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The Compaction of Urban Soils

any professionals have an interest in the
M compaction of urban soils. For example, a
structural engineer may need to increase
compactionto provideastablefoundation for aroad or
building. Conversely, an urban forester or landscaper
may want to decreaseor prevent compactioninorder to
improveroot growth and plant survival. A stormwater
engineer must understand soil compaction to accu-
rately model the runoff from lawns and landscaped
areas, to identify suitable locations for stormwater
treatment practices, or to stabilize an embankment or
dlope. Soil compaction is also an important issue for
managers involved in land conservation, erosion and
sediment control, watershed education and watershed
planning. Inthisnote, weexaminehow soil compaction
increases in response to watershed development and
theimplicationsit has for watershed professionals.

What di stinguishessoil fromdirt?Oneof themajor
factors is the amount of “fluff” within a soil. Undis-
turbed soils have alot of pore space. Indeed, air com-
prisesfrom 40 to 55% of the soil volume (unlessit has
recently rained, inwhich casethepore spacesarefilled

up withwater). Scientistsand engineersfrequently mea-
surebulk density toindicate how much fluff ispresentin
aparticular soil. Bulk density isdefined asthemassof dry
soil divided by its volume, and is expressed in units of
grams per cubic centimeter (gms/cc). Bulk density isa
useful indicator of the structure of a soil, and can help
predict its porosity, permeability, infiltration rate and
water holding capacity. Ingeneral, asthebulk density of
agivensoil increases, it will producemoresurfacerunoff
andalow lessinfiltration.

The surface bulk density of most undisturbed soils
rangesfrom 1.1 to 1.4 gms/cc, depending on the type of
soil present (Tablel). Soilsthat arepredominately sands
or claysare on thelower end of therange, whereas silts
andsiltloamsareonthehighendof therange. Glacial tills,
whichwerecompressed by thousandsof feet of iceinthe
lasticeage, canhaveabulk density rangingashighas1.6
to 2.0 gms/cc, depending on how much they haveweath-
ered. Highly organic soils, like peat, can beaslow as0.3
gms/cc. Ingeneral, bulk density increaseswith soil depth,
reflecting the compression by the overlying soil, and the
declineintheabundanceof soil faunaand organic matter.
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Figure 1 shows a typica profile of how bulk density
changeswith depth for soilsof different land use (Smith,
1999).

In contrast, many urban soils and surfaces have
much higher bulk densities (Table 1). The highly dis-
turbed soilsof urbanlawnsrangefrom 1.5t0 1.9 gms/cc,
whileathleticfieldsandfill soil typically rangefrom 1.8to
2.0 gms/cc. These bulk density values approach the
density of concrete (2.2 gms/cc). Soilsadjacent to build-
ing padsandal ongtheroadrightsof way areintentionally
compacted to meet engineering specifications, and can
rangefrom1.5t02.1 gms/cc, dependingonloca compac-
tion standards and the compressibility of the underlying
soil.

The Conseguences of Compaction

The extensive compaction of urban soils has many
adversehydrologicimpactsonawatershed. Theprimary
impact relates to the change of porosity within a soil.
Figure2illustrates how soil porosity diminishesasbulk
density increases. Porosity isimportant because it gov-
ernsthesoil'scapacity toholdwater, infiltraterunoff and
allow roots to penetrate. As porosity declines, com-
pacted urban soil scan producemuch moresurfacerunoff
than is normally expected for grass or meadow cover.
While pervious areas are not generally thought to con-
tribute much stormwater runoff, when urban soils be-
comehighly compacted, their runoff responsemorecl osdly
resembles that of an impervious surface, particularly
during large storm events.

For example, Wignostaet al. (1994) foundthat com-
pacted soil sproduced from40to 60% of theannual runoff
for asmall developed catchment, and that the soils had
an effective runoff coefficient as high as 0.5. Other
researchers have also noted that compacted urban soils
can have effective runoff coefficientsinthe 0.2 to 0.45
range(Pitt, 1992, andLeggetal ., 1996). Whiletheserunoff
coefficientsarestill lower thanthosecommonly reported
for completely paved areas (0.50to 0.99), they arevery
significant sincelawnscan compriseasmuchas50to 70%
of residentia cover. Thus, from apractical standpoint,
soil compaction increases watershed runoff and creates
drainage problems such as surface ponding, since soils
no longer have their water-holding capacity.

The second key concern with soil compaction re-
latestoitsimpact ontherootsof trees, shrubsand ground
covers. Generally, oncebulk density exceeds 1.6 gms/cc,
rootsarenolonger ableto penetrate through the soil, and
growthislimited. Thecritical bulk density for root pen-
etrationfor different kindsof soilsisindicatedin Table2.
The practical consequence of the lack of root growthis
that trees, shrubsand grass cover are extremely difficult
to establish without extensive soil preparation or plant-
ing pits. Sincecompacted soilsholdlittlewater, plantsare
more prone to drought, and may require supplemental
irrigation to survive even in humid climates. Likewise,
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Density and Soil Porosity

Table 1: Comparison of Bulk Density for Undisturbed

Soils and Common Urban Conditions
(Compiled from various sources)

Undisturbed Soil Type Surface Bulk
or Urban Condition Density
(grams/cubic
centim eter)
Peat 0.21t0 0.3
Compost 1.0
Sandy Soil 1.1t0 1.3
Silty Sands 1.4
Silt 1.3t01.4
Silt Loams 1.2t0 1.5
Organic Silts/Clays 1.0to 1.2
Glacial Till 1.6 to 2.0
Urban Lawns 1.5t019
Crushed Rock Parking Lot 1.5t 2.0
Urban Fill Soils 1.8t0 2.0
Athletic Fields 1.8t0 2.0
Rights of Way and Building Pads 15t01.8
(85% Compaction)
Rights of Way and Building Pads 1.6to 2.1
(95% Compaction)
Concrete Pavement 2.2
Quartzite (Rock) 2.65
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Table 2: A Comparison of Root Limiting Bulk Density for

Different Soil Types (Morris etal., 1988)

Soil Texture Critical Root Limiting
Bulk Density
(grams/cubic centim eter)
Sand* 1.8
Fine Sand * 1.75
Sandy Loam 1.7
Fine Sandy Loam 1.65
Loam 1.55
Silt Loam 1.45
Clay Loam 1.5
Clay 1.4

*only soil types which do not limit root growth after 85%
compaction by proctor test

Table 3: Comparison of Bulk Density in New Jersey Soils

Average Bulk Density in First Foot of Soil (gms/cc) Computed
From Database Provided by Smith (1999)

NRCS No. of Forest Pasture Cultivated
Hydrologic Soil | Samples Soils Soils Soils
Group
A Soils 17 1.35 1.48 1.61
Very low runoff gms/cc gms/cc gms/cc
potential
B Soils 92 1.30 1.45 1.53
Low runoff
potential
C Soils 73 1.27 1.39 1.55
Moderate run off
potential
D Soils 28 1.20 1.46 1.65
High runoff
potential

This table provides a comparison of the bulk density for different hydrologic soil groups
(HSGs), as classified by the Natural Resources Conservation Service. Hydrologic solil
groups are frequently used to define curve numbers to characterize runoff potential within
various hydrologic models. The HSG classification, is not strictly based on the porosity of
the soil, but also includes other soil properties that govern runoff potential, such as the
infiltration rate, depth towatertable and the presence of confining layers suchas hardpans
and fragipans. More information on HSG can be found in the National Resources
Conservation Service, National Engineering Handbook, Chapter 2.

Notes: pasture category includes grassland, hay and grazed lands.

compacted soils have lower oxygen transfer, extreme
summer soil temperatures, less nutrient retention, less
soil fauna (such as earthworms) and lessmycorrhyizal
fungi compared to uncompacted soils (Bethenfalvay
and Linderman, 1992 and Craul, 1994). Consequently,
urban trees and ground coverstend to be very sparse,
short-lived, and disease-prone, unless they are pro-
videdwithsignificantirrigation, soil amendments, fer-
tilization and other inputs.

Bulk Density Increases in Response to Watershed
Development

We do not walk very lightly on the earth. Nearly
every kind of watershed devel opment compactsthesoil
and increases bulk density. Soil compaction begins
withgrazing, astheweight of livestock tramplessoilsof
the pasture. A modest increase in soil bulk density of
0.12t00.20 gms/cc hasbeen observed in pasture soils,
comparedtoforest ones(SeeTable3). Soil compaction,
however, islargely confined to the surface, and does
not extend more than afew inchesinto the soil profile.

Compaction becomes much more severe when
crops are cultivated. As heavy farm machinery passes
overthefield, soilsarecompressed uptotwo feet bel ow
the surface. In addition, as topsail is eroded, more
compacted subsoilsareexposed. Thecommon practice
of tillingthefiel dsdoesrelievecompactionintheupper
few inches of the soil profile, but the effect is seasonal
and doesnot extend morethan six inchesto afoot bel ow
thesurface. Overall, theeffect of croppingistoincrease
bulk density by an average of 0.25 to 0.35 gms/cc,
compared to forest soils, depending on the hydrologic
soil group (Table 3).

Compaction becomes even more dramatic during
the urbanization of awatershed. Soil structureiscom-
pacted in three different ways during the construction
process. First, grading equipment worksover thesiteto
cut and fill and achieve the desired elevations for
building. Asaconsequence, existingtop soil isstripped,
stockpiled or even removed from the site, and com-
pacted subsoils are exposed at the surface. Second, as
construction equipment and vehicles work the site,
their tracks and tires compress the remaining soils
several feet below the new surface.

Lastly, certainportionsof thesiteareintentionally
compacted with vibrators or rollers to meet soil engi-
neering standardsfor bearing structuresor trafficloads.
Thisintentional compaction usually occurs along the
right of ways for roads, a 10-foot envelope around
building pads, and around stormwater ponds. Other
areas of the site are also frequently compacted as the
equipment moves from lot to lot. Local development
standards typically require that soils be compacted to
within 90 or 95% of their maximumbulk density within
these zones.
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Table 4: Reported Land Use or Activities That Increase Soil Bulk Density

Land Use or Activity Increase in Bulk Density Source:
(gmslicc)

Grazing 0.12t00.20 Smith, 1999 (Table 2)
Crops 0.25t00.35 Smith, 1999 (Table 2)
Construction, mass grading 0.34 Randrup, 1998
Construction, mass grading 0.35 Lichter and Lindsey, 1994
Construction, no grading 0.20 Lichter and Lindsey, 1994
Construction traffic 0.17 Lichter and Lindsey, 1994
Construction traffic 0.25to0 0.40 Smith, 1999, Friedman, 1998
Athletic fields 0.38t0 0.54 Smith, 1999
Urban lawn and turf 0.30to0 0.40 Various Sources

Takentogether, constructionincreasesthebulk den-
sity of surfacesoilsontheorder of 0.35gm/ccover thepre-
development land use, whether it is forest, pasture or
crops(Tabled). Thecompaction canextend uptotwofeet
downinthesoil profile, according to Smith (1999). One
of the best studies on the impact of construction on soil
compactionwasperformed by Randrup (1998), who exam-
ined 47 Danish construction sites and adjacent undevel-
oped soils. He reported an average increase in bulk
density from 1.60gms/ccto 1.94gms/cc, withthegreatest
compactionfound morethanafoot bel ow thesoil. Lichter
and Lindsay (1994) found asimilar increasein soil bulk
density at several Californiaconstructionsites. They also
noted that bulk density increased by 0.2 gms/cc at a
construction site whose soil was not mass graded nor
compacted to meet engineering standards. Clearly, mass
grading and the passage of construction egquipment are
bothimportant factorsleading to soil compactiononmost
construction sites (see Table 4).

According to recent research, soil compaction con-
tinues after turf and landscaping are established at the
sSite, at least for the first few years. Bulk density values
typically remain about 0.30 to 0.40 gms/cc above pre-
development levels after development (Table 4). A few
urban areas continue to become more compacted. Most
notable are athletic fields, park areas, pathways and
unpaved parking lots that continue to experience exten-
sivefoot and/or vehicular traffic after devel opment. Sur-
facebulk densitiesfor these compacted soils often range
from 1.9to 2.1 gms/cc, which isalmost equivalent tothe
bulk density for impermeable concrete surfaces.

Implications of Soil Compaction for the Watershed
Manager

Thecompaction of urban soilshasmany implications
for the watershed manager. As soil compaction appears
to be virtually unavoidable once clearing begins and the

site experiences construction traffic and activity, site
planners must physically exclude any construction
equipment from portionsof the sitewhere undisturbed
soils are required or desired. Many stormwater prac-
tices utilize the soil to treat or infiltrate stormwater
runoff, and are designed under the assumption that the
underlying soil is uncompacted and relatively undis-
turbed (infiltration, filter strips, grass swales, discon-
nection of rooftop runoff, some forms of bioretention
and even septic systems). As aresult, these practices
should be located outside the limits of construction
disturbance. Otherwise, they may requireextensivesoil
amendments to restore their intended function.

Thesecond key implication of compactionrelates
totheaobjectivesfor local erosionand sediment control
plans during construction. From a watershed stand-
point, these plans should not only focuson preventing
soil loss, but gofurther to prevent soil compaction. Any
reduction in clearing, grading and construction access
will provide a stormwater management benefit. Un-
cleared and ungraded portions of the site represent an
important “hydrologic reserve area,” and erosion and
sediment control plans should clearly demarcate the
limitsof disturbanceover asmuch of thesiteaspossible
to retain these. Hydrologic reserves can include wet-
lands, conservationareas, buffers, setbacks, open space,
andevenportionsof individual lots. However, drawing
the limits of disturbance on aplanis much easier than
actually enforcing themin thefield, so increased con-
tractor training and fencing areessential. Communities
should also carefully reevaluate their current compac-
tion requirements and grading standardsto ensure that
they only compact those areas of the site that are
absol utely necessary, and otherwisepromotethereten-
tion of undisturbed soils.

Thethird implication of urban soil compactionis
that severe soil compaction fundamentally alters the
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hydrology of a site, and makes many pervious areas
function morelikeimperviousones. Thissuggeststhat
engineerswill needtoexplicitly incorporatetheeffects
of soil compaction into their models that predict the
changes in runoff as a result of development. The
challengeisthat whileitisrelatively easy topredict the
increase in bulk density caused by construction, it is
much harder topredi ct preci sely how muchthisincrease
in bulk density will increase the runoff coefficient or
curve numbers for pervious areas. More research is
urgently needed to characterize runoff from lawnsand
landscaped areas on compacted urban sails.

Until better dataare available, it seems prudent to
model the runoff from pervious areas differently. For
example, it may be advisable to adjust runoff coeffi-
cients upwards for compacted pervious areas (by ap-
proximately 0.1t00.15) or, whenusingtheNRCSTR-55
model, to automatically shift curve numbers (CN) up-
wardby at|east onehydrol ogical soil group (HSG) when
asiteiscleared (i.e,, if theoriginal perviousareawasa
B soil, modédl itasif itwereaCsoil). Anevenlarger shift
is probably justified if the area is planned to be an
athleticfield or anew lawn.

In summary, watershed managers should bear in
mindthat thequality of soilsisinextricably linkedtothe
quality and quantity of water. Greater effortstoprevent
or reducethecompaction of soil quality that resultsfrom
construction are an important element of any urban
watershed protection strategy. —TRS
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