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Abstract: Stormwater management has traditionally focused on increased runoff from impervious areas (IAs) accompanying urbanization.
Far less consideration has been directed to significant changes in the hydrologic characteristics of urban soils that also accompany urban
development. Mass grading and standard site development practices disturb and compact urban soil profiles, dramatically reducing infiltration
capacity, rooting depths, and the stormwater services provided by urban green spaces. Stormwater services may be purposefully restored
using soil decompaction and amendment to rebuild porous permeable organic-rich soil profiles in urban pervious landscapes. In this study,
the use of suburban subsoiling (SS) (soil decompaction and compost amendment) for restoring stormwater services was evaluated on a
decommissioned highway roadbed and construction staging area that had been designated for afforestation by the Maryland Department
of Transportation State Highway Administration. Suburban subsoiling increased the mean infiltration capacity of the site’s disturbed com-
pacted soils by more than an order of magnitude, with dramatic improvements in the bulk density (−28%), organic matter (þ82%), and po-
tential rooting depth (þ20 to þ30 cm) of the restored soil profile. Integrating SS with standard mass grading and land development practices
can transform the built environment by cultivating sustainable stormwater services in anthropogenic landscapes. DOI: 10.1061/(ASCE)
HE.1943-5584.0002031. © 2020 American Society of Civil Engineers.
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Introduction

Urban stormwater management has traditionally focused on in-
creased runoff from impervious areas (IAs) accompanying urban
land-use change. The emergence of IA as a primary indicator of
urbanization and hydrologic alteration (Arnold and Gibbons
1996) engenders the widespread implicit assumption that urban
pervious land uses retain the characteristics of undisturbed natural
soils (Gregory et al. 2006; McGrane 2016; Pitt et al. 2008). In prac-
tice, the characteristics and stormwater services provided by urban
soils are frequently decoupled from the undisturbed natural soils
they replace (Jim 1998; McGrane 2016). For soils in the National
Cooperative Soil Survey, the USDA Natural Resources Conserva-
tion Service (NRCS) defines the hydrologic soil group for a map
unit component based on the soil infiltration rate and the depth to
the shallowest confining layer in the soil profile. Yet NRCS cau-
tions that no reliable hydrologic inferences can be made about the
properties of disturbed soils without an onsite investigation (USDA
2009). Bonta (2013) compared the soil profile destruction and
compaction from urbanization to that found in surface mine rec-
lamation. Gregory et al. (2006) found compaction from construc-
tion activities resulted in a 70%–99% reduction in infiltration
capacity in the sandy soils of a Florida residential development.
Indeed, McGrane (2016) characterized the hydrologic behavior and

infiltration dynamics usually encountered in urban green spaces as
mere artefacts of anthropogenic modifications. Soil disturbance,
mass grading, and both purposeful and inadvertent compaction
commonly result in green pervious land uses with limited infiltra-
tion capacity, shallow rooting depths, and dramatically reduced
stormwater services.

At the parcel scale, Voter and Loheide (2018) showed that com-
pacted pervious areas could be a major source of stormwater runoff.
They concluded that so-called impervious-centric low impact de-
velopment (LID) practices (such as disconnecting downspouts and
impervious surfaces) may be substantially less effective unless
compacted soil conditions are simultaneously improved. Compar-
ing two carefully monitored zero-order catchments near Seattle,
Burges et al. (1998) determined that more of the observed run-
off in their suburban developed watershed was being generated
from pervious land uses with disturbed soil profiles than from
impervious surfaces. At the watershed scale, Smith et al. (2015)
identified significant changes in urban flood response owing to
compacted urban soils in the Baltimore Ecosystem Study’s well-
studied Dead Run watershed. They found that the flood peak
reduction expected from removing a single compacted soil layer
in the watershed would be comparable to the cumulative flood peak
reduction currently achieved by all of the detention ponds in the
basin. Herrmann et al. (2018) found that urban soil profiles in 11
different US cities consistently showed significant alteration and
loss of soil horizons compared to preurban reference profiles. The
pervasive incidence of disturbed compacted urban soil profiles led
Schwartz and Smith (2016) to suggest that most urban pervious
landscapes produced using standard mass grading and construction
practices might best be described as grass growing in a thin veneer
of topsoil on compacted fill.

The significant hydrologic effects of urban soil compaction
(Gregory et al. 2006; Pitt et al. 2008) have motivated revised
methods and specifications for more sustainable land development
practices (Balousek 2003; Bean and Dukes 2015; Chen et al.
2014; Jeldes et al. 2013; Marx et al. 1999; Sweigard et al. 2007).
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Innovative grading practices that decompact and amend disturbed
compacted soils can significantly reduce runoff and restore storm-
water services in urban greenspaces (Mohammadshirazi et al. 2016;
Olson et al. 2013; Sinnett et al. 2006, 2008). Schwartz and Smith
(2016) demonstrated the dramatic restoration of stormwater serv-
ices that accompanied soil decompaction and amendment follow-
ing the removal of an impervious asphalt playground at a Baltimore
city public school. They referred to this practice as suburban sub-
soiling (SS) (alluding to the adaptation of agricultural subsoiling
practices to urban landscapes) and described how SS could be cost-
effectively implemented with only modest changes to standard
grading practices.

This paper evaluated the use of SS to restore stormwater serv-
ices on a decommissioned highway roadbed (RB) and adjoining
construction staging area (SA), following the demolition and re-
moval of the highway pavement and subbase by the Maryland De-
partment of Transportation State Highway Administration (MDOT
SHA). The pavement removal was motivated by permit require-
ments to treat or remove IA called for in MDOT SHA’s Municipal
Separate Storm Sewer System (MS4) permit. Following pavement
removal, contractors used standard construction practices to grade
and permanently stabilize the site, establishing the pretreatment
condition for this investigation. Replicate plots were established to
compare soil properties and stormwater services of plots in the
site’s in situ soils and plots treated with SS. The site exemplified
the acceptable norm and typical condition of pervious landscapes
resulting from standard mass grading and site development prac-
tices and provided an ideal site for this study.

The following section describes the study site and methods used
for plot preparation and analysis. Results from replicated plot treat-
ments are presented and compared in the “Results” section. The
“Discussion” section discusses the implications and transferability
of the results, along with credits, incentives, and pragmatic consid-
erations for institutionalizing SS to restore stormwater services.
Conclusions are summarized in the “Summary and Conclusions”
section.

Methods

Site Description

The study site consists of a former construction SA and highway
RB in the Mesozoic lowland district of the Piedmont Plateau
physiographic province in Taneytown, Maryland (39°40′30.1″N,
77°09′23.2″W). The soil survey for Carroll County, Maryland,
maps the entire site as Bucks silt loam soils, described as prime
farmland with good drainage and depth to restrictive feature (lithic
bedrock) of approximately 100–150 cm. The RB is the former
alignment of Maryland Route 853E and was decommissioned
for IA removal credit under MDOT SHA’s Federal MS4 permit.
The decommissioned site had been graded, stabilized with perma-
nent vegetative cover, and allowed to return to volunteer native
vegetation without any additional mowing or long-term mainte-
nance. The site’s graded compacted condition following pavement
removal typifies pervious land uses associated with mass grading
and construction and defined the pretreatment condition for this
study. The decommissioned stabilized site presented an ideal loca-
tion to study stormwater services in disturbed compacted pervious
landscapes.

Site Characterization

Both pretreatment and posttreatment soil properties were charac-
terized by field sampling to estimate bulk density (BD), organic

matter (OM), texture, infiltration, and soil strength. Soil strength
was characterized by soil cone index (CI) profiles measured with
a logging cone penetrometer. Field protocols and methods followed
methods described in Schwartz and Smith (2016). The significance
of differences in mean soil parameters was evaluated using two-
sample unequal sample size unequal variance t-tests, also known
as Welch’s t-test, evaluated with the Welch approximate degrees of
freedom, as described in detail in Ruxton (2006).

Soil Core Analysis
Shallow 5-cm-diameter soil cores were collected and used to esti-
mate BD, OM, and soil texture. Bulk density was calculated from
oven-dried cores. Dried cores were then ground with a mortar and
pestle and subsampled to estimate OM content determined by the
loss on ignition method at 450°C and soil texture using the hydrom-
eter method (Gee and Bauder 1986).

Infiltration Testing
Field infiltration capacity was estimated with the single-ring falling
head method (Elrick et al. 1995; Touma et al. 2007; Zeleke and Si
2005). Falling head infiltration tests used 15-cm-diameter rings
driven to an approximate depth of 7.5 cm. Following Schwartz and
Smith (2016), field saturated hydraulic conductivity was estimated
from the observed drawdown curve and field-estimated change
in the pretest volumetric water content using Reynolds’s (2008) sol-
ution for a falling head ring infiltrometer.

Cone Index/Soil Strength
The field-scale heterogeneity of soil strength was characterized us-
ing a Spectrum FieldScout SC-900 logging cone penetrometer (Au-
rora, Illinois). The CI is closely correlated with soil strength and
BD and varies with soil moisture (Ayers and Perumpral 1982;
Nguyen and Mohajerani 2015; Vaz et al. 2013). The CI also pro-
vides a useful indicator of soil impedance to root growth. At field
capacity, common criteria for vegetative rooting consider CI values
greater than 2.1 MPa (300 psi) as soil strength that impedes the
growth of most fibrous plant roots. Soil profiles with CI values less
than 1.4 MPa (200 psi) are generally considered to offer low physi-
cal impedance to root development (Gugino et al. 2009; Moebius-
Clune et al. 2016). The effect of soil moisture on the field-measured
CI was controlled for by conducting penetrometer surveys approx-
imately 2 days following a soaking rain that sustains saturated con-
ditions in the soil profile prior to the onset of drainage. This
commonly suggested field criterion provides an operational means
to collect penetrometer profiles under similar moisture conditions
close to field capacity.

Pretreatment Site Assessment and Plot Plan

Infiltration tests and BD cores were used to characterize the pre-
treatment condition and heterogeneity of the site in the summer of
2012. The site assessment, combined with knowledge of the site
history, led to a planting plan with replicated plots in both the com-
pacted RB and the construction SA (previously used for parking
and temporary construction offices), as shown in Fig. 1. Replicate
plots were prepared using either (1) ST establishment methods
on in situ soils following MDOT SHA specification 705 (MDOT
2008) or (2) SS consisting of deep ripping with compost amend-
ment, followed by seeding and mulching consistent with standard
MDOT SHA specifications for turf establishment. The plot plan
shown in Fig. 1(b) delineated three sets of plots with (ST and SS)
treatments in both the SA and the RB. Plot dimensions 3.7 m wide
and 15.2 m long (12 × 55 ft) were selected to enable MDOT SHA
contractors to use standard full-size tillage equipment with standard
means and methods. The analysis of soil disturbance resulting from
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authentic (rather than research-simulated approximations of) stan-
dard contractor practices is a unique contribution of this study. All
test plot locations were GPS referenced and marked in the field to
ensure that the plots were located within the footprint of historical
construction activities.

The areas delineated in the initial site assessment as well as the
locations of Plots 1–6 in the RB and plots 7–12 in the SA are shown
in Fig. 1. This paper compares soil properties and stormwater serv-
ices following SS and ST treatments in both RB and SA subareas.

Plot Preparation and Planting

The site was prepared for planting in September 2014, by spraying
existing vegetation with glyphosate followed by mowing. MDOT
SHA district maintenance personnel ripped all SS plots to a depth
of approximately 50 cm using a Class II Worksaver R-130 single-
shank ripping blade. Like many state transportation departments,
MDOT SHA composts the carcasses of road-killed deer. Compost-
ing provides a safe, cost-effective method to dispose of road kill,
yielding a beneficial organic soil amendment (Bonhotal et al.
2007). The lengthy static aerobic composting process results in a
very mature compost, with nutrients overwhelmingly present in
organic form. Following deep ripping of SS plots, MDOT SHA
maintenance personnel surface-applied approximately 5 cm of ma-
ture deer carcass compost that was incorporated into the ripped soil
profile using an Imants soil spader (Reusel, Netherlands).

All plots were planted by MDOT SHA contractors, using stan-
dard means and methods. ST plots were tilled, seeded, and mulched
in October 2014, following standard MDOT SHA specifications for
turf establishment (MDOT 2008). Owing to a miscommunication
with contractors, SS plots were left mulched but unplanted over the
winter, resulting in dense vigorous volunteer vegetation growth
through early summer 2015. All SS plots were again sprayed and
mowed in early August 2015 to clear weeds and volunteer vegeta-
tion. Mowed SS plots were planted and mulched using excelsior
fiber mats in late August 2015. ST plots that had been planted in
fall 2014 displayed highly uneven cover and were therefore over-
seeded in August 2015.

Sampling

The dense volunteer vegetation that developed through the spring
and summer of 2015 limited summer data collection to BD soil
cores from the ST and SS plots, before the plots were either
sprayed, mowed, and planted (SS plots) or overseeded (ST plots).
Soil cores collected in summer 2015 were analyzed for texture, BD,
and OM. After planting (SS) or overseeding (ST) in August 2015,
the turf plots were left to germinate and grow in through the fall of
2015. Fall 2015 sampling collected a dense set of cone penetrom-
eter profiles from each plot as well as paired (SS-ST) infiltration
tests from both the RB and SA plots. Cone penetrometer profiles
were collected in October 2015, with infiltration tests performed on
every plot in November 2015.

Results

Pretreatment Sampling

The initial (pretreatment) site assessment characterized soil condi-
tions in the SA, RB, and an adjoining open field (OF) subarea
(which had not been disturbed by prior MDOT SHA pavement re-
moval activities) [Fig. 1(a)]. The initial site assessment provided
estimates of the mean texture, BD, OM, and infiltration capacity of
each of the three subareas. Pretreatment site conditions are summa-
rized in Table 1.

(a) (b)

Fig. 1. Project site showing (a) RB, SA, and undisturbed open field (OF) subareas prior to decommissioning; and (b) plot design for decommissioned
site prior to treatment showing location and number of plots designated for treatment with standard turf (ST) and suburban subsoiling (SS). (Base
images courtesy of Maryland Statewide Imagery.)

Table 1. Pretreatment site conditions

Parameter OF SA RB

Infiltration (cm=h) 2.30� 2.41 0.15� 0.11 0.07� 0.04
Bulk density (g=cc) 1.26� 0.09 1.44� 0.15 1.58� 0.11
Organic matter (%) 5.46� 1.70 3.09� 0.54 3.01� 0.37
Sand (%) 23.2� 6.6 38.6� 9.5 38.1� 2.8
Silt (%) 63.0� 5.7 47.1� 6.6 46.0� 2.1
Clay (%) 13.9� 2.3 14.3� 3.8 15.9� 1.3
Texture Silt loam Loam Loam

Note: OF = open field; SA = staging area; and RB = roadbed.
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Soil Core Analysis
The OF subarea was clearly outside the disturbance limits of the RB
and SA and showed significantly higher OM (5.46%� 1.7) and
lower mean BD (1.26� 0.09), highlighting the compacted pretreat-
ment state of the SA and RB subareas after decommissioning and
stabilization. Texture, mean BD, and OM of the OF subarea were
significantly different (p < 0.05) than both the RB and SA subar-
eas. Both the RB and the SA consisted of loam soils with about
38% sand and 47% silt. Texture in the OF area was a silty loam
with 23% sand and 63% silt, consistent with the silty loam texture
mapped in the county soil map. The texture differences underscore
the significant disturbance, earth moving, and soil replacement as-
sociated with historical grading and construction operations on the
site that established the pretreatment conditions for this study. Bulk
density data clearly showed residual compaction in both the RB and
SA, with consistently higher compaction in the RB (p < 0.05). The
RB had the highest mean BD (1.58� 0.11), consistent with legacy
compaction for load-bearing strength from historical highway
construction. Mean OM and texture in RB and SA subareas were
not significantly different. Replicated SS and ST treatments in
both the RB and SA subareas enabled the comparison of site prepa-
ration treatments (SS versus ST) as well as subarea compaction
effects.

Infiltration Testing
Sixteen infiltration tests were initially performed over the three
distinct subareas with results summarized in Table 1. Although the
mean infiltration rates varied by more than an order of magni-
tude, infiltration differences between subareas were not statistically

significant, reflecting the high variability of the OF infiltration
rates. All infiltration tests were geolocated to validate their location
with respect to the footprints of the original RB and SA.

Posttreatment Sampling

Soil Core Analysis
SS plots consistently showed significantly lower BD and higher
OM than ST plots (p ≪ 0.001). SS plots in the SA had signifi-
cantly lower BD than SS plots in the RB (p < 0.05); SS signifi-
cantly improved, but did not completely mitigate, the legacy
compaction of the RB soils. Organic matter differences between SS
plots in the RB and SAwere not significant (p ¼ 0.325), confirm-
ing that compost incorporation by soil spading was equally effec-
tive in both subareas.

Preparation of ST plots had no lasting effect on the BD of com-
pacted soils in either the RB or the SA. Overall the SS treatment
significantly reduced BD and increased OM compared to ST plots
and pretreatment conditions, notwithstanding persistently higher
BD in the RB compared with the SA. The BD of the ST plots was
not significantly different than pretreatment BD in either the RB
(p > 0.25) or SA (p > 0.87) subareas. Compared to pretreatment
conditions, ST OM was moderately higher in the SA plots (p <
0.05) but was not significantly different (p > 0.19) in the RB
subarea. Results for SS and ST plots are summarized in Table 2
for each subarea and pooled by treatment across (RB and SA) sub-
areas. Box and whisker plots of BD and OM for each subarea both
before and after treatment are presented in Fig. 2.

Table 2. Posttreatment soil core analysis for suburban subsoiled (SS) and standard turf (ST) treatments

n BD (g=cc) OM (%) Sand (%) Silt (%) Clay (%)

All SS 12 1.11� 0.21 6.40� 1.90 39.7� 1.7 44.4� 2.7 15.9� 1.2
Roadbed SS 6 1.24� 0.16 5.82� 0.84 40.1� 1.9 44.0� 2.9 15.9� 1.3
Staging area SS 6 0.98� 0.17 6.99� 2.54 39.3� 1.6 44.8� 2.6 15.9� 1.1
All ST 12 1.56� 0.11 3.50� 0.44 39.0� 4.0 44.2� 5.2 16.8� 2.5
Roadbed ST 6 1.63� 0.08 3.42� 0.42 40.2� 2.2 44.1� 1.2 15.7� 1.5
Staging area ST 6 1.49� 0.10 3.58� 0.48 37.9� 5.3 44.3� 7.7 17.9� 3.0

Fig. 2. (a) Bulk density; and (b) organic matter before and after treatment. Site areas correspond to OF SA and RB. Samples were taken pretreatment
(PT) and following SS or ST treatment.
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Cone Index Profiles
Differences in the mean CI between ST and SS plots were statisti-
cally significant to depths of at least 30 cm in both SA and RB
plots, and for all plots pooled across subareas. Median CI profiles
�1 standard deviation are shown for SS and ST plots in the SA and
RB subareas in Fig. 3. The vertical dashed lines in Fig. 3 highlight
critical root-limiting CI thresholds of 1.4 and 2.1 MPa. The median
CI for the SS plots remained below the 1.4 MPa threshold to a depth
of over 25 cm in both the SA and the RB plots, demonstrating the
significantly greater potential rooting depth created by SS regard-
less of pretreatment compaction.

Infiltration Testing
By the fall of 2015 Plot 1 (closest to the site entrance) manifested
significant recompaction effects with the highest BD and lowest
infiltration rate of all the SS plots. Plot 1 clearly displayed rutting
and parallel tire tracks, in which soil was too compacted to support
vegetation. The median CI on SS Plot 1 reached the root-impeding
value of 1.4 MPa at a depth of only 5 cm. For comparison, the
median CI on SS Plot 8 (the last SS plot in the RB that received
no traffic) remained below 1.4 MPa for depths up to 25–28 cm,
as shown in Fig. 4.

When characterizing infiltration rates for RB SS plots, inclusion
of Plot 1 infiltration data raised the standard deviation of the mean
SS infiltration rate from 0.18 to 8.36 cm=h. The unusually low
infiltration rate on Plot 1 was clearly attributable to recompaction
and was therefore treated as an outlier that was not included in the
infiltration results summarized in Fig. 5. The mean infiltration
capacity of the remaining SS plots (22.10 cm=h� 2.72) was sig-
nificantly greater (p ≪ 0.001) than the mean infiltration capacity
of either the pooled ST plots (0.17 cm=h� 0.24) or pooled (SA
and RB) pretreatment (PT) data (0.11 cm=h� 0.09). The dramatic
difference between SS and ST mean infiltration rates followed the
differences in CI profiles and BD, as expected.

The mean infiltration rate of the SS plots in the SA
(24.05 cm=h� 0.78) was significantly greater (p < 0.01) than the
mean infiltration of the SS plots in the RB (19.18 cm=h� 0.18).
The mean infiltration of the ST plots was only moderately
higher (p < 0.05) in the SA (0.33 cm=h� 0.27) than in the RB
(0.02 cm=h� 0.01). Notwithstanding the acceptable (>95%) ST
turf cover established in fall 2015, the mean infiltration capacity
of the ST plots was not significantly different than pretreatment
infiltration in the SA (p > 0.39) and was actually moderately lower
(p < 0.05) than mean pretreatment infiltration in the RB.

Fig. 3. Median cone index profiles �1 standard deviation for SS or ST plots in (a) staging area; and (b) roadbed.

Fig. 4. Cone index profiles for SS RB Plots 1 and 8.

Fig. 5.Mean infiltration rates in OF, RB, and SA subareas. Results are
shown prior to treatment and for plots prepared with ST establishment
and with SS. Note logarithmic scale for infiltration.
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Discussion

Recompaction on Plot 1

Vehicle traffic at the site entrance significantly recompacted Plot 1,
highlighting the inherent vulnerability of decompacted soil to
recompaction. Decompaction and amendment for stormwater serv-
ices is best targeted to subareas where permanent traffic and usage
patterns will not present significant recurring recompaction risks.
Even modest levels of compaction can cause a disproportionate loss
of infiltration capacity in an otherwise undisturbed soil profile.
Compaction changes the pore size distribution of undisturbed soils;
increasing the BD of a loamy soil by just 10% can reduce the sa-
turated hydraulic conductivity by 45% to over 65% (Schwartz and
Smith 2018). In an uncompacted soil, the initial increase in BD dis-
proportionately eliminates larger macropores and preferential flow
paths (dominated by gravity drainage) that predominantly support
infiltration (McGrane 2016; Menon et al. 2015; Mooney 2002).
The compacted pore size distribution becomes heavily skewed
toward micropores, resulting in a disproportionate reduction in
hydraulic conductivity.

Overflow parking areas and similar land uses that receive recur-
ring vehicle traffic are particularly vulnerable to recompaction—
especially under high soil moisture conditions. Suburban subsoiling
and complementary sustainable landscape technologies should
therefore be matched to a site’s permanent traffic and usage pat-
terns. For high traffic areas, alternate practices, such as engineered
structural soils or suspended pavement systems, can deliver load-
bearing green spaces that resist compaction, albeit at significantly
greater cost (Grabosky and Bassuk 2016; Grabosky et al. 2008;
Page et al. 2015; Smiley et al. 2006; Urban 1996).

Stormwater Credit

Consistent credits for runoff reduction and stormwater management
with SS can be quantified based on the site-specific properties
of the soil profile. Following the approach used by Holman-Dodds
(2006), a one-dimensional soil physics model was used to quantify
the difference in estimated stormwater services provided by ST and
SS plots in the RB subarea of the site in this study. The hydrologic
response of the RB plots was simulated for the mean texture, BD,
OM, infiltration capacity, and depth of decompaction (for SS plots)
observed in the field. Following Martin and Kaye (2014) and
Schwartz and Smith (2016), the stormwater services of the RB
plots were quantified by an effective curve number (ECN) esti-
mated by fitting the NRCS curve number (CN) relationship to si-
mulated rainfall-runoff depths from the 10 site-specific 24-h design
storms that are available from the NOAA Precipitation Frequency
Data Server for NOAA Atlas 14 (NOAA 2011).

As an additional reference point, the ECN for the roadbed
soil texture was also estimated for an idealized uncompacted soil
profile, assuming the entire soil column was decompacted to its
native BD with 5% OM. The simulated rainfall-runoff events and
weighted ECN fits are shown in Fig. 6. Table 3 summarizes these
results with an example of ECN-based runoff reduction calcula-
tions that are easily performed using standard familiar CN compu-
tations. Compared to the ST plots (which showed no significant
improvement from pretreatment conditions), the SS plots reduced
ECN-estimated runoff from the 1-year and 2-year design storms
by 92.9% and 87.7%, respectively. For designers and regulators,
characterizing site-specific hydrologic services with an ECN based
on the site-specific soil profile provides a consistent familiar com-
putational framework to quantify runoff reduction and institution-
alize stormwater credits for soil decompaction and amendment.

Incentivizing Suburban Subsoiling

Contractor practices that satisfy current MDOT SHA specifications
for turf establishment reliably produced full vegetative cover on
all of the study plots. For the ST plots, fully acceptable vegetative
cover was achieved without any significant improvement in BD or
infiltration compared to pretreatment conditions. In contrast, SS
supported vigorous verdant turf in restored soil profiles that dra-
matically improved infiltration capacity, BD, OM, and potential
rooting depths in both the RB and SA subareas. Even so, contrac-
tors have no direct incentive to adopt practices that deliver these
superior stormwater outcomes unless specifications and acceptance
criteria explicitly require more than just permanent vegetative
cover. The results presented here underscore why acceptable veg-
etative cover alone is neither a dependable nor sufficient indicator
of the stormwater or other environmental services that can be re-
liably credited to urban pervious land uses.

In the case of this study site, MDOT SHA’s Federal (MS4)
stormwater permit provides regulatory incentives for treating or
removing IA—irrespective of the mean infiltration capacity of the
resulting pervious land use. The ST roadbed plots with a mean in-
filtration rate of 0.02 cm=h earn the same IA removal credit as the
SS roadbed plots that restored a mean infiltration rate of nearly
20 cm=h. Impervious area removal credits alone offer no direct
incentive for restoring higher infiltration or stormwater services,
beyond the absence of IA. They do, ironically, provide implicit
incentives for practices that rapidly establish the vegetative cover
that currently defines an acceptable pervious land use endpoint
for construction acceptance and regulatory compliance—even on
disturbed compacted soils with diminished hydrologic services.

Fig. 6. ECN fit (lines) and simulated design storm runoff (symbols)
for ST (empty circles) ECN ¼ 88 (dotted line), SS (filled circles)
ECN ¼ 54.5 (solid line), and healthy (filled triangles) ECN ¼ 46.3
(dashed line) soil profiles on RB soils.

Table 3. Effective curve number (ECN) runoff computations

ECN 1-year storm 2-year storm

Storm depth (cm) — 6.63 8.03
Simulated ECN runoff (cm)

Healthy soil 46.3 0.03 0.18
Roadbed ST plots 88.0 3.94 5.18
Roadbed SS plots 54.5 0.28 0.64
Runoff reduction from ST — 3.66 4.55
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Well-established contractor practices represent rational cost-effective
responses to construction specifications and acceptance criteria.
Sustainable stormwater services can be incentivized in construc-
tion specifications by requiring minimum infiltration rates and de-
compaction depths as explicit acceptance criteria for urban land
development—beyond permanent vegetative cover.

Suburban subsoiling transforms urban green space into multi-
functional green infrastructure. Schwartz and Smith (2016) sug-
gested how the superior sustainable outcomes from SS could be
implemented with only minor incremental changes to standard con-
struction practices. The superior sustainable stormwater services
from SS can similarly be incentivized by integrating consistent
site-specific credits for restoring stormwater services into environ-
mental site design and regulatory practice.

Summary and Conclusions

Stormwater management has traditionally focused on increased
runoff from IAs accompanying urbanization, implicitly ignoring
significant changes in soil characteristics that also accompany
urban land development. Modern mass grading and construction
practices disturb and compact urban soil profiles, increasing BD
and dramatically reducing infiltration capacity and rooting depths.
Disturbed compacted soil profiles produced by standard grading
and construction practices systematically eliminate stormwater ser-
vices from the urban pervious landscape. Lost stormwater services
may be purposefully restored using soil decompaction and amend-
ment to rebuild porous permeable organic-rich urban soil profiles.

In this study, the use of SS (soil decompaction and compost
amendment) was evaluated to restore stormwater services on a
decommissioned highway RB and construction SA that had been
designated for afforestation by the Maryland Department of Trans-
portation State Highway Administration. The pretreatment condi-
tion of the study site exemplified disturbed compacted soil profiles
produced by modern mass grading and construction practices. In
both RB and SA subareas, SS restored exceptional stormwater
services and supported superior sustainable turf cover. SS plots
consistently developed dense verdant turf cover in restored soil pro-
files with dramatically improved infiltration capacity, BD, OM, and
potential rooting depth. In contrast, ST plots prepared using stan-
dard methods and specifications for turf establishment, reliably es-
tablished 95% turf cover without any significant improvement in
BD or infiltration capacity compared to pretreatment conditions.
The results underscore why land cover alone, even with fully ac-
ceptable vegetative cover, is neither a sufficient nor dependable in-
dicator of the stormwater services (or other environmental services)
that can be reliably credited to urban pervious land uses.

Deriving a site-specific ECN from the properties of the restored
soil profile allows restored stormwater services to be quantified
using standard familiar curve number computations. Quantifying
consistent credits for runoff reduction incentivizes the use of SS
as a cost-effective alternative to gray infrastructure and traditional
stormwater best management practices. The ECN enables runoff
reduction from SS to be quantified for value-engineered design or
commoditized and traded in stormwater programs that support
market mechanisms and incentives to advance regional stormwater
management goals.

Suburban subsoiling can be implemented with only minor incre-
mental changes to standard site development practices. Suburban
subsoiling can similarly be incentivized by integrating site-specific
credits for stormwater runoff reduction in environmental site design
and regulatory compliance. Institutionalizing SS can transform the

built environment by cultivating sustainable stormwater services in
anthropogenic landscapes.

Appendix I. Effective Curve Number

Soil profile ECNs were estimated by simulating water movement
through an idealized 1-m soil column for 10 site-specific 24-h de-
sign storms from NOAA Atlas 14 (NOAA 2011). Design storms
had recurrence intervals of 1, 2, 5, 10, 25, 50, 100, 200, 500, and
1,000 years. The simulated hydrologic response of the SS roadbed
plots was quantified by an ECN estimated by fitting the SCS curve
number relationship to simulated rainfall-runoff (P-Q) responses
for the 10 design storms. The ECN was estimated with a weighted
least-squares fit in which the influence of each design storm on the
ECN fit is weighted by the long-term annual storm frequency (com-
puted as the inverse of the storm recurrence interval) following
methods described in Martin and Kaye (2014) and Schwartz and
Smith (2016). The weighted least-squares fit ensures that more
frequent design storm events have a greater influence in fitting the
ECN, just as they would in a long continuous hydrometeorological
data record.

The ECN is the CN value that minimizes the weighted sum of
squared deviations between the simulated and CN-computed runoff
depths of all N ¼ 10 design storms [Eq. (1)]:

Min
CN

Z ¼
XN

i¼1

wiðQCN
i −Qsim

i Þ2 ð1Þ

where Pi = depth of ith design storm with recurrence interval Ti

that produces simulated runoff Qsim
i and calculated curve number

runoff QCN
i . The CN initial abstraction Ia and asymptotic storage S

conform to conventional NRCS curve number methods: S ¼
ð25,400=CN − 254Þ and Ia ¼ λS for λ ¼ 0.2, and QCN

i ¼ 0 for
Pi < Ia, and QCN

i ¼ ðPi − IaÞ2=ðPi þ 0.8SÞ otherwise. The nor-
malized weight for the ith storm is inversely proportional to the
storm recurrence interval, wi ¼ T−1

i =
P

N
i¼1 T

−1
i .
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