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A NEW URBAN TREE SOIL TO SAFELY INCREASE
ROOTING VOLUMES UNDER SIDEWALKS

by Jason Grabosky and Nina Bassuk

Abstract. Soil compaction, which is necessary to safely
support sidewalks and pavement, conflicts with urban trees'
need for usable rooting space to support healthy tree growth.
We have defined a rigid soil medium that will safely bear loads
required by engineering standards yet still allow for rapid root
exploration and growth. This was accomplished by forming a
stone matrix and suspending soil within the matrix pores with
the assistance of a hydrogel gluing agent. Initial studies using
three stone types and various stone to soil ratios showed that
the compacted stone-soil test medium (dry densities > 1700
kg/m3) increased root growth by a minimum of 320% over the
compacted clay loam control (dry density of 1378 kg/m3). The
proposed system can safely bear load demonstrated by
California Bearing Ratios consistently exceeding 40. Discus-
sion of a critical mixing ratio is presented as an approach for
developing a specification for field installation.

Because lack of rooting space is arguably the
most limiting factor affecting a street tree's water
and nutrient demands over time, urban trees need
to have access to larger volumes of soil if they are
to achieve the size, function, and benefits for
which we plant them[13,17]. Urban soil compaction
generally occurs in what would be the tree's
preferential rooting zone: the shallow lens of soil
no more than three feet deep extending well
beyond the tree's canopy [18]. Compaction con-
tributes to insufficient rooting volumes by increasing
the soil's bulk density and soil strength to levels
which impede root growth [3,8,10,25].

While several reasons for densification and
compaction of urban soils exist, the most ubiqui-
tous problem we face is the purposeful compac-
tion of the soil surrounding a street tree to support
pavement or nearby structures. Compaction is
necessary as a cost-effective way to increase the
strength and stability of existing soil materials to
preventtheirsettlementunderoraround designed
structures [7,11,14,23], It increases the bearing
capacity of the materials below the pavement
system and reduces the shrinking and swelling of

soils that occur with water movement or frost
action [11,26]. Thus any effort to increase the
rooting area for street trees under pavement must
accept the necessity of compaction and under-
stand the levels of compaction needed to safely
design pavement structures.

Proctor density. A standard measure of
compactive effort which is often specified is termed
Proctor density. It is important to understand
exactly what this term means and how it is iden-
tified. Originally developed for evaluating and
controlling compaction of fine textured soils when
building earthen dams, the Proctor testing pro-
cedure describes the relationship between soil
moisture, a standard compactive effort, and soil
porosity (void space)[19,20,21,22]. As the soil
moisture increases, a standard compactive effort
yields progressively greater bulk densities (and
fewer voids) up to an optimum. After the optimum
is reached, densities decrease with increasing
soil moisture because the soil is held apart by the
incompressible excess water in the test sample
[19,21]. Proctor Optimum Density is the high point
on a curve plotting the dry density of the soil
against increasing moisture content as a result of
a standard compactive effort arbitrarily set to
simulate a compaction effort used in the field
(Figure 1)[2,12]. The standard effort consists of
the near equivalent of 25 blows from a 5.5 Ib
hammer falling 1 foot onto each of 3 equal layers
of material. These layers fill a 4 inch diameter,
4.584 inch depth mold in the usual test [2]. By
adjusting the moisture content to match that as-
sociated with the observed peak of the moisture
density curve, a contractor can get the most
efficient compaction per unit effort. Compaction at
other levels of moisture content would require
more labor to reach the density achieved by



188 Grabosky & Bassuk: Soil Under Sidewalks

optimum dry
density and
associated
moisture
content

1500

10 15 20 25
Moisture Content %

Figure 1. Curve showing the moisture density re-
lationship found for a clay loam soil as the result of
a standard Proctor compaction effort. The peak of
this curve would be defined as 100% standard
Proctor density. The effects of increased density on
the porosity of the soil is also shown via the void
ratio. Porosity = void ratio / (1 + void ratio).

compacting at the optimum moisture content and
could affect the compacted strength of the mate-
rial despite an acceptable dry density [11]. A
lesser density will usually have an associated
lower strength and bearing capacity [11].

The density generated by the previously de-
scribed laboratory test at optimum moisture con-
tent is defined as 100% standard Proctor Density
and serves as a benchmark set to maintain quality
control over the compaction process during con-
struction. In practice, construction specifications
require a percentage of Proctor Density and the
term "Proctor Density" could be derived from any
of the compactive efforts described by the ASTM
moisture density relationship specifications [2].
Since the test is standardized, it is often used to
generate a dry density from which to test a
material's shear strength, bearing capacity, and/
or deflection resistance. This information can be
used to evaluate and define a material for safe
engineering design practices. In a sidewalk or
parking situation, a failure could translate into

large financial liabilities such as vehicle damage,
personal injury, increased maintenance, or pre-
mature replacement costs.

California Bearing Ratio. The Proctor mois-
ture/density relationship is also used to identify a
standardized testing point for evaluating a
material's load bearing capacity via the California
Bearing Ratio (CBR) [1,26]. This ratio compares
materials used under pavements to a standard
material which has been empirically determined
to be a satisfactory pavement base [2,11]. This
value is dependent on f rictional strength, therefore
moisture content and bulk density are major fac-
tors in this testing procedure. A CBR value of 100
would be interpreted to mean that the tested
material had the same bearing capacity as the
reference standard (100%).

With the CBR value, the necessary pavement
thickness can be determined by evaluating com-
ponents of the soil profile materials for shear
strength under pavement [1,5,27]. A typical soil
profile under pavement would include the
subgrade, i.e. a native or otherwise preexisting
soil typically with a large amount of fine particles.
The subbase and/or base courses are usually
well-graded gravels, and the wearing surface is
what we often think of as pavement (Figure 2) [11 ].
Acceptable CBR values are assigned for each
layer used in pavement systems with minimum
acceptable bearing capacities increasing for each
consecutive layer from the bottom toward the top
surface grade. The subgrade, which is the deep-
est level, often has a comparatively low CBR in
the range of 5 to 10 [1,11]. Base materials are
normally much stronger than the subgrade with
acceptable CBR values ranging from 40 to 80 [11].
These values could be considered acceptable for
materials used under paved surfaces in lighttraffic
situations which would include maintained mu-
nicipal sidewalks.

The CBR test places a compacted cylinder of
material onto a loading press that forces a piston
into the soil to a depth of 0.5 inches at a uniform
rate. The strength of the material is found by
measuring the load required to continue the
penetration. A curve plotting load against pen-
etration is shown in Figure 3. This curve is corrected
for surface irregularities as shown by the seg-
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Wearing Surface: Often concrete or asphalt, depth
is dependent on the material used.

Base: A very stable layer which is a sand-gravel
material or a material stabilized with a binding agent.
This layer can be from 5 - 30 cm in depth.

Subbase: An optional layer of stable material, often
15 - 30 cm of a sandy or gravelly material.

Subgrade: The preexistent soil at the site. The top
layer is compacted before any of the base or pavement
layers are installed.

Figure 2. Definition and locations of the layers
which can make up a sidewalk. Adapted from Holtz
and Kovaks(11).

merited line. The point where the segmented line
intersects the X axis is defined as the corrected
starting point and the segmented line is used to
describe the load/penetration relationship [2], The
load at 100 mills (0.01 inch) on the corrected
curve is divided by the load needed for the same
penetration into the standard reference material
(6.89 MPa) [2,26]. The resultant value expressed
as a percentage is the CBR value.

A marginally acceptable or unacceptable base
could have an acceptable CBR at field capacity
and lower moisture levels normally found outside
of the laboratory, but could fail in a saturated
condition, which often occurs in the spring. For this
reason, CBR tests are often subjected to a 96 hour
saturation period to accommodate the worst case
scenario.

Soil classification systems. Horticulturists and
soil scientists often use the USDA soil classifica-
tion system for characterizing agricultural soil
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Figure 3. A typical CBR test from the tested lime-
stone stone/soil mix reported in graphic and numeric
form. The CBR value is calculated by dividing the
tested load by the standard load and multiplying the
result by 100.

systems and describe their behavior in terms of
their porosity, nutrient holding capacity, and
drainage [30]. The geotechnical engineering
community uses the Unified Classification System
to characterize materials. This system could be
called a classification by behavior during engi-
neering uses with divisions in classification coin-
ciding with shifts in engineering characteristics
[7,14,28]. We felt that the soil mixes we were
developing should be defined using the Unified
Classification System to better communicate our
most promising soil mixes to the engineering
community.

Geotechnical engineers use the Unified Clas-
sification System to help predict soil properties
such as frost-heave susceptibility, drainage and
water infiltration, expected compacted densities,
bearing strength, and pavement base efficacy
[5,28,29]. Figure 4 shows how a material's clas-
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Figure 4. Material behavior as related to the Unified Classification system. Adapted from Holtz
and Kovaks (11) and US Waterway Station (28).

sification can roughly predict performance as a
pavement base. The last column notes typical
CBR ranges for listed materials. Note that for a
marginally acceptable base (CBR = 40), a formi-
dable load of 2.76 MPa (400 psi) is required to
penetrate 2.5 mm (0.1 inches). Since the CBR can
be affected by moisture in fine grained soils, a
CBR of 40 would normally be marginally accept-
able in a saturated condition, and penetration
resistance would increase as the soil dried. Luckily,
root tips are much smaller than a CBR testing
piston and may find small zones of less resistance,
but the example serves to highlight the contra-
dictory demands of root expansion and base
compaction for sidewalks.

Implications for roots. By acknowledging the
need for compaction from a structural viewpoint,
we can understand why roots often have trouble
penetrating the bases and subgrades of many
sidewalks. For sidewalks, a minimal removal of
existing material is often the case, so the subgrade

very often will lie within 8 inches of the final grade.
This is the f i rst zone that experiences a compactive
effort during construction. Base materials are
placed onto the subgrade and compacted as well
[11]. Both the subgrade and the base are normally
compacted to at least 95% of an optimum density,
which often is restrictive to root growth [11,15,18].

It is thus no surprise that when roots "escape"
or outgrow their planting holes they usually choose
zones of lesser compaction due to sub-surface
structures such as along utility lines, or the base
course immediately beneath the actual pavement
where the open granular nature of the layer might
contain enough voids to allow root growth
[6,15,17,18]. It is also of little surprise to observe
sidewalk damage from those roots which expand
radially as they grow directly beneath the pavement
since this interface can provide greater opportu-
nity for root penetration and growth in comparison
with the compacted layers below.

Street trees prefer a less dense rooting medium
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that allows roots to penetrate to a depth of two to
three feet, but this is currently unacceptable under
sidewalks from a structural safety viewpoint. Those
trees that do not "break out" are sentenced to a
limited future dictated by the limited amount of
designed rooting volume within the planting pit or
island. This volume is not likely to support the tree
for the designer's and the public's expected life
span as borne out by the high tree mortality rate
found in planting areas surrounded by pavement;
often dying in as little as 7 years [13,16].

A New System
To solve this problem, our objective was to

develop an easily produced soil medium that
would meet engineers' specifications for load
bearing capacity, but still allow for vigorous root
growth through the compacted profile, thus in-
creasing overall rooting volume without compro-
mising safety. This could be thought of as an
evolution of the compaction-resistant planting
medium employed by Patterson in Washington,
D.C. but with greater load bearing requirements
[16]. Our system would build a gap-graded, load
bearing stone matrix that could meet the engi-
neering requirements while suspending a
noncompacted rooting medium within the voids
that exist between the stones.

Materials in which the full range of particle size
classes are lacking except for one or two widely
varying size classes are often termed "gap-graded."
Figure 5 shows examples of the gap-graded ma-
terials we have tested. These materials exhibit
good drainage capabilities due to the inability of
the particles to tightly nest into a uniform soil
profile. It was our intent to use this fact to our
advantage in manufacturing such a medium.

In our medium, gravel and soils were mixed so
that loads would be transferred from stone to
stone in the gravel while leaving the soil between
the stones essentially unaffected by compaction.
Theoretically, roots would be encouraged to grow
deeper into the uncompacted soil between the
stones which allow for greater water and air
movement. This medium might also reduce
sidewalk failure, another goal of this system, by
encouraging deeper root systems.

A series of studies were initiated to identify a
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Figure 5. Linden test media particle size distribu-
tions. All curves represent the extremes of the
tested stone to soil ratios. In each graph, the higher
curve represents the highest tested ratio, the lower
curve represents the lowest tested ratio. Note the
gap graded nature of the mixes with material between
25 mm and 12 mm all but lacking entirely.

promising stone to soil ratio that would meet our
objectives. To achieve this end, two important
principles had to be recognized. First, to prevent
soil compaction and facilitate the necessary air-
filled porosity, the volume of soil in the stone and
soil mix must be less than the total porosity of the
compacted stone matrix. At this point, the bearing
capacity of the system would largely become a
function of the strength of the stone alone. The
determination of this point was a critical step in the
definition of this medium. Second, the soil could
not be allowed to sieve to the bottom of the stone
matrix during the mixing or compaction phases of
its installation. A small amount of a hydrated
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hydrogel was added to the stone matrix before
blending in the soil to prevent the stone and soil
from separating. This hydrogel acted as a glue,
attaching the soil to the stone much as a tackifier
works in hydroseeding applications.

Materials and Methods
Linden study. The three types of stone chosen

forthe initial tests are described in Table 1. Crushed
limestone was chosen for its angularity and con-
sistency as a manufactured material. A high fric-
tional quarried gravel was chosen for its pre-
dominantly round shape. Athird stone type, Solite®
(a heat expanded slate), was chosen for its rigid
nature, light weight, and porosity. The crushed
and quarried stones conformed to a 0.5 -1.0 inch
gravel size range which was purchased as a #2
size stone [2]. A clay loam was chosen for the
interstitial soil component of the mix because of its
water and nutrient holding capacity, a critical
factor in a mostly stone root environment. Twelve
blends were used in this firsttest representing four
increasing stone: soil volumetric ratios for each of
the three stone types.

To determine stone to soil ratios, the percent-
age of voids within a matrix of each stone type
were measured. Five random samples from each
stone type were placed into containers of known
volume and brought to a saturated, surface dry,
condition. From this point, a loose pack porosity
was determined for each stone type by measuring
the amount of water needed to fill the container

containing the stone sample. The mean of five
measurements determined the noncompacted
matrix porosity of 44.7% for the crushed lime-
stone, 40.0% for the gravel, and 47.8% for the
Solite®.

For each stone type, four mixes were gener-
ated by adding enough clay loam to fill 100,90,80,
and 70% of the measured noncompacted poros-
ity. The resultant blends are listed using a dry
weight ratio as shown in Table 2. The dry weight
ratios varied due to the different specific gravities
of each stone type. The Unified Soil Classification
System was used to define each blend and to
predict their performance in an engineering con-
text.

Each of these blends was also blended with a
poly-acrylimide hydrogel tackifier (Gelscape®
Amereq Corporation) to prevent aggregate
separation during the mixing and compaction of
such gap-graded mixes (Figure 4). The tackifier
was used at a rate of 38 grams per 13650 cm3 of
uncompacted mix (approximately 152 grams
hydrogel per 100 kg stone on a dry weight basis).
Compacted clay loam with and without hydrogel
served as the controls for a total of 26 treatments
with six replications.

Each mixture was blended in a small rotary
concrete mixer in two batches and then com-
bined. For each blend, six 14.2 L nursery containers
(#5 short) were filled for a single lift compaction.
Excess material was stored to fill settlements after
the initial compactive effort. The containers were

Table 1. Materials used in developing test blends. The Solite® was blended to approximate the
same particle size distribution as the other two stone types.

Material
used

Specific
gravity
(Gs)

% passing
38.1 mm
sieve
(1-5")

% passing
25.4 mm

sieve
(1.0")

% passing
12.7 mm
sieve
(0.5")

Coefficient
of

uniformity
(Cu)

Description

#2 Crushed
limestone

#2 High friction
aggregate

Solite®
Soil

2.71

2.66

1.50
2.58

100

100

>90
—

94.1

98.8

83
26.4 % sand
40% silt
33.6% clay
(USDA)

6.7

3.2

<5
—

1.4 All angular stone

1.34 Round quarried gravel.oversized crushed
and blended back, % limestone = 16%

2 Exploded slate, very porous
— Shredded clay loam, pH = 5.25

- dry bulk density = 1110 kg/m3

- Plastic limit = 20.5, liquid limit = 27.5
- Std. Proctor opt. density = 1674 kg/m3




