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Abstract. Background: Tree roots colonize cracks in rock and similarly confining spaces in built environments, contributing to natural
weathering processes and urban infrastructure dysfunction. Methods: In this study, we assessed the limits of radial expansion in woody
Quercus virginiana Mill. and Taxodium distichum (L.) Rich. roots grown in clamps under increasing tension. Results: After two growing
seasons, a maximum stress threshold for radial growth in mature structural roots was identified and was similar for both species. These
thresholds (0.173 MPa to 0.329 MPa) fall within the lower to middle range of values reported in previous studies and are notably lower than
those observed in seedling radicles or in other woody species under more acute stress exposure. Conclusions: Our findings provide some of
the first empirical estimates of pressure thresholds for deformation in mature woody roots, suggesting that structural root flattening can
occur at relatively modest stress levels. These results offer important insights for the design of urban infrastructure aimed at minimizing
root-related damage while also informing future biomechanical studies of species-specific responses to soil confinement.
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INTRODUCTION

As tree roots elongate and increase in diameter, they
must generate sufficient pressure to displace the sur-
rounding soil (Reichert et al. 2021). This pressure is
limited both by the ability of root cells to exert force
through turgor pressure (Azam et al. 2013) and by the
root’s capacity to generate a reactionary force. With-
out this reactionary force, the root may be pushed
backward instead of extending further into the soil
(Eavis 1967). To counteract this, root hairs help
anchor the root and prevent backward movement. In
compacted soils, root hairs become both longer and
more abundant. Under extreme compaction, roots
often increase in diameter due to their heightened
sensitivity to axial rather than radial pressure (Ben-
gough 2012; Tomobe et al. 2023). Consequently, it is
believed that constraints on radial expansion may
actually promote axial elongation, enabling roots to
grow more effectively through dense soils (Eavis
1967; Bengough and Mullins 1991).

While radial root growth can generate higher pres-
sures than axial growth, it is still ultimately constrained.

In an early study, Zwieniecki and Newton (1995) split
rock profiles to examine morphological changes in
roots growing within narrow fissures. When growth
was restricted in two directions, the root cortex
became severely deformed, adopting a wing-like
shape, while the stele remained cylindrical and unaf-
fected by the surrounding environment. This mor-
phological plasticity was observed only in certain
species. Conifers such as Pinus ponderosa (Dougl.
ex Laws.) and Pseudotsuga menziesii (Mirb.) did not
produce roots in the most confined spaces.
Understanding the mechanical limits of axial and
radial root growth has both ecological and practical
implications. From an ecological perspective, research-
ers have studied these limits to better understand
plant colonization and soil development in compacted
and confined rooting environments (Bello-Bello et
al. 2022). From an applied perspective, the ability to
penetrate compacted soils has been examined to proj-
ect yield in traditional forest management (Reichert
et al. 2021), and the ability to expand radially has
been studied to address infrastructure conflicts in
urban forest environments (Grabosky et al. 2011).
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While axial root growth has been more commonly
studied (Bengough and Mullins 1991; Atwell 1993;
Clark et al. 2003), fewer investigations have exam-
ined the pressures generated by radial root growth
(Tracy et al. 2011; Potocka and Szymanowska-Putka
2018). In an early experiment, Misra et al. (1986)
tested whether radial expansion of pea, cotton, and
sunflower seedling roots could generate enough
pressure to break surrounding chalk walls of varying
thicknesses. This work was later supported by Kolb
et al. (2012), who directed emerging chickpea radi-
cles between pairs of photo-elastic discs to assess the
radial forces exerted along the sides of the root.

Studies of the pressures associated with radial root
growth in mature woody roots are even more limited
than those focused on seedlings. Grabosky et al. (2011)
examined roots that had grown between two layers of
foam placed beneath a sidewalk over a ten-year
period. To estimate the pressure exerted by the roots,
they recreated the observed indentations using a press
and measured the resulting stress with a load cell.

Our objective was to determine the limits of radial
root expansion in woody roots. While advancing
understanding of woody root development, this also
holds practical implications for engineers seeking to
prevent pavement lifting in urban areas—a costly
ecosystem disservice (McPherson 2000; Roman et
al. 2021). As noted by Zwieniecki and Newton (1995),
extremely confining rooting environments can alter
root morphology, flattening roots where they exceed
radial expansion thresholds. Although Misra et al.
(1986) addressed this question in seedling roots of
nonwoody species, and Grabosky et al. (2011) focused
on woody roots, the latter did not explore this thresh-
old. Identifying such a threshold could help engineers
design urban infrastructure that resists cracking or
lifting and encourages root flattening—a more desir-
able alternative to root loss from infrastructure repair
or replacement (Benson et al. 2019).

METHODS

Experimental Design and Site Description

This study was conducted at the University of Flori-
da’s Gulf Coast Research and Education Center in
Balm, FL, USA (27°45'41.76"N, 82°13'41.01"W) to
determine the limits of radial expansion in woody
roots under mechanical constraint. Field-grown spec-
imens of Quercus virginiana Mill. and Taxodium
distichum (L.) Rich. were used. The Q. virginiana
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trees were established from 170-L containers in
loamy sand soil in 2005 and were part of the facility’s
landscape, growing in a lawn area on the grounds. The
T distichum trees were established from 19-L con-
tainers in 2015 in research plots at the same facility.

Fifteen Q. virginiana and twelve T. distichum trees
were selected for root exposure and monitoring. A
pneumatic air excavator (AirSpade; Guardair Corpo-
ration, Chicopee, MA, USA) was used to partially
expose woody roots within a target diameter range
(greater than 1 cm though smaller diameter roots were
included for 7 distichum to achieve the desired num-
ber of replications). Once located, roots selected for
this study were isolated in a plastic irrigation valve
box for future access. All other exposed roots were
reburied.

Application of Mechanical Constraint
A total of 30 roots per species were selected and fit-
ted with custom-fabricated aluminum clamps designed
to apply radial pressure via elastic latex resistance
bands. These clamps consisted of a “U” channel alu-
minum base paired with an “L” channel guide, allow-
ing for controlled compression using physical therapy
bands (Figure 1). Over time, as the roots expanded
and the clamps separated, the tension in the resis-
tance bands increased. This continued until the ten-
sion exceeded the limits of radial root expansion.
The initial contact area between the clamp and the
root surface was assessed at the start of the experi-
ment. To accomplish this, roots were coated with flu-
orescent chalk. The clamps were then installed after
being wrapped in masking tape (sticky side out) to
mark points of contact during installation. The clamps
were removed and the contact area was quantified
using an image analysis software program (Schnei-
der et al. 2012). Clamps were then reinstalled in the
same location with installation beginning with Q.
virginiana in March 2023 and was extended to 7. dis-
tichum in November 2023. All trials concluded in
December 2024.

Monitoring and Data Collection

Initial root diameters (measured where the root con-
tacted the clamps) were measured after clamp instal-
lation with a digital caliper. Roots were inspected
monthly during the growing season. Radial growth
was estimated by tracking changes in clamp separa-
tion, and flattening—indicative of anisotropic growth
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Figure 1. Rendering of root clamp. (A) Cross-section of root. (B) “U” channel aluminum bar used to restrict radial expansion. (C) Elastic
physical therapy bands used to create or increase tension. (D) “L” channel aluminum bar used to guide the movement of the clamp.

restriction—was assessed visually at the clamp’s
contact points. Once visible deformation was observed,
the affected root was excised and removed from the
clamp for further analysis.

Each clamp was then mounted on a testing stand
and a force gauge (M3-200; Mark-10, Copiague, NY,
USA) was used to measure the tension (N) required
to just separate the clamp from the root surface (Fig-
ure 2). This process was repeated twice per root, and
the average force was used for subsequent calcula-
tions. The upper surface of each deformed root seg-
ment was traced using a permanent marker and
photographed with a measuring tape for scale. Sur-
face contact area (mm?) was quantified from the
images using open source image analysis software
(Schneider et al. 2012). Applied stress (MPa) was
then calculated by dividing the measured force by the
root-clamp contact area. At the conclusion of the
study, all roots were excised and final measurements
(including diameter growth and the presence or
absence of visible flattening) were recorded.

Statistical Analysis

The binary outcome of root flattening (presence/
absence) was modeled as a function of applied stress
(MPa) and species using logistic regression in JASP
(JASP Team, Amsterdam, Netherlands). Model simpli-
fication was performed through stepwise removal of
nonsignificant predictors (e.g., species), with compet-
ing models compared using Akaike Information Cri-
terion (AIC), confusion matrices, Receiver Operating

Figure 2. Measuring the tension required to slightly separate
the clamp from a root sample. This was measured twice and
compared to the contact area on the root sample (visible as a
depressed area) to calculate stress.
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Figure 3. Probability of root flattening as stress (MPa) increases. Predictions are derived from a logistic regression model. Data from

Q. virginiana Mill. and T. distichum (L.) Rich. are combined due to a nonsignificant species effect.

Characteristic (ROC) curves, and Area Under the
Curve (AUC) metrics. Overdispersion was assessed
via squared Pearson residuals. All statistical tests were
performed using a significance threshold of o = 0.05.

RESULTS AND DISCUSSION

Mean initial diameter for Q. virginiana roots was
32.00 mm (SD = 11.38), with values ranging from
10.08 mm to 52.28 mm. Taxodium distichum roots
were smaller on average, with a mean diameter of
19.55 mm (SD = 8.79) and a range of 5.38 mm to
35.86 mm. One oak root was excluded due to clamp
failure during the study period. Additionally, 3 7. dis-
tichum roots were not harvested at the conclusion of
the study because they began producing knees within
the airspace of the observation boxes. These roots
were preserved in situ for continued monitoring using
timelapse photography. In total, 8 of the 30 7. distichum
roots developed knees in the airspace adjacent to the
clamps. This supports early observations by Whit-
ford (1956), who noted that knees were more likely to
form in areas with greater aeration compared to the
rest of the root zone.

At the conclusion of the study, 36 roots had exhib-
ited flattening while 20 had not. Initial logistic regres-
sion models included both species and applied stress

©2026 International Society of Arboriculture

(MPa) as predictors of root flattening. However, spe-
cies was not a significant predictor (P = 0.139) and
was removed from the final model. The simplified
model using stress alone showed a statistically signif-
icant relationship with root flattening (P = 0.038).
Model performance metrics included an area under
the curve (AUC) of 0.696 and a Nagelkerke R? of
0.144. The overall classification accuracy was 71.43%,
with better performance in identifying flattened
roots (88.89%) than nonflattened roots (40.00%).

The prediction curve from our logistic regression
model (Figure 3) was used to estimate the stress required
to trigger root flattening at increasing levels of confi-
dence. The goal of this analysis was to determine the
stress level at which all roots could be expected to flat-
ten. However, because the logistic function approaches
but never actually reaches 100%, we used values
very close to 100% to estimate this upper threshold.

To do this, we first took the logistic regression pre-
diction function:

1
PO =11 = T o=Gormm

We then rearranged it to determine the value of x
(stress in MPa) that corresponds to a desired proba-
bility p of flattening:
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The goal of our study was to determine the stress
required to achieve near 100% confidence in root
flattening, as this value could inform engineering
solutions for sidewalk lifting. While exact 100% con-
fidence is mathematically unattainable, we can
approach it closely. By calculating the pressure
needed to reach 99.99% certainty of root flattening,
we arrive at the following stress threshold:

1—0.9999

X =

—ln(W) + 0.507
= 29561
x = 0.329 MPa

The use of 99.99% was our first choice, but it is
admittedly somewhat arbitrary. For comparison, a
stress of 0.173 MPa corresponded to a 99% likeli-
hood of flattening, while 0.251 MPa was needed for
99.9% and 0.329 MPa for 99.99%.

Our estimated stress thresholds for root flattening
(0.173 MPa to 0.329 MPa) fall within the lower to
middle range of values reported in other studies
(Table 1). Compared to previous work on seedling
radicles, our results are lower than the 0.50 MPa
threshold observed by Misra et al. (1986) for Pisum
sativum but overlap with thresholds reported for Gos-
sypium hirsutum (0.29 MPa) and Helianthus annuus
(0.24 MPa). They also align closely with the values
observed in Cicer arietinum (0.30 MPa + 0.15 MPa)
by Kolb et al. (2012). Relative to other studies of

woody roots, our values are slightly lower than those
reported by Grabosky et al. (2011) for Platanus * his-
panica (0.35 MPa to 0.40 MPa), potentially reflecting
species differences or the longer time frame over
which stress accumulated in our study.

The pressure thresholds identified in this study
(0.173 MPa to 0.329 MPa) provide design criteria for
engineering interventions aimed at minimizing
root-related sidewalk lifting and pavement damage.
For example, engineers could design reinforced side-
walk systems with anchors that maintain pressures
above these thresholds in the root zone, encouraging
horizontal root flattening rather than vertical displace-
ment of pavement slabs. Alternatively, slab thickness
could be increased to prevent cracking and increase
the downward pressure due to increased weight.

While this study provides valuable insights into
root radial expansion, several limitations should be
acknowledged. First, our findings are based on only
two species (Q. virginiana and T. distichum), which
may not be representative of the broader range of
woody species found in urban environments. Given
the morphological and physiological diversity among
tree species, stress thresholds for root flattening may
vary across taxa. Second, our study was limited to
relatively small diameter roots, with mean diameters
of 32.00 mm (1.26 inches) for Q. virginiana and 19.55
mm (0.77 inches) for T. distichum. Larger structural
roots may exhibit different biomechanical properties.
Third, the duration of stress application varied between
species (21 months for Q. virginiana and 13 months
for 7. distichum), and our overall study period may
not capture the full range of long-term responses to

Table 1. Reported threshold pressures for radial root growth and associated species.

Study Species Root type Pressure threshold (MPa)
Pisum sativum ‘Greenfeast’ Seedling radicle 0.50

Misra et al. (1986) Gossypium hirsutum ‘Sicot 3’ Seedling radicle 0.29
Helianthus annuus ‘Hysun’ Seedling radicle 0.24

Platanus * hispanica
Grabosky et al. (2011) Mill. ex Miinchh. (1770) Woody root 0.35-0.40
Kolb et al. (2012) Cicer arietinum L. Seedling radicle 0.30+£0.15
Quercus virginiana L. and
Our study (2025) Taxodium distichum (L) Rich? Woody root 0.17-0.33

“Species data combined during analysis.
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mechanical constraint. Future research should expand
to include a broader range of species, root sizes, and
exposure durations to better understand the general-
izability of these findings.

CONCLUSION

This study provides one of the first empirical esti-
mates of the pressure threshold at which mature
woody roots begin to deform in response to radial
constraint. By quantifying the stress required to induce
root flattening in Q. virginiana and T. distichum, we
contribute to a growing body of work aimed at under-
standing root biomechanics under confining soil con-
ditions. Our results suggest that root deformation
occurs at relatively modest pressures (0.173 MPa to
0.329 MPa), particularly compared to values reported
for seedling radicles or larger woody roots in differ-
ent settings. These findings have practical implica-
tions for infrastructure design, particularly in the
context of mitigating root-related pavement damage,
which is a significant and costly ecosystem disser-
vice. Future work should explore how species, soil
type, and duration of constraint influence these
thresholds and whether roots subjected to moderate
pressure can be directed to flatten without compro-
mising tree health or stability.
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Résumé. Contexte: Les racines des arbres colonisent les fissures
dans la roche ainsi que les espaces confinés similaires dans les
environnements batis, contribuant ainsi aux processus naturels
d’érosion et au dysfonctionnement des infrastructures urbaines.
Meéthodes: Dans cette recherche, nous avons évalué les limites
de I’expansion radiale des racines ligneuses du Quercus virgi-
niana Mill. et Taxodium distichum (L.) Rich. cultivées dans des
systémes de serrage sous tension croissante. Résultats: Apres
deux saisons de croissance, un seuil de tension maximal pour la
croissance radiale des racines structurales matures a été identi-
fié et s’est avéré similaire pour les deux especes. Ces seuils
(0,173 MPa a 0,329 MPa) se situent dans la fourchette basse a
moyenne des valeurs relevées dans des recherches antérieures et
sont nettement inférieurs a ceux observés dans les radicelles des
semis ou chez d’autres especes ligneuses soumises a une tension
plus intense. Conclusions: Nos résultats fournissent certaines
des premicres estimations empiriques des seuils de pression
nécessaires pour la déformation des racines ligneuses matures,
suggérant que I’aplatissement structural des racines peut se pro-
duire a des niveaux de pression relativement modestes. Ces
résultats fournissent des apercus d’importance en vue de la
conception d’infrastructures urbaines destinées a minimiser les
dommages liés aux racines, tout en contribuant aux futures
études biomécaniques sur les réponses spécifiques de chaque
espéce aux contraintes des sols.

Zusammenfassung. Hintergrund: Baumwurzeln besiedeln
Risse in Felsen und dhnlich beengte Rdume in bebauten Umge-
bungen und tragen so zu natiirlichen Verwitterungsprozessen
und Funktionsstorungen der stddtischen Infrastruktur bei.
Methoden: In dieser Studie haben wir die Grenzen der radialen

Ausdehnung von holzigen Wurzeln von Quercus virginiana
Mill. und Taxodium distichum (L.) Rich. untersucht, die in
Klammern unter zunehmender Spannung geziichtet wurden.
Ergebnisse: Nach zwei Vegetationsperioden wurde eine maxi-
male Belastungsschwelle fiir das radiale Wachstum in aus-
gewachsenen Strukturwurzeln ermittelt, die fiir beide Arten
dhnlich war. Diese Schwellenwerte (0,173 MPa bis 0,329 MPa)
liegen im unteren bis mittleren Bereich der in fritheren Studien
angegebenen Werte und sind deutlich niedriger als die Werte,
die bei Keimwurzeln oder anderen Holzarten unter stiarkerer
Belastung beobachtet wurden. Schlussfolgerungen: Unsere
Ergebnisse liefern einige der ersten empirischen Schitzungen
der Druckschwellen fiir die Verformung reifer Holzwurzeln und
deuten darauf hin, dass eine Abflachung der Strukturwurzeln
bereits bei relativ geringen Belastungen auftreten kann. Diese
Ergebnisse liefern wichtige Erkenntnisse fiir die Gestaltung
stadtischer Infrastrukturen, die darauf abzielen, wurzelbedingte
Schiden zu minimieren, und dienen gleichzeitig als Grundlage
fiir zukiinftige biomechanische Studien zu artspezifischen
Reaktionen auf Bodenbegrenzungen.

Resumen. Antecedentes: Las raices de los arboles colonizan
grietas en rocas y espacios confinados similares en entornos
construidos, lo que contribuye a los procesos naturales de mete-
orizacion y a la disfuncion de la infraestructura urbana. Méto-
dos: En este estudio, evaluamos los limites de la expansion
radial en raices lefiosas de Quercus virginiana Mill., y Taxodium
distichum (L.) Rich., cultivadas en mordazas bajo tension creci-
ente. Resultados: Después de dos temporadas de crecimiento, se
identificd6 un umbral maximo de estrés para el crecimiento
radial en raices estructurales maduras y fue similar para ambas
especies. Estos umbrales (0.173 MPa a 0.329 MPa) se encuen-
tran dentro del rango bajo a medio de valores informados en
estudios previos y son notablemente mas bajos que los obser-
vados en radiculas de plantulas o en otras especies lefiosas bajo
una exposicion a estrés mas aguda. Conclusiones: Nuestros
hallazgos proporcionan algunas de las primeras estimaciones
empiricas de los umbrales de presion para la deformacion en
raices lefiosas maduras, lo que sugiere que el aplanamiento de la
raiz estructural puede ocurrir a niveles de estrés relativamente
modestos. Estos resultados ofrecen informacion importante
para el disefio de infraestructura urbana destinada a minimizar
el dafio relacionado con las raices y al mismo tiempo brindan
informacion para futuros estudios biomecéanicos sobre las
respuestas especificas de las especies al confinamiento del suelo.

©2026 International Society of Arboriculture



