,
Das Widerstandsmoment des Stammes
nach y Jahren kann dann wie folgt be-
schrieben werden:
W,=n*

(Ds' —d,*)

(32D,
Nun stellt sich die entscheidende Frage:
wie hohl darf dieser Baum sein, damit

sein duferer intakter Stammrand noch
ein Widerstandsmoment (W,) aufweist,
welches mindestens so grof} ist, wie das
seine Tragfdhigkeit charakterisierende
Widerstandsmoment (W;) zum Zeit-
punkt der Erreichung der maximalen
Baumhohe (y = 0).

Demnach setzen wir W, ! = W, und be-
stimmen das Restwandstdrke—zu—Radi-
us-Verhaltnis t,/R, nach y Jahren, indem
die obigen Gleichungen verwendet wer-
den:

6_ " (1% + 30yp+y?p7 + ¥3p%)
Ry (1+yp)?

Mit dieser Formel kann also berechnet
werden, welches Restwandstérke-zu-Ra-
dius-Verhiltnis nach y Jahren die gleiche
Stabilitdt gewéhrleistet wie es sich aus D,
und d, beziehungsweise R; und t; zum
Zeitpunkt der Erreichung der maxima-
len Baumhohe ergab.

Beispiele

Zunichst nehmen wir an, ein Baum habe
zum Zeitpunkt des Erreichens der maxi-
malen Baumhohe und damit der maxi-
malen Wind-Biegebelastung des Stam-
mes (y = 0) einen Durchmesser von D, =
60 Zentimeter und keinen inneren Scha-
den,alsod,=0,demnach t/R =1 und Hoh-
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BAUMSTATIK

lungsgrad = 0. Nach 20 Jahren mit einem
jahrlichen Stammdickenzuwachs von
sechs Millimeter (Jahrringbreite drei Me-
ter), ist der Stamm-Durchmesser auf 66
Zentimeter angewachsen. Wenn ein sol-
cher Stamm eine innere Hohlung von et-
wa 47 Zentimeter Durchmesser aufwei-
sen wiirde, dann hitte er die gleiche Trag-
fahigkeit wie 20 Jahre vorher der vollhol-
zige Stamm mit einem Durchmesser von
60 Zentimeter! (s. Abb. 3)

Ein jahrlicher dulerer Durchmesserzu-
wachs von 1% fiihrt zur Steigerung des
Widerstandsmoments und damit der
Tragfdhigkeit von jeweils rund 3%, nach
ca. 25 Jahren entspricht dies einer Ver-
dopplung.

Wenn ein Stamm bei y = 0 eine Rest-
wandstiarke-zu-Radius-Verhéltnis ~ von
etwa 1/3 (D;= 60 cm, d, = 40) hat und als
noch ausreichend stabil eingeschéatzt
wird, dann hat er nach 20 Jahren Dicken-
Wachstum (0,5% von D,) einen Durch-
messer von D, = 66 Zentimeter. Dieser
Stamm hat die gleiche Biege-Belastbar-
keit, wenn seine innere Schidigung einen
Durchmesser von 52 Zentimeter aufwei-
sen wiirde, das Restwandstirke-zu-Radi-
us-Verhéltnis also rund 1/5 betrigt (s.
Abb. 4).

Grenzen

Die hier beschriebene Berechnung der
Tragfahigkeit beziehungsweise Belast-
barkeit eines (hohlen) Querschnitts ba-
siert auf Jahrhunderte alten und inge-
nieurtechnisch tausendfach bewihrten
Konzepten, kommt jedoch auch an Gren-
zen: sobald die Restwandstidrken im Be-
reich um und unter 1/10 des Radius lie-
gen, wirkt sich die Anisotropie des Hol-
zes signifikant starker aus.

Wie nicht nur bei Ledermann (2002),
sondern auch bei Niklas und Spatz zu le-
sen (2012, 2013), wirken sich ab spétes-
tens t/R = 1/10 insbesondere die geringen

Scher- und Querzugfestigkeiten aus und
es kommt schneller zu Verformungen des
Querschnitts. Die einfache Biegetheorie
iiber die Betrachtung des axialen Wider-
standsmoments verliert dann ihre theo-
retische Berechtigung und praktische
Relevanz.

Die hier beschriebenen Sachverhalte
sollen vor allem diesen einen grundle-
genden Zusammenhang klar machen: ob
man nun t/R = 1/3 oder eine andere
t/R-Grenze als grobe Richtschnur oder
Grenzwert betrachtet —an alte,in der Ho-
he nicht mehr wachsende Baume sind auf
jeden Fall andere Maf3stibe anzulegen.
Das 1/3-Kriterium hat dort aus grund-
sitzlichen Uberlegungen keine Giiltig-
keit und keine praktische Relevanz. Da-
her kann es nicht verwendet werden, um
damit Fillungen zu begriinden.

Grenz- oder Richtwerte zum mechani-
schen Versagen, die fiir junge und noch in
die Hohe wachsende Bestandsbdume
gelten mogen, wie anscheinend das
1/3-Kriterium, konnen also nicht ein-
fach auf alte Biume iibertragen werden.
Genau dies ist aber in den letzten Jah-
ren tausendfach erfolgt und fithrte zu ei-
nem ebenso unwiderbringlichen wie
auch bedauernswerten Verlust eines er-
heblichen Anteils unseres alten Baum-
bestands. In solchen Fehlentscheidun-
gen liegt nicht nur nach meiner person-
lichen Erfahrung eine der héaufigsten
Ursachen fiir Streit zwischen Sachver-
stindigen um Baume.

AuBlerdem ist zu bedenken, dass die La-
ge einer Schidigung im Querschnitt sich
stirker auf seine Tragfahigkeit auswirkt
(Rinn 2011) als ihre Ausdehnung und
dass auch die vertikale Ausformung inne-
rer Schiaden einen Einfluss auf die Bruch-
festigkeit hat (Niklas & Spatz 2012,
2013).

Schlieflich ist zu beachten und auch
hier nochmals zu betonen, dass die meis-

ten beziiglich ihrer Verkehrssicherheit zu
beurteilenden Straf3en- und Parkbdume
nicht nur alt sind, in Krone und Windlast
nicht oder kaum noch wachsen, sondern
in der Regel auch keine zentrisch geschéa-
digten runden Stimme aufweisen. Allei-
ne schon aufgrund dieser geometrischen
Aspekte ist offenkundig, dass ein ver-
meintlich einfaches 1/3-Kriterium bei
diesen Bdumen nicht anwendbar sein
kann, auch nicht als grobe Richtschnur,
ebenso wenig andere ,,Einfach-“ Krite-
rien wie t/R > 1/10 oder das Hohe-zu-
Durchmesser-Verhiltnis.

Zusammenfassung und
Schlussfolgerung

Die hier gezeigte, grob vereinfachende
Darstellung belegt, dass an alte, nicht
mehr in der Hohe wachsende Baume spe-
zifische baumstatische Anforderungen
zu stellen sind. Das bei jungen, runden
und zentrisch geschéddigten Bestands-
Nadelbdumen und Kokospalmen an-
scheinend relevante sogenannte 1/3-Kri-
terium kann bei alten Straenbdumen
weder als Grenzwert noch als Richt-
schnur angesehen werden. Im Vergleich
zu jungen und noch in die Hohe wachsen-
den Bdumen brauchen alte auf jeden Fall
geringere, oftmals erstaunlich diinne
Restwandstédrken, wobei die hier gezeig-
te Abschitzung nur fiir Restwandstérken
oberhalb 1/10 des Radius gilt (Niklas &
Spatz 2012). Materialeigenschaften wie
Festigkeit und Elastizitdt wiederum sind
im Vergleich zur mechanischen Auswir-
kung des &dufleren Stammdicken-Zu-
wachses durch Jahrringe von deutlich ge-
ringerer Bedeutung, weil die Tragfahig-
keit mit dem Durchmesser in der dritten
Potenz steigt.

Literatur
Die Literaturliste finden Sie im Internet als Download
unter www.baumzeitung.de.

Abb. 3: Diese beiden Stamm-Zylinder-Querschnitte haben die gleiche Trag-
fahigkeit. Ein jihrlicher duferer Durchmesserzuwachs von 1% fiihrt zur
Steigerung des Widerstandsmoments von jeweils ca. 3%, nach ca. 25 Jah-
ren entspricht dies einer Verdopplung. Deswegen sind Rohre bei gleicher

Masse auch biegesteifer als Vollstdbe.
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Abb 4: Auch diese beiden Stammgquerschnitte weisen die gleiche Biegebe-
lastungs-Tragfdhigkeit auf. Beim linken Querschnitt betrdgt t/R=1/3, beim
rechten (nach 20 Jahren Stammwachstum) nur noch ca. 1/5 und dennoch
haben beide Querschnitte das gleiche Widerstandsmoment und daher

quasi auch die gleiche ,,Bruch-Sicherheit“ (bei gleicher Windlast).
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Shell-wall thickness and breaking safety
of mature trees

Frank Rinn

Abstract: The acceptable level of
trunk hollowness with regard to the
breaking safety of trees has been de-
bated for decades but remains unre-
solved for most tree experts because
of contradictory statements, theories,
and publications. However, research
and observations clearly demonstrate
that mature (large diameter) trees re-
quire much less remaining shell-wall
thickness for reasonable stability, than
younger trees still growing in height.
Furthermore, stability of mature trees
is surprisingly independent of wood
material properties such as fiber
strength.

Keywords: shell-wall thickness,
one-third-rule, breaking safety, tree
safety

Introduction

Storm events often lead to break-
age of conifer trees in forest stands,
even those with intact cross sections.
Breakage, though, is probably more
likely to occur if decay is present. (Fig.
1). On the other hand, old trees are
known for having surprisingly thin

shell-walls, often for many decades
(Fig. 2), yet many survive even strong
storm events — even trees that are
quite tall or have large, wide-spread-
ing crowns. These observations seem
contradictory, but can be explained as
subsequently shown.

The uncertainty about potential
stem breakage safety was one of the
reasons for developing mobile testing
methods to detect internal decay, and
for measuring shell-wall thickness. In
1984, two retired German engineers
(Kamm & Voss) tested a drilling
device using a spring-driven scratch
pin, and which recorded a 1:1-scaled
profile of the thin needle’s penetra-
tion resistance on a wax paper strip
within the machine. These profiles
allowed for the detection of large
voids in trees, but were found to be

systematically wrong in the more
intact portion of the stem because of
resonance and damping effects of the
spring-loaded recording mechanism.
Thus, evaluations of utility poles,
trees, and timber products based on
such profiles were also systematically
wrong and unreliable. For example,
decay was identified were the wood
was just soft (by nature), but intact.
Consequently, Kamm & Voss devel-
oped a resistance drill that recorded
data electrically. With that improve-
ment, they then tried to sell the corre-
sponding patent application (Kamm
& Voss 1985). A company interested
in the intellectual property asked
a German University whether the
concept, based on measuring needle-
penetration resistance, was practical.
Starting in 1986, this idea became the

How hollow can a mature tree
become, before the visk of stem
breakage is unacceptable?

Figure 1. In forest stands, internally decayed stems show a significantly higher

< | B
RmRaes B

breaking probability, but even completely intact cross sections may break.

subject of a physics graduate research
thesis (Rinn 1988). This research
resulted in further technical develop-
ments and finally, patent applications
describing high-resolution machines
and drilling needles (Rinn 1990,
1991). The results clearly showed that
regulation of the machine, acquisition
of measurement values and recording
of the profiles must be done electroni-
cally to ensure a distinct (linear) cor-
relation between the obtained profiles
and wood density — the major wood
material property (Rinn et.al. 1989 &
1996). Only those profiles obtained
in this manner, enable the user to
correctly interpret results and reli-
ably evaluate wood condition (Rinn
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Figure 2. Large, old trees with very

thin shell walls (t/R<'/s) often remain
standing for decades despite the loss
of much of their stem cross sections.

1996). Thereafter, wood samples from
all over the world were tested with
these improved devices. It’s interest-
ing to note that in stems of coconut
palms (Fig. 3) it was found that ap-
proximately % of the trunk radius has
a significantly higher density (and
strength).

Some years later, Mattheck and
Breloer published statistical data
(1994) claiming that breaking safety
of tree trunks is significantly lowered
if the remaining intact outer shell
wall (t) is thinner than % the radius
(R). This finding was interpreted as
confirmation of a potential natu-
ral mechanical design because the
mechanical load characteristics of
coconut palms are similar to slender
conifers in forest stands.

Eventually, new analytical and
computational methods suggested
that tangential tension stresses as a
consequence of bending or torsional
loads may explain the increase of
breaking failures of trees with a t/R<
% (Ledermann 2003). This result was
expected because torsional and shear
strength of wood are comparatively
low (Blass und Schmidt 1998).

Years later, critics claimed that
there is no scientific proof of the so-
called ‘Mattheck’s % -rule” (Gruber
2007, 2008), and thus, no valid reason
to fell trees if t/R< %. Consequently,
practitioners and experts became
increasingly unsure about which
method or ‘rule’ to apply for safety
evaluation of trees.

Trunk and crown relations

The mechanical bending load of up-
right tree trunks is mainly determined
by wind load (Spatz & Bruechert
2000). Because wind speed tends to
increase with height above ground,
and drag is dependent on wind speed
to the power of two, tree height is
the dominating allometric wind-load
factor. Consequently, after a tree has
reached maximum height, wind load
does not increase any more (White
1998), although old branches may lo-
cally face higher drag due to higher
wood stiffness (Fratzl 2002). While the

Figure 3. A resistance drilling profile
of a coconut palm stem disk showing
linear correlation to wood density,
and that approximately ¥; of the outer
radius has significantly higher wood
density.

crown does not grow any more, girth
usually continues to increase due to
annual radial growth increments.
That means the trunks of aging trees
continuously gain load-carrying ca-
pacity, while the load remains fairly
constant. Consequently, the increas-
ing girth of aging trees automatically
leads to a steady increase in the trunk
breakage safety factor (= load-carry-
ing capacity / load). And this leads
to the question: How hollow can a
mature tree become, before the risk of
stem breakage is unacceptable?

Numerical estimation (based on
Gere and Timoshenko 1997)
Mechanical stress (S) in a cross section
is usually defined as the acting force
(F) divided by the area (A):

S=F/A

If a bending moment (M) is ap-
plied, stress can be calculated from

S=M/W

W characterizes the section modu-
lus that is usually determined by an
integral over the cross sectional area.
For cylinders of diameter (D) and a
central void of diameter (d), W can be
calculated in a simple form:

W =g % (D* - d%/(32+D)

Strain in the material is usually
defined by changes in length (AL) di-
vided by the observed distance (L):

e=AL/L

At the same time, strain is a con-
sequence of external loading and
strongly determined by the modulus
of elasticity (E):

e=AL/L=S/E

This helps to explain the influence
of material strength (= maximum
applicable stress = S__ ) on the maxi-
mum bending load that can be ap-
plied without causing damage:

Mmax = w * s max

In an intact cylindrical cross sec-
tion (d=0), the dependence of the load
carrying capacity on diameter and
material strength is obvious:

Mmax ~ D3 S max

Therefore, a doubling of the mate-
rial strength value of the wood (S_ )
in the whole cross-section leads to a
double maximum applicable bend-
ing load (M__). A doubling of trunk

max)
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diameter, however, leads to an eight-
fold increase in maximum applicable
bending load:

(2«D)3 = 8«D?

Compared to the impact of diam-
eter increase on total load carrying
capacity, higher material strength
within a newly formed tree ring is
only of marginal relevance. The influ-
ence of radial growth of a stem cross
section in terms of dimension is thus,
far more important than changes in
material properties. Therefore, we
can characterize the load-carrying
capacity of cylindrical cross sections
in first order by its diameter.

Diameter growth with age

As already shown by Bréker (1981),
ring width of mature trees usually
stabilizes as a nearly constant value.
If we assume that ring width, after
the tree has reached maximum crown
height (time point y=0), is a percent-
age (p) of the diameter at this time
(D,), we can estimate later diameters
(D,), years (y) after D, was reached:

D,=(1+y*p) * D,

The corresponding section modu-
lus can then be written as:

With this formula we can deter-
mine thet,/R -ratio atany given point
in time of maturity (y>0), which is
equivalent to a certain t, /R -value
at y=0.

Practical application
If we assume an intact (d,= 0) tree
trunk has a diameter of D,= 60cm
(about 24 inches) at the time when its
crown reaches its maximum height
(y=0), and then an annual ring width
of 3mm (p =0.5% of D,), the diameter
of the trunk after y = 20 years will be
D, = 66cm. If this trunk cross section
then (at y = 20) would have a central
void of d,= 47cm, it would have the
same load-carrying capacity as the
completely intact cross section at y=0
(Fig. 4) That means, if we assume
the tree at y=0 is “absolutely safe in
bending” (because it is completely
intact), we have to grant the same
level of safety 20 years later to this tree
with a diameter of 66cm if there is a
central void leading to a t/R ratio less
then %: t,/R,=9.5/33 =~ 0.29, because
these two cross-sections provide the
same load-carrying capacity and thus,
similar breaking safety.
If we assume a cylindrical trunk
(D,= 60cm) has a central void of

W =1«

(D}—d,*) s (A +y.p*.Di—4d") d,= 40 at y=0 (that means a t/R=

15), after y = 20 years and p =
0.5%, D, would be 66cm. If this

.................................................

Now we can ask the most impor-
tant question: at what point (level
of hollowness) does a large old tree
become unstable? For easier evalu-
ation we transform diameter values
into shell-wall thickness (t) and stem
radius (R):

YR =1-d/D

Once we set W,! = W, we can
calculate t/R-ratios equivalent to the
ones at y=0:

(1+yxp)?

trunk then has a central void of

d,= 52 (=>t,/R~'/5), it would
provide the same load carrying
capacity as with a t,/R = % at y=0
(Fig 5). What this means in terms of
bending safety for such trees is that:
at/R="'/5aty =20is equivalent to a
t/R= % about 20 years earlier (y=0).
If we believe a t/R= % is a measure
representing sufficient ‘stability” of a
tree at y=0, then we have to accept,
that 20 years later, a t/R= /5 repre-
sents the same amount of ’stability’
and relative safety.

Consequently, the critical t/R
ratio is not a constant value, but
strongly depends on trunk diameter
and thus age (and crown size), as
soon as the height does not increase
any more.

Consequences and limits
Especially in the urban landscape, risk
of tree failures, resulting in injury to
people or property damage, resulting
from tree failures, increases with age.
Therefore, most trees that require a
thorough assessment are more or less
mature. Consequently, the approach
described here is relevant for the
majority of urban tree inspections,
especially for level 2 and 3 as defined
and explained by the ISA tree risk as-
sessment qualification (TRAQ).

The comparative shell-wall safety
estimation method as described
above, shows that the so-called ‘-
rule” may be correct for a certain
kind and age class of trunks, but has
no relevance for mature trees, and
should not be used to justify felling
or even extensive crown reduction to
mitigate risk for such trees. In mature
trees, a t/R= 1 is not even the start-
ing point for being concerned about
breaking safety, because, as shown
above, in terms of breaking safety, a
t/R= /5 or even less can be equiva-
lent to a t/R= % at the time the tree
reached maximum crown height. This
explains why large, old, hollow trees
with very thin shell walls often stand
for decades, despite large crowns and
exposure to strong wind.

When we assume the %-rule as
being correct in describing the point
where the probability of breaking
failures starts increasing significantly
for centrally decayed, thin, and tall,
slender forest trees (and coconut
palms), we have to accept that this
starting point for concern shifts down
to thinner shell walls once maximum
height growth is reached, because tree
diameter continues to increase. In the
second example described above, the
starting point for concern would be a
t/R=1/5 (assuming thata t/R="14is the
starting point of concern for younger
trees as described above).

However, it has to be taken into ac-
count that this approach as presented
here is valid only as long as t/R>/1,
approximately. Below this ‘limit’, and
if big, open cavities are present, more
complex approaches and estimations

Hall 2013
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Figure 4. (Left) These two cross-sections (sketch to scale) provide the same load-carrying capacity and thus the same
breaking safety provided the same wind load is applied.

Figure 5. (Right) The left cross section of a decayed tree stem at year=0 provides a t/R=%. The image on the far right
shows the same cross section after 20 years of annual increment growth and further decay progression with a t/R="/s. As-
suming the same wind load, these two cross sections (sketch made to scale) provide approximately the same load-carrying
capacity, therefore, if an expert evaluates the left cross section as acceptable (‘safe enough’) at the time of inspection
(y=0), the same grade of safety has to be granted to the tree 20 years later despite a thinner shell wall.

have to be applied, because other
failure modes may occur, and because
longitudinal dimension of wood dete-
rioration or other structural damages
become more important (Niklas and
Spatz 2012; 2013). This aspect shall be
explained in future publications.

In addition, in terms of loss of
load-carrying capacity (LCC), the
location of decay (centered or un-
centered) within the cross section,
as well as cross-sectional shape, are
more important than just the size of
deteriorated parts (Rinn 2011). Com-
paratively small areas of decay in the
outer sapwood of the stem, or on the
upper side of a horizontal branch can
lead to significantly greater losses of
LCC and thus, have a greater impact
on safety than large centrally located
voids. Consequently, for assessing
the stem breaking safety of mature
trees, it is not enough to determine
shell wall thickness by, for example,
resistance drilling at just one point,
or measuring fiber strain with only
one elongation sensor during one
pull-test. Both results are valid only
for the point of measurement and
cannot be extrapolated to the whole
trunk. Results can be quite different in
other areas of the same cross section,
and even more so, up and down the
trunk. If devices that can be calibrated
are properly applied, both measure-
ment methods (resistance drilling

and pull test strain-assessment) can
deliver valuable information, and sig-
nificantly enhance tree risk evaluation
compared to visual grading alone.
But it has to be taken into account
that each result is only valid for the
point of measurement. In this sense,
tomographic approaches deliver
more information, but still have to be
understood and interpreted correctly.
(Fig. 6)

Without knowing the weakest
point of the tree trunk under external

loading, every localized measurement
is just an approximation and cannot
describe the mechanical behavior
of the whole cross section, trunk or
even tree. This limitation is valid for
all technical methods and devices in
a specific certain way, and has to be
clearly understood, explained and
communicated by the experts.

The shell-wall-to-radius-ratio
(t/R) required for sufficient breaking
safety is not a constant value over
time, but decreases as trees mature

Figure 6. Two examples of decayed trunk cross sections of mature urban trees
(left: Ulmus, right: Tilia). Decay columns are often asymmetric because they
develop from trunk wounds or damaged roots. In addition, many mature urban
trees do not have cylindrical cross sections. Thus, simple measurements of shell-
wall-to-radius-ratios, or the local assessment of strain by pull-tests can hardly be
applied correctly for evaluating breaking safety. In such situations, tomographic
assessments are required for obtaining more precise results and more reliable

evaluations.
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and increase in girth. Understanding
and applying this aspect of natural
tree architecture while inspecting
and evaluating mature urban trees
can prevent unnecessary felling or
crown reduction as compared to

current standards - for the good of
nature, people, and municipal bud-
gets. In this manner, trees can be
retained longer to provide social and
environmental benefits that enhance
quality of life in urban landscapes,

without endangering people and
their property.

Frank Rinn
Heidelberg/Germany
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How much crown pruning is needed for a

specific wind-load reduction?

Frank Rinn

Abstract: Crown reduction is a stan-
dard procedure to reduce the risk of
urban trees with structural defects
near the trunk base. However, the
recommended amount of pruning
is usually based on a ‘gut-feeling’.
Understanding principles of tree
wind-load as presented here will en-
able tree experts to more accurately
determine how much of the crown
to remove. In general, trees need to
be pruned (their crowns reduced)
much less than many arborists think
to compensate for risk due to trunk
or root defects. The advantages of
less pruning and fewer and smaller
pruning cuts include reduced impact
on tree health and appearance, and
environmental benefits, less pruning
response, and cost-savings to the tree
owner.

Keywords: wind load, crown reduc-
tion, pruning, and tree safety

Introduction

When significant trunk and root col-
lar defects are identified in urban
trees, crown reduction is one of the
most common practices to reduce
wind load and, as a consequence,
to increase the so-called breaking
and uprooting safety. Although this
is a standard procedure in many
countries, the amount of required
reduction is mostly estimated by
‘gut-feeling’. Many arborists use the
percentage of trunk cross-sectional
area loss determined or estimated
at the trunk defect as a guide to the
amount of height or crown sail area
reduction needed to achieve reason-
able safety. For example: if 50 percent
of the trunk cross-section is decayed,
the crown has to be reduced by 50
percent. In general, this is far more
than actually needed.

The impact of a specific amount
of height or wind-sail area reduction
cannot be directly translated into a
corresponding wind-load reduction
because the functional dependencies
are complex and not linear. To make
decisions on crown reduction prun-
ing more precise and reliable, a basic
understanding of tree wind-load, as
described below, is mandatory.

In this simplified approach, tor-
sional aspects are left out, as they
are much more complex and shall
be described in another article. Thus,
this text focuses on the bending mo-
ments at the stem base due to wind-
loading.

Tree wind-load relations
The discussion presented below
regarding wind-load basics is a sum-
mary of concepts excerpted from
published articles by Davenport,
Ruck, Spatz, Briichert, and Niklas.
Following Davenport (Fig. 1), wind
speed (v) increases with height above
ground (z) and this is typically de-
scribed by the following equation:
2Q
v(z) = v(zref) * o
Zre f
z . is defined as the height above

ground where the wind is no longer
disturbed by surface roughness, such

Tree height is the most important
factor dominating trunk base
bending-moment due to wind-
loading of mature urban trees.

Figure 1. Assuming a ‘roughness’ parameter for typical suburban situations
(a~0.3) and a wind speed of 40m/s on 100m above ground (=reference height),
this is the resulting vertical increase of wind speed dragging the tree crown.

Height above ground Iml

0 10 20 30
Wind speed above ground [m/s]
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as trees or buildings. The exponent (a)
describes the surface roughness and
typically ranges from 0.1 to 0.5:

Surfaceltype Exponent

Town center 0.4
Suburbs 0.3
Forests 0.28
Agricultural land 0.25
Ocean 0.16

For the typical urban and sub-
urban tree to be inspected in terms of
traffic safety, the exponent (a) thus
ranges between 0.3 and 0.4.

The drag on any part (i) of the
crown ‘sail area’ as represented by
the locally acting force (f) mainly de-
pends on wind speed (v), air density
(q) and the drag coefficient (c):

f~Ya*q*c*v?

In a simplified approach, the total
force (F) on a tree crown with a “sail’
area (A) is a sum of all (infinitesimal)
forces (f):

F=Yf=%*q*c*v?*A

This approach is a very rough ap-
proximation for several reasons,
such as:

» Wind speed (v) changes with
height above ground.

» The drag coefficient (c) of the
crown changes with wind speed (v).
» The ‘sail’ area (A) changes with
wind speed (v).

The dependencies, especially
between wind-speed, height, drag
coefficient, and sail area, are non-
linear, and thus difficult to describe
here comprehensively. However, a
simple approach can be applied based
on measurements published by Ruck
that showed how the drag coefficient
of trees drops from around 1 for low
wind speeds to approximately 0.3 for
high wind speeds in storms and gusts
(>30m/s). This drop in drag-coeffi-

cient covers the effects of both crown
re-configuration and smaller sail area
in higher wind speeds.

Assuming constant air density
and drag coefficient, the total force
(F) acting on a tree crown is propor-
tional to a wind speed integral over
the surface area:

F~ ff (v(z))z dx dz

Effective wind load

In terms of engineering, safety of a
structure is mostly defined as the
load-carrying capacity divided by
the load. This value is often called the
“safety factor”. Consequently, stem
breakage and uprooting safety of a
tree are usually determined by the
corresponding load-carrying capac-
ity divided by the bending or tipping
moment as representing the load. For
calculating the bending moment, the
force (f,) acting on each part (i) of the
crown sail area (A) has to be multi-
plied by the length of the acting lever
arm (1), which, in this simplified case,
is height (z) above ground:

m =f*l=f*z

The total bending moment (M) act-
ing at the stem base is proportional
to wind speed multiplied by height,
integrated over the crown surface
area:

M~ .U(v(z))z *zdx dz

Replacing wind speed by its deter-
mining parameters, the total wind
bending moment (representing the
load on the tree) can be described
by:

v(zref )

‘U’ 1+2a dx dz
ref

The integral represents a sum of in-
finitesimal steps, running over the sail
area (x from 0 to crown width W, and
zfrom 0 at ground level to tree height
H). Despite the importance of shape

of the crown sail-area, the integration
result reflects the dominating influ-
ence of tree height and crown width
on bending moment as the major
functional dependencies:

M ~W * H2+2a
Hasenauer showed in empirical stud-
ies (1997) that the crown diameter
of solitary trees typically correlates
with tree height: crown-width ~ tree-
height®, b>1, resulting in:

M ~ H2 +2a+b

Assuming the height exponent (a)
is being approximately 0.3 to 0.4 for
urban and suburban trees, the bend-
ing moment at trunk base depends
on tree height to the power of more
than 3.5:

M ~ H3.5+...

That means that tree height is the
most important factor dominating
trunk base bending-moment due to
wind-loading of mature urban trees.

Practical consequences

If two trees of similar crown architec-
ture and site conditions are compared
and one has a height twice that of
the other, the wind-load bending
moment at the stem base of the taller
tree would be at least an eight times
higher (2°=8) than that of the shorter
tree. However, due to the influence of
width, shape, and height of the crown,
a tree-height reduction of 10% (H*0.9)
does not directly lead to a wind-load
reduction of 27 percent (0.9°~0.73) or
31% (0.9%%=0.69). But, the resulting
wind-load reduction percentage is
commonly significantly greater than
the reduction of the tree height and
crown sail area.

If we assume, in a simplified ap-
proach, a tree resembling a circle on a
pole (Fig. 2), the resulting wind-load
reduction can be approximately twice
as high as the reduction in height.
That means, in this case, if tree height
isreduced by 10 percent, wind-load is
reduced by 20%, approximately.

In a more typical case of a common
mature urban tree (Fig. 3), resulting
wind-load reduction is more than
twice the reduction in tree height.
Although this amplification factor of
2 or more is very common, there is no
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Figure 2. (Left) If this nearly circularly shaped crown would be reduced in
height by about 10% this would lead to a reduction of the sail area by a little
more than 10% and of the wind load by about 20%, approximately.

Figure 3. (Right) A reduction of the tree height by about 20%, in this case, leads
to a reduction of the sail area by about 30% and squeezes down the wind load
bending moment at the stem base by about approximately 50%.

simple rule for calculating the result-
ing wind-load reduction from the
amount of height reduction because it
depends on the ratio of crown height
and width to overall tree height. As a
rule of thumb, a factor of two is rea-
sonable. That means, if a tree needs
a strong reduction of wind load by
about 50% (because of decay in the
trunk base, or increased wind-load
due to site changes), tree height has
to be reduced most likely by less than
25 percent!

In addition, we have to take into
account that the size of internal
decay column does not equal the
corresponding loss in load-carrying
capacity (Rinn 2011) and that mature
trees inherit much higher safety fac-
tors due to their natural allometric
design (Rinn 2013).This commonly
results in much lesser required wind-
load reduction even when extensive
defects are present as compared to
many currently applied standard
procedures.

If all these aspects are understood
and applied in combination, the actual

level of crown reduction required will
often be much less than commonly
practiced. Mature trees will remain
healthier and survive longer when
their crowns are reduced to the extent
actually needed to achieve reasonable
tree safety. In addition, less crown re-
duction leaves greater photosynthetic
capacity, enabling trees to better de-
fend themselves against insect pests,
and fungal pathogens. Thus, when
properly applied, crown reduction
improves tree safety and, at the same
time, has significantly less negative
impacts on tree health and vitality,
as well as esthetic and environmental
benefits, while providing cost-saving
to private and municipal tree owners.
It also can minimize the chance of
sunburn injury and resultant decay,
particularly in species sensitive to
extensive pruning.

Frank Rinn
Heidelberg/Germany

North
American
Tree Climbing
Championship

April 5-6,
2014
Pasadena, CA

S WE CELEBRATE OUR

80" year, we are lucky
enough to have been cho-
sen as the host site for
the North American Tree
Climbing Championship!
Over sixty top climbers from
around North America are
uniting in Brookside Park,
home of the Rose Bowl, to
compete for the opportunity
to represent North America
in the international TCC held
in Milwaukee, WI.

We’ll have a safety demo
by Javier Quiroz from the
San Diego Zoo on palm tree
rescue and Brian Kempf
will demonstrate structural
pruning. Plus equipment
displays and lots of saws
and fun!

Learn more at:

www.wcisa2014.
com/natcc
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