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Impact of River Channelization on Seismic Risk: Shelby
County, Tennessee
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Abstract: The lower 35.4 km of the Wolf River, in the city of Memphis, Shelby County, Tennessee, was channelized in 1964 to reduce
flooding. Detailed channel surveys conducted in 1959 and 1990 document river and floodplain changes 26 years after channelizatior
Channelization resulted in a straighter, steeper, deeper, wider, and smoother channel, thus causing an increase in channel veloci
cross-sectional area, and discharge capacity. Subsequent to channelization, Wolf River became shallower near its mouth, entrenched 3
in its upstream reach, and formed a nick point at the eastern end of the channelized reach that migrated 11.3 km upstream. Tributaries
the channelized segment of the Wolf River have also entrenched. In addition, the floodplain along the channelized reach underwer
dissection and denudation and the banks of the Wolf River were an avefafjemolower in elevation than they were in 1959.
Channelization and subsequent river changes have reduced flooding in the channelized portion of the river as intended. However, negati
consequences of these river changes incldgleostly bridge and pipeline repai) river and wetlands habitat destructidB) probable
increased susceptibility for earthquake liquefaction and associated lateral spreading of the Wolf River floodpléh,ircr@éased
earthquake risk due to building development on the Wolf River floodplain.
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Introduction conducted prior to channelizing 35.4 km of the Wolf River in the
city of Memphis and Shelby County. In 1964 the channelization

The Wolf River is a west-flowing tributary of the Mississippi Was completed, thereby straightening Wolf River by cutting off
River that flows through the city of Memphis and Shelby County, Meander bends and shortening its lower 59.6 km to 35.4 km. The
TennesseéFig. 1). The river heads in northern Mississippi, flows ~€xcavated channels were typically trapezoidal in cross section,
through southwestern Tennessee, and is 138.5 km long. In Shelbyesulting in a deeper and wider channel with steeper banks than
County, the Wolf River flows through a wide floodplain consist- the original river. Removal of vegetation along the channel also
ing of basal point bar sands overlain by clayey silt overbank "educed channel roughne&imon 1994. A second detailed sur-
deposits(Kingsbury and Parks 1993; Broughton et al. 2001 vey was conductgd in 1990 by the Corps of Engineers from the
Wolf River and most other western Tennessee rivers were sub-mouth of Wolf River 57.4 valley km upstream to the Shelby/
ject to flooding(Hidinger and Morgan 192)2and have been chan- Fayette County linéFlood Insurance Study, Shelby County, Ten-
nelized (Simon 1989; Simon and Hupp 1992n 1959 the U.S. nessee, 1990Wolf River bottom profiles were also surveyed in
Army Corps of Engineers conducted a detailed survey with mea- Collierville, upstream from the channelized river bed, between
sured river cross sections and sediment coring of the lower 59.6the Houston Levee Road bridge and the Collierville—Arlington
river km (37 valley km of the Wolf River from the river's mouth ~ Road bridge in 1977, 1989, 1995, and 19dB97 profile not
at the Mississippi River to Gray’s Creeffig. 1) (U.S. Army mc_luded in this papérto monitor a_cceler_ateo_l erosion and r_uck
Engineer District Memphis Corps of Engineers Wolf River and Point (point of abrupt change or inflection in the longitudinal

Tributaries Channel Improvement Report 185his project was ~ Profile of a streamretreat occurring in this river reactu.S.
Army Corps of Engineers, Memphis District, Wolf River Mem-

Iprof. of Geology, Dept. of Earth Sciences, Univ. of Memphis, phis, Tennessee, Draft Feasibility Report and Draft Environmen-
Memphis, TN 38152, tal Impact Statement, June, ZOQGhe _1959 and 199_0 surveys
2Research Assistant Prof., Ground Water Institute, Dept. of Civil &llow us to compare the Wolf River prior to channelization with
Engineering, Univ. of Memphis, Memphis, TN 38152. its condition 26 years later from valley km 3.7 to 36.4 and nick
SGeology Student, Dept. of Earth Sciences, Univ. of Memphis, point retreat during the 1990s upstream from the channelization.
Memphis, TN 38152. The Mississippi River valley(Obermeier 1988; Tuttle and
“Geology Student, Dept. of Earth Sciences, Univ. of Memphis, Schweig 1995 and the Wolf River floodplain in particuldian
Memphis, TN 38152. _ _ ~Arsdale et al. 1998; Broughton et al. 20p&xperienced liquefac-
°Geology Student, Dept. of Earth Sciences, Univ. of Memphis, tion during the great New Madrid earthquakes of 1811-1812. The
Memphis, TN 38152, . . . three great 1811-1812 earthquakes had estimated moment mag-
Note. Discussion open until July 1, 2003. Separate discussions mustnitudes of 8.1, 7.8, and 8(@ohnston 1996 Based on paleoseis-

be submitted for individual papers. To extend the closing date by one . - -
month, a written request must be filed with the ASCE Managing Editor. mic studies, these great earthquakes have a recurrence interval of

The manuscript for this paper was submitted for review and possible ~450 years (Kelson etal. 1996; Tuttle 1999 Magnitude-
publication on February 27, 2001; approved on January 3, 2002. This frequency relationships indicate that smaller-magnitude events
paper is part of théatural Hazards Review\Vol. 4, No. 1, February 1, should occur more frequentliBath 1973. Earthquake-induced
2003. ©ASCE, ISSN 1527-6988/2003/1-2—11/$18.00. liquefaction may cause the ground to lose its bearing strength,

2 / NATURAL HAZARDS REVIEW / FEBRUARY 2003

Nat. Hazards Rev., 2003, 4(1): 2-11



Downloaded from ascelibrary.org by Memphis, University of on 05/04/22. Copyright ASCE. For personal use only; all rights reserved.

Fa

1964 Wolf River Channel Improvement
Headcutting Reach

0 6.5 km
—-——-— Figure 13 Area Extent B

Fig. 1. Map of the 1964 Wolf River channel improvement and reach undergoing headward dfosiodamaged bridge sites af&) Highway
51, (B) Highway 70,(C) Interstate 40(D) Houston Levee Road, ar(&) the threatened Collierville-Arlington Road

resulting in heavy objectgbuildings, eto. sinking into the vided by the U.S. Army Corps of Engineef€arl Sekt, written
ground, low-density objectéipes, eto. floating to the surface, = communication, 2000 Using channel bottom elevation and the
and lateral spreadin@Seed and Idriss 1982Severe earthquake elevation of the lower of the two opposing banks, maximum
shaking caused liquefaction along the Wolf River floodplain in bank-full depths were measured directly from the 1959 survey.
Memphis, Germantown, and as far east as Colliervifigs. 1 The 1990 low-bank depths were calculated from the detailed
and 2, as revealed in sand dikes preserved in the banks of Wolf cross-section measurements made in 1990 by the Corps of Engi-
River (Fig. 3 (Broughton et al. 2001 The sand dikes were neers. Width and depth measurement locati@tations are not
formed when saturated point bar sand along Wolf River was tem- illustrated in Fig. 1, because there are too many for the scale of
porarily liquefied and forcefully ejected to the surface through the the map. In the 1959 data, we measured 114 widths, 140 depths,
overlying overbank silt layer. and calculated 112 cross-sectional areas. The 1990 data set in-

The impact of channelization on rivers has been well docu- cluded 87 width, depth, and calculated cross-sectional area mea-
mented(e.g., Ramser 1930; Daniels 1960; Ruhe 1970; Parker andsurements. One hundred and ninety-nine stations were used to
Andres 1976; Wilson 1979; Bradford and Piest 1980; Winkley construct the 1959 river longitudinal profile, and 127 stations
1982; Brookes 1985, 1988; Yodis and Kesel 1993; Knighton were used in the 1990 profile.
1998, and in particular channelization of western Tennessee riv-  Channel cross-sectional areas were calculated by multiplying
ers (Robbins and Simon 1983; Simon 1989, 1992, 1994; Simon the bank-full depth by the bank-full width at each station for the
and Hupp 1992 The purpose of our research was to document 1959 and 1990 data sets. These cross-section values are approxi-
channel geometry and floodplain changes that occurred betweermmations because they represent rectangular simplifications of the
1959 and 1990 along Wolf River within the urban areas of the city true cross section&ig. 4). In fact, each calculated value is higher
of Memphis and Shelby County. However, our particular interest than the true value, because the rectangular shape is constructed
is to determine if these changes have had any impact on liquefacfrom maximum widths and depths. The velocity and discharge
tion susceptibility of the Wolf River floodplain. (cross-sectional area times velogitalculations are based on the
cross-section calculations and so are also too high. Nonetheless,
we believe each data set reveals down-valley trends, and a com-
parison of the 1959 and 1990 data sets illustrates how the Wolf
River has changed.

Bank-full river velocities for each station were estimated using
the Manning Equation:

Methods

Bank-full widths and bank-full thalweg depths are used in this
study(Fig. 4). The widths for the 1959 Wolf River were measured
from the 1959 engineering plans and the 1990 widths were pro- V=1.49hR%351/2 (1)
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Fig. 2. (A) New Madrid seismic zongcrosses indicate microseismicity and the three circles are the estimated epicenters of the three major
earthquakes of 1811-1812ohnston and Schweig 1996(B) Shelby County in southwestern Tennessee ljguefaction dikes exposed in river
cut banks; dashed lines show city boundaries

whereV=average velocityn=channel bed and bank roughness was calculated for the 1959 data by determining the difference in
coefficient; R=hydraulic radius(cross-sectional area divided by elevation at river km 36 and at the Wolf River mouth, and divid-

the total cross-sectional length of the bed and bgnkad S ing that value by 36 km. Similarly, an average bed slope of
=river bed slope(Ritter 1986. These average velocities were 0.00049 was calculated for the 1990 river.
subsequently used to estimate dischargen Aalue of 0.035 The water table elevation along the Wolf River is an important

(winding natural streams and canals in poor condjtiwas used factor in the liquefaction susceptibility of the floodplain. Water
for the 1959 calculations andravalue of 0.025rivers and earth table elevation contours were constructed by P&tR§0 for the

canals in fair conditionwas used for the 1990 calculatiofsee fall of 1988, thus representing typical, low water levels. Using
Table 6.1 in Ritter 1986 An average river bed slope of 0.00029 Delaunay triangulation, a triangular irregular network, or TIN,
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Fig. 3. (Colon Sand dike in northern bank of Wolf River in Memphis, Tennessee; this dike was logatederoded at the second dike site
upstream from the Mississippi River in Fig(B®)

was calculated from these contours. From this TIN, water table Results
elevation was linearly interpolated along the Wolf River flood-
plain in Shelby County.

Urbanization and, in particular, the construction of bridges
across the Wolf River influence local channel geometry. We make In 1959 the Wolf River was generally less thé& m deefdFig. 5).
no attempt to address the effects of bridge construction across thdn 1990 the river was generally less than 6 m deep downstream
Wolf River between 1959 and 1990; however, no cross-sections atfrom valley km 16, variable but with a mean value®m deep
bridge sites were used in this study. from valley km 16 to 24, and greater th& m deep upstream

Channel Cross-Sections
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Longitudinal profiles reveal the bed and bank elevation changes
that the Wolf River has undergoitEig. 10. The 1977, 1989, and
1995 profiles upstream from valley km 37 in Collierville are from
the U.S. Army Corps of Engineers’ June 2000 report, entitled
from valley km 24. Downstream from valley km 6.4, the 1990 “Wolf River, Memphis, Tennessee Draft Feasibility Report &
depths were less than in 1959; however, upstream from valley kmDraft Environmental Impact Statement.” These detailed profiles
6.4 the 1990 river depths were generally greater than the 1959demonstrate the upstream migration of a nick peimitk area
river depths. from the end of the 1964 channelization. Channelization created a
In comparing the 1990 bank-full channel widths with the 1959 smooth bottom profile that approximated the elevation of the

channel widths, it is apparent that Wolf River increased its width 1959 profile. The 1990 survey revealed that upstream of valley
upstream of valley km 8 after channelizatitfig. 6). km 16, the river bed entrenched as mush3am below the chan-

The 1990 data reveal that the cross-sectional area of Wolf Nel excavation, whereas downstream from valley km 16, the river
River did not change from 1959 in the lower 8 km of the river bed aggraded. It is also apparent that the bank elevation dimin-
(F|g 7) However, the cross-sectional area of the channel, up- ished between 1959 and 1990. Therefore, the Wolf River en-
stream from valley km 8, increased. trenched and apparently denuded its banks.

As Fig. 8 illustrates, in 1959 the Wolf River’s velocity in- Bank denudation is supported in Fig. 11. In the 1959 profile
creased slightly downstream, the 1990 velocity decreased down{Fig- 11(@)], the sand/silt contact was an average depth of 3 m
stream, and the river essentially doubled its velocity between Peneath the floodplain surface. However, in the 1990 priffilg.
these two years. 11(b)], the same contact was an average depth of only 2.1 m

Bank-full discharge generally increased downstream in 1959, beneath the floodplain surface. These observations are simplified
decreased downstream in 1990, and the river tripled its discharge2nd become more apparent using linear regression lines fit to the
between these two yea(Big. 9.

Fig. 4. Bank-full width and depth and calculated cross-sectional area
for 1959 and 1990 cross section at river km 17.2
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Fig. 8. Calculated Wolf River velocities at bank-full stage

To corroborate floodplain denudation, a difference grid was
profile data(Fig. 12. Floodplain denudation along the channel- created using spatial ground surface elevations from the 1965
ized portion of the Wolf River is supported by the very irregular USGS 7.5 minute quadrangles and 1988 survey data provided by
1990 bank profilgFig. 11(b)] and does not appear to be restricted Glenn McDaniel, of the U.S. Army Corps of Engineers. The 1965
to the banks of the river. The digital elevation model of Fig. 13 elevations are represented as contours and the 1988 as individual
illustrates a dissected floodplain surface along the channelizedpoints. To create the interpolated surfaces of each time period, a
reach, but no floodplain dissection upstream from the channeliza-TIN was created from the nodes and vertices of the 1965 contours

tion. and from the 1988 points. Using these TINs, elevations were in-
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contact between point-bar sand and overlying overbank (git:for

whereT,,=average cyclic shear stress that is approximately 65%
1959;(B) for 1990

of the maximum shear stress,,,,=peak horizontal ground sur-
face acceleration expressed dn(gravity); o,=total overburden
stress;o = effective overburden stress; ang=depth reduction co-
terpolated for a uniform grid of 30 meter cells covering the Wolf  fficient to account for flexibility of the soil column. For sites of
River floodplain in eastern Shelby County. Both a linear and a |iquefaction/no liquefaction, CSR is graphed as the dependent vari-

breakline bivariate quintic interpolation scheme were used to cal- gpje against X;),. (N1)go is @ modified standard penetration test
culate elevations at the uniform grid cell center. The interpolated (spT) blow count value calculated as

grid from 1988 was subtracted from the 1965 grid; thus positive

values indicate where denuding has occurred. Preliminary results (N1)go=Cn-N-ER/60 ®)

of denuded areas using the quintic interpolation did not differ where Cy=function of the effective overburden pressung;
much spatially when compared with the linear interpolation; how- =field value of standard penetration resistance; and ER is the
ever, an overall greater loss of overbank thickness occurred Withenergy ratio of the SPT system used to meawrysing |ique_

the quintic interpolation. Thus, to remain conservative the linear faction data from past earthquakes, empirical relationships indicate
interpolation was usedFig. 14. Fig. 14 shows that denudation  that a lower bound for liquefaction resistance can be constructed.
has occurred over most of the floodplain except for those areassuch relationships have been produced for varying earthquake mag-
where atrtificial fill was placed for roads and buildings and the njtudes by Seed and Idrig4982. These relationships are direct
spoil pile area along the channelized river. It is also possible, and nonlinear; however, at lower values of CSR and the
however, that thinning of the overbank occurred in pad areas prior relationship is nearly linear.

to construction filling. Field inspection revealed that denuded  To determine if liquefaction could occurN()e, can be calcu-
areas are not due to mining activity. lated from geotechnical boring records using E). Seed et al.
compiled ER data for various hammer systems and configurations
if specific values are not available. For a given value ®f)go,

the cyclic resistance ratilCRR) can be read from the liquefac-
tion resistance relationship for a specific magnitude earthquake.
Floodplain overbank thickness appears to have influenced lique-ysing Eq.(2), an earthquake-induced CSR can be estimated. If
faction susceptibility in Shelby County rivers. Broughton et al. CSR exceeds CRR, then liquefaction is probable.

(2001 note that thick overbank sediments appear to have sup-  For a hypothetical earthquake of constant magnitude and dis-

pressed liquefaction in the Loosahatchie River floodplain during tance to a given site, the first term in E&) can be considered a
1811-1812 liquefaction. An increase in liquefaction susceptibility constant(C) such that

due to the reduction in overbank sediment thickness is suggested , ,
by studying empirical liquefaction resistance relationships. These CSR=Thloo~C-04/04: Ty (4)

Effect of Reducing Overburden Thickness
on Liquefaction Potential
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Fig. 13. Digital elevation model of the Wolf River floodplain in eastern Shelby County; features labeled in@useam dissection of the
floodplain, (2) termination of 1964 channelization, development on Wolf River floodplain, and area illustrated in Fig. 14

Along the length of the Wolf River, the water table is within  Discussion and Conclusions
the alluvial overbank(Fig. 12, and this water table elevation
represents low water levels since the measurements were taken ifyolf River has undergone significant changes since 1959. A sum-
the fall (Parks 1990 Hence, seasonal fluctuations would resultin - mary of the changes in Wolf River between 1959 and 1990 in-
a water table higher in the overbank deposit, especially during the ¢|yde river straightening, doubled bed slope, reduced roughness
wetter seasons of winter and spring. Thus, removal of overbank csefficient, increased depth, near doubling of width, doubling of
deposits by denuding of the bank above the water table reduces,oss_sectional area, doubled velocity, and tripled discharge ca-

]E’Oth To zndao by thedsa}me quantity. Howeve(r],l tho(;{gh the dif- o city. The river responded to these changes in hydraulic geom-
erence between, ando, remain constant as denuding contin- etry by aggradation in its lower 16 km and entrenchment up-

uest,hthe rkatio Of(('.ﬁz/ gO) ingrglaf:;él'zerffgre, CIpor atﬁiven stream from valley km 16 to nearly the eastern edge of Shelby
earthquake maghitude and distay s loincrease as the over- County. Additionally, a nick point has migrated approximately
bank thickness decreases. Also increasing in(Byis the depth K f h L2 f th h
reduction coefficientyy;rqy is indirectly proportional to depth. 11.3 km upstream from the eastern termination of the 1964 chan-
d> d nelization. The Corps’ June 2000 report acknowledges that nick

For depths up to 9.1 ni30 ft), rq ranges between 1.0 and 0.9. . : . . .
Reduction of the overbank reduces the depth to potential Sourcepomt retreat has also occurred in the tributaries to the channelized
reach of Wolf River. Wolf River entrenchment has required pipe-

beds of sand, which in turn results in a highgr In addition, a . . i ) .
reduction in the effective overburden pressure is proportional to a In€ repairs and bridge repairs on Highway 51, Interstate 40, Sum-

decrease in the penetration resistariéeHowever,N; remains ~ Mer Avenue, Houston Levee Road, and it may undermine the
nearly the same becau€g, increases to compensate for the re- Collierville—Arlington Road bridge in Collierville if the nick
duction in penetration resistance. So whereas CSR increases boint retreat continueFig. 1). The U.S. Army Corps of Engi-
denuding of the banks, CRR does not change significantly, result-neers, in their June 2000 report, have proposed to install weirs in
ing in a greater potential for liquefaction. To determine conclu- Collierville to halt nick point retreat.

sively whether bank denudation has increased liquefaction poten-  The substantial widening and entrenchment of Wolf River be-
tial along the Wolf River would require quantitative field tween 1959 and 1990 may have been enhanced by increased run-
analyses. off due to basin urbanization, sand mining in the floodplain, and
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along the entrenched reach of Wolf River due to drying of the
floodplain. Entrenchment and the tripling of the river’s discharge
capacity appear to be responsible for the floodplain’s drying.
Thus, it requires a bigger, less frequent flood to top the river
banks and flow across the floodplain. Essentially, the entrenched
reach of Wolf River is bounded by a low terrace, which has al-
lowed building development. Although the roads and buildings
may not be subject to flooding, their location on unconsolidated
floodplain material makes them more vulnerable to liquefaction
during earthquakegYoud and Perkins 1978; Seed and Idriss
1982; Youd 1991 The 1988 water table profil@Parks 199D
indicates that even with channel incision, the basal sand source
beds that liquefied in a previous earthquake are still below the
water table(Fig. 12). However, assessing the degree of liquefac-
tion vulnerability is difficult. The structures are built on a pad of
sediment mined from the Wolf River floodplain. Liquefaction sus-
ceptibility of the floodplain sediment may be reduced because of
the weight of the padSeed and Idriss 196.7However, it must be
noted that liquefaction of fill sites on top of floodplains has been
documented in the 1923 Kwanto, Japan, 1931, Hawkes Bay, New
Zealand, 1960, Chile, 1964, Niigata, Japan, and 1968, Tokachi-
Oki, Japan, earthquaké¥oud and Hoose 1977

Contributing to the liquefaction susceptibility uncertainty is
the thinning of the silt overbank layer by erosion of the Wolf
River floodplain surfacéFig. 14). Additionally, incision by Wolf
River and its tributaries across the floodplain may make the flood-
plain more susceptible to lateral spreading during liquefaction
because of higher, less stable banks. Seismically induced lateral
spreading may also be enhanced by the excavation of borrow pits
and construction of pads on the floodplain. The original flat flood-

?rf'ofs, . 0'5 o Hel W and ttutaries plain now has more tma6 m ofrelief from the top of the pads to
0 025 05 1 Kilometers Bl o change the bottom of the water-filled borrow pits that may promote lat-
" | Gain eral spreading.

. . o In the 1960s, our society had different goals and objectives
Fig. 14. Areas along Wolf River floodplain in Germantown that have than today. At that time the Environmental Protection Agency did

undergone denudation bet\_/veen 1965 and 19.88 are shown in daﬂiwot exist and we did not have programs for protecting wetlands.
gray[Most areas that have increased in elevatiaght gray) are due In the 1960s, we were looking at growth and prosperity and in

to artificial fill (as indicated by roaglsand immediately along the - - ) .
Wolf River where spoil from the 1964 channelization was placed; the many areas of the Unlted States prodmg was causing distress to
. homeowners and businesses. This study has brought many of
roads are 2001 data so denuded areas that contain roads have beefﬂese issues to the forefront. It is true Wolf River channelization
filled since 1988; area of figure outlined in Fig.]13 - ) o .
has reduced flooding, but channelization has also damaged habi-
tats, bridges, and pipelines and has allowed development on its
floodplain. Roads, motels, and homes have been built on a flood-
lowering of the Mississippi River flow, but we believe the wid- plain that has liquefied in the past. Thus, channelization has per-
ening and entrenchment were caused primarily by the 1964 chan-mitted development on a floodplain that has a very high liquefac-
nelization because the dramatic changes to the Wolf River havetion susceptibility (Van Arsdale et al. 1998; Broughton et al.
occurred in the channelized reach and immediately upstream2001) and that might have become even more susceptible as a
where the nick point has retreated. Furthermore, channelizationconsequence of the channelization and development. River chan-
doubled the velocity of the Wolf River flow that would cause nelization and subsequent floodplain development is certainly not
scouring of the channel bed. As the channel entrenched, it ex-unique to Wolf River and Shelby County, Tennesg&mon
posed a thicker section of noncohesive and easily eroded point-1994; Knighton 1998 Within the United States between 1930
bar sand in the lower bank&ig. 11). We believe the unstable and 1980 over 26,500 km of rivers had been channelized
banks collapsed, causing the channel to wid&horne et al. (Brookes 198% This study has shown how important it is to take
1981, and that the high velocity river transported the sand and a holistic approach to multihazard decision making in the future.
silt downstream where some of the sand apparently was depositedn this case, flooding was controlled by channelization as planned,
on the channel floor near the mouth of the Wolf Ri¥&imon allowing for significant growth and development of homes and
1994). businesses along Wolf River and its tributaries without flood
The purpose for the 1964 channelization of the Wolf River was losses; however, the multihazard side-effect is that these same
flood control(Simon and Hupp 1992This it has done. However, = homes and businesses were placed in an area subject to liquefac-
it is clear based on today’s environment that there have beention and lateral spreading, and channelization of Wolf River may
multihazard and cultural trade-offs in order to develop the Wolf have increased this potential. We learn from our experiences. It is
River floodplain for housing and business use. For example, theclear that liquefaction has occurred in the past along the Wolf
Corp’s June 2000 report documents wetlands habitat destructionRiver floodplain and will occur in the future. Based on this study,
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it appears that floodplain alteration can have an impact on the

Civil Engineers ASCE, Reston, Va., 1248-1266.

liquefaction and lateral spreading potential in seismically active Parks, W. S(1990. “Hydrogeology and preliminary assessment of the

areas and that more-detailed geotechnical studies should be un-

dertaken to quantify the effects of floodplain alteration.
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