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Highlights 

• FEM was developed for a concrete pavement with a surface, base, geotextile, and subbase layer 
over a compacted subgrade, placing a growing tree root element within the subgrade layer. 

• Geotextile was modeled as a root-exclusion zone to enforce rooting depth of urban trees. 
• Depth of rooting with varied pavement layer thickness influenced stress experienced by the 

pavement surface, influenced by the geotextile behavior. 
• A set of three pavement elevations to show layer thickness were developed for varied distances 

between the pavement structure and a growing tree, based on tree root architecture observations 
and the FEM results. 

Abstract 

Trees in urban environments provide essential ecosystem services, but root growth–pavement 
system conflicts often constrain tree longevity and degrade infrastructure performance. The study 
presents a conceptual model for green and grey infrastructure alignment to ensure tree longevity 
while maintaining pavement performance in the urban environment. Drawing on past research 
where roots were flattened when exposed to confining stresses greater than 0.35 MPa, we developed 
a series of finite element models in COMSOL Multiphysics to simulate root-induced stresses in 
concrete pavements under varying pavement thickness, base thickness, and root depth. Parametric 
analyses showed that an increase in root depth had the largest impact in reducing stress, followed by 
an increase in pavement thickness, then base thickness. Maximum single-root-induced stresses were 
approximately 0.55 MPa, below that of normal concrete flexural strength. From these results, design 
guidance is proposed for tree root accommodation and pavement in existing and new infrastructure, 
with emphasis on root growth enhancement, pavement durability, and cost-effectiveness measures. 

Keywords: concrete pavement; numerical simulation; root growth; green infrastructure 
 

Introduction 

As living elements in the designed urban landscape, urban tree architecture is shaped by nearby 
structures and the physio-environmental loadings within the urban environment. Tree growth and 
form are also influenced by the level of competition for resources based on planting density coupled 
with access to soil, light, and-or water resources. Consequently, urban-grown individuals of a species 
often do not grow in the same manner as their counterpart within a forest stand or natural habitat. 
Trees are planted at a small relative size on a presumption of survival to become large and long-lived. 
Urban trees are perennial woody plants that hold a unique position in urban planning and design as 
they are expected to grow, in size and value, throughout their designed service life. In contrast, most 
other components of the design degrade over time. 
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Redevelopment cycles and changes in land use or land use zoning often impact the health of 
mature trees and can potentially result in their premature removal. Such losses mute and often 
outstrip the benefits presented by trees where often the larger or older trees of a given species provide 
greater canopy services because of larger canopy dimension and then stability of form over time. Tree 
growth over time skews a tree’s individual impact on the surrounding environment as a service 
toward longevity-conferred values in terms of environment, aesthetic and social consideration 
(Hitchmough, 1994; Nowak, et al., 2006; Wolf, et al., 2020). Within a vegetation system, the older, 
larger trees confer a larger benefit for an investment in a municipal population despite their reduced 
number of individuals within a population’s tree size distribution over time (Hitchmough, 1994; 
Leopold, 2022). For this reason, there is an advantage in extending tree longevity in urban landscapes 
(McPherson, 1994; Nowak, 2010) 

Accepting a premise that tree canopy environmental and design services are increased with 
larger tree sizes, suggests conservation of trees in active growth beyond the service life and 
replacement of other infrastructure components such as pavement. Tree management for longevity 
becomes instrumental for the return on capital investments and accruals of added value. From a 
management planning view, this would suggest that green infrastructure components cycle on a 
different timeline than grey infrastructure, but a nested schedule of components can synchronize grey 
and green elements. To make such a mesh of components work, it is crucial to integrate such plans 
in a meaningful way within the design process across disciplines to make such effort practical for a 
structurally literate and biologically literate shared design approach. Just as a tree canopy can be 
large, so too can the root system. The root system’s large architecture influences mechanical support 
for the tree in the interception of wind and gravitational loading (Vogel, 1996; Stokes, 2002; Day et 
al., 2010; Watson et al., 2014). 

Living systems typically scale to the resources available, and the concept of site carrying capacity 
is a convenient way to frame the expectation of growth of a tree, or tree community, to a site 
(Kimmons, 2004; Martire et al., 2015). In an urban tree design-management-planning context, it 
suggests the provision of space can support a tree with volumes of soil. In a limited space, successful 
management of the tree is predicated on the level of maintenance investment to supplement the 
lacking soil volume or site capacity to provide the desired tree size over time. An example of the 
space-to-maintenance tradeoff could be the need for irrigation and fertilization cost to ensure tree 
performance, or a relaxation of tree growth and-or longevity expectations resultant from occupation 
of a reduced soil space (Grabosky and Gilman 2004, Celestian and Martin, 2005; Sanders et al., 2013; 
Sanders and Grabosky, 2014; Leopold, 2022). Toward that end, models have been developed to 
estimate needed soil volumes for tree growth, setting the size expectation for the tree as the projected 
design size for a functional success (Architects, 2000; DeGaetano, 2000; Lindsey and Bassuk, 1991, 
1992). 

Beyond using those models to calculate a recommended tree soil volume in design, tree care 
professionals use several alternative methods to delineate tree root zone protection volumes for 
existing trees which could also be used to scale a soil volume in the design phase (Clark & Matheny, 
1998). Of those many methods, there is a consensus method advanced by the ASTM A-300 part 5 for 
a tree protection zone focused on the biological tree, recommending a ratio of 6-18 units of distance 
for each equivalent unit of trunk diameter at 1.37 m elevation (Matheny et al., 2023). Thus, if a 
successful tree is envisioned to become 0.5 m in trunk diameter over a span of two decades, the root 
zone for protection would have a radius of 3-9 meters assuming a concentric circle for a root system. 
The suggested method places the protection zone beyond the observed root plates exposed from 
whole-tree storm failures in medium sized trees which may relate to tree mechanical stability 
(Mattheck et al., 1993; Grabosky et al., 2025). 

In addition to soil volume, tree planting spaces should consider the minimum planting widths 
required to accommodate the larger surface roots associated with a tree’s root flare and the zone of 
rapid taper. While allometric equations have been developed to provide estimates of the buffer 
needed to prevent sidewalk lifting and asphalt buckling (North et al., 2015; Hilbert et al. 2020; Koeser 
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et al., 2022), space comes at a premium in urban areas and sidewalk lifting remains a common and 
costly disservice associated with urban trees (McPherson, 2000; Roman et al., 2021). Past research has 
attempted to identify the manner in which tree roots grow under these paving surfaces as well as the 
pressures they exert as they grown in diameter and push pavements upwards (Grabosky and 
Gucunski, 2011; Grabosky et al., 2011). In contrast to these works, which often stop at describing how 
existing infrastructure interacts with tree roots, research is needed to design cost effective pavement 
solutions which resist cracking and lifting. 

The soil volume and spacing needed for normal tree growth and function is typically larger than 
most planting sites where urban trees are placed and managed in the developed landscape. The 
integration of tree root zones and pavement section designs can be informed by imposition of root 
system architecture within pavement design systems if various disciplines work toward a common 
solution. We detail the progress on one such avenue to integrate trees and pavement; designed media 
to support pavement and enable root colonization. The goal is a sound pavement design and normal 
pavement lifespan matched to a growth mode for the tree over multiple pavement surface lives. 

To accomplish this goal, we used past research findings which measured the pressure exerted 
by roots during radial expansion to develop a finite element model (FEM) to determine the cracking 
and lifting potential of paved surfaces. FEM testing is often used to guide design once system 
parameters are defined and provided (Rahardjo et al., 2009; Johnson, 2017). A series of testing efforts 
were developed to explore the stresses developed with soil displacements caused by growth of 
woody roots under the pavement surface (Grabosky and Gucunski, 2011; 2019). To parameterize an 
FEM to model root growth under pavement in a designed soil system we used data from previously 
tested systems in addition to results from the current study (Grabosky and Bassuk, 1996; Grabosky 
et al., 2009), and observations from mechanical models in compacted sand) (Grabosky and Gucunski, 
2011). Further background on designed soil systems of this type is found in the supplemental 
material. 

Methodology 

An experimental program and a numerical investigation were developed to address the most 
common failure modes of pavement cracking by imposing radial stresses that exceeded the capacity 
of concrete in sidewalks and lifting of pavement segments by bulk soil displacement. 

While the same effort could model the tipping sidewalk sections from the side or at section joints, 
it is not a case treated in this effort. The occurrence of each mode depends on several factors, some of 
which are the restraint of the panels, geometric aspects of the root, soil behavior, and pavement 
system competence (compaction and strength). In this paper, the failure mode (cracking) is 
investigated resultant of an experimental program to evaluate stresses imparted by the growing root, 
and implementation of numerical simulations to analyze the effects of such stress levels on concrete 
pavements. While being important, the lifting behavior of concrete pavements can be addressed in 
future extensions of the work as it radically shifts the loading models to levering as a lift from the 
edge of a pavement or the crack. An underlying assumption in the current study is that the pavements 
are in a sound condition, and the crack happens because of root growth. 

To inform the FEM, a study was conducted on two common street tree species in Florida, USA 
to measure the impact of confinement strength on the morphology of secondary radial root growth, 
in effect when a root deforms rather than displaces confining material (Koeser et al., 2026). Tree roots 
ranged from 5-52 mm diameter. Root flattening (deformation) rather than displacement was observed 
with a very high probability (> 96%) when confining stress was above 0.16 MPa, and 100% probability 
when above 0.17 MPa; independent of species was observed. The observations were in large 
agreement with the findings in the literature on predominantly small annual and perennial crop 
species (Koeser et al., 2026) and observations in early testing of designed root media for tree roots 
and pavement support (Grabosky et al. 1996, 2001). With this data we modelled the root with 
analogous behavior as single root loading and as multiple root loading. 
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We chose to model a pavement layer system including standard wearing surface and base 
material layers. We included a subbase layer as a root-pavement synthesis layer, separated from the 
base by a geotextile to both aid layer separation and root exclusion from the base layer. The lower 
subgrade layer was then input via standard geotechnical soil parameters (see Table 1). The subbase 
was defined in reference to observed properties of a designed stone matrix root-pavement material 
(Grabosky et al., 2009; Grabosky, 2015) 

COMSOL Multiphysics software was used in this study to produce 2D FEM simulations of the 
pavement response to root growth in a root-soil-pavement system, including the pavement, base, 
geotextile, subbase, and root. Figure 1a shows an overview of the components included in the models. 
Figure 1b shows a zoomed-in view at the region around the root and near the base-subbase interface, 
and Figure 1c shows the meshed model. Free tetrahedral elements with adaptive sizing were used to 
mesh the entire domain, with an average of 82,000 elements per model. While the geotextile can be 
modeled as a one-dimensional thin layer at the interface between the base and the subbase, the 
authors opted to include it as a distinct 2D domain to minimize stress singularities, excessive curling, 
and inform more intuitive behavior at negligible computational cost. All components except the root, 
were assigned a computationally infinite domain condition to enforce a plane strain, to minimize 
local effects. This can be true for the base, geotextile, and subbase layers, yet concrete pavements are 
not constructed monolithically, with joints between individual slabs that are typically 1 m (3 ft) long 
with small gaps in between. This inherently gives rise to local effects such as friction and different 
restraining conditions. Nevertheless, this may be more crucial when assessing lifting of the pavement 
in situations where the root would be near or directly below the joints. Since the aim of the models 
in this study is to assess the cracking behavior of the pavement, this effect can be excluded. 

 

Figure 1. (a) Overview of numerical domain and components, (b) magnified view of zone around root, and (c) 
illustration of mesh used. 
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The numerical simulations of the effects of root growth on the stresses in the pavement were 
assessed in two different sets of models. The first was a stress/load-controlled model set (varying 
pressure). The aim of this step was to evaluate the effects of root growth. Flattening is not explicitly 
modelled, rather its effect is obtained from the stress-controlled study reflecting experimental results. 
The stress range obtained from the experimental program from initial stresses to stress at flattening 
from various roots was used as an input (between 0-0.35 MPa). After that, the results were 
extrapolated from the calibrated model to several parameterized cases with varying thickness of 
pavement, base, and depth to root (about 2800 points). The pavement thickness varied from 7.5 cm 
to 10 cm at a 0.75 cm interval. The base thickness was from 10 cm to 15 cm at a 2.5 cm interval. Lastly, 
the root depth varied from 0 to 40 cm at a 5 cm interval. The other set of models were displacement 
controlled, in which the diameter increase was used as the loading function that causes stresses, 
encapsulating growth from (0.01 – 0.08 m) (~50 cases). This set was established to assess the effect of 
root growth beyond the stress range obtained from the study, and typical stress values at which 
flattening or a high probability of it would have occurred already. In this model, only the depth of 
root below the geotextile was varied to assess how deep the root should be placed in the subbase so 
that surface/pavement stresses are within acceptable ranges. This was done to help develop design 
guidelines for tree roots in urban environments. All domains were modeled with linear elastic 
material models. While including soil plasticity, strain hardening, and soil yielding can lead to more 
accurate stress levels (Grabosky and Gucunski, 2019), the inherent overprediction of stress by using 
a linear model is sought to provide a factor of safety from an engineering perspective. Table 1 
summarizes the main parameters used in the numerical simulations for domain properties. 

Table 1. Summary of Parameters Used in Numerical Study. 

Parameter Value Description 
Hsb 0.6 m Subbase thickness 
W 4 m Width of numerical domain (graphical) 
Hgtx 0.001 m Geotextile thickness 
Hb 0.1 m Base thickness 
Hp 0.1 m Pavement thickness 
Dr 0.01 m Initial root Diameter 
D 0 m Depth of root from geotextile 
E 0.01 m Growth increment of root 
ρp 2200 kg/m3 Mass density of pavement 
ρb 1936 kg/m3 Mass density of base 
ρsb 1661 kg/m3 Mass density of subbase 
ρr 595 kg/m3 Mass density of root 
Ep 34.26 x 107 kPa Modulus of elasticity of pavement 
Eb 1.72 x 105 kPa Modulus of elasticity of base 
Esb 6.89 x 104 kPa Modulus of elasticity of subbase 
Er 173 kPa Modulus of elasticity of root 
Egtx 1000 kPa Modulus of elasticity of geotextile 
Μ 0.3 Poisson’s ratio of all domains 

Results and Discussion 

Figure 2 shows a typical displacement field as an effect of root growth, shown at a diameter of 
8.5 cm and a depth of 10 cm below the geotextile. It can be observed that the maximum displacement 
occurs around the root. Flattening may occur before the root reaches this diameter. Therefore, 
pressures generated and considered in this study are deemed to be a conservative estimate. The 
geotextile layer plays a crucial role in isolating the base and pavement from direct effects of the root 
growth, by providing additional stiffness along the length of the layer. 
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Figure 2. The displacement field around the root grown to 8.5 cm at a depth of 10 cm below geotextile. 

A parametric study was conducted to assess the effect of pavement and base thickness in 
mitigating stresses. The results generated from pressure-controlled models are provided as 
supplemental data files, see Figure 3 as an example. The reduced data detail is shown in Table 2, 
which defines the root placement and the stress at the pavement surface when the root is subject to 
confining stresses at the point of observed flattening (0.35 MPa) and at a higher level of 0.5 MPa. 

 

Figure 3. Modeled stress in a concrete pavement at varying confining pressures when the pavement is underlain 
by a 10 cm thick base. The point at which roots have been observed to deform rather than displace (flattening) 
in secondary growth is noted by a dotted line. 

The maximum stress induced by a single flattened root like the one from the experimental 
program onto the pavement is less than 550 kPa (Table 2). It is noted that beyond this stress, soil 
hardening may take place in the zone around the root causing a decrease in stress. Hence, linear 
approximation of soil stress-strain behavior is a conservative approach. Nevertheless, the stress in 
pavement could become closer to the cracking stress in concrete when influence zones around 
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multiple roots interact in an overlapping manner. Hence, modelling the effect of multiple roots with 
varying geometric considerations is recommended for future research. 

Table 2. Stress (kPa) on a concrete pavement surface resulting from growth of a root element at 2 levels of 
confinement (MPa) within a factorial series of pavement surface thicknesses (from 7.5, 8.75 and 10 cm) and base 
thicknesses (10,12.5 and 15 cm thickness). A geotextile element was placed between the Base layer and Sub-base 
layer where the root element was placed. 

Root position Stress in pavement (kPa) 
Surface 
thickness (cm) 

Base thickness 
(cm) 

Root depth in 
subbase (cm) 

@ 0.35 MPa root 
confining stress 

@ 0.50 MPa root 
confining stress 

7.5 10 0 375.57 536.52 
7.5 10 2 236.58 337.98 
7.5 10 4 147.9 211.29 
8.75 10 0 331.41 473.44 
8.75 10 2 216.22 308.89 
8.75 10 4 138.72 198.17 
10 10 0 294.59 420.84 
10 10 2 197.22 281.75 
10 10 4 129.33 184.75 
7.5 12.5 0 358.96 512.8 
7.5 12.5 2 226.47 323.53 
7.5 12.5 4 140.08 200.11 
8.75 12.5 0 318.27 454.67 
8.75 12.5 2 207.88 296.96 
8.75 12.5 4 132.39 189.12 
10 12.5 0 284.65 406.65 
10 12.5 2 191.23 273.19 
10 12.5 4 124.16 177.37 
7.5 15 0 339.85 485.5 
7.5 15 2 217.59 310.85 
7.5 15 4 132.3 189 
8.75 15 0 304.77 435.38 
8.75 15 2 201.47 287.82 
8.75 15 4 125.47 180.67 
10 15 0 276.86 395.52 
10 15 2 186.61 266.58 
10 15 4 118.96 169.94 

Table 3 summarizes the results of the numerical analysis to show the effect of each parameter. 
From the summary, the best strategy to reduce stress in the pavement is to increase root placement 
depth, followed by increasing pavement thickness, then increasing base thickness. This summary 
helps inform design decisions regarding soil-root-pavement systems. In addition, it provides a basis 
for cost-benefit evaluations. For example, increasing concrete thickness from 7.5 cm to 10 cm) can 
help reduce stress by about 100 kPa, when the root is placed at the same depth. This can be helpful; 
some pavements could be thicker than 10 cm, confirming the reduction in likelihood of cracking. On 
the other hand, the cost of varying these parameters is not equal. Balancing long-term longevity, cost, 
and promoting root growth in a controlled manner is required when designing pavements as part of 
green infrastructure. In general, providing thicker concrete can provide a significant boost to the 
overall performance in the system for an increase in costs, as could increasing the thickness of the 
generally cheaper base layer. Enabling root colonization depth below the geotextile layer could be 
productive. Thickening the base layer could also move the root deeper. Field observations of root 
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behaviors indicate that they tend to grow deeper depending on temperature profile and moisture in 
the subbase layer (Grabosky and Bassuk, 2016; Grabosky et al., 2001). In summary, results included 
in this study could be used as a reference for expected stresses for trees and soils with similar 
mechanical properties. 

Table 3. Summary of Effect of Varying Parameters on Stresses Induced in Pavement. 

Parameter Effect 
Depth of Root Placement In all nine considered scenarios, increasing the root depth from 0.05 m to 

0.4 m led to a decrease in stresses by around 10% to 60%, respectively,. 
Regardless of pavement and base thickness 

Pavement Thickness For the same base thickness, increasing pavement thickness led to stress 
reduction of 11% (at 0.0875 m) and 20% (0.1 m) relative to the 0.075 cm 

pavement, when the root is placed at the top of the subbase. This 
reduction diminishes with increasing depth to 6% and 12%, respectively 

when the root is 0.4 cm deep in the subbase. 
Base Thickness For the same pavement thickness, increasing base thickness led to stress 

reduction of 3% (at 0.125 m) and 4.5% (at 0.15 m) relative to the 0.1 m 
base, when the root is placed at the top of the subbase. This reduction 
increases with increasing depth to 8% and 10%, respectively when the 

root is 0.4 cm deep in the subbase. 

To inform a design guideline, and to include stresses beyond what was measured from the 
experiments, a parametric study was also conducted in a displacement-controlled manner. Figure 4 
shows the stress in the pavement as a function of root diameter incremental growth, starting from a 
root diameter of 5 cm. The limiting stress selected for the study is the flexural strength of concrete, 
which is about 2 MPa for concrete typically used for sidewalk applications. The figure shows that for 
a root that flattens at 10 cm diameter, for example, the root must be placed at least 5 cm below the 
geotextile level, which indicates that the rootʹs top portion just touches the geotextile layer. Another 
example drawn from the graph is that if a root was initially placed at a depth of 30 cm, it is allowed 
to grow without flattening up to 13 cm before cracking the concrete pavement. 

 

Figure 4. Stresses in a 10 cm thick concrete pavement underlain by a 10 cm thick base, with root depths varying 
from 0 to 0.4 m below geotextile layer. 
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Based on the numerical simulation findings, a series of design illustrations were produced as a 
basis for guideline proposals. Essentially, the recommendation is to use a geotextile to prevent roots 
from colonizing a base material layer, to instead colonize a designed soil for root colonization and 
pavement support below. With proximity to a tree, the suggestion is a deeper base layer to allow a 
common pavement surface layer thickness at final grade. Observations from a series of root plates 
from trees overturned in the 2011 hurricane Sandy suggested a consistent root diameter size below 5 
cm (Grabosky et al., 2024) and a structural root plate size similar to earlier German failure curve 
studies (Mattheck et al., 1993) suggesting plates limiting to within 3 meters distant from the tree. The 
schematics presented herein, at minimum, can be used as a starting point for sizing and positioning. 
However, slight alteration could be carried out supported by a similar analysis. In any case, it is 
highly likely that concrete could crack when root zone materials, or base materials not excluding root 
colonization are positioned just below the pavement in the base layer, as is typically observed in older 
existing infrastructure. 

Based on the results obtained in this study, Figures 5–7 illustrate a pavement design series where 
a tree could exist 1.8 m, 2.4m or 3.0 m (6ft, 8ft, or 10ft respectively) away from the pavement system. 
For the 3 m (10’) alternative shown in Figure 7 it is expected that pavement surface stresses would be 
much lower than in Figure 5 or Figure 6 given their increasing proximity to the tree structural root 
plate. Hence, minimum dimensions can adequately meet design requirements. The curb, shown in 
the figures, is not typically included in concrete sidewalks but could be used in street-side or parking 
lot situations. Similarly, the pavement wearing surface can be rendered as asphalt, which has been 
previously modelled (Grabosky and Gucunski, 2011; 2019). The findings inform layer thickness and 
assume that distance and growth criteria suggested in this study are met, and the geotextile is brought 
to the surface and affixed to the surface or edge surface to exclude the root colonization of the base 
layer with or without use of a curb. Root system colonization into the subgrade is represented but 
could be deemed unlikely depending on the subgrade definition, and level of compaction. 
Additionally, the tree would be influential in this expectation whether by species and individual 
effect, or by whether the tree was established before or after construction within the detail 
representation. In any case, the designed sub-base layer would be developed to provide any 
suggested root zone soil volume for the support of the tree. 

 
Figure 5. Design schematic of root-soil-pavement system for in close proximity (1.8 m). 
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Figure 6. Design schematic of root-soil-pavement system for tree placement 2.4 m away from tree base. 

 

Figure 7. Design schematic of root-soil-pavement system for tree placement 3 m away from tree base. 

Conclusions 

This study presented results obtained from numerical simulations validated by experimental 
results, related to the effect of root growth on stresses in concrete pavements in urban environments. 
Overall, the integration of experimental data and FEM analysis provides a framework for designing 
sustainable root–soil–pavement systems. The results support urban planning approaches that align 
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green infrastructure (trees) with grey infrastructure (pavements), extending tree longevity and 
reducing maintenance costs associated with pavement damage. The following are the main 
conclusions drawn from the current study: 

• The experimental results showed that roots of the tested species flatten at as low as 0.17 MPa, 
with high likelihood of flattening beyond 0.35 MPa. 

• From the numerical simulations, the stresses in the pavement are strongly influenced by root 
placement depth, followed by pavement thickness, then base thickness. The thickness of the 
geotextile layer used was kept at 1 mm. 

• Increasing pavement thickness from 7.5 cm to 10 cm can reduce stress by up to 20%, while 
increasing root depth from 5 cm to 40 cm can reduce stress by up to 60%. These findings 
highlight practical design levels for balancing cost and performance. 

• Stresses due to a single root in the considered geometrics were at 550 kPa as a maximum, which 
is lower than 2 MPa, the flexural strength of typical concrete used in sidewalks. Nevertheless, 
the presence of multiple roots may increase the stresses imparted onto the pavement, which 
needs to be studied in further studies. 

• Design schematics for both existing and new infrastructure were proposed, emphasizing 
controlled root placement and adequate separation from pavement to mitigate cracking risks 
while supporting long-term tree health. 

Supplementary Materials: The following supporting information can be downloaded at the website of this 
paper posted on Preprints.org. 
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