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Abstract: In November 2004, a team from the U.S. Army Engineer
Research and Development Center conducted a ponding test on a reach of
the Retamal levee in the Lower Rio Grande Valley to simulate performance
of the levee during a flood event. The work was performed for and with the
assistance of the International Boundary and Water Commission,

U.S. Section, on a levee reach with a significant number of surface cracks.
Surface cracking of the levee was caused primarily by drought conditions
as they affected expansive clay soils where total annual rainfall, in south
Texas, was less than 20 in. (0.5 m) for several years between 1998 and
2003. Geophysical monitoring of the levee provided important informa-
tion about levee performance during a maximum flood event and mea-
sured changes in moisture in clay soils in the levee. Various types of state-
of-the-art electrical and seismic methods were appraised to monitor seep-
age caused by floodwater ponded against the levee. Seismic methods are
especially attractive for levee screening, as velocity data from shear and
body waves correlate directly to engineering properties that measure shear
strength of soils. Seismic data indicated the higher rainfall in 2004 posi-
tively affected the core of the levee. Measurable increases in the seismic
velocity of both body and shear waves were observed in 2004, compared
with conditions in 2003, near the end of the drought period. Velocity
values prior to the flood test in 2003 were much lower, likely caused by a
levee core that was internally cracked and caused slower P- and S-wave
velocities. Shear-wave velocity measured by multi-channel analysis of
surface waves increased slightly and was the property most significantly
affected by the increased water content, and the material property most
sensitive to changes occurring during the levee-ponding experiment.
Electrical methods were valuable for monitoring changes in soil moisture
and possible seepage through the levee and the foundation. Self-potential
surveys indicate that there was no measurable seepage through internal
cracks in the levee or the foundation. Instead, electrical resistivity mea-
surements identify a gradual change in soil moisture in the levee from a
wetting front. This front increased soil conductivity along the riverside
levee crest, but did not extend much beyond the landside crest or mid-
slope. Surveys were performed using ground penetrating radar but did not
penetrate beyond 1 to 2 m because of the soil conductivity. Results of the
field testing of a flood event against the Retamal levee are favorable from
an engineering perspective. The levee performed as designed, without any
through-seepage or piping.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes.
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not to
be construed as an official Department of the Army position unless so designated by other authorized documents.
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Executive Summary

The performance of Retamal levee, Lower Rio Grande Valley, was tested by
simulating a flood against the levee using a man-made temporary pond. The
levee segment chosen for this test had given anomal ous geophysical signatures
during airborne surveys, suggesting that the segment was constructed of highly
permeable materials. Ground-truthing had proven that the segment was con-
structed appropriately of clay-rich soil but that the levee was extensively cracked
by shrinkage of the soil during an 11-year drought.

The simulated flood test demonstrated not only that the levee segment
performed as designed during flood conditions, but also that the cracks
effectively “healed” when the water content of levee soils was increased. The
simulated flood test was monitored during this study by use of several ground-
based geophysical techniques. These techniques also were evaluated for their
potential for rapid ground-based assessment of levee condition.

Significant differences were noted in the physical conditions of Retamal
levee between October 2003, when atrench was cutfor ground-truthing, and
November 2004, when the ponding study was completed. In October 2003, sur-
face cracking in some reaches of Retamal were visible and extensive. Results of
the airborne electromagnetic conductivity survey data, the trench study, and
seismic baseline surveys indicated the Retamal levee contained sections that were
internally desiccated, with significant surface cracking. Surface cracks at Retamal
levee were observed to be concentrated primarily in areas where soils from
borrow pits in abandoned Rio Grande oxbows were used. Besides the link to
borrow pits and the geologic environment, surface cracking may result, in part,
from the higher fill volumes needed to build across these topographically low
areas, or from their softer levee foundations. This condition was caused by
regional drought in the Lower Rio Grande Valley (LRGV).

Surface cracking of levee soils (which were expansive clays) was caused pri-
marily by drought conditionsin the LRGV, where total annual rainfall was less
than 20 in. Drought conditions began in the LRGV in 1998, and ended in the
latter part of 2003. Airborne geophysical surveys of LRGV levees, trenching at
Retamal levee, and preliminary seismic surveys were performed at the end of this
drought cycle. Normal rainfall conditions resumed in late 2003, and continued
throughout 2004, with annual rainfall above 25 in. Prior to the levee-ponding
study in November 2004, ample rainfall hydrated the clay soilsin the levee, and
effectively “healed” the surface cracking problem that was visible in |ate 2003.
Annual rainfall below 20in. inthe LRGV is considered problematic for levee
soils, especially if drought conditions persist over several years.

Geophysical monitoring of the flood cycle provided important information
about levee performance during a maximum flood event. Several state-of-the-art
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electrical and seismic methods were appraised. Seismic methods are especially
attractive for levee screening, as velocity datafrom shear and body waves
correlate directly to engineering properties that are related to the shear strength of
soils. Seismic dataindicate the higher rainfall in 2004 improved the structural
integrity of the core of the levee by closing desiccation cracks. Measurable
increases in the seismic velocity of both body and shear waves were observed in
2004 as compared with 2003 data. Velocity values from 2003 surveys were much
lower, likely caused by alevee core that was internally cracked, resulting in
slower P- and S-wave velocities.

Results of the seismic data indicate the higher rainfall in 2004 increased the
shear strength of the levee soils as determined by MASW (multi-channel analysis
of surface waves) analyses of Rayleigh waves. Shear-wave velocity calculated
from surface-wave energy using the MASW method was sensitive to changesin
soil moisturein the levee. Filling of the test pond caused slight increasesin Vs
valuesinitially, probably as aresult of hydration of the clay levee with a corre-
sponding increase in soil density. The Vs measured by MASW was the property
most significantly affected by the increased saturation and the material property
most sensitive to changes occurring during the levee-ponding experiment. The
property Vp was least sensitive to changes in water height during the ponding
experiment.

Results of LRGV studies using seismic methods indicate that use of towable
land streamers is more time efficient then installing geophones for rapid seismic
assessment. However, better understanding of the near-surface seismic datafrom
the LRGV isrequired before data acquisition using land streamersis possiblein a
production-type collection effort. Ultimately, this rapid method of data acquisi-
tion will be able to provide cost efficiency in sampling and data processing for
the number of levee miles surveyed.

Electrical methods were valuable for monitoring changes in soil moisture and
possible seepage through the levee and the foundation during the controlled
ponding of water against the levee. An automated self-potential monitoring
system, using four lines of detectors, identified no measurable fluid flow through
the levee or in the upper foundation. SP data did not indicate significant seepage
through the levee or in the foundation through internal cracks. Surface cracks
were healed at the beginning of the flood test as described above from ample
rainfall prior to the test. Surface cracks that were visible during the previous
calendar year were potential pathways for seepage into the levee and into the
levee core.

Electrical resistivity measurements identify a gradual change in levee sail
moisture during a maximum flood cycle. Resistivity measurementsidentify a
wetting front that caused a decrease in the soil resistivity in the levee nearest the
pond face. Resistivity data from the upstream crest line clearly identify an
increase in conductivity or adecrease in resistivity with time from increased soil
moisture across the levee that is associated with the rise in water height. This
change in electrical resistivity extendsto the landside midslope, and is observed
only at the levee foundation. The decrease in resistivity caused by awetting front
at the base of the levee does not extend into the levee embankment at the mid-
slope or beyond at the levee toe. The wetting front produced an increase in the
soil density and levee shear strength as measured by the seismic shear-wave data.



Ground penetrating radar surveys were performed during the flood test, but
the method was unable to penetrate beyond 1 to 2 m into the levee because of the
conductive nature of the levee soils. Consequently, this survey technique did not

identify or resolve any large-scale cracks that might be located in the body of the
levee.

XV



1 Introduction

Background

The U.S. Section of the International Boundary and Water Commission
(IBWC) and the U.S. Army Engineer Research and Development Center (ERDC)
undertook a condition assessment of 270 miles of the Lower Rio Grande Valley
(LRGV) levee system in 2001 (Dunbar et al. 2003). Results of this study and
field studies to determine the properties of levee soils indicated anomal ous condi-
tions for the Retamal levee (Dunbar et a. 2004). An exploratory trench into the
Retamal levee (Figure 1) in October 2003 showed a levee that had undergone
drying and internal desiccation of soilsasaresult of 11 years of drought in the
LRGV (Dunbar and Ballard 2003; Appendix A). These conditions are consistent
with the geophysical signatures that were obtained from earlier airborne surveys.

Results of the trench study prompted the IBWC to perform an experiment
that involved building a pond against a 50-ft reach of Retamal levee to simulate
flooding, and simultaneously monitor the levee for internal seepage using several
geophysical methods over the entire flood cycle. The flood simulation or ponding
experiment was designed to replicate a maximum flood event against the levee to
determine the behavior of the levee and to determine how flooding affects the
properties of the levee soils. The flood-simulation test was performed during the
period 8 to 16 November 2004.

Purpose and Scope

This report describes the results of aflood-simulation study conducted
against the Retamal levee during the period 8 to 16 November 2004. Mgjor
guestions addressed by the flood-simulation study concerned the performance
and stability of the levee under flood conditionsin view of the magnitude of
drought-induced cracking over the past 11 years. The reach of |evee selected for
testing was considered representative of general conditions along Retamal levee.
Specific questions to be addressed by the test were these: (a) will the levee hold
water as designed, (b) will the flood cause seepage, (c) will the cracks within the
body of the levee heal themselves as the clay soils hydrate with the introduction
of floodwater, (d) will piping of levee soils occur, and (€) how does water move
through the levee during flooding? To answer these questions, geophysical
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monitoring of atest reach at the Retamal |evee was conducted during the rise and
fall of adesign flood. Raising and lowering of the flood stage was based on a
design hydrograph for this event. Activities performed during this study include
geological site characterization, various types of geophysical surveysin the study
area, reduction and analyses of data, and preparation of areport documenting
study methods and findings.

Study Area

The study areaislocated in Hidalgo County, TX, on the San Juan SE, TX,
7-1/2-min USGS topographic map. Work during this study was performed only
on the U.S. side of the Rio Grande, and mainly on the Retamal levee (Figure 1).
Retamal levee extends from Dona Pump to Retama Dam. During this study,
stratigraphic and seismic data were collected from five areas. two areas |located
along the north and south levees of the Main Floodway, and three areas at
Retamal levee (Figure 1). Data from the Main Floodway (i.e., Seismic 3 and 4)
were obtained for comparison with similar data collected from Retamal levee,
which areidentified as the Test Pond site, Seismic 1, and Seismic 2.

A trench across the Retamal levee islocated at SJ-TX-01/02 (see Figure 1).
A trip report describing methods and findings from the trench study across the
Retamal levee at thislocation is presented as Appendix A (Dunbar and Ballard
2003). Locations selected for study in Figure 1 were based on data obtained from
airborne geophysical surveys, particularly soils conductivity measurements made
from helicopter electromagnetic induction surveys of the levee. These dataindi-
cated that the Retamal levee soils were anomalous, as they showed low conduc-
tivity signatures for levees constructed mainly of clay (which normally has high
conductivity characteristics).

Approach

A primary consideration for locating the test pond was to select a severely
desiccated reach, and simulate a design flood against the levee at this location to
test the integrity of the levee. Site selection for the test pond was performed by
ERDC and IBWC in December 2003 following the results of the trench study. A
visual inspection of the Retamal levee was performed, based on the airborne con-
ductivity data, to select possible sites for the test pond. Three locations at
Retamal |evee were selected as candidates for possible testing. Geotechnical
borings were drilled at each location identified in Figure 1 to obtain soil samples
for laboratory testing to determine specific engineering properties of the soils,
and seismic surveys were performed to characterize the bulk physical properties
of the levee at each area. A final site was selected in June 2004, near the location
of the trench, and a pond was built by the IBWC in November 2004, approxi-
mately1.5 km (0.96 mile) downstream of Dona Pump (Figure 1 and Figure 2).
During the ponding phase of the study, concurrent geophysical monitoring was
performed, which involved different types of electrical methods and seismic
surveys.
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2 General Setting

Introduction

General background data about the Retamal levee were collected and evalu-
ated to better understand the characteristics of the levee system, to determine the
physical properties of the levee, and to accurately interpret the results of the
investigation. Information on the geologic setting of the floodplain, levee con-
struction, surface topography, and climate history was collected and is presented
in this section to document the levee conditions prior to and during the time of
the airborne geophysical survey, and at the time when the flood-simulation study
was conducted.

Floodplain Setting

The test site is located within the Rio Grande floodplain (blue area aong
river in Figure 1). It islocated at the upstream arm of a historic Rio Grande
oxbow (i.e., Longoria Banco, No. 39) that was cut from Mexico in 1872
(Figure 2). The levee was built across this oxbow as shown by Figure 2 (center).
Land on theriverside of the levee is actively farmed where the old Rio Grande
channel once flowed, and which has been subsequently filled with sediment
(Figure 2). The oxbow serves as water storage for irrigation and recreation.
Retamal dam and levee derive their name from the Ratamal Banco (No. 105),
located downstream from Longoria Banco (Figure 2), cut from Mexico in 1919
under the Treaty of 1905. Throughout historic time, the Rio Grande has actively
migrated across this part of its floodplain. Retamal leveeislocated in point bar
deposits that are intersected by numerous abandoned Rio Grande channels.

Retamal Levee Construction

Retamal levee is approximately 4.3 m (14 ft) tall at the test pond site. Levee
slopes are defined by the ratio of one vertical to three horizontal (1V:3H), pic-
tured in Figure 3 and Figure 4. Retamal |evee and dam were constructed in 1973
to 1974, after Hurricane Beulah struck the south Texas coast in September 1967.
Retamal |evee and dam were constructed to divert 40 percent of a design flood
into the Mexican Floodway, and limit the discharge of a design flood to only
20 percent into the Rio Grande channel below the dam. Banker and
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Figure 3. View of Retamal levee looking east toward test pond site (approximate
location of semi-truck)

Figure 4. View looking west at landside toe of levee. Location corresponds to
test pond site. Levee is approximately 4.3 m (14 ft) tall at this location
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Main Floodways on the U.S. side are regulated by Anzalduas Dam (see Figure 1
for location), and remove 40 percent of a design flood from the Rio Grande and
discharge this volume into the Gulf viathe Arroyo Colorado and North
Floodway. No floodwaters have been held against the surface of Retamal levee
since its construction in the 1970s.

Borrow Pits and the Soils for Levee Construction

Soils to build the levee were derived from nearby borrow pits as shown by
IBWC construction drawings no. 19381 through 19386 (Figure 5 and Figure 6).
Old Rio Grande oxbows and natural levees along the right-of-way were a pri-
mary source for borrow material to build the levees. The reach of levee at the test
pond site was built from soils obtained from Borrow Areas 2 and 3 (Figure 6),
which iswithin the Longoria Banco. Construction drawings Nos. 19381 through
19386 identify the locations of the different borrow pits used to build the levee
along its right-of-way, and identify soil types from shallow borings made in the
pits. According to construction drawing no. 19382, the levee at the test pond
reach was built mainly of CH soils (Unified Soils Classification System, USCS).
A construction photograph is presented as Figure 7.

Original Land Surface Beneath the Retamal Levee

In addition to showing the borrow pit locations and soil types, the drawing in
Figure 5 identifies the original land surface topography, and the height that the
levee was raised over the abandoned channel. The abandoned channel wasfilled
nearly 21.5 ft, from elevation (el) 75.0 at the lowest point in the old channel
aong the levee center line, to about el 96.5 ft at its design height. The old
channel was approximately 10 to 12 ft lower in elevation than the surrounding
land surface. The width of the old channel from the profile data shown in
Figure 5 was approximately 400 ft.

Annual Rainfall Data in the LRGV

Drought conditions were reported by IBWC during the 11 years preceding
2004 for the LRGV to account for the severe cracking and desiccation of their
levees. Rainfall records are presented over the long and short term in Figure 8
and Figure 9 for the Brownsville area, alocation that is representative of the
LRGV, and which contains long-term historic rainfall data. Figure 8 presents a
128-year record, dating back to 1871 (from the National Oceanic and
Atmospheric Administration (NOAA), National Weather Service Forecast Office
(NWS), 2005; see http://www.srh.noaa.gov/bro/). Figure 9 presents a 14-year
record beginning with 1990. Historically, the average annual rainfall for the
Brownsville area has been 26.71 in./year.
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Figure 7.

Retamal levee construction photo from October 1973 with view looking west
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Brownsville, TX, Average Annual Rainfall
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Figure 9.  Annual rainfall (in inches) for Brownsville, TX, between 1990 and
2004. PDO cool cycle that began in 1996 (see Figure 8) contains
3 years with rainfall below 20 in., and 1 year below 25 in. (data from
NOAA, NWS 2005)

Examination of the 128-year annual rainfall record in Figure 8 identifies vari-
able annual rainfall during historic times and a possible new climate trend,
caused by the warm and cool phases associated with the Pacific Decadal
Ogcillation (PDO). The PDO isarecently discovered, decades-long (i.e., 20- to
30-year length) oscillation in surface water temperatures in the Pacific Ocean.
Results of the multidecade-long fluctuation in surface water temperature cause
impacts to climate over the continents (Hagan 2005). It has been suggested by
climatologists that the PDO in the Brownsville areais shifting toward the cool
phase, which resultsin overall warmer winter temperatures and a corresponding
increase in drought for the southwestern United States. Since 1871, there have
been 27 years during which the total yearly rainfall was lessthan 20 in., and 24
of those years occurred when the PDO was in the cold phase (Hagan 2005).

As shown by Figure 9, rainfall data after 1996 contain 3 years that were
below 20 in. (i.e., 1998, 2000, and 2001), 1 year was between 20 and 25 in. (in
1999), and the remaining years were above 25 in. In summary, during the cool
phase of the PDO, rainfall has been 20 percent less than during the warm phase,
with an average annual rainfall at Brownsville during the cold phase at 24.07 in.,
and 29.79 in. during the warm phase (Hagan 2005).

Monthly Rainfall Data in the LRGV

Airborne geophysical surveysto support the condition assessment of IBWC
leveesin the LRGV were flown in late June and early July 2001, which corre-
spondsto adry year in Figure 9. Additionally, the survey was flown at the end of
a4-year period with lower than average rainfall. Low conductivity signatures
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were generally associated with the recently constructed (early 1970s) Retamal
levee reach. This reach includes levees constructed of clay soils that were
cracked and desiccated, according to ground-truth borings and trenching con-
ducted in late 2003. This physical condition of the leveesislikely responsible for
the low conductivity signatures associated with the airborne survey of the
Retamal reach. Trenching across Retamal |evee was performed in October 2003,
during awet year (see Figure 9), and it was observed that surface cracking was
severe and had extended into the body of the levee (see Appendix A for infor-
mation). However, during the construction of the pond, and during the test of
levee performance in November 2004, it was observed that surface cracking was
less severe than had been reported in 2003.

Monthly rainfall datafrom the LRGV were examined to help resolve the dif-
ference in apparent soil moisture conditions, and the impact to the levee. Specifi-
cally, cracked conditions were noted for Retamal |evee during the airborne sur-
vey and during the trench study (Appendix A). However, surface cracking was
generaly absent during the flood-simulation study. Monthly rainfal totals for the
Brownsville area are presented in Table 1 for the past 29 years. Monthly rainfall
in 2004 was generally evenly distributed, compared with the preceding years. It
is concluded, based on data presented in Table 1, that abundant rainfall in 2004
had hydrated the levee soils to heal the surface cracks that were present in
October 2003. During 2004, rainfall amounts were above the 134-year average
for 5 months (i.e., Jan, Mar, Apr, May, Jun), 2 months were almost the same (i.e.,
Nov, Dec), and 5 months were slightly below (i.e., Feb, Jul, Aug, Sep, Oct).

Information presented in Table 1 suggests that the soil hydration process for
the surface cracks (as well as the body of the levee) was not rapid, but may have
taken place over several months. It is noteworthy that, 1 month prior to the trench
being cut at Retamal levee in October 2003, Brownsville recorded 15.13 in. of
rainfall for the month of September 2003, almost 10 in. above the 134-year
average for this month (Table 1). Two mgjor rainfall events occurred in Sep-
tember 2003 during two separate 24-hr periods. 3.60 in. on 14 September 2003
and 5.24 in. on 19 September 2003. The trench was cut less than 3 weeks after
the second magjor rainfall event. The trench was cut on 7 October 2003, and still
contained some surface and internal cracking. However, it was observed during
the trenching study that the upper 30 cm (~1 ft) of the levee was not as severely
cracked as the body of the levee.

Table 1 indicates that rainfall was above the average after June 2003, and
generaly continued to the time of the flood test in November 2004, especially
during the winter months of 2004. In contrast, between January 1996 and June
2003, there were 66 months during which rainfall was below the average
monthly rainfall amount. During this period, there were only 25 months that were
above the average. As shown by Table 1 and Figure 9, the time period between
1998 through June 2003 was an extremely dry interval with low monthly rainfall
totals recorded.
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Table 1

Monthly Precipitation Data for Brownsville, TX, Weather Station from January 1975 to
December 2004

Precipitation (in.) 2004 Brownsville, TX (BRO)

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Annual
1975 [ 0.60 [ 0.09 [ 0.01 0.01 [ 222 | 219 [ 478 [ 956 | 4.77 051 [ 166 | 2.17 [2857
1976 | 048 | 003 | 1.28 571 | 495 | 080 | 943 | 335 | 2.85 845 | 249 | 1.32 [41.14
1977 [ 124 [ 137 | o012 6.62 | 076 | 472 | 027 | 1.27 | 284 2.87 | 407 | 014 [26.30
1978 [ 1.94 [ 129 |o0.01 239 | T 225 | 039 | 320 | 828 | 445 | 0.82 | 1.86 |26.88
1979 [ 143 [ 110 | o0.14 391 | 059 | 152 | 210 | 525 | 884 118 | 012 | 2.04 [28.22
1980 [ 105 | 174 |o0.28 001 | 178 | 002 | 146 | 729 | 1.48 226 | 250 | 1.90 [21.77
1981 [ 179 | 076 | 3.47 034 | 588 | 229 | 2.65 | 447 | 5.05 247 | 033 | 075 [30.25
1982 [ 004 | 075 |o0.19 408 | 912 [ 018 [T 1.04 | 242 163 | 311 | 2.70 [25.26
1983 [ 110 | 262 | 0.61 T 141 | 178 [ 611 | 234 | 861 253 | 052 | 048 [2811
1984 | 479 | 042 |013 T 6.18 | 244 | 159 | 180 |20.18 | 093 | 0.02 | 1.85 [40.33
1985 | 149 | 054 | 0.40 191 | 421 | 647 | 418 | 210 | 604 | 404 | 102 | 042 [32.82
1986 | 107 o021 |T 087 | 289 | 372 [ 035 | 214 | 1.71 461 | 769 | 242 [27.68
19087 | 246 | 226 | 058 139 | 152 | 478 | 164 | 073 | 470 | 444 | 383 | 0.42 |28.75
1988 [ 3.97 | 153 | 1.42 T 025 | 286 | 100 | 256 | 7.48 180 | 014 | 0.07 [23.08
1989 [ 1.94 | 008 | 017 3.83 | 123 | 235 | 213 | 1.25 | 2.46 3.06 | 093 | 1.73 [21.16
1990 [ 058 | 056 | 0.81 155 | 272 | 108 | 153 | 2.87 | 3.90 229 | 091 | 005 [18.85
1991 | 047 [ 250 | 002 |10.35 | 297 | 1.93 | 2.26 | 0.89 | 557 333 | 015 | 1.18 [31.72
1992 [ 350 | 199 |o0.12 415 | 555 | 150 | 040 | 371 | 3.62 085 | 561 | 0.85 [3185
1993 [ 179 | 286 | 1.68 034 | 364 | 672 | T 0.04 | 1.93 469 | 125 | 229 [27.23
1994 [ 201 [o044 | 184 071 | 125 | 332 | 015 | 339 | 4.09 391 | 142 | 159 [24.12
1995 [ 064 | 057 | 064 013 | 017 | 582 [ 007 | 825 | 2.12 8.82 | 1.83 | 0.98 [30.04
1996 [ 006 015 |T 050 | 008 | 001 | 065 | 577 | 857 | 1149 | 066 | 0.77 |28.71
1997 [ 061 | 042 |594 478 | 206 | 147 [ T 1.80 | 477 [ 1303 | 087 | 0.46 |36.21
1998 [ 037 | 172 | 062 004 | T 030 | T 136 | 7.82 359 | 3.72 | 029 [19.82
1999 [ 026 | 149 | 3.01 014 | 359 | 230 | 1.86 | 2.61 | 3.99 069 | 277 | 032 [23.03
2000 [ 0.85 [ 0.19 | 2.89 039 | 187 | 085 | 028 | 429 | 0.66 271 | 041 | 1.10 [16.49
2001 | 048 | 143 | 0.36 110 | 049 | 221 | 181 | 1.80 | 3.25 036 | 242 | 1.02 [16.73
2002 [ 009 098 |0.22 064 | 196 | 188 | 084 | 1.87 | 6.04 831 | 422 | 1.24 [28.29
2003 [ 069 |055 | 056 041 | 019 | 324 | 258 | 2.74 [15.13 6.90 | 044 | 031 [33.74
2004 [ 184 | 079 | 3.63 2.85 | 537 | 319 | 038 | 2.35 | 4.05 198 | 1.82 | 1.46 [29.71
POR=
134yr | 137 | 129 | 1.07 153 | 256 | 273 | 176 | 2.65 | 554 340 | 1.80 | 147 [27.17
WBAN : 12919
Observations on Levee Desiccation
Historic rainfall data examined in this study indicate that, prior to the test
pond experiment in November 2004, the LRGV area had experienced severe
drought conditions, especially during the period between 1996 and the end of
2003. A primary consideration for locating sites for seismic testing, aswell asthe
selection of the test pond areain December 2003, was to select a severely desic-
cated reach to test. Surface cracks were confined primarily to the reach of
Retamal levee that had been constructed of soils obtained from the borrow pits
that were located within abandoned Rio Grande oxbows. Levees built of natural-
levee soils, such as the reach of levee built from Borrow Area 1, were generally
not as severely cracked. It islikely that higher plasticity soils, differencesin clay
mineralogy between natural-levee soils and those obtained from Rio Grande
Oxbows, and/or perhaps increased thickness of fill across deep oxbow reaches
may have contributed to the increase in desiccation, compared with other reaches
aong the Retamal levee. Engineering properties of the levee soils are examined
in the next section to address these questions and better understand the levee
desiccation observed in some areas and not others.
14 Chapter 2 General Setting



3 Geotechnical Data

Floodplain Geology

A basic summary of the floodplain geology is important for evaluating the
engineering properties of the levee soils and for understanding the reasons for
selecting locations for geotechnical borings. A geologic map and cross section is
presented in Figure 10 and Figure 11. The cross section extends across the Rio
Grande floodplain, from Retamal levee and northward to Dona, TX (see Figure 1
and Figure 10 for section location). This geologic section extends across the
Main Floodway. Theriver's floodplain contains Hol ocene-age deposits (less than
10,000 years) and deposits of Pleistocene age (between 10,000 and 2 million
years old) formed by the Rio Grande. Retamal levee islocated upon point bar
deposits, while the Main Floodway islocated on flood basin deposits. Bordering
the floodplain to the north at Dona are terrace deposits, which represent an older
floodplain surface that occurs at a higher elevation than the present floodplain.

Point bar deposits are formed by the migration of theriver acrossits flood-
plain. LRGV boring data in the San Juan East area identify typical point bar
deposits as containing a fine-grained (silt and clay) top-stratum, between 5 and
10 ft thick, and a much thicker, coarse-grained (fine to coarse sand and gravel)
substratum that extends to the depth of the river that formed these deposits
(Dunbar et al. 2003). Substratum deposits generally become finer grained
upward, because of the decrease in capacity of the river to transport larger grain
sizesin the channel. The cross section in Figure 11 shows the difference in thick-
ness between the top stratum and the thicker substratum based on available
boring data. Additionally, the section shows the difference in top stratum thick-
ness between point bar and flood basin deposits. Flood basin depositsin
Figure 10 are significantly thicker than point bar deposits.

Flood basin deposits accumulate in low areas that border the river, and
receive fine-grained (clay) sediments during major flood events, when the river
overtops its banks and carries these sediments to the distal portions of its flood-
plain. Present within the floodplain are abandoned channels and courses of the
Rio Grande that were cut from the main channel by river migration or by human
activity (Figure 10). Natural-levee deposits occupy that portion of the floodplain
that is adjacent to the main channel, and form as a consequence of overbank
deposition during floods. These deposits form prominent banks near the edge of
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(orange), flood basin deposits (light green), and Beaumont Formation (dark green). Dunes deposits (grey) are present
in northern part of area covering the Beaumont and Lizzie Formations
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the river channel, are usually coarser grained (silt and fine sand), and become
finer grained (silt and clay) with distance from the river. Borrow material to build
the levees that form the IBWC flood-control system was derived locally from
these different depositional settings.

Geotechnical Borings

Identified on Figure 1 are the locations of six borings that were drilled in
support of geophysical and geologic studies for the Retamal levee. Two borings
were drilled on the north and south levee of the Main Floodway (identified as
Seismic 3 and 4), and four borings were drilled at Retamal levee. Two of the four
borings drilled at Retamal |evee were in support of the trench study. Borings
were drilled by Alpha and Omega, San Antonio, TX, with an ERDC geologist
logging the soils and identifying samplesto be submitted for laboratory testing.
Borings at the trench site (SJTX-01 and 02) were drilled on 7 October 2003,
while the remaining four borings were drilled on 2 December 2003. Field boring
logs from the six borings that were drilled for this study are presented in
Appendix B.

Laboratory Soil Testing

Selected soil samples from five borings were submitted for laboratory soil
testing. Only samples from the one trench-site boring (SJ-TX-02) were submitted
for laboratory soil testing. Laboratory soil testing involved determination of the
physical or engineering properties, clay mineralogy, and soil chemistry. Three
|aboratories were used to determine soil properties and report test results.

Laboratory testing for the engineering properties was performed by Drash
Consulting Engineers, Inc., Pharr, TX, a Corps of Engineers-certified soils
testing laboratory. Soil test results are summarized in Table 2 and presented in
Appendix C. Seventy soil samples were submitted for testing. Soil test results are
reported using the USCS and American Society for Testing and Materials
(ASTM) standards. Testing involved determination of USCS soil classification
(ASTM D 2487), natural moisture content (ASTM D 2216), Atterberg Limits
(ASTM D 4318), particle size analysis (ASTM D 421 and D 422), and density of
soil in-place by the drive cylinder method (ASTM D 2937). Lithology logs for
each boring, along with the laboratory test values are presented in Appendix B
(Note: Boring B1, B2, B3, and B4 corresponds to Seismic 1, 2, 3, and 4,

respectively.)

Determination of the clay mineralogy of levee soils was performed by
Dr. David Patrick and Patrick Bourne from the Geology Department, University
of Southern Mississippi (USM), Hattiesburg, MS, using X-ray diffraction (XRD)
procedures. Clay mineralogy affects the engineering properties of fine-grained
soils by causing volume changes under different moisture states.

Chapter 3 Geotechnical Data
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Table 2
Laboratory Soil Test Data from IBWC Levees
Fraction

Sample Moisture Unit Dry Liquid Plastic Plasticity Passing Silt Clay Fraction
Sample Depth Content Weight Limit Limit Index No. 200 Fraction (< 0.005 mm)
Identification (ft) (%) (pcf) (%) (%) (%) Sieve (%) (%) (%) USCE Soil Classification
B-1, S-1 1 13 114 LEAN CLAY (CL)
B-1, S-2 2 13 LEAN CLAY (CL)
B-1, S-3 3 11 118 35 20 15 LEAN CLAY (CL)
B-1, S-4 4 15 113 34 18 16 96 48 38 LEAN CLAY (CL)
B-1, S-5 4.5 13 LEAN CLAY (CL)
B-1, S-6 5 14 110 32 19 13 LEAN CLAY (CL)
B-1, S-7 5.8 15 LEAN CLAY (CL)
B-1, S-8 6.8 15 106 41 20 21 LEAN CLAY (CL)
B-1, S-9 7.4 12 LEAN CLAY (CL)
B-1, S-10 8.1 12 113 42 19 23 95 47 48 LEAN CLAY (CL)
B-1, S-11 10 16 LEAN CLAY (CL)
B-1, S-12 10.7 12 106 34 19 15 LEAN CLAY (CL)
B-1, S-13 11.5 11 94 LEAN CLAY (CL)
B-1, S-14 12.3 11 110 29 SILTY SAND (SM)
B-1, S-15 13.2 10 12 SILTY SAND (SM)
B-1, S-16 13.7 6 SILTY SAND (SM)
B-1, S-17 14.3 8 SILTY SAND (SM)
B-1, S-18 15.3 5 41 SILTY SAND (SM)
B-2, S-1 1 21 107 LEAN CLAY (CL)
B-2, S-2 1.6 21 LEAN CLAY (CL)
B-2, S-3 3 20 105 40 20 20 96 45 49 LEAN CLAY (CL)
B-2, S-4 5 21 29 LEAN CLAY (CL)
B-2, S-5 5.7 10 SILTY SAND (SM)
B-2, S-6 7 25 102 54 25 29 97 40 57 SILTY SAND (SM)
B-2, S-7 8.6 22 CLAY (CH)
B-2, S-8 9.2 18 100 45 20 25 CLAY (CH)
B-2, S-9 9.7 20 CLAY (CH)
B-2, S-10 10.6 21 104 56 24 32 CLAY (CH)
B-2, S-11 10.9 23 CLAY (CH)
B-2, S-12 11.5 15 109 LEAN CLAY (CL)
B-2, S-13 12.4 14 LEAN CLAY (CL)
B-2,S-14 12.9 17 LEAN CLAY (CL)
B-2, S-15 14.6 17 104 55 25 30 97 36 61 CLAY (CH)
B-2, S-16 16.2 28 54 23 31 CLAY (CH)
B-2, S-17 16.9 30 CLAY (CH)
B-2, S-18 17.4 28 94 CLAY (CH)

(Continued)
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Table 2 (Concluded)

Fraction
Sample Moisture Unit Dry Liquid Plastic Plasticity Passing Silt Clay Fraction

Sample Depth Content Weight Limit Limit Index No. 200 Fraction (< 0.005 mm)
Identification (ft) (%) (pcf) (%) (%) (%) Sieve (%) (%) (%) USCE Soil Classification
B-3,S-1 1 27 97 CLAY (CH)
B-3,S-2 2.2 26 CLAY (CH)
B-3,S-3 3.5 19 111 63 26 37 CLAY (CH)
B-3,5-4 5 15 113 71 24 47 99 13 86 CLAY (CH)
B-3,S-5 7.7 20 102 65 25 40 CLAY (CH)
B-3,5-6 8.8 20 CLAY (CH)
B-3,S-7 9.8 16 107 64 24 40 98 20 78 CLAY (CH)
B-3,S-8 10.8 23 CLAY (CH)
B-3,S-9 11.8 19 106 66 24 42 CLAY (CH)
B-3,S-10 12.7 18 CLAY (CH)
B-3,S-11 13.5 19 105 65 24 41 99 19 80 CLAY (CH)
B-3,5-12 14.8 24 CLAY (CH)
B-3,5-13 15.8 25 CLAY (CH)
B-3,5-14 16.8 19 103 68 23 45 CLAY (CH)
B-4,S-1 1 21 CLAY (CH)
B-4,S-2 1.9 22 101 71 25 46 CLAY (CH)
B-4,S-3 35 24 CLAY (CH)
B-4,S-4 5.1 21 102 68 26 42 CLAY (CH)
B-4,S-5 6.7 22 CLAY (CH)
B-4,S-6 8.5 20 104 63 25 38 99 15 84 CLAY (CH)
B-4,S-7 9.5 21 CLAY (CH)
B-4,S-8 10.6 19 CLAY (CH)
B-4,S-9 11.6 22 CLAY (CH)
B-4,S-10 125 21 105 68 25 43 CLAY (CH)
B-4,S-11 135 22 CLAY (CH)
B-4,S-12 14.5 23 CLAY (CH)
B-4,S5-13 15.5 24 CLAY (CH)
B-4,5-14 16.5 25 CLAY (CH)
B-4,5-15 175 24 CLAY (CH)
B-4,S-16 18.5 26 100 70 24 26 CLAY (CH)
SJ-TX-02, S-1 3 19 74 24 50 CLAY (CH)
SJ-TX-02, S-2 5 17 58 20 38 99 32 67 CLAY (CH)
SJ-TX-02, S-3 9 21 75 27 48 CLAY (CH)
SJ-TX-02, S-4 17 23 65 23 42 CLAY (CH)




Table 3

Relative Percentage of Clay Minerals from XRD Analyses of
Selected Soil Samples from Borings Identified in Figure 1
Sample Smectite lllite Kaolinite
Seismic 1-5: (4.5-5.0") 53% 27% 21%
Seismic 1-8: (6.75" - 7.5") 45% 35% 20%
Seismic 2-4: (7.0’ - 7.4") 56% 32% 12%
Seismic 3-4: (7.7’ - 8.3") 45% 36% 19%
Seismic 4-4: (7.0'- 7.4’) 33% 35% 32%
SJ-TX-02-2 (3'-5') 32% 34% 34%
SJ-TX-02-5 (9'- 11') 20% 49% 31%
SJ-TX-02-7 (13’ - 15") 34% 39% 27%
NOTE: The sample identification contains the boring number, sample number, and depth.

Soil chemistry was performed by Pettiet Soil Testing Laboratory, Leland,
MS. An important property of clay soilsthat can affect the stability of leveesis
their dispersive character, whereby clay minerals in the presence of water
become suspended in the fluid without agitation or scouring against the levee
surface. Basic soil chemistry tests can help determine whether clay soils are
susceptible to dispersion. Eight samples were submitted for soil chemical
analyses. Reported results of this analysis are presented in Table 4.

Table 4
Chemical Test Results for Determining Dispersive Properties
of Levee Soils

ESP

Ca Mg Na CEC (% (meq/ SAR
Bore-spl No | Depth (ft) (ppm) (ppm) (ppm) base sat.) | 100g) (meg/L)
Seismic-1-5 4.5-5.0 16589 391 162 18 3.91 0.82
Siesmic-1-8 6.75-7.3 13809 576 250 27.3 3.98 1.48
Seismic-2-4 7.0-7.9 14069 622 313 34.7 3.92 1.81
Seismic-3-4 7.7-8.3 26729 735 1276 42 13.21 3.98
Seismic-4-4 7.0-7.4 28269 833 1760 44.1 17.36 5.18
SJ-TX-02 3.0-5.0 14409 698 392 39 4.37 2.20
SJ-TX-02 9.0-11.0 14169 721 331 38.6 3.73 1.88
SJ-TX-02 13.0-15.0 14249 754 268 39.1 2.98 1.51

NOTE: CEC = cation exchange capacity. ESP = exchangeable sodium percentage. SAR = sodium
absorption ratio. (See text for discussion.) Values of ESP and SAR in boldface identify possible
dispersive soils.

Physical Soil Test Results and Properties

Soils are classified by the particle size of the individual components as
shown in Table 5 (Rollings and Rollings 1996). Fine-grained soils are those
passing the No. 200 sieve (<0.075 mm). Soils reported in Table 2 are classified
using the USCS, which is based on U.S. Standard Sieve sizes and the Atterberg
Limits for separation of fine-grained soils into the silt and clay categories.

A comparison of the laboratory soils data among the five borings drilled pro-
vides some indication of the range in physical properties, as well as the general
moisture conditions of the levee soils at each site at the time the samples were
obtained (see Table 2). Variations occur in soil moisture, the unit weight,
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Table 5
Comparison of Soil Types by Grain Size Diameter (mm) and
U.S. Standard Sieve Size (from Rollings and Rollings 1996)

Soil U.S. Standard Sieve Size (mm)
Component Passing Retained On Maximum Minimum
Cobbles -- 3in. -- 75
Gravel 3in. No. 4 75 4.75
Coarse gravel 3in. 3/4in. 75 19
Fine gravel 3/4in. No. 4 19 4.75
Sand No. 4 No. 200 4.75 0.075
Coarse sand No. 4 No. 10 4.75 2.00
Medium sand No. 10 No. 40 2.00 0.425
Fine sand No. 40 No. 200 0.425 0.075
Fines No. 200 -- 0.075 --
Silt - - 0.075 0.005
Clay - - 0.005 -

Plasticity Index (Pl), and USCS soil types among the five sites represented by the
boringsin Table 2 and Figure 1. Variations occur because of geology, both
horizontally over the floodplain and with depth. Soils datain Table 2 aso permit
comparison of physical properties between soilsin the levee and the foundation.
Lithology logsin Appendix C identify the base of the levee on the drilling log as
determined from LiDAR survey data performed in 2001 by airborne geophysics.

Soil samples from the different levee borings are derived from different bor-
row pits. Soilsin borings B-1 (Seismic 1), B-2 (Seismic 2), and S TX-02 were
derived from borrow pits adjacent to Retamal levee numbered 1, 4, and 2, respec-
tively. Retamal levee soils from borrow pit 1 are from natural-levee deposits,
while borrow pits 2 and 4 are in abandoned Rio Grande channels. Borings B-3
and B-4 (Seismic 3 and 4, respectively) are from the Main Floodway, where
these soils were obtained by scraping borrow from the interior surface of the
floodway, or from the central pilot channel that was cut. These soils represent
flood basin deposits and were formed by overbank deposition of fine-grained
sediments during major flood events.

Discernible variations occur in soil types and physical properties among the
five levee sitesin Table 2. The magjority of fine-grained samples submitted for
testing classified as highly plastic clay (CH). Soils at Retamal levee location B-1
(Seismic 1) are composed of lean clay (CL). They are derived from natural-levee
deposits (i.e., overbank deposits adjacent to the main channel) and contain silty
sand (SM) at the base of the levee (i.e., ~14-ft depth). Moisture content values
(percent by weight) for boring B-1 for the clay soils are some of the lowest
values (less than 15 percent) identified in Table 2. Abandoned channel soils from
SJFTX-02 and B-2 (Seismic-2) from Retamal |evee had water contents slightly
near or above 20 percent and were mainly CH (borrow pits 2 and 4). Soils from
the Main Floodway borings are mainly CH with water contents that were slightly
higher than those from Retamal levee. Unit soil weights are generally similar
among the five areas for samples measured.

A plot showing the Atterberg Limits for fine-grained soil samples that were
tested is presented as Figure 12. The Atterberg Limits are an important index
engineering property and represent the water content boundaries between the
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semi-liquid or liquid limit (LL) and plastic limit (PL) states. Laboratory proce-
dures to determine these two states of consistency are described in engineering
and soils testing references (ASTM D 4318) and are not covered in this report.
The Pl isthe difference between the two ranges in water contents (Pl = LL — PL).
The graph in Figure 12 contains a limited number of samples. Not all sites con-
tain an equal representation of samples, but the distribution of points indicates
there are distinct variations and clusterings of soils by Pl and LL among the sites
represented. Soils at the upper end of the Pl and LL plot correspond to an aban-
doned channél (i.e., Borrow Area 2, on Retamal levee) and flood basin deposits
from the Main Floodway. The lowest values shown are from natural-levee
deposits (Borrow Area 1, Retamal levee). At the middle part of the plot are soils
from an abandoned channel (Borrow Area 4, Retamal levee).

Clay Mineralogy

Clay mineralogy influences the volumetric properties of clay soils because
certain clay minerals can incorporate large amounts of water into their lattice.
Changesin the water content of clay soils can significantly affect soil volume by
expansion from addition of water, or by contraction upon drying. This expansive
character of clay soils can have a significant impact in engineering and construc-
tion, especially in building foundations and for leveesin flood control systems.

Clay soils as defined in engineering use implies a soil in which the majority
of particles will passthe No. 200 sieve (i.e., <0.075 mm) and plot above the
A-line (Figure 12) wheress, in geology, a clay soil is defined as one in which the
grain size diameter for the majority of particlesislessthan 1/256 mm or
0.0039 mm. In either case, clay soils are generally a mixture of more than one
clay mineral. The different clay minerals classify into one of three clay families
or groups, based on their internal molecular structure. This molecular structure
relates to the stacking of sheet or plate-like aluminosilicate minerals, and asso-
ciated cations within these sheet structures. Detailed information about clay
mineralogy lattice structure is beyond the scope of this study. The three mgjor
clay mineral groups are kaolinite, illite, and smectite. The clay mineral mont-
morillonite isin the smectite group. Also, bentonite is aform of smectite that is
used exclusively in drilling muds, because of its thixotropic properties.

Results of laboratory clay mineralogy by XRD analyses for selected IBWC
soil samples are presented in Table 3 (see Figure 1 for sample locations). XRD
analysisidentifies the relative percent of clay mineralsin the sasmple to each
other, and not the volume of clay in the sample. Samples submitted for testing are
representative of the different borrow pits and depositional settings, as previously
discussed. Laboratory results indicate clay mineralogy is a mixture of the three
clay groups among the tested samples. Smectite is generally the dominant clay
mineral in the samples from among borings 1, 2, and 3. lllite is the dominant
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mineral in the test pond and trench site (SJTX-02). And last, in boring number 4,
the three clay groups are generally equally represented. Laboratory data suggest
that the geologic setting has some bearing on the mineralogy. These data suggest
that flood-related environments or overbank type deposits (i.e., hatural-levee and
flood basin deposits) contain a dlightly higher percentage of smectite minerals.
Abandoned channel settings (i.e., borings SJ-TX-02 and Seismic 2) contain a
majority of either smectite or illite minerals. The dominance of either mineral is
perhaps dependent upon the energy conditions under which these sediments were
deposited. Since the exact location in the borrow pit and the depth from which
the soils was removed from the abandoned channel to construct the leveeis
unknown, no generalizations can be made regarding clay mineralogy with respect
to position and depth in the abandoned channel setting.

Clay mineralogy can significantly impact the Atterberg Limits as shown by
Table 6 (Rollings and Rollings 1996). Montmorillonite or smectite type clay can
have the highest LL and Pl values. The cation that is present in the lattice also
affects the Atterberg Limits asidentified by Table 6. The clay minerals carry an
electric charge that attracts both water and ions known as exchangeable ions.
Kaolinite has the lowest range of Pl values, whileillite is midway these two clay
groups. Datashown in Table 5 are for individual clay minerals. Clay minerals
that have small particle size, such as smectite group minerals, have a much higher
volume expansion as they are able to incorporate more water per unit of
surface area.

Table 6
Atterberg Limits of Selected Clay Minerals (from Rollings and
Rollings 1996)

Exchangeable Liquid Plastic Plasticity
Clay Mineral lon Limit (%) Limit (%) Index (%)
Montmorillonite Na 710 54 656
K 660 98 562
Ca 510 81 429
Mg 410 60 350
Fe 290 75 215
Fe' 140 73 67
lllite Na 120 53 67
K 120 60 60
Ca 100 45 55
Mg 95 46 49
Fe 110 49 61
Fe' 79 46 33
Kaolinite Na 53 32 21
K 49 29 20
Ca 38 27 11
Mg 54 31 23
Fe 59 37 22
Fe' 56 35 21
Attapulgite H 270 150 120

' After five cycles of wetting and drying.
SOURCE: Soil Mechanics, W. T. Lambe and R. V. Whitman. Copyright © 1969. Table reprinted by
permission of John Wiley and Sons.
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A soil containing a mixture of the different clay minerals can cause notable
variationsin the Atterberg Limits from the values shown in Table 6. The compo-
sition and relative abundance of each mineral can affect the engineering proper-
ties. LRGV lab test resultsin Figure 12 are quite different from trends shown in
Table 6. Some of the highest valuesfor Pl in Figure 12 are samples whereiillite
was the dominant clay mineral in the sample (Table 3). Samples from the trench
boring (abandoned channel) and those from the Main levee (flood basin deposits)
had the highest Pl values, but intermediate to low abundance of smectite com-
pared with theillite.

Mineralogy data presented in Table 3 represent the relative percentages of
the clay minerals compared with one another, and not the relative percentage of
sample where the clay grain size diameter is less than 0.005 mm in the sample.
Theratio of silt to clay, aswell as other inert minerals in the sample (i.e., quartz,
calcite, and detrital parent material) can affect the influence on mineralogy for
causing bulk volume changes in the sample with the loss or gain of water.
Included in Table 2 istheratio of silt to clay (particles <0.005 mm diameter) for
selected samples. Generally, samples with higher overall clay content are more
expansive, with smectite and illite minerals contributing between 66 and
80 percent of the clay mineralsin the sample. As shown in Table 6, these two
minerals have properties that can affect the behavior of the Atterberg Limits.

The influence of the depositional setting plays an important role in predicting
soil behavior. Proximity to the main river channel and energy conditions under
which the sediments are deposited is a contributing factor to clay content over the
floodplain. Therefore, natural-levee soils may contain an abundance of smectite
minerals, but the overall clay content of the sampleisthe lowest of all the sam-
ples measured because of the higher turbulence associated with this depositional
setting. Low-energy environments, such as flood basin and abandoned channels,
are generally apt to contain a higher percentage of fine-grained soils. The geo-
logic cross section in Figure 10 clearly identifies this trend by the distribution of
the top stratum and substratum deposits and their thickness across the floodplain,
Abandoned channels and flood basin deposits contain fine-grained soils (CH)
that arethick (i.e., generaly greater than 20 ft). Point bar top stratum and natural -
levee deposits are usually found in combination and are generally less than 10 ft
thick, slightly coarser grained, and contain lean clays (CL).

Chemical Soil Test Results

Analyses of soil chemistry were performed to determine whether the levee
soils under study were dispersive (Table 4) and could cause levee failure during
flooding. A soil is considered dispersive when clay in the presence of water
becomes suspended in the fluid without agitation. Removal of soil material from
the levee can cause seepage and piping and eventual failure by loss of mass.
Dispersion can cause avoid to form that extends headward to the water side of
the levee under a seepage force, and causes eventual failure of the embankment.
Generdly illite and smectite clays are likely to exhibit this property.
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Chemical laboratory tests to determine if aclay soilsis dispersive are values
of exchangeabl e sodium percentage (ESP) and sodium absorption ratio (SAR) of
pore water (Knodel 1991). The general formulafor ESPis

ESP = (exchangeabl e sodium/cation exchange capacity) x 100

Soils with ESP greater than 10 are subject to having free salts leached by
seepage or relatively pure water and are considered dispersive (Knodel 1991).
ESP less than 7 is nondispersive, and values between 7 and 10 are classified
intermediate. Table 4 presents ESP values for levee soils with values ranging
from about 3 to 17. Only the Main Floodway |evee tested above 10, and these
soils are considered dispersive.

Another parameter used to classify whether a soil is dispersive isthe SAR of
the pore water when free salts are present. The SAR method is not applicable if
no free salts are present (Knodel 1991). Soil chemistry by Pettiet Soil Testing
Laboratory reported that LRGV samples contained an abundance of free salts
(see Appendix D). The genera formulafor SARis

SAR =NA /0.5 (Ca+ Mg) with units of meg/L

Use of the SAR is based on the fact that the soilsin nature are in equilibrium
with their environment, and there is a relationship between electrolyte concentra-
tion of the soil pore water and the exchangeable ionsin the clay absorbed layer.
SAR values of greater than 2 are considered dispersive. Table 4 presents SAR
values that range from less than 1 to greater than 5.

Chemical test results by ESP and SAR identify flood basin soils with high
sodium values and having dispersive properties. Retamal levee soils contained
lower salts and were not dispersive, except one sample near surface at the
trench site.
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4 Geophysical Methods

Introduction

Several geophysical methods were employed during this study to compare
different levee reaches to one another, to select the flood test site based on geo-
physical signatures and associated physical characteristics, and to determine
changes in the levee properties during the flood-simulation phase of the investi-
gation. Geophysical surveys consisted of seismic and electrical methods. Seismic
surveys were performed at each location identified in Figure 1. Focused two-
dimensional (2-D) and 3-D seismic studies were performed at Seismic 1 (Site 1)
and at SJ-TX-01/02 (Site 2) before the final selection of the pond location was
made. Various electrical methods were used during the flood-simulation portion
of this study. Electrical techniques involved resistivity, spontaneous potential,
€electromagnetic induction, and ground penetrating radar surveys.

Various kinds of seismic surveys were performed to determine which tech-
nique was diagnostic of unstable soils and to develop procedures to easily mea-
sure and detect signatures associated with unstable reaches. Seismic surveys were
performed to measure changes in the bulk physical properties of the levee soils as
they underwent hydration during the flood test. Seismic surveys were performed
prior to the flood test and repeatedly throughout the rise and fall of the test flood.
Similarly, electrical methods were used because of their sensitivity to changesin
soil electrical conductivity as the levee soils hydrate during the flood test.
Changesin soil conductivity are likely to occur as water moves into the levee
core along potential desiccation cracks that may be present.

ERDC geophysicists were responsible for conducting the resistivity and GPR
surveys. Supporting the ERDC research team during this study were nationally
known expertsin their respective fields. Contractors supporting seismic field
activities were Drs. Rick Miller and Julian Ivanov, geophysicists, with the
Kansas Geological Survey; Robert Ballard, retired ERDC geophysicist and
consultant, Clinton, MS; and Dr. Bob Corwin, a geophysicist speciaizing in
spontaneous potential monitoring, with SP Surveys, El Cerrito, CA. A report of
the seismic study by Drs. Miller and Ivanov is presented as Appendix E. A report
of the SP survey by Dr. Corwin is presented as Appendix F. These two reports
describe in detail the respective approach of each method, study methods
involved, equipment used, data processing procedures, results observed, and
conclusions obtained.
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The focus of this chapter isto summarize the results of the geophysical
methods that were used during this study. A detailed examination of the theory
and application of each geophysical method used is beyond the scope of this
study. Detailed information about the different methods is described in Reynolds
(1997) and in Engineer Manual (EM) 1110-1-1802 (U.S. Army Corps of
Engineers, USACE 1995). Geophysical methods used in this study are described
at alevel of detail to provide ageneral understanding of the techniques and
associated results obtained by each method. Supporting data are presented in the
appendixes to this report for more in-depth examination of each method asit was
applied to the IBWC levees. The order of presentation of the geophysical datain
this section is based on their use in this study.

Test Pond

Introduction

Before the different geophysical methods and results are discussed, informa-
tion about the test pond and instrumentation used to measure the different electri-
cal and seismic properties is presented. Generally, all the geophysical testing
involved monitoring the rise and fall of the simulated maximum flood event
against the levee and the saturation of the levee soils. Because of the infrequency
of major flooding in the LRGV, historic performance data are lacking for newly
constructed areas of the IBWC flood control system. To permit full-scale testing
of their levee system, IBWC purchased a movable bladder to hold water against
the levee face for the duration of a maximum flood event.

Site preparation

The site preparation involved construction of atest pond against the levee
using a portable cofferdam or water-filled bladder. Construction and filling of the
bladder was performed during the period 27 October 2004 to 5 November 2004.
IBWC personnel from the Mercedes field office prepared the pond site at the
Retamal levee (Figure 1 and Figure 2) and installed the bladder against the levee
(Figure 13). Preparation of the site involved constructing a suitable foundation to
raise the ground surface for the bladder to reach the top of the levee crest. The
bladder manufacturer was onsite to assist with the installation and filling of the
bladder.

To ensure that the bladder did not leak on the riverside other than along the
levee surface, a polyvinyl chloride liner was laid over the bladder and al liner
joints were sealed with a heat-activated adhesive to prevent unwanted leakage
(Figure 13, photo C). Upon completion of the test pond, only the earthen face of
the levee was exposed to the floodwater. A staff gage was placed in the test pond
to monitor water levels. Controlled raising and lowering of the water elevation
was performed with pumps. IBWC provided the pumps (2-in. and 4-in.) and fuel.
ERDC personnel maintained the water level in the pond during the test.
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Figure 13. Photos of test pond showing: (A) preparation of foundation, (B) bladder before being filled with
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water, (C) filled bladder and the staff gages in empty pond, and (D) pond at full pool (11.5 ft,
el 93.7 ft NGVD)

Water for the pond and the bladder was obtained from the nearby abandoned Rio
Grande oxbow on the Bell Brother’s property (see Figure 2). IBWC had obtained
permission for water rights prior to the conduct of the test.

Test duration

Thetest began at 10 am., Monday, 8 November 2004, and ended at 3 p.m.,
16 November 2004. The test ran for 197 hr and involved filling the pond to a
height of 11.5 ft. ERDC personnel maintained a presence at the site 24 hr each
day for the duration of thetest. A flood hydrograph (Figure 14) for the test was
provided by Dr. Raymundo Aguirre, IBWC, El Paso, TX, and required raising
(and lowering) the water level every hour by a specified amount, usually 1 or
2 tenths of afoot on the staff gage in the pond. Maximum flood height allowed
for 3 ft of freeboard from the levee crest.
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Figure 14. Flood inundation curve for levee test pond study. Water depth is in
feet with 3 ft of freeboard remaining after maximum flood depth of
11.5 ft (el 93.7 ft NGVD). Flooding of the test pond was conducted
from 8 to 16 November 2004

Instrumentation of test pond

Instrumentation of the pond site occurred between 3 and 7 November 2004
and involved installation of seismic geophones and resistivity and SP electrodes
across the levee surface and at the toe. Two lines of geophones were placed at the
riverside and landside crest (Figure 15). Three 80-m-long resistivity lines with
2-m spaced electrodes were installed along the riverside crest (labeled crest),
landside midslope (Iabeled face), and landside toe (Iabeled toe) of the levee. Four
lines of SP electrodes (20 per line, 2.5-ft spacing) were installed along the river-
side midslope (line C), riverside crest (line D), landside crest (line A), and land-
side midslope (Line B). Individual leads for both resistivity and SP electrode
were run to a common point outside of the flooded area. A recreation vehicle
(RV) served as the common point where measurements were made on both the
resistivity and SP arrays. Seismic lines were run to a separate mobile location for
collection and initial processing of data.

Airborne Conductivity Surveys

Introduction

Fugro Airborne Surveys Inc., Mississauga, Ontario, flew an airborne conduc-
tivity survey over 270 miles of IBWC leveesin the LRGV in June and July 2001.
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The survey was flown near the end of a drought period, as noted in Section 2.
Airborne conductivity measurements of the IBWC |levees were made with a
helicopter-towed EMI system. Detailed information about the airborne survey of
LRGV levees and the survey results are presented in Dunbar et al. (2003). A brief
overview of the EMI method and theory is presented below to allow a better
understanding of the reasons for using the different geophysical methods in this
study to characterize levee properties.

General theory and equipment

The airborne EMI system flown for the IBWC levee condition assessment
contains five pairs of transmitter and receiver coils. Each set of transmitter-
receiver coilsin the sensor system broadcasts an alternating electromagnetic
signal at afixed frequency. The EM signal from the transmitter induces weak
currents to the underlying ground, which in turn causes a secondary magnetic
field to form within the soil and/or around nearby conductive objects (McNelll
1980). The receiver coils within the survey instrument then measure the second-
ary field as avoltage, which is related to the soil resistivity (or its reciprocal
conductivity). Thus, multiple transmitter and receiver coilsin the sensor system
permit rapid measurements of the ground conductivity over multiple frequencies.
The range of frequencies used in the airborne EM survey of IBWC leveesis
between 380 Hz and 102,000 Hz.

An advantage of multi-frequency EM survey systems, compared with single-
frequency systems, is their ability to measure the conductivity of the subsurface
at different depths of investigation, with depth dependent on the frequency.
Higher EM frequencies are able to measure the near-surface conductivity, while
lower frequencies measure to greater depths. Apparent-conductivity measure-
ments of IBWC levees were made at five frequencies: at 102, 25, 6.2, 1.5, and
0.38 kHz. The specific depth of investigation in airborne surveysis related
mathematically to the conductivity and frequency, and can be determined by the
formulafor calculating skin depth (Reynolds 1997). Normal depths range from
1 mto 30 m (approximately).

Retamal levee signatures

Relatively low conductivity signatures (Figure 16) were associated with the
Retamal levee reach. This reach was constructed in the 1970s (Figure 7). The
25-kHz frequency corresponds to about 3- to 5-m depth of investigation, or about
the base of the levee. Relationships between the signatures for apparent conduc-
tivity (identified by the legend in Figure 16) and soil types are based on ground-
truth data obtained from LRGV geotechnical and cone-penetrometer (CP)
borings (Dunbar et a. 2003; 2004). The condition assessment of the IBWC
leveesin the LRGV was based primarily on the 102- and 25-kHz fregquencies of
apparent conductivity. Relatively low apparent-conductivity signatures occur
along the western half of the Retamal levee reach for the 102- and 25-kHz
frequencies. Low conductivity signatures at Retamal |evee were considered
anomalous, as CP and borrow pit borings identified the levee and near surface as
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Figure 16. Relative conductivity map of the IBWC levees at the 25-kHz frequency in the San Juan East
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area as determined by airborne survey in 2001. The 25-kHz frequency shown corresponds to
about 3- to 5-m depth of investigation or about the base of levee. Five sites studied contain
different conductivity signatures and inferred soils. Relationship between conductivity
signatures and soil type is based on empirical relations from ground-truth data from LRGV
geotechnical and cone borings

Chapter 4 Geophysical Methods



being constructed of clay soils. These phenomena were probably caused by air
within the cracks in the body of the levee.

Focused studies of different conductivity signatures

Five sitesidentified in Figure 16 were further evaluated by drilling geotech-
nical borings and performing seismic surveys. Selection of these sites was based
primarily on their respective conductivity signatures, and in part on their deposi-
tional setting on the floodplain. Comparison of geotechnical and seismic proper-
ties for these five sites was an underlying goal of thisinvestigation in addition to
monitoring the levee during the flood-simulation study. The five sites are al
representative of different soil conductivities and conditions as described in
Section 2.

Seismic Methods
Introduction

Seismic methods were incorporated into the study of IBWC |levees because
of their engineering application in determining the in situ elastic moduli or elastic
constants. Elastic parametersin engineering use are the shear modulus (p),

Y oung’s modulus (E), and Poissons' s ratio (o). These values relate to index prop-
erties of soil or rock strength and can be derived by measuring the compres-
siona- (Vp) and shear-wave (Vs) velocities of elastic body waves that pass
through homogeneous isotropic media. Numerous publications describe the
derivation of these values by seismic methods, including Ballard and McLean
(1975), Chang and Ballard (1973), Reynolds (1997), Sharma (1986), and
USACE (1995). Cross sections or profiles of Vp/V's can be produced for levees
that are surveyed by seismic methods. Generally, the larger the Vp/Vsratio
becomes, the material is considered weaker from aripability or shear strength
perspective (see Appendix E).

Data collection efforts

Seismic surveys over IBWC levees were performed on two separate data col-
lection effortsin the LRGV by personnel from KGS. A report of investigation is
presented in Appendix E by Drs. Rick Miller and Julian Ivanov for the seismic
study of LRGV levees. Seismic datafrom IBWC levees were collected between
4 and 12 December 2003 at the five study sites (Figure 1 and Figure 16). Subse-
guently, data were collected at the Retamal |evee pond site during the period 8 to
13 November 2004 during the flood-simulation study. During this same period,
seismic surveys were performed at levee sites 1, 2, and 4 previously surveyed
(December 2003) for comparison purposes.
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Seismic wave types and properties

To better understand the types of seismic surveys that were conducted at
locationsidentified in Figures 1 and 16, a brief review of seismic waves and their
general characteristicsis presented before examination and discussion of survey
results. Two major classes of seismic waves occur: body waves and surface
waves (Figure 17). Body waves are the fastest of al seismic waves and consist of
compressional (also known as pressure or primary) or P-waves, and shear (also
known as secondary or transverse) or S-waves. P-wave motion is extension
(dilation) and compression along the path of propagating. S-waves are directly
dependent on the shear modulus, travel slower than P-waves, have particle
motion perpendicul ar to the direction of propagation, and can have both a hori-
zontal and vertical component. S-waves do not exist in liquids or gases, as these
types of media have no shear strength.

Surface waves exist only at the surface or at interfaces and travel slower than
body waves. There are two types of surface waves: Love and Rayleigh waves
(Figure 17). Love waves have particle motion only in a horizontal direction and
are similar to horizontal shear waves. Rayleigh waves have aretrograde elliptical
motion in the direction of propagation. Additional information about the different
wave forms and their propertiesis presented in introductory seismic texts (e.g.,
Reynolds 1997) and in EM 1110-1-1802 (USACE 1995). Seismic surveys were
used to measure the soil and foundation properties of IBWC levees using the four
types of seismic wavesidentified in Figure 17.

Objectives in levee screening by seismic methods

A magjor goal for using seismic methods was to determine if existing technol-
ogies could be used to rapidly screen IBWC levee reaches for anomal ous soil
strength based on measurements of Vp and Vs velocities and calcul ated values of
the in situ moduli. Additionally, examination of all known seismic collection
methods was performed as part of this study to identify any procedures and meth-
ods that would be diagnostic of levee reaches with potential stability problems.

Primary objectives of the seismic work were to measure the P-wave and
S-wave velocities at the five study sitesidentified in Figure 1 and Figure 16.
These measurements were obtained during the first data collection effort in
December 2003. During the flood-simulation part of the study, seismic measure-
ments were repeated every 12 hr for the duration of the flooding to evaluate sub-
sequent changes in these initia velocity measurements, as well as changes caused
by soil saturation of the levee and foundation soils.

Various types of seismic methods were appraised and associated data pro-
cessing performed by the KGS study team. Methods include refraction (P- and
S-wave), tomography (P- and S-wave refraction with both 2-D turning ray and
3-D straight ray through levee), surface-wave propagation, and surface-wave
(Rayleigh and Love wave) dispersion curve analysis (also know as multi-channel
analysis of surface waves, MASW). Data sampling and processing procedures
used for the two data collection effortsin the LRGV were identical to avoid any
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potential changes in results due to sampling or processing issues. Information
about the different data processing methods is detailed in Appendix E.

Seismic equipment

State-of -the-art seismic equipment was used to survey and measure the
different levee areas (Figure 18). Fixed geophones and aland streamer containing
atowed geophone array were evaluated. Seismic sources that were tested
included various sizes of dedge hammers and a mechanical weight drop, each
impacting metal striker plates. Additionally, a vibratory source was used to
develop harmonic oscillation at different frequencies to develop Rayleigh waves.
Equipment used was identical for the two data collection effortsin the LRGV.
Information about the different equipment used is presented in Appendix E.

Figure 18. Seismic equipment used during investigations of IBWC levees: (A) seismic recording
cart, (B) close-up view of seismographs in recording cart, and (C) seismic source for
producing surface waves, (D) towed land streamer or geophones in fire-hose for rapid
seismic surveying capabilities and fixed geophones (in blue, foreground) were
evaluated
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Seismic results and levee conditions in December 2003

Seismic screening of the five sites shown in Figures 1 and 16 was performed
in December 2003 and produced surprising results in both the body- and surface-
wave data (Ivanov et al. 2004). Unconsolidated sediments typically have Vp/Vs
ratios that range from 3 to as much as 8, but LRGV sites studied had values
below 3. First-arrival velocity analysis of sites studied identified Vp/Vsratios
that are in the 2.1 to 2.6 range for the shallower portion (3.6- to 4.5-m depth) of
the levee (Table 7). Vp/Vsvalues at depths greater than 6 m increase to between
4 and 10, which is more consistent with the reported literature and laboratory
measurements (Ivanov et al. 2004). Exceptions were sites 4 and 5 (seismic 3
and 4), which have higher Vp and Vsin view of soils and conductivity. Levee
soils have dlightly lower densities, which may account for lower values as deter-
mined from laboratory analysis of soils data.

Table 7

Vp/Vs Ratios from Refraction Tomography Within the 3.6- to 4.5-m
Depth Range for Five LRGV Levee Sites Studied in December 2003
(See Figure 1 and Figure 16 for locations of sites. Velocity values
are in units of meters/second (m/s). Locations of areas shown in

Figure 1.)

Site Location Vp (m/s) Vs (m/s) Vp/Vs
1 Seismic 1 397.71 167.15 2.38
2 SJ-TX-01/02 409.27 160.58 2.54
3 Seismic 2 440.51 173.39 2.54
4 Seismic 3 334.29 154.96 2.16
5 Seismic 4 326.48 142.15 2.30

A refraction tomography profile of Vp, Vs, and Vp/Vsis presented as
Figure 19 for the pond site (Site 2), near SFTX-01/02 (Figure 1 and Figure 16),
for December 2003 conditions. This profile is representative of conditions at all
five sites that were surveyed in December 2003. It was concluded by the KGS
team that the values for Vs were erroneous, and caused by possible mode conver-
sions of P-wavesinto S-waves (Ivanov et a. 2004). Mode conversionsin seismic
energy occur at interfaces, where part is refracted as a compressional wave and
part as a shear wave. It was interpreted by the KGS team that, because of the
mode conversion, energy wavelets arrive with an apparent vel ocity higher than
the actual shallow shear-wave velocity, but lower than compressional velocity,
and were yielding higher values for Vs than was expected.

In addition to the body-wave data, anomalous results and/or levee conditions
were recognized in the surface-wave data from the December 2003 surveys.
Advanced MASW analyses of Rayleigh waves identified deficiencies in frequen-
cies above 15 Hz for the fundamental mode (Figure 20). The KGS team applied a
variety of processing techniques to extract higher frequencies, but the data indi-
cated the fundamental mode energy is concentrated between 8 and 12 Hz (Ivanov
et al. 2004 and Appendix E). Exact causes for the body- and surface-wave
anomalies are uncertain. It wasinitially concluded by the KGS team that the
geometry of the levee, the construction, the material properties, or acombination
of these factors was responsible for the observed conditions. Further clues are
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Figure 19. Refraction tomography solutions for the pond site in December 2003:
(a) P-wave, (b) S-wave, and (c) Vp/Vs ratio (lvanov et al. 2004).
(Velocities are in meters/second)

contained in the second set of seismic data that were collected and processed in
November 2004 to fully understand specific causes responsible for these charac-
teristics.

Before examining the November 2004 data collection, afinal characteristic
of the December 2003 data is noted for Retamal |evee reach. Seismic experi-
ments identified an interesting phenomenon in the trench area and vicinity.
Experiments with vibrator sweeps at selected frequencies were performed on the
levee crest to determine variations in phase velocities from Rayleigh waves as a
function of the input frequency. Dwell or mono-frequency tests involved avibra-
tory source located upon the levee crest, producing an impact to the levee at a
fixed frequency, and the geophone array recording the resultant seismic waves,
from which velocity calculations are possible. The geophone array included the
reach of the levee previoudly trenched and the levee areaimpacted by a small-
scale ponding test.
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Figure 20. Rayleigh-wave dispersion curve analysis of phase-velocity versus
frequency in units of ft/sec (lvanov et al. 2004)

A ponding experiment was conducted as part of the October 2003 trench
study, whereby the trench was filled with water to determine the ability of the
levee core to absorb water and provide an estimate of soil permeability. Expan-
sion of levee soils by clay hydration occurred following the small-scale ponding
test as determined from surface cracks along the levee crest in the upstream
direction. (See Appendix A for information about the trench and ponding
results.) The geophone array spanned the reach containing the trench, the adja-
cent area of the levee that was impacted by water that had infiltrated the levee
core, and nondisturbed levee reaches upstream and downstream of the trench. It
was observed that the Rayleigh-wave velocities (VR) at 20 Hz were different
along the Retamal levee reach, depending on distance from the trench
(Figure 21). Generally, the part of the levee where hydration of the core had
occurred, because of the October 2003 ponding experiment, had phase velocities
that were significantly higher (VR = 1,740 to 2,100 ft/s) than the trench fill
(VR =600 ft/s) or the undisturbed levee reaches (VR = 750 ft/s). Hydration of
the levee core by the ponding in October 2003 had increased VR between 2.2 and
2.8 times compared with the original levee upstream and downstream of the
trench.

However, it should be noted that the increase in phase velocity in this reach
occurred only when the vibratory was located at the upstream end of the array
(Figure 21). When the vibrator was located at the midpoint or downstream end of
the geophone array, the changes in phase velocity were less pronounced, and
were thus not diagnostic, but were dependent on the location of the vibrator.

Chapter 4 Geophysical Methods

41
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Figure 21. Phase velocities of levee at 20-Hz vibrator monofrequency, Rayleigh-wave velocity Vr is
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different for original levee, levee trench backfill, and area of levee core infiltrated by water
from ponding test in October 2003. Seismic line contains 119 geophones at 3-ft spacing.
Vibratory source at western or upstream end of levee and produces approximate 2000 ft-lb
at 20 Hz

Hydration of the levee was more concentrated in the upstream direction and may
have significantly impacted the propagation of wave energy when the vibrator
was |located at the upstream end of the levee reach. Specific details about dwell
tests are described in Appendix E.

Seismic results and levee conditions in November 2004

Seismic data collected during the second trip exhibit notable differencesin
characteristics compared with those observed during the first trip, nearly ayear
previously (Appendix E). Sites 1, 2, and 4 were surveyed again in November
2004, and results were compared with those obtained in 2003. Highlights of these
differences are described below. Detailed examination and discussion of the
differences are presented in Appendix E.

Generally, the 2004 seismic-frequency spectrawere much broader, and the
waveforms propagated much easier through the levee among the three sites and
produced a higher signal-to-noise ratio. These differences between the two data
collection events are attributed to the change in near-surface properties of the
levee soils from increased rainfall, compared with the previous year (Appen-
dix E). Sites 1, 2, and 4 contained measurable differencesin Vp in 2004, com-
pared with measurements made in 2003. Refraction-tomography Vp anaysisin
2004 identified asimilar overall velocity structure compared with the 2003 data
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(Figure 19). However, the primary difference between the two data setsis a 3- to
8-percent increasein Vp values for the top 5 to 8 ft, and about a 3-percent
increase at 30-ft depths in 2004 compared with 2003. Identical survey locations,
equipment, methods, and processing were performed. A primary difference
between the two surveys has been the increased rainfall and probable hydration
of levee soils. As noted previously, surface cracking of the levees was absent in
the November 2004 survey period, supporting the assessment that higher rainfall
during the preceding months likely hydrated the levee soils (see Section 2) and
changed the seismic properties.

Velocity measurements using S-wave refraction tomography were not per-
formed during the second seismic data collection in November 2004 because of
earlier problems linked to mode conversions due to possible levee geometry.
Instead, the MASW method was considered to be more reliable for estimating
Vs. MASW analyses of Rayleigh waves identified frequencies above 15 Hz for
the fundamental mode in November 2004, whereas the 2003 data were deficient
above this frequency value. The fundamental mode of the surface wave was well
defined in 2004, with awide frequency range from 5 to about 50 Hz (Figure 22).
Again, identical sample locations, equipment, survey methods, and data process-
ing were performed for the two collection dates.

Dispersion Ciare [Recond § = 2327) o - -
(M- Tt & = 1063 )

)
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Figure 22. Rayleigh-wave dispersion curve analysis of phase-velocity versus
frequency (in units, ft/sec) for November 2004 data collection at site 2
(lvanov et al. 2005)

During the flood-simulation study at Site 2, seismic measurements were per-
formed prior to the flood test, and at 12-hr intervals for the duration of the test.
MASW Vs solutions for seven time periods are presented in Figure 23, and these
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correspond to the first 84 hr of the test. Comparison of Vs properties 24 hr after
the start of the water fill shows a noticeable change in the shear-wave properties
about 5 m below the levee surface, at about horizontal location 950 m. (Note that
the pond is located at stations 946 to 961 in Figure 23.) After 26 hr (see

Figure 14 for flood curve and water depth), the shear-wave velocity of the levee
core (2 to 4 m below the surface) starts to increase between horizontal locations
950 and 955 m. After 48 hr, the water level in the pond is about two-thirds full,
and the previously low-velocity zone has reached a shear-wave velocity similar
to other parts of the levee. A possible explanation for the observed phenomenais
that the water flooding into the relatively drier clay section of the levee caused
the clays to expand and fill in the existing cracks, which in turn increased the
stiffness of the levee-core material and its shear-wave velocity. During the next
three measurement cycles (i.e., 60, 72, and 84 hr, respectively, Figure 23), asthe
water level approaches maximum pool, no significant changes in levee properties
are observed. No further seismic data were collected beyond the sixth day as no
changes were apparent.

Refraction-tomography analysis was performed to detect relative changesin
the Vp properties due to the flooding experiment (Figure 24). There were no sig-
nificant changesin Vp due to the flooding and associated soil saturation from the
ponded water. Refraction-tomography Vp analysis of the south line suggests that
compressional-wave velocity is not sensitive to the material changes from the
ponding.

Seismic data summary

Various types of state-of-the-art seismic equipment and methods were
appraised and associated data processing performed by the KGS study team.
Both fixed geophone arrays and land streamers were tested to determine their use
in measuring the seismic properties of levees. A land streamer containing multi-
ple geophones permits rapid collection of seismic data, since the geophone array
can be rapidly pulled along the levee surface without having to couple individual
geophones to the ground surface. However, land streamers are not as sensitive to
high frequencies as fixed geophone arrays because of poor coupling with the
levee road surface. Land streamers can be efficiently used with seismic methods
emphasizing the low frequencies (MASW), or avoided when high frequencies are
of mgjor significance for the survey (i.e., reflection methods). Results of LRGV
studies indicate seismic methods by land streamers are possible, but better under-
standing of the near-surface seismic datafrom the LRGV is required before land
streamer data acquisition is possible in a production-type collection effort. Ulti-
mately, this rapid method of data acquisition will be able to provide cost effi-
ciency in sampling, data processing, and levee distance surveyed.

L evee geometry influences the ability to measure Vs of body wavesin the
near surface by refraction tomography methods because of mode conversionsin
the S-waves. Shear-wave velocity measurements calculated from refraction
methods of LRGV levees are slightly higher than the actual values and yield
erroneously lower Vp/V s ratios than expected for these soils. Further study and
analysisis needed to resolve these near-surface data.
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Figure 23. MASW Vs solutions for seven time slices at 12-hr intervals after the
start of the test for the south seismic line (i.e., closest line to pond,
see Figure 15). Pond is located between stations 946 and 961. View
is velocity profile with depth, with view looking approximately
due north. Levee base is at about 5 m (15 ft)
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Figure 24. Vp solutions for seven time slices estimated at 12-hr intervals after
the beginning of the test at the south seismic line (i.e., closest line to
pond, see Figure 15). Pond is located between stations 946 and 961.
View is velocity profile with depth looking approximately due north.
Levee base is at about 5 m (15 ft)
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Shear-wave velocity calculated from surface-wave energy using the MASW
methods is sensitive to changes in soil moisture in the levee. Levee soil moisture
between the December 2003 and November 2004 seismic surveys was noticeably
different. Filling of the test pond caused dlight increasesin Vsvaluesinitialy,
probably because of the hydration of the clay levee with a corresponding increase
in soil density. Vs measured by MASW was the property most significantly
affected by the increased saturation and the material property most sensitive to
changes occurring during the levee-ponding experiment.

Vp measurements by refraction tomography methods were less sensitive to
changesin levee soil moisture. Vp values between the December 2003 and
November 2004 surveys were less than 8 percent different between the two
survey periods. Changesin levee soil moisture caused no measurable changesin
Vp values with rising water levels during flood simulation. This lack of change
may be attributed in part to hydration of the levee prior to the second survey
because of rainfall and sealing of the small cracks in the outer levee surface
and/or core that were present during the trench in October 2003 (Appendix A).

Self-Potential (SP) Methods

Introduction

Self-potential or SP methods were incorporated into the design of the pond-
ing experiment to monitor the movement of the wetting front into and through
the levee caused by the flood-simulation test. Because of the deep surface crack-
ing that was observed in October 2003, SP methods were considered to be an
ideal method to monitor the movement of water in real time through the levee
and its core. ERDC contracted with Dr. Robert Corwin, SP Surveys, El Cerrito,
CA, toiinstall an automated SP monitoring system across the levee test area. A
report by Dr. Corwin describing the SP instrumentation, survey methods, and
resultsis presented as Appendix F.

SP anomalies are generated by flows of heat, fluid, and ions in the earth
(Corwin 1990). A common factor among the various processes thought to be
responsible for self-potentialsis groundwater (Reynolds 1997). These potentials
are generated by the flow of water, by water acting as an electrolyte, and asa
solvent of different minerals. Various types of potentials are recognized and are
described by Reynolds (1997) and USACE (1995). A streaming potential
involves the movement of water through earth materials, causing electrons to be
stripped from the mobile atoms within the fluid. Seepage flow typically generates
SP anomalies (or changesin voltage (in mV) among the detectors), which show
negative polarity associated with the upstream portion of the seepage flow path
and positive polarity associated with the downstream portion. Buried near-
surface electrodes containing an el ectrolyte solution can measure the flow of
water through earth materials as changes in voltage. Analysis of the shape and
wavelength of the SP anomalies can help to determine the depth and configura
tion of seepage flow paths.
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Data collection and equipment

Four lines of SP electrodes were installed against the riverside and landside
face of the levee at the midslope and on the edge of the crest as shown by
Figure 25 and Figure 26. (See Figure 15 for location of SP lines.) Each SPline
contained 20 Farwest electrodes (Model SP-150) at 2.5-ft spacing, which use a
plaster filling material saturated with copper-copper sulfate electrolyte. These
electrodes are designed for stable, long-term measurement of SP values for
corrosion and seepage monitoring applications.

Figure 25. Installation of SP line (line A) along landside crest of levee. See
Figure 15 for location of line A

Each electrode array was connected to an automated data acquisition system
(Figure 27). Measurements were made every 2 min, starting about 36 hr prior to
the test and throughout the duration of the test. M easurements were made
between each electrode and a common ground electrode (E3), located 160 ft due
east of electrode A20 on the levee crest (Appendix F, Figure 2). Each set of
measurements was recorded to a separate data file and involved voltage measure-
ments on atotal of 84 electrodes, that is, 80 electrodesin lines A, B, C, and D,
plus 1 common electrode (E3), and 3 auxiliary electrodes (E1, E2, and E4) (see
Appendix F, Figure 2). Detailed information about the SP equipment, recording
interval, data formats, and processing of the different datafilesis presented in
Appendix F.
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Figure 26. View of SP line (line A) looking upstream (west). Electrodes spacing
is 2.5 ft, total length of line is 50 ft

Figure 27. Data recorders used to measure voltages on each SP line of
electrodes
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SP monitoring results

SP data processing involved merging the individual SP datafiles, recorded
every 2 min, into amaster data file, which was then separated into a series of
individual files and data plots according to the different SP lines. SP data were
evaluated by Dr. Corwin to identify noise in the data (i.e., solar storms, abnormal
telluric currents, etc.), remove erroneous data, perform subsequent analyses, and
identify any temporal trends. These data were summarized for final presentation.
One source of noise in the SP data was created when resistivity measurements
were performed by the ERDC team. Current was injected into the ground as part
of the resistivity measurement process and affected the SP record. Resistivity
affected records were removed from the SP files wherever possible to better
observe the time-related trends in the data.

SP data are summarized and displayed both as time series and as spatia
profiles (Figure 28 to Figure 34). Time series plots of selected electrodes (i.e.,
0, 5, 10, 15, and 20) are presented in Figure 28 to Figure 31 and span the SP
monitoring period from 6 through 16 November 2004. These five electrodes are
representative of the levee reach and show the general trend and changesin
voltage observed during the duration of thetest. A graph of the flood height is
included in each of these figures to compare the flood stage height with any
associated changesin voltages. The graphs identify cyclic changes in the data.
Sources of external SP variations are diurnal temperature changes and telluric
voltages generated by geomagnetic activity. Temperature variations are
responsible for the approximate 24-hr periodicity of up to afew mV amplitude
visible on all the profiles. However, temperature-induced variations should not
obscure longer term seepage-related trends (Corwin 2005).

Dr. Corwin reports the presence of an extremely powerful magnetic stormin
the data between 7 and 12 November. The effects of this storm are evident in
Figure 28 to Figure 31 as a higher short-period noise level for the SP readings
during the period of 7 to 12 November, compared with those after 12 November.
This noiseis especially evident on the generally quieter downstream lines
(A and B). Large SP deviations on 7 November are considered by Dr. Corwin to
result from a combination of magnetic storm onset and electrode stabilization
effects.

The most notabl e feature observed in the time series profilesis the large posi-
tive jJump that occurred on 10 November in the riverside (upstream) line C
(Figure 28). This jump was caused by submersion of the el ectrodes beneath the
water surface, and the resulting saturation of the soil, when the pond elevation
reached Line C at an elevation of 90.7 ft. Analyses of the SP datain the time
series plotsfrom linesD, A, and B (Figure 29 to Figure 31, respectively) by
Dr. Corwin indicate no specific trends in the data that indicate anomalous
conditions attributed to seepage (Appendix F).

Chapter 4 Geophysical Methods
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Figure 28. SP monitoring data for Line C (upstream face). Note that electrodes are submerged approximately midway during test, causing sharp

increase in voltage
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Figure 29. SP monitoring data for Line D (upstream crest)
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Figure 32. SP profile plots with pond empty (before filling)
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Figure 34. SP difference profile plots (full pond at el 93.7 ft — empty pond)
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Another summary view of the data compares all the electrodes along asingle
monitoring line (A, B, C, and D) at agiven instant of time. Times selected for
comparison were the empty pond, full pond, and the difference between these
two states (Figure 32 to Figure 34, respectively). A full pond would be expected
to affect the SP profilesif seepage were occurring along the levee face, especialy
if the levee surface contained appreciable cracking. Concentrated seepage would
be expected to produce a negative anomaly near the affected electrodes and a
positive anomaly above the electrode at the downstream flow path. No anoma-
lous conditions are observed in the profile plots of these data. Other plots of the
€electrode data are presented in Appendix 2 in Dr. Corwin’s report (see
Appendix F), as well as complete descriptions and analyses of the data.

In summary, SP data were inspected by Dr. Corwin in the form of both time
series (plots of individual electrode readings versus time) and spatial profiles
(plots of the readings for all the electrodes along a given monitoring line at a
single point of time). None of the data showed any obvious indication of the
development of either uniform or concentrated seepage flow within the
embankment in response to changing water levels within the pond. These results
suggest that the embankment soil was of very low permeability, and that there
were no cracks or other features that allowed significant water flow through the
embankment.

Resistivity Methods
Introduction

Resistivity measures how well the soil conducts an electrical current. Factors
that directly affect the electrical resistivity of asoil areitsgrain size (soil type),
water content, porosity, and the presence of conductive mineralsin the soils, or
ionsin the fluids between the individual soil grains. Resistivity measurements
were included as part of the flood-simulation study to identify any seepage path-
wayss that occur through or under the levee related to the flood test. Seepage
beneath or through the levee soils would be expected to produce a change in the
soil resistivity along the flow path. Measurements were made at the start of the
flood test to determine background values, and daily throughout the test to moni-
tor changes in soil resistivity from possible seepage. Resistivity monitoring mea-
sures changes in soil moisture in the levee as it influences the electrical properties
of the soil, whereas self-potential methods (described above) measure potential
differences as water moves through the soil column.

Resistivity measurements used for this study incorporated direct ground con-
tact methods, as compared to the el ectromagnetic-induction methods used in the
airborne surveys of LRGV levees, or the ground-based EM surveys used to
assess San Diego levees (Dunbar and Llopis 2005). Resistivity is the reciprocal
of conductivity. Airborne conductivity measurements were made in June 2001
and indicated the Retamal levee soils displayed low conductivity (or high
resistivity) characteristics. Recall that these signatures were considered anoma-
lous based on the availabl e engineering and boring data from the Retamal levee,
which indicated the levees were composed of clay soils, and should have
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measured much higher conductivity (lower resistivity) values. Resistivity
methods used in the levee flood test are at a much higher resolution than previous
EM surveys, and measure true resistivity as opposed to apparent resistivity.

Variations in resistivity can occur from changes in the physical conditions at
asite, and because of different survey methods and geophysical instruments that
are used to measure this property. In practice, different geophysical methods and
instruments measure an apparent resistivity (or conductivity), rather than atrue
resistivity. Characteristics of each geophysical instrument, the survey methods
that are used, and the volume of earth material that is actually being measured by
these different instruments and techniques will affect the measured values.
Because of these differences, variations can occur in the actual resistivity values
that are measured. Therefore, resistivity surveys will usually measure an apparent
resistivity and require an inversion of these data to calculate the true resistivity.
The relationship between apparent and true resistivity is complex and requires a
mathematical analysis using advanced computer processing techniques
(inversion) to derive atrue resistivity profile of the subsurface.

Data collection and equipment

Resistivity surveying involves injecting direct current into the ground
through two current electrodes (C1 and C2) and measuring the resulting voltage
difference at two potential electrodes (P1 and P2), as shown in Figure 35. A
dipole-dipole array was used for this study since it is sensitive to measuring
lateral resistivity changes. Various arrangements and spacing of the current and
potential electrodes are possible in performing resistivity surveys. Advantages
and disadvantages of the different electrode configurations are described by
Reynolds (1997) and USACE (1995).

Cc1 C2 P1 P2

Figure 35. A dipole-dipole electrical resistivity profile array (I = current,
V = voltage, C1 and C2 are current electrodes, P1 and P2 are
potential electrodes, a = spacing between electrodes, and n = the
ratio of the distance between the C1 and P1 electrodes to the C1-C2
(or P1-P2) dipole separation) (USACE 1995)

The dipole-dipole method involves a series of measurements along the elec-
trodesin each line, based on the “a-spacing” (Figure 35). To increase the depth of
investigation into the subsurface, the distance between the current and potential
electrode pairsis systematically increased by a distance or factor of “n.” The
value of nincreases by a multiple of the a-spacing, where nistheratio of the
distance between the C1 and P1 electrodes to the C1 and C2 (or P1 and P2)

Chapter 4 Geophysical Methods 59



60

separation distance. Increasing the distance between the current and potential
electrodes allows for measurements of alarger volume of the ground. The n-
factor was increased to six times the a-spacing for the Retamal levee. Measure-
ments are repeated for each new n value, until all the electrode combinations
have been sampled.

Three 80-m-long resistivity lines, with 2-m spaced electrodes, were installed
aong theriverside crest (Iabeled crest), landside midslope (labeled face), and
landside toe (labeled toe) of the levee. (See Figure 15 for location of resistivity
lines.) The center of the resistivity array corresponds to midpoint of the pond
(Figure 15). Electrodes used during the test are 1/2-in.-diameter steel rods driven
about 2 ft into the ground with several inches above ground to connect awire
lead. Wire leads from each electrode were run to a common measuring point
behind the RV that was used as the command-post for the flood experiment
(Figure 36). Two resistivity cables were dai sy-chained together to connect the
40 electrodes in each line to the automated resistivity meter and measuring
system. Electrodes were connected to the meter at the cable in a numbered order
each time the survey was repeated. Surveys were performed daily during the test
on each line.

A Scintrex, Ltd., automated resistivity imaging system (SARIS) was used in
thisinvestigation (Figure 36). The Scintrex meter has a series of programmable
data menus and inputs that automates the sequence of measurements to be per-
formed. Information entered in the setup includes the type of array to use (dipole-
dipole, Wenner, Schlumberger, etc.), electrode spacing, n-factor, and other sur-
vey parameters (such as the current to use). A program in the meter then auto-
matically selects the appropriate el ectrodes for each measurement, and aroll-
aong measurement method is used to advance the profile line. Measurements are
taken in a systematic manner by the SARIS system, until all possible combina-
tions of measurements in each line are recorded. These data were transferred to a
computer at the end of the survey day for computer processing using RES2DINV
by Geotomo Software, Penang, Malaysia, for inversion of the resistivity
measurements.

Resistivity results

Daily resistivity measurements were processed by the RES2DINV software
to develop resistivity depth section of the subsurface to evaluate any changes that
occurred from controlled ponding of water against the levee. Daily time series
resistivity profiles are presented in Appendix G for the levee crest, face, and toe,
respectively. These profiles show changes occurring between time 1 and suc-
ceeding timeintervals (i.e., time 1 vs. time 2, time 1 vs. time 3, time 1
vs. time 4, etc.). Comparisons of summary resistivity profiles are presented in
Figure 37 to Figure 40, corresponding to changes between time 1 and the last
time (time 9) for the crest, face, and toe, respectively. The lower profilein
Figure 37 and Figure 38 (and in Appendix G) represents the percent change that
occurred between time 1 and the time period identified by each profile.
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Figure 36. Resistivity measurement station behind RV during the flood test. (Electrodes in each
resistivity line were connected to blue cable at numbered take-out locations. Num-
bered electrodes from each line were connected to a specific location on the blue
cable. Blue cable plugs into the SARIS automated electrical resistivity meter, which
records voltage measurements between the potential electrodes to data files, and
automatically advances the measurement location along the electrode array by a
specified distance. Resistivity profiles of the subsurface along each line are produced
by inversion of these data by computer programs)

Additionally, the center point of the resistivity array corresponds to the midpoint
of the pond, with the pond extending roughly 8 m (~25 ft) on each side of
station 40, and extending from station 32 to 48 (see Figure 15, Figure 37 and
Figure 38).

Resistivity values and contours in the profiles are ohm-m units. Note that the
color rangeis different for each line (crest, face, and toe), but is consistent among
succeeding time intervals for each line. Different color tables were used to en-
hance resistivity data among the different lines and the range of datain each line.
A time series view, with subsequent data compared to time 1, was considered to
be an easy and efficient method to present the resistivity data. The profiles show-
ing percentage change use a consistent color table among al the illustrations to
easily compare subsequent changes.
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Figure 37. Time lapse comparison of resistivity data from the levee crest at the start (time 1) and
end (time 9) of flood test. (Upper profile represents a resistivity model of levee and
foundation after inversion of the resistivity data at the beginning of the test. Middle
profile is a resistivity model of levee and foundation at the end of the flood test, 193 hr
and 40 min later. Lower profile represents the percent change between the two pro-
files. Appendix G contains a complete set of profiles for the crest for each day to
review daily changes. Pond located between stations 32 and 48)
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Figure 38. Time lapse comparison of resistivity data from the levee face at the start (time 1) and
end (time 9) of flood test. (Upper profile represents a resistivity model of levee and
foundation after inversion of the resistivity data at the beginning of the test. Middle
profile is a resistivity inversion model of levee and foundation at the end of the flood
test, 195 hr and 39 min later. Lower profile represents the percent change between
the two profiles. Appendix G contains a complete set of profiles for the face for each
day to review daily changes. Pond located between stations 32 and 48. Note that
color scale and range are different from Figure 37 and Figure 39)
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Figure 39. Time lapse comparison of resistivity data from the levee toe at the start (time 1) and
end (time 9) of flood test. (Upper profile represents a resistivity model of levee
foundation after inversion of the resistivity data at the beginning of the test. Middle
profile is a resistivity inversion model of levee foundation at the end of the flood test,
191 hr and 47 min later. Lower profile represents the percent change between the two
profiles. Appendix G contains a complete set of profiles for the face for each day to
review daily changes. Pond located between stations 32 and 48. Note that color scale
and range are different from Figure 37 and Figure 38)
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Comparison of resistivity profilesin Figure 37 to Figure 39 and Appendix G
indicates that the general range in values extends from about 5 to 30 ohm-m. All
the resistivity sections extend to a depth of about 9 m (29.5 ft) and generally
identify an increase in values with depth. For comparison purposes, Table 8
presents resistivity values for some common soils (Reynolds 1995). Values
above 25 ohm-m probably correspond to coarser soils as determined from
existing boring logs and geologic data (Figure 11).

Table 8

Resistivities of Common Soils and Unconsolidated Sediments
(Reynolds 1997)

Material Nominal Resistivity (Ohm-m)
Clays 1-100

Alluvium and sand 800 — 1000

Soil (40 percent clay) 8

Soil (20 percent clay) 33

Top soil 250 — 1700

Clay (very dry) 50 — 150

Gravel (dry) 1400

Gravel (saturated) 100

Quaternary/Recent sands 50 — 100

Dry sandy soil 80 — 1050

Sandy clay/clayey sand 30 -215

Sand and gravel 30 — 225

Theresigtivity modelsin Figure 37 to Figure 39 and Appendix G are consis-
tent with geological information previously collected from this reach. Boring
data from this study (Appendix A) and from a deegper cone-penetrometer boring
taken at thislocation in December 2002, presented in Figure 40 (from Dunbar
et a. 2003), show the base of the levee occurs at a depth of between 13 and 17 ft,
the base of the top-stratum (upper clay unit) is at 28 ft, and below this depth are
the substratum sands, which extend to depths in excess of 100 ft (Figure 11).
Resistivity sections clearly identify the top of the substratum sands at about 8 m
along the crest section (Figure 37), about 7 m along the landside face section
(Figure 38), and about 5 m at the toe section (Figure 39). Above the top-stratum
sands, low resistivity clay soils areidentified in al the sections for the top-
stratum and overlying levee. Resistivity values are consistent for clay soils (see
Table 8). Furthermore, their vertical distribution generally corresponds to their
position in the available boring data. A higher resistivity layer occurs at surface
to about the upper 1 m, probably because of gravel incorporated into roadway
and upper levee soils. Thisresistivity picture is generally consistent with the
geophysical and boring data from this reach.

Included in the 2001 boring data are el ectrical measurements of soils that
were performed as part of the verification studies of airborne EM signatures
(Dunbar et al. 2003). Identified in Figure 40 are point resistivity values from an
instrumented cone that was used to verify the texture of the underlying levee
soils, to measure electrical properties, and to correlate these soils to both airborne
EM signatures and point resistivity measurements. Values of resitivity (ohm-
feet) measured by this down-hole instrument are generally below 20 ohm-ft, with
local variations due to sand, silt, and clay layers. Resistivity values increase to
30 ohm-ft at 27 ft below surface, corresponding to the top of the substratum
deposits.
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Comparison of the upper and middle profilesin Figure 37 to Figure 39
identifies changes in levee and foundation resistivity caused by the flood pond.
Cumulative changes in levee resistivity between the initial and end states are
identified by the lower sections in Figure 37 to Figure 39. The resistivity profiles
for the crest (Figure 37) and toe (Figure 39) indicate resistivity decreased (con-
ductivity increased) in the levee and upper foundation (top-stratum) over the
course of therise and fall of the levee pond. Also, the resistivity profile at the
levee toe shows localized variations in resistivity, especialy at station 46, at 3- to
4-m depth. It is possible that temperature effects and/or contact problems with
this electrode could be responsible for the higher resistivity values. The
resistivity profile for the landside levee face also shows significant changes along
the western (upstream) edge of the profile. Thisareais nearly 12 m upstream
from the edge of the pond.

To better resolve observed changes in resistivity, especially for the higher
resistivity areas noted, daily changes in the resistivity model are compared with
time 1 in Figure 41 to Figure 43 for the crest, landside face, and toe, respectively.
Additionally, resistivity profilesfor each line are presented in Figure 44 to
Figure 46 to permit comparison between contiguous measurement periods. The
series of illustrations showing percent change (Figure 41 to Figure 43) is highly
revealing. Significant changes occur in resistivity along the levee crest during the
flood cycle (Figure 41). Resistivity generally decreases between 30 and
40 percent during the flooding, and the shape of the area that is impacted
increases in size and volume over the course of the flood cycle. The peak of the
flood stage occurs between 90 and 120 hr (see Figure 14) and is generally
reflected by these profiles. These data are consistent with clay soils that become
wetter, and the electrical conductivity increases or the resistivity decreases,
because of changes to the soil moisture in the levee. Localized high resistivity
changes are present at about 120 hr, but disappear in later measurements.

A similar trend isidentified in the profile for the landside face in Figure 42,
but the difference is not as significant as changes occurring to the crest. A low
resistivity zone occurs at the base of the profile starting about 75 hr after the start
of the test. Thislow resistivity zone is constant throughout the flood cycle, and
generally does not increase in size or volume. A poor ground contact at the
western (upstream) end or alocalized anomaly is present that is consistent for all
the measurements shown. This series of profilesindicates the flood cycle has
caused only minor changesin resistivity at the landside face.

Profiles depicting change at the landside levee toe in Figure 43 are complex
and difficult to interpret, but are generally consistent over the entire measurement
cycle when compared with time 1. The shape and position of the various anoma-
lies are constant except for measurements at about 95.75 and 145.5 hr. Thistrend
disappears during the final two measurements, with resistivity closer to the
earlier time intervals. Because the percent change is based on the initial set of
measurements, this first profile was examined closer in Figure 39, Figure 43, and
Figure 46. The most significant differences between times 1 and 9 are the higher
resistivity zones at around stations 32 and 50. Both of these zones diminishin
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importance at time 9. However, during the second set of measurements (see
Figure 46 and Appendix G, p G18), these higher resistivity trends have generally
all disappeared, and are more consistent with the final time interval. These data
seem to suggest there were probably coupling issues with the electrodes initialy,
possibly explaining the erratic resultsin Figure 43 (127 hr) and Figure 46
(127-143 hr). One possible explanation for the erratic valuesis the rainfall that
occurred during the test, corresponding to this event. Subsequent measurements
are generally more consistent to the second set of data as shown in Figure 46.

In summary, resistivity data obtained during the ponding study indicate soil
moisture in the levee soils increased along the riverside edge during the simu-
lated flood. The change in soil moisture along the riverside crest of the levee
decreases the soil resistivity as shown by Figure 37, Figure 41, and Figure 44.
Additionally, increases in soil conductivity are observed along the landside face
of the levee (Figure 45) from wetting of the levee soils in the foundation or near
the levee base. No significant resistivity changes are observed at the toe that are
directly associated with changes in water levee in the riverside pond. Possible
temperature effects and or el ectrode coupling are believed responsible for
localized anomalies observed in the data, especially at the levee to toe.
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Other Geophysical Methods

A GPR survey was conducted prior to the flood test to image the levee. GPR
surveys have been successfully used in various types of engineering and geologic
projects to define subsurface stratigraphy and identify buried objects. A high-
frequency electromagnetic pulse in the megahertz (MHz) or microwave fre-
guency range is transmitted into the ground by aradar antennathat is coupled to
the ground to image the subsurface for variationsin soil and stratigraphy. Trans-
mitted radar pulses are reflected back to areceiver antennathat detects interfaces
or other horizons where the electrical properties of the underlying materia are
different.

A pulse EKKO 100 (PE-100), manufactured by Sensors and Software, Inc.,
Mississauga, Canada, was used to image the Retamal |evee at the pond site. The
PE-100 is a bistatic (separate transmitter and receiver antenna) radar system
connected to adigital datarecorder. A common offset profiling mode was used,
where the transmitter and receiver antennas are spaced apart at 1 m over the
length of the survey line. GPR antennas used in the levee survey were 50 and
100 MHz. The antennas are mounted to a fiberglass cart at afixed transmitter and
receiver spacing of 1 m. Both the receiver and transmitter antennas are matched
to one another for proper coupling and system operation. The PE-100 system was
moved along the levee center line. The radar transmitter and receiver are con-
nected to a data recorder by fiber optic cables.
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In order for the radar receiver to detect a change in the underlying material, a
contrast in the electrical properties of two soil horizons must occur. Different
types of earth materials have contrasting electrical properties, which influence the
ability of the GPR system to image the subsurface. Differencesin the electric
properties influence the propagation, attenuation, and reflection of radar wavesin
the subsurface (Reynolds 1997). As previously mentioned, the electrical proper-
ties of earth materials are influenced by mineralogy, grain size, bedding, por-
osity, and the degree of fluid saturation. Important electrical propertiesin GPR
surveys are the dielectric constant (i.e., capacity of a material to store electrical
charge) and the soil conductivity. Both of these parameters affect the attenuation
of the source energy and influence the amplitude of the reflection back to the
receiver.

Loss of signal strength in GPR surveys occurs by geometrical spreading,
attenuation of energy by the material properties, and scattering. In highly conduc-
tive soils, the transmitted signal is rapidly attenuated, which resultsin low depth
penetration of the signal, and leads to corresponding loss of resolution of the sub-
surface features. Because of the conductive nature of the levee soils at the pond
site, the penetration into the levee by GPR methods was limited to about 1 m (see
Figure 47 and Figure 48). Consequently, GPR surveys were discontinued as part
of the flood test as the depth of investigation did not contribute to understanding

levee seepage.
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5 Conclusions and
Recommendations

Summary and Conclusions

A ponding test of the Retamal levee was completed successfully along with
the geophysical monitoring of the smulated flood cycle. Personnel from the
Mercedes Office did an excellent job in preparing the site and supporting the
ERDC field study. Overall, results of the field testing of a maximum flood event
against the Retamal levee are favorable from an engineering perspective.

Significant differences were noted in the physical conditions at Retamal
|evee between October 2003, when the trench was cut, and November 2004,
when the ponding study was completed. In October 2003, surface cracking in
some reaches of the Retamal were visible and extensive. Results of the airborne
EM conductivity data, the trench study, and seismic baseline surveys indicated
the Retamal |evee contained sections that were internally desiccated, with signif-
icant surface cracking. Surface cracks at Retamal |evee were observed to be con-
centrated primarily in areas where soils from borrow pits in abandoned Rio
Grande oxbows were used. Besides the link to borrow pitsin this geologic
environment, surface cracking may result, in part, from the higher fill volumes
needed to build across these topographically low areas, or because of their softer
levee foundations. This condition was enhanced by regional drought in the
LRGV.

Surface cracking of levee soils was caused primarily by drought conditionsin
the LRGV, where total annual rainfall was less than 20 in. Drought conditions
began in the LRGV in 1998, and ended in later part of 2003. Airborne geophysi-
cal surveysof LRGV levees, trenching at Retamal levee, and preliminary seismic
surveys were performed at the end of this drought cycle. Normal rainfall condi-
tions resumed again in late 2003, and continued throughout 2004, with annual
rainfall above 25 in. Prior to the levee ponding in November 2004, ample rainfall
had hydrated the levee clay soils and effectively “healed” the surface cracking
problem that was visible in late 2003. Annual rainfall below 20 in. in the LRGV
is considered problematic for levee soils, especially if drought conditions persist
over severa years.

Geophysical monitoring of the levee flood cycle provided important informa-
tion about |levee performance during a maximum flood event. Various types of
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state-of-the-art electrical and seismic methods were appraised. Seismic methods
are especially attractive for levee screening as velocity data from shear and body
waves correlate directly to engineering properties that measure shear strength of
soils. Seismic dataindicate the higher rainfall in 2004 positively affected the core
of the levee. Measurable increases in the seismic velocity of both body and shear
waves were observed in 2004, compared with 2003 data. Measurable increasesin
dataquality were also noted. Velocity data from 2003 surveys were much lower,
likely caused by alevee core that wasinternally cracked, resulting in slower P-
and S-wave velocities.

Results of the seismic dataindicate the higher rainfall in 2004 increased the
shear strength of the levee soils as determined by MASW analyses of Rayleigh
waves. Shear-wave velocity calculated from surface-wave energy using the
MASW methods was sensitive to changes in soil moisture in the levee. Filling of
the test pond caused dlight increases in Vs values initialy, probably dueto hydra-
tion of the clay levee with a corresponding increase in soil density. Vs measured
by MASW was the property most significantly affected by the increased satura-
tion and the material property most sensitive to changes occurring during the
levee-ponding experiment. Vp was the property that was least sensitive to
changesin water height during the ponding experiment.

Results of LRGV studies using seismic methods indicate land streamers are
possible, but better understanding of the near-surface seismic datafrom the
LRGV isrequired before land streamer data acquisition is possible in a produc-
tion-type collection effort. Ultimately, this rapid method of data acquisition will
be able to provide cost efficiency in sampling and data processing for the amount
of levee miles surveyed.

Electrical methods were valuable for monitoring changes in soil moisture and
possible seepage through the levee and the foundation during the controlled
ponding of water against the levee over a maximum flood cycle. An automated
self-potential monitoring system, using four lines of detectors, identified no
measurable fluid flow through the levee or in the upper foundation. SP data
indicate significant seepage through the levee or in the foundation through
internal cracks did not occur. Surface cracks were healed at the beginning of the
flood test as described above from ample rainfall prior to the test. Surface cracks
that were visible during the previous calendar year were potentia pathways for
seepage into the levee and into the levee core.

Electrical resistivity measurements identify a gradual change in levee soil
moisture during a maximum flood cycle. Resistivity measurementsidentify a
wetting front that caused a decrease in the soil resistivity in the levee nearest the
pond face. Resistivity data from the upstream crest line clearly identify an
increase in conductivity or adecreasein resistivity with time from increased soil
moisture across the levee that is associated with the rise in water height. This
change in electrical resistivity extendsto the landside midslope, and is observed
only at the levee foundation. The decrease in resistivity caused by awetting front
at the base of the levee does not extend into the levee embankment at the mid-
slope or beyond at the levee toe. The wetting front produced an increase in the
soil density and levee shear strength as measured by the shear-wave data asso-
ciated with the seismic surveys.
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GPR surveys were performed during the flood test, but were unable to pene-
trate beyond 1 to 2 m into the levee because of the conductive nature of the levee
soils. Consequently, this survey technigue did not identify or resolve any large-
scale cracks that might be located in the body of the levee. High soil conductivity
effectively limited this geophysical technique from further use.

Recommendations

Based on results of this investigation, the following recommendations are
made:

a. Institute a program of monitoring surface cracks when annual rainfall is
below 25 in. to document the occurrence of cracked areas, and the soil
typesthat are prone to cracking. Locations should be accurately located
with GPS technology for further study of these areas. Rainfall below
20 in. annually will be a cause for concern, and cracked areas need to
documented and studied to better predict their occurrence in the LRGV.
Personnel from the Mercedes Project Office working and maintaining the
levees can report problem areas if made aware of the importance of this
information. Surface cracks may be related to other factors besides
drought conditions and need to be documented for better understanding.

b. Perform an engineering analysis of leveesto determine their stability
when rainfall conditions are below 20 in. annually for many years (say
greater than 5 years) and levee soils have become cracked and desic-
cated. IBWC levees have generally not been evaluated for stability and
underseepage for different floodplain characteristics involving geology,
top stratum thickness, and loading. These levees were design-built
according to standard levee sections. A work plan for conducting geo-
technical investigations of selected areas was developed by ERDC to
address these engineering studies (Dunbar and Sills 2004).

c. Perform further studies on the healing of major surface cracks. Mainte-
nance of cracked levees by the IBWC in the past has involved filling the
cracks with water to hydrate the soils and maintain the levee integrity.
This process may lead to loss of shear strength in the levees, and the
levees developing shallow slidesin the levee section (Sills 1983, 1984).
The hydration process needs to be studied and quantified further to deter-
mine the rate at which this process occurs and the associated changein
engineering properties that isinvolved with this process. The available
information indicates that a“healing” process occurs, but the exact rate is
unknown. A possible worst-case condition to the levees involves several
years of drought, and the threat of a Gulf hurricane whose rainfall fals
mainly over the headwaters areain Mexico. Thisthreat should be evalu-
ated for changes in soil moisture and potential loading of the levees.

d. Perform additional development of the land-streamer technique for rapid

condition assessment of levees. Airborne geophysical methods,
especialy multi-frequency electromagnetic surveys, had been shown
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previously to identify anomalies based on differencesin levee material
type. The airborne method reveal ed the levee segment that was heavily
cracked by desiccation of the soil. However, airborne methods are not
universally applicable, and a rapid |and-based geophysical techniqueis
critically important for levee condition assessment.
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CEEERD-GG 21 October 2003
Memorandum for Record

Subject: Trip Report to Mercedes, TX, to perform trench study at Retamal Dike, San
Juan Quadrangle

1. Background. Retamal Dike, located in the San Juan, Texas Quadrangle, was
constructed during the early 1970s. Construction was performed using materials obtained
from borrow pits in the near vicinity. Materials consisted primarily of clays (probably
expansive — to be determined by laboratory testing) interspersed with sand. Compaction
was mechanically performed using accepted techniques. It is assumed that optimum
moisture content was maintained during the construction phase. Construction was
completed before the mid 1970s and the levee remained in a dormant state, never having
been subjected to flood waters to this date. During the period 1992-2003 a drought
condition existed in the Lower Rio Grande Valley. The 11-year draught period affected
the materials contained within the interior core of the levee through a slow drying and
shrinkage process.

2. In 2000, the IBWC undertook a condition assessment of its 270-mile Lower Rio
Grande Valley levee system. During this process, a variable frequency electromagnetic
survey was conducted using helicopter-borne transmitters and receivers. These data,
obtained along three passes above every levee reach, revealed conductivities of the levee
materials from near the surface to depths of 100 ft. In-depth analysis of the EM data
revealed anomalously low conductivities for most of the Retamal Dike. (Clays are
usually highly conductive materials). Further, in situ cone penetrometer conductivity
tests and soil sampling tended to verify the hypothesis that voids might exist within the
body of the levee. Grout losses in the sample holes were also noted. In order to verify
the true condition of Retamal Dike, a plan was devised to perform a reconnaissance
trenching experiment. If this verification experiment was deemed to be successful,
further testing will be necessary to establish the integrity of Retamal Dike and determine
if remediation will be necessary. This report describes findings of the trenching
reconnaissance undertaking.

3. Purpose for Visit and Study. The purpose for the site visit was to determine the bulk
composition and integrity of the levee at the test location. Major questions to be
addressed by the trench study were a) soil moisture conditions, b) whether the levee was
cracked and permeable, as indicated by the airborne conductivity survey and SCAPS
borings, c) the feasibility of performing a levee ponding experiment, and d) what
procedures and methods will be needed if a ponding experiment is warranted. The
following letter report contains a description of activities performed during the course of
this study, a summary of findings, and a discussion and recommendations on future
activities and tasks.
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Monday, 6 October 2003

4. Travel. Traveled from Vicksburg, MS,to Harlingen, TX. Stopped at US IBWC
office in Mercedes to pick up gate key and coordinate trenching activities with Chris
Anzaldua. Drove to Pharr, TX, and met with Tony Adamo, Drash Engineering, to
coordinate location and time for drilling crew to meet on the levee. Drove to Retamal
Dike to site borings and trench at location where SCAPS boring (SJ-15-02) indicated
high grout take and intermittent near-zero conductivities in the levee (geographic
coordinates: 26.05471N lat, 98.06771 W long).

Tuesday, 7 October 2003

5. Drilling. Two borings were drilled at location SJ-15-02. Borings were drilled at the
south and north levee crest (i.e., south crest is SJ-TX-01 and north crest SJ-TX-02,
respectively, see Figure 1). Borings were sampled with a split-spoon (SJ-TX-01) and
with a 3-in. Shelby-tube (SJ-TX-02) to compare sampling methods and results. Drilling
logs are presented in Appendix A. Borings were drilled to the levee base (depth of 19
ft). Sampling was continuous and cleanout between samples was with a 3.5-in. flight
auger. Soil samples were bagged for later analysis and laboratory testing (soil moisture
and clay mineralogy). Following completion of the falling head test described below, the
borings were grouted with a portland cement and bentonite slurry.

6. Soils. Levee soils are primarily dry to slightly moist, stiff to hard, clay with numerous
silt/sand lenses and thin silt/sand beds (< 6-in.). Soil moisture was determined in the
field using a soils-moisture-test device. Soil moisture for boring SJ-TX-01 is as follows:
9.6% (by weight) at 2 ft, 10% at 3.5 ft, 9.8% at 5.0 ft, 13% at 6.5 ft, 12% at 10 ft, 11.4%
at 11.5 ft, and 13.5% at 18.5 ft (see boring log SJ-TX-01 in Appendix A).

7. Clay Mineralogy. Three soil samples from boring SJ-TX-02 have been submitted for
laboratory analysis of clay mineralogy by X-ray diffraction to Dr. Dave Patrick at the
University of Southern Mississippi, Hattiesburg, MS. Mineralogy sample depths are
identified on the boring log in Appendix A.

8. Falling Head Tests. Both borings were filled with water following completion to
determine whether the levee was permeable. Boring SJ-TX-01 took about 12 to 15
gallons to fill and was relatively stable.

9. Two efforts were made to fill boring SJ-TX-02 but it would not maintain a constant
head. Approximately 200 gallons of colored (green) water were poured into the
borehole. The water level stabilized at approximately 10.3 ft below the levee surface
during both filling efforts. Water is escaping through cracks and/or permeable sand
zones within the body of the levee. No visible signs of leakage were detected on the
levee surface.
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Wednesday, 8 October 2003

10. Levee Trench. A 2 ft wide trench was cut into the levee with a backhoe, beginning
at the landside toe of the levee, extending through the levee centerline, to about the
riverside crest of the levee at station RS 10 (Figure 2). The levee trench did not cut
through to the riverside toe, because soils data recorded from the limits of the trench
opening shown in Figure 2 answered the basic research questions and objectives defined
in paragraph 2 above.

11. Soil Profiles. Soil profiles were logged at 5 ft stations along the axis of the levee
trench, beginning at landside station 30, and continuing to the riverside crest (see Figure
2 for station locations). Soil profile descriptions are presented in Appendix B along with
photographic descriptions of physical features at each station. Because of personnel
safety in unsupported trenches, the deeper part of the trench was only logged from visual
inspection and soil scrapings using a shovel. A generalized cross-section of the levee
profiles is presented in Figure 3. The trench did not identify any evidence for the
presence of colored water or grout associated with the borehole falling head tests.

12. Levee Condition. Examination of soil profiles along the axis of the trench defines a
variable range in soil moisture. Overall, the levee soils are on the dry side. Cracking is
readily visible as small, blocky cracks (Figure 4) to vertical cracks (Figure 5). The vast
majority of cracks are the small blocky cracks forming angular clay clumps. Cracking is
extensive throughout the body of the levee, especially within the main core of the levee
as shown by the photos of the centerline profile in Appendix B. Extensive cracking has
caused the low conductivity values as determined by the airborne geophysical survey.
Two 4 to 6 in., very fine-grained sand seams are present within the trench. The deeper
sand layer is continuous as shown by the cross-section in Figure 3.

13. Ponding Experiment. The landside toe of the trench was backfilled to the crest to
permit a ponding experiment (see photograph front cover). The initial volume for the
pond measured 22 x 2 x 11 ft (Ilength, width, depth, respectively) or 484 cubic ft (3,620
gals). Two filling cycles were performed and the water level was monitored to determine
the rate of leakage into the levee cracks. The average leakage rate was about 1 in./min or
27.4 gals/min as determined from monitoring the decline in water level against a
measuring tape. About 7,000 gals was used to fill the levee pond during the two filling
cycles. The water level was permitted to settle overnight from its 1600 hr level of about
8 ft. below the levee crest. Significant slumpage of the trench side walls occurred during
and after the ponding experiment.

Thursday, 9 October 2003

14. Levee Cracks. Visited trench site during early morning (0800 hrs) to view water
level in trench. Water had leaked and/or been absorbed overnight by the levee soil.
Trench had slumped to about 6 to 8 ft below the levee crest. Significant cracking was
visible on the surface of the levee road as shown by the sketch of cracks in Figure 6.
Longitudinal tension cracks were present on the west side of the trench to about 36 ft
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from the west wall of the trench. Because of the dirt that was stockpiled on the eastern
side of the trench, significant cracking was not observed except for a large crack adjacent
to and parallel to the trench. No cracks were observed on either the river- or land-side
slopes of the levee, however, vegetation may have prevented that observation.

15. Causes for Cracking. Possible causes for the pronounced cracks on the west side of
the trench involve a) loss of core material by piping of soil through cracks and internal
collapse and slumping, b) hydration and expansion of the clay as water passed through
the body of the levee and was absorbed, and c) a combination of these two factors.
Cracks parallel to the trench are due to saturation of core soils and gravity slumping of
soil blocks or masses into the trench opening. Cracks located along the axis of the levee
road, or perpendicular to the trench, are judged to be from clay hydration and a volume
expansion of the clay.

16. The significance of these cracks is their overall distance from the trench. Water was
able to pass through the body of the levee to about 36 ft from the edge of the trench as
shown by Figure 6. Cracks are not only extensive, but are permeable to significant
distances as indicated by Figure 6. No evidence of colored water was detected in the
trenching from the falling head test conducted as part of the borings, suggesting that the
westerly flow path may have a higher permeability than the eastern flow path. Further, it
must be stated that no water leakage was observed on either slope. It is possible that
recent rainfall during the past month may have caused a “healing process” in the upper 18
inches of surface material, thus containing the trench-injected water to find the path of
least resistance along the dry, cracked interior of the levee core.

17. Seismic Survey Boreholes. Located 6 lithology borings for the upcoming seismic
survey of the selected levee sites by Mr. Rick Miller of the Kansas Geological Survey.
The survey will be performed in November and will be monitored by Mr. Robert Ballard.

18. LiDAR Survey Elevations. A discussion was held with Mr. Chris Anzaldua and the
IBWC surveyor regarding the system wide difference in elevation values between the
LiDAR survey (Horizontal NAD 83, Vertical, NAVD 88) and the IBWC survey datum
(Horizontal, NAD27, Vertical, NGVD 1929). | explained the conversation | had with
Mr. Blain Thibideaux, from John Chance Land Surveys, Inc. the week before about the
elevation difference between the two survey datums and obtaining their control data from
John Chance that was used to calibrate their survey. This data will be sent to Chris and
their surveyor will set up on the John Chance Control Points to determine the systematic
difference between the two surveys. A local correction will need to be applied to the
survey data, providing the survey error is systematic throughout the LRGV area. |
subsequently spoke to Mr. Blain Thibideaux about a conference call to assist the IBWC
folks in Mercedes to solve the problem with the elevation difference. The control data
was subsequently copied and it was FedX to the Mercedes Office on 20 October 2003.
According to Mr. Thibideaux, a copy of the control data was sent to the IBWC office in
El Paso as part of the data deliverable.
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Friday, 10 October 2003
19. Travel. Traveled from Harlingen, TX, to Vicksburg, MS

20. Summary. The site visit and experiments performed on the Retamal levee were
highly successful. Airborne geophysical data suggested that the clay levee was cracked
because of the low conductivity values measured for this reach. Trenching of the levee
and ponding of a pool of water in the trench confirmed the interpretation of the
conductivity data.

21. Levee soils are primarily clay. These soils are generally dry to slightly moist. Water
content ranges from 9.6 to 13.5% by weight as determined from field measurements of
borehole samples and examination of trench soils. Cracking of the levee ranges from
mainly small cracks that create 1-in. to 6-in. clay blocks or fragments, to the occasional,
vertical cracks of at least 2 ft in length. Cracking is present in the core of the levee to
about a depth of 9 ft. Two layers of fine sand were found in the levee with the lower
layer being continuous across the levee trench.

22. Ponding of water in the trench confirmed the interconnectivity of the cracks and high
permeability of the cracks. Seven thousand gallons of water filled the trench on two
filling cycles and was readily absorbed and flowed through the body of the levee. Cracks
were visible to at least 36 ft from the face of the trench indicating movement of water
through the core. Permeability is variable as evidenced by the majority of cracks on the
west side of the trench. No exit leakage was observed on the levee surface along either
slope. Cracks along the axis of the levee would suggest the clays have the ability to
hydrate and cause a significant volume expansion.

23. Discussion and Recommendations A fundamental question that the trenching
experiments raise is whether the levee can hold a project flood for a 2 to 3 week period as
designed. Does cracking significantly impact the strength of the soil to withstand the
flood and seepage forces? Will the cracks in the clay soil hydrate and seal themselves
should a flood occur? If hydration and sealing occurs, how long does it take for the clay
cracks to partially or fully heal themselves? Do the cracks create potential pathways for
water flow through the levee, and permit piping of core soils, thereby creating voids, and
causing the possible collapse of the levee under flood conditions? What experiments can
be conducted, both in the short and long term to evaluate these questions? And last, what
are the possible fixes to strengthen and safeguard the levee system against the threat of
major flooding should cracking impact levee stability.

24. Before fixes or solutions should be considered, it is recommended that the planned
seismic surveys, external ponding tests, and geophysical tests associated with full scale
ponding should be conducted for the Retamal levee. Seismic surveys will be performed
initially to provide base-line data about the levee, provide a basis for comparison of the
Retamal levee to other levee segments within the IBWC system, and possibly relate
seismic velocities within the levee body to condition, material type, and electrical
characteristics.
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25. A major purpose for the trench study described above was to determine whether it
was necessary to perform a full-scale ponding test, and what is the best design method for
the test. Two alternatives were initially proposed for the ponding, excavate a trench
within the body of the levee to hold the water (i.e., an internal impoundment along the
axis of the levee), or build an external impoundment of water against the river side face
of the levee. From results of the reconnaissance trench experiment, it is recommended
that an external impoundment be constructed because it will best simulate true flooding
conditions.

26. Reasons for not conducting an internal impoundment were discovered from the
trenching study. A potential problem with the internal levee impoundment is maintaining
the steep vertical slopes of the internal excavation. The current trenching experiment
demonstrated the problems of sidewall slumping into the unsupported excavation.
Furthermore, the current trench study identified the core was already cracked, and water
will pass rapidly through the body of the levee. The core is highly permeable because of
internal cracking and the presence of some sand lenses.

27. Added benefits of building an external impoundment are seeing whether the levee
will fail. Additionally, an external test will factor the recent rainfall in the LRGV and
show whether it has moistened the levee surface, thereby possibly sealing surface cracks.
A major question is whether the surface and subsurface cracks will hydrate and seal
themselves against infiltration and seepage with time. Geophysical testing planned as
part of the ponding study may help answer some of these basic questions and help
determine what changes in levee properties occur over the flood duration.

28. Following the ponding test, a seismic line will be re-run over the levee reach under
study as currently planned to note changes in velocity as a result of the pond test. It is
suggested that a second levee trench be cut in the ponded area to evaluate the levee core
and compare the physical differences between the soils in the two trenches.

29. Results of the ponding and geophysical test results should provide additional data to
determine the stability of the levee and what fixes or solutions are warranted.
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Figure 1. Soil sampling of levee at location SJ-TX-02. Boring SJ-
TX-01 is located 10 ft to left on south levee crest.
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Figure 4. Close-up view looking west at cracked, blocky clay texture at RS 5, depth from
about 2 to 3 ft.
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Figure 5. View looking west at profile LS 25 showing crack extending from 2.2 to 3.7
ft,note trowel in vertical crack ranging from ¥4 to %2 in. wide.
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Appendix A: Boring Logs from Retamal Trench Area
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| Wabky & 3 [ 78! 90 ’t +| e, 0,77
& 20 qals G.0 |40 10k M Sp! 2/ ST STee 57 Corsppched (¥
B e | /30| 7 _ r” & fec, /.35 7 6.7
/3ol /5 2| e a7 0. 53"
- /Sol/70 | chy s Sl 5 Cer. 135 gogsT
i 1761150 | - g | ifes . F0 £l ’
_4;:?‘40-“‘0@}" &.o | /Y ;@«;q-//.e:evff- Sarface _
I | so |45 2| sty w. £ geavel (as), daid
. ary, Ifficalt fo  lreal
45| €0 Z d‘éiy./cz.:_-_c:ﬁj: hord, oy
Aolleal¥t b braale, \f. codeii]ie
M:for« -
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BORING LOG

FIELD DATA

Fege Py

Site

_ Date /O~705

Project _

Job No.
STy —CZ

Location __
Drill Rlg

Inspector . _

Operatar .

Surface El

Boring No.

GATE

STRATUM

DRINE

SAMPLE

TYPE OF

SAMPLE

NUMBER | TAKEN

FRIO#

0 FROM

TO

FRON TO

“AMPLER

By

CLASSIFICATION AND REMARKS

L.o

34

/-%fm{a:/yf(.cg‘) wo By fone

sad (5p) /gm"'[m - sv-587

..-@,r\r’(f;:ff 15 Fine poweler, cloy

9.8

73 a’n; SAhIL hard

LN

Clay 2238 Arde brroe,

{'10 v2 3/3}, dente, n’.:'r»(*

ot T |

W

}[f"j-" fors

ait

Skl ~hord a2l s

102 £

Irais

Sined Mrﬁrh? <, faApd Serd

\‘_'_”____ T

3]
'; i

.f;f‘j'lﬁ IH F"d

fesf,

b-8|

Core . mo  vikible creciks.

clay fee) 1 Ofve grey (YD

/7.

(3

Zep |aals.

~ord

or

-
e ft:

afl 10,3 4)

f)t: ,C ,C y ﬁ/:ff”l

Oxielreed. zone @ 1%, 55 pider

brmfc Ao ;r"’r‘f

rwr/,_ fisFho g SI6v SR

P

{70 _

up"\-"f f’ﬂS {ﬁ} "r:,’;».’rr':/(”(‘l;;-

V7.0

"'f:’;; 4—r¢;ﬂ~;p’i 2504 Efn

Fhofenee = +

A, ﬁ;,@fg Mﬁx’f?fnf - ?ﬂ/.,ff‘“f;

WES e 819
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T¢-v

BORING LOG pese 3
FIELD DIATA

Project Site __ . Date

Location o .— Jab No, ~ :

Orill Rig .. _ Inspector _ Operator Surface El_ . ___ Baring No._SJ /7% -0Z&

STRATUM DRIVE SAMPLE
o | DA can OF CLASSIFICATION AND REMARKS
FROM | ¢ | FrRom | To | From | TO RAMPL

,@o;;:;f; é?f.;:)';r... ét?_/r:)m Jevee,

’

1H 6."9{ cAammf'f a{mﬂM&d{f

Nok:  corchckd falling fead

! SN -
Ferd and  Filfed Borcdefe

Fa e, Second fipe confd {gi

.f’_—‘-?, Y roas @ ff!ff/:f, Mﬁ}.’r _ /}i

Very rap: ﬂ//ff’ = sttt rad

a X W —?:Fif Donped

Opprax. L08 aals sa /5_ Bom—

hele

F
WES oo 819 Ecition oF nov 1971 may e usen

Sheet__ 2 of 5. Sheets




APPENDIX B

SOIL PROFILES OF LEVEE TRENCH
LOCATION SJ-15-2
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Station: LS 30
Depth: 3.8 ft

Depth (ft)

0.0-16

1.6-3.0

3.0-338

Photograph of profile LS 30 (see Figure 2 for
profile location), view looking west into
trench to about 3.8 ft.

Description

Clay (CL-CH), damp—mosit, brown (10YR3/3) , organics upper
0.8 ft, cracked, minor fine sand, slight to moderate cohesion,

Clay (CL-CH), brown (10YR3/3) to olive grey (5Y3/2), mottled
(7.5YR5/6), dense, moist (makes weak tread), soft to stiff

Fine sand (SP), It grey (5YR7/1),

A-23



Station: LS 25

Depth: 4.6 ft

Depth (ft) Description

00-1.6 Clay (CL-CH), damp, brown (10YR3/3) , organics to 0.8 ft

16-1.9 Clay (CL-CH), brown (10YR3/3) to olive grey (5Y3/2), mottled
(7.5YR5/6), dense, moist (makes weak tread), soft to stiff

19-44 Clay (CL-CH), d brown (10YR3/3), ry, mottled (7.5YR5/6),
contains sand partings, crumbles very easily, brittle, crack from 2.2
to 3.7 ft (Y2 to % in. wide), see photo below

4.4 -4.65 Fine sand (SP), It grey (5YR7/1)

Photograph of LS 25 showing
crack from 2.2 to 3.7 ft, note
trowel in crack and close-up
of crack below. View
looking west

Close up of crack, note blocky texture of soil,
and fine sand partings between blocks

A-24



Station: LS 20
Depth: 6.0 ft

Depth (ft)
0.0-1.4

1.4-3.0

3.0-6.0

Description
Clay (CL-CH), damp, brown (10YR3/3), organics, with carbonate
films, slight cohession

Clay (CL-CH), brown (10YR3/3), mottled (7.5YR5/6), moist, soft
to stiff

Clay (CL-CH) w. sand (SP) partings, crumbles very easily, brittle,
clay ~80-90%, sand ~10-20%, mottled (7.5YR5/6), blocky texture
w. sand/silt partings, cracked

Station LS 20, photograph from 5. to 6 ft, crack near base of trench, note the blocky
texture, soil is generally brittle and dry
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Station: LS 15
Depth: 7.0 ft

Depth (ft)
0.0-13

1.3-3.0

3.0-7.0

Description
Clay (CL-CH), organics and roots, slight cohesion,

Clay (CL-CH), brown (10YR3/3), mottled (7.5YR5/6), damp to
moist, soft to stiff

Clay (CL-CH) w. sand (SP) partings, crumbles very easily, brittle,
clay ~80-90%, sand ~10-20%, mottled (7.5YR5/6), blocky texture
w. sand/silt partings, cracked

| Surface to about 2 ft

Bottom 2 ft of profile (~5to 7
| )
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Station: LS 10
Depth: 10.0 ft

Depth (ft) Description

0.0-0.75 Roadway gravel

0.75-25 Clay (CL-CH), organics and roots, damp, slight cohesion, will roll

25-55 Clay (CL-CH), brown (10YR3/3), mottled (7.5YR5/6), damp, soft
to stiff

55-8.0 Clay (CL-CH), same, blocky zone with sand/silt partings, mottled

8.0-10.0 Clay (CL-CH), same, damp

Note blocky zone at about
551t08.0ft
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Stations: Levee Core, LS 5, C/L, RS 5, RS 10 (see Figure 2 of report)
Depth: 11.0 ft

Depth (ft) Description

00-1.2 Roadway, gravel - Layer 1

1.2-18 Clay (CL-CH), brown (10YR3/3), mottled (7.5YR5/6),
damp, dense — Layer 2

1.8-45 Clay (CL-CH), brown (10YR3/3), mottled (7.5YR5/6),
blocky, brittle, crumbles, dry - Layer 3

45-5.0 Sand (SP) — Layer 4

50-7.0 Clay (CL-CH), brown (10YR3/3), mottled (7.5YR5/6),
blocky, brittle, crumbles, dry — Layer 5

7.0-7.5 Sand (SP) - Layer 6

75-11 Clay (CL-CH), brown (10YR3/3) - Layer 7

cracked to 9 ft, moist below 9.0 ft

Layer 3
Layer 4

Layer 5

Layer 6 Layer 7

A-28



Station: RS5

Top photo: view of profile RS 5 from surface to about 4.5 ft. Corresponds to northwest

portion of above photo showing different layers in levee core. Note the blocky texture
and individual clay pieces or pedon surfaces.

Bottom photo: close-up view of blocky clay texture at RS 5, ~ 2 to 3 ft

P
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Appendix B
ERDC Drilling Logs for
Sampling of Levee Test Sites

Appendix B ERDC Drilling Logs for Sampling of Levee Test Sites
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BORING LOG

~

FIELD DATA
Project Sefauc Jﬁ/v of I Rwe fevee Site _ Kettiua/ D/ ke, Saatunn TXoate ZDec O3
Location_Kefeme!/ Brke, San Jhan, T2 . i Job No.
Drill Rigi%[&gé Inspector Jb’"”}h” Operator Martinez Surface Et A4 (0,41 Boring No. Sersvyre /
STRATUM DRIVE SAMPLE ' :
::?JTA;LEE TD:JEEN T o Tl o o T ST:MPPELQE Bﬁ CLASSIFICATION AND REMARKS
22c| b.ollo |00] [0 3R Auger Lheanonf — CooAbase
/ ¥ 1.0 201798 1o | /7| S llaTibe | 7 | 5H (i brown, Sandy
7 Sy, ML, refsel of
i /95 £+
s | vy Zo|z2o|Bo 20‘ 2 85| 5”5&/{;/ 2 | $H c/ay (ce-mi) dry, SkfA

2 | u | 7.0 2 0|40[20 3,757”/%/6/ 2 [ Chy(ccme) dry, SAE,

Erow N, w o S /)L ﬁar/r » I? <

F 1 9 4.0 (4.5 %8545 |27 Shelby (4] Betrsal @ S < S Dry
| - ” | SASE Y Cee)  w st
_ ) parfiey
S 451 50|45 |50 7/ Shelly ST Soft fo S0] Refectal @

Siof Ory Shif, clay(Ze|
s SiH paitieed & Sond
CvEg), -

WES o0 819  EpiTion oF nov 1971 MAY BE USED ‘ Sheet ___ / of L)( Sheets
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R
B

€-d

BORING LOG
FIELD DATA
Project Site Date Z Dec 01
Location Job No.
DrillRig_________ Inspector Operator Surface EI Boring No. /
| sTrATUM DRIVE SAMPLE
NOMaes | Do ol o Trron | o oo T o o OF g%/ CLASSIFICATION AND REMARKS

L |Zdec. .0 15,751 80|57 70| 37 Shelly b_| S/t Jeby (PL-2L): &rown
StHAf, dre w-Sand/s T
mr/?'h;fsl-

2 | SIS\ 75 695|675 # 7 | 577 s ( t1i—ciy Slghtly dapp
Soft —SFH, w- sa u//;//f-
p«rz‘l'nlq s, brown

| = O

g | 7/ (71 7.4 (ysla.2 ] 7 (B chy~sHt(ce-me) shshty [eh
Asdp, Goft 45 st rosun

S | v 74167418 7 9 | 461H(AL) slighly dawp, SofF

' /6 ér/(///t’, Arown’

/0 | U 0197181 90 | » 10| Llpy(ee) duimp, 59fF, browm
wll_roll~plastic , py. 6s1t/ss he/
parfing ¢

WES [oive B19  Eoition oF Nov 1971 may BE USED

{
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BORING LOG
FIELD DATA
Project Site Date_ 2 2€<03
Location : Job No.
Drill Rig____ Inspector Operator Surface EI______ Boring No. /
ﬁﬁ’f&i TDAAKTEEN FRZ-:ATUT:O FROI:ARIVE o FR::MPLETO JALP,ELQE 5%) CLASSIFICATION AND REMARKS
/| 2bee 971 /0.5] 9/7 /0.5| 37S4elly // &/m/[ct) brocus . a’c?«up,
’ P/”Jffc w., S//f/.fa‘ﬂe/ /ﬁa//'rry
/Z 4 ))-D /0:5] /7 5] /0,{'//.3. ” 12 c:/a\/Cu) Erpoon, _c/rgéf/y
[i.0 orp o dry, W, o/ ~ gratlec
: . .7L0 S
FRN pS|' (23| S22 7 V3| S /f(me) Sry, BrHle, core
e A Craclks a/&nq hotrz plases ‘
Yo -t Lrosn, 4re0es 7% coafle 4
St — Sand . :
i 1en 3.2V 05 )36 | ¥ 19 | o (SP-S5u) v-fine, broom
' crpeks Q/dw péﬂe_r 2y above
3 le ’
4
/S 13.8])Z,2| M3[13.2]]d0] )S| Sand (Sp )¢ I rovn, V-
qyamm/, Fiver Sen
Base of levee @ l3.8}+

WES o 819 ebiTion oF Nov 1971 MAY BE USED ' Sheet 3 of 4[ Sheets
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BORING LOG

FIELD DATA
Project Site Date. ZDcc 03
Location Job No.
Drill Rig Inspector Operator Surface El _ _____ Boring No. J
SAMPLE | DATE STRATUM DRIVE SAMPLE TYPE OF

CLASSIFICATION AND REMARKS
NUMBER | TAKEN [ coou T +o | From FRoM | To SAMPLER

TO i
A ch M& ]%1 ‘43 5o B”SLGHWI 4 /A 6;[*/%»!‘/ (MPJ-SP)-’— bm-fd(ot\, d
| ' < LF"L"DMP\) on‘sr‘m,\ Lex andear
\n‘Sclpfll NL/PB envi ronmenl!,

ANE 15,31 )65 15.2] 160 3”SAeI£;/’f;;L» V7| Sarnd ( Sp) . / brown, V-
ﬁné~§ra:},u/, yd:ljr/'x.

Nork - Grontdl Jdfe w| tepent Shry
« devee| approx /2| 70 2 L Jaca B

WES Joive 819  EpiTion oF Nov 1971 MAY BE USED Sheet of Ll" Sheets




9-d

BORING LOG
FIELD DATA

Project .gc;jzwc &Jua// of TBWC Lever

site_Refanal Dike, ZanTwan, T X pate_2 Dec 0%

Location Ketamel drke'| Sen Jnan,

Tx

Job No.

Drill Rig 2/oha/Omes r"spectoJﬁhﬂM v

Operator_Mosrtinez

Surface El A: 32« A\ Boring No. _Zessmsc Z

SAMPLE | DATE STRATUM. DRIVE AP TYPE OF fmﬁ, CLASSIFICATION AND REMARKS
NUMBER | TAKEN| rpom | ro | FRoM | 1o | FROM | 7O SAMPLER
2bec| 0.0}/06 o0\ /o 3'/2/4kqfr ‘ Lleanont /ng/umy _
/ | 7 o /o |30 |/-0 |24 |3"Sheléy /| Clay: Cec-cr1) e aniform cam,
\ 4 SEEL dile brown
G $7|3-0|570| 34|36 |3" Shelty 2| Sane
&
B | # 1527]| " 60|70 50|5,7| 3" She/by 2l Sand/# K brown, v-Fme ge0d,
2.6 576,20 BB cruwbys.
| (ct)
4 v 7.0 70 | 87 .1 18.15 3”54:/4 {4'\ ij W- &ﬂ//f’///"&/’%/ﬁ.f 4/@4'
i A dowp, SEH, cohecsire , .7
Aorfe brown
< | # 3719719492 3”fﬁeﬂ,‘/ s C/ag[cc)w Sandf — /[JMP
3.2 94 B chk, cohessie, maé‘évf
dink brows

WES Javos 819

EDITION OF NOV 1971 MAY BE USED

Sheet } of 7 Sheets
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BORING LOG

heSSae

MO H/e{

cS

o5~

FIELD DATA
Project Site Date Z Dec 05
Location Job No.
Drill Rig Inspector Operator Sutface El Boring No.
STRATUM DRIVE SAMPLE
;ﬁmﬁ TD:JEEN T o T T oo T T STAYMPPELE’; ‘E”ﬁ CLASSIFICATION AND REMARKS
b |22ec D17 10.85 3.7 /68 _3”559[{4 lo| Clay (ce)- Aaump. érowh
AY-1645 > 7 B ool\es;:ve. 0 15 Jed | W. San
o-p5-Ja-B 7 Self parts rgs
-7 4 108 [2. 4085112, 2| 27 Shkelby| -7 LLDL\[ 28 dm«p Evown , co
17 10-p5- U5 / Bl sanli[$7]F Jense (23@ 11,8,
y-rz stdf. , grades o p\ |sPat bgse
8 | » |12.5|1325112.4] 14b|124 [1245] 37 SM@ 8 | < HM bxAized | Sdndy
)3.29] [671° 124 124 B| clay (cL)” dark arey, orgon
124 | 13.4 porp, Redues o belows 12257
base ¢§ Lepee @ (3|25 £F Aepth 0xchzed obove W heavy amotios
9 Y olle. 2 ).yl 18427 Ch by A Clay (c) dark groy W.

/ 0r07amf‘3 Az p W!// ro//,
coheSsrve, /7&)/74, c;ewroﬂ/wf’nf
poorly dradef Snakp.

Jo | ” | Yo 1647 I62|18-25{]l6.2 /7.9 (| 27 Shelby 10 | clayleL): Same as oove
: 16:2) 16:9 |(A) B S'THamL) wet From JbeF 1]
169 11735(B) dovle grey
WES o0, 819 eoiTion oF Nov 1971 MAY BE useo/ 7’?9-—/12'5@:) Sheet z _of ? Sheets
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BORING LOG

AN

) .
3 3

FIELD DATA
Project Site Date 2beco %
Location Job No.
DrilRig_—___ Inspector Operator Surface Il Boring No. <
STRATUM DRIVE SAMPLE
SAMPLE | DATE TYPE OF
NUMBER | TAKEN [ ceon T o | rrom | 10 | Frow | o SAMPLER CLASSIFICATION AND REMARKS
. L r y) 4
— | 2%ec| 95 230 | /87 235 EA Auger —|CGlay(cL) * dark 9rey mef SoftASt
‘ Ma/J)&, cohessrve , praancty
27.0 — gancf(sp) A/ qreyq  ael
J’kmfﬁm[ water Frble M
Z%. 08t
WES oy 819 Epition oF Nov 1871 MAY BE USED Sheet 3 of 7 Sheets
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BORING LOG
. FIELD DATA
Profect__ Ze/S 41/ 2 5’%5/1‘/ of TBWC Levees  sio Norkl Levee, [Purins, Tx  pae 2D 03
Location___ ANor#h _[levee, Marn Flovd way . i ~ Job No.
Drill Rig Inspectorﬂ' Dun bar 6perator ar frpc, Surface EI 288.9% Boring No. Se154MC J
Zﬁmﬁ TDAAIJEEN FRZ:?ATUjO FROE;RWE - FR;:MPLETO STAYMPPELg; qu CLASSIFICATION AND REMARKS
Z[}’C 00| /o | 00| /6 BI/ZAW«J C/eanan/-ft/umy
/|0 [T | Je]| 350 |2/ 375k /| cmy (ct) @ msich, cokescive
Tube” Lrown, W SH parkngs
V- bord to st Lt
Z | . 50 (727|350 |55 3”5&/53 Z | Clav (ct) dente dn brown
: | vhord #0 Shif, s/t povhis
' & Suall foreses Fhronghint - !
| - : - A |
‘ ' ! rz, SPFE 5 v Lend.
7 ; -
&/'a%/zmem/ /0—7./7£

WES Jorve 819 EoiTion oF Nov 1871 MAY BE usED | : Sheet 7 of 3 Sheets
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olL-d

ORING LOG

B
FIELD DATA
ject Site Date_2 D€c O %
¢ation Job No.
Jrill Rig Inspector QOperator Surface El Boring No. 7
STRATUM: DRIVE SAMPLE
NUMBER | TAKEN rron | 70 | rrom | 10 lerom | 1o IR &'3’ CLASSIFICATION AND REMARKS
( ZDCC g)g 75 g;B Q4;’ 3”£[f/éy { aﬁy..S/L)——’(CL—M.L)’. &.)-am/\’
dry -5//0,4//} derp , sHFE.
brr M e ,,/h/' ,u;,%/,‘g,
L | 98| 18| 98 /6% 2754 /4, b | chyfece) Eromn -Suye
A Jo-8| 78| /68| 7/ 2" She /by T Cloy (cc): &rowm ~Seme
7 7
Z "o //8 /Z’7 //'8 /2‘55— ZII.SZO/A 8 CZﬂ:/CGC—),’é/faU/j .,_S‘QM,
i " )27]73.8|17.7|1% 50 ;”%//y} 9 | clay(ee) brown — Same

WES JFAONR;: 819

EDITION OF NOV 1971 MAY BE USED

Sheet < of 3 Sheets
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BORING LOG

FIELD DATA
Project Site Date
Location : Job No.
Drilt Rig Inspector Operator Surface El Boring No. /
STRATUM DRIVE SAMPLE
Noee | Take ol 7o Trron T 70 Tevan T 7o o OF B‘J CLASSIFICATION AND REMARKS
/0 |22 1351 19:8) 35114 3| 37 Shelfy [0 |Clay (ce ) brown - Same
A JSEVE-8|N-8\/6.45 3 Shelby| 2| cloy(ee):brosns=tnme
13 7 /681778 Ji.8 )77 3”,%/{:/ /3| alnycc) Erpani=sine
Very witforde  HAronalont - Lot _Vewee apprec /2 1} Letonr
criest |bese/ o Thidne D ,

WES Javoe 819
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Sheet 3 of 3
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BORING LOG

FIELD DATA

Project__S€cSavic Study of LB Levee

Date ?Z)bEZZ-CD:;

Location

Sowfhlevee ? Sam Fleodway 2,57 eles //Vt’.f/“ //ﬁf/fl > Job No.

Drill Rig

Ppha [0« qnspector

J. Durbar Operator_Z/L’i"PL"w z

Surface EI__Q__ Boring No. 56/544’5 Z

STRATUM

DRIVE

SAMPLE

zﬁn};éi TDAA];TEEN FROM 0 FROM To FROM TO STAYMPFFLg; CLASSIFICATION AND REMARKS
— 00| 10 277 frugt ¥ Llranon] — Boad basc
/ |Zpc] .0 (o | .91 /o | /7 3”5}:(/32/ [ | Llagfee) . Brown mo/st

#ﬁ/ plashre, wnifora, jiofld

ORIV,

\I

Yersive

Z | h /413.5] Z| Sy (€C) & browm —Same

) u 256,01 17,5 143537 5’4675»1 3 (’/aq(u ) ! Lrosms; - don
/ Jashe, . wuttform, Soree Modfes, cd

- Aeuse
+ H 55} HS'SI) 97 z// /l'é(]éq L CLag--CC&) Bm@/,-’_(’q,wff
, 7 I 7 [4 .
ST [ FAC T4 775kl [ {7 Caplec) Brown: sene
WES o, 819
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BORING LOG

FIELD DATA

Project Site Date

Location Job No.

Drill Rig Inspector Operator Surface EI__________ Boring No. o

iﬁméi P:JEEN FRjATufo FROL:ARWE T0 FR;:\MPLETO STAYMprgs ‘ ﬁﬁ P CLASSIFICATION AND REMARKS
9919<¢1%519 3 ?”556/:5? 7 //mé [tL) : Browy —Sqarwe
9,5\ /0.619S|/62] 7 m/v (eL)! Borop, —Sore
Nz //'5’ /0;@ //*K 5 cﬂl}’[u)f Browh Same
1,8l 125\ 4).5]1%% I
[281/3.5 12,0} 5] b1 "

}35 W5

155 1)

[

WES Joroe 819
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BORING LOG

A

h) NS

FIELD DATA
Project Site Date
Location : Job No. [
DriCiIRig Inspector Operator Surface El Boring No. 17,'
OMEEE | DA FRZT:ATU’:O FROTARWE — FR:;MPLETO o OF CLASSIFICATION AND REMARKS
5| 5.5 05 5 50y || 72| T (e Bron s S5F
/ SlfGhty faois], S/f}lsfé plas hie
“7/.51 ”plgl 1S5 b5 7” %a/by 12| CLry [u) Bmwn! SHH, mo il
’ aniform, plashic, dense
16,51 V7.9 W65 172| 27Shlby I5s D) Brown, SHH, moid
hh/ﬁrd»\ ;7/&5/[/( 4cy\j¢
117511881175 16:313” Zhelty |57 claylct) Brown, stH, das
. 7 roi%f, 2ashe, uniform
1851199 118.5119.2 | 5 Shelby [o| Clay(ct): Brown; s,
/ 10157, bromn y/aj//c unfova

WES Jai7s 819
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Sheet___ 2 of > 5 Sheets
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BORING LOG fage 1
FIELD DATA
Project_ 4SS EBW ‘ Levee Trench Shidy Si Kelime/ Oike Date_/6-7-03
Location __ Ketoma [ Dike, San Tonae, Quad, ’ ontl e Jovee Job No.
Drill Rig inspector Dby bar Operator Mar oK Surface EI Boring No. ST-T¥-0|
R STRATUM DRIVE SAMPLE ' N
f,uan"E% TPAAJEEN ron ] 70 Trron | 7o Treon T oo ;YMPPELEE | Bbus B“j CLASSIFICATION AND REMARKS
/ Jo-7]1 2.6|06 | 00|05 0-0]|0.5] \Sizﬂf/j'%a 25| / é,wye// Levee Roac!
0.6 8570 l6.500.7] (sss) |9 czm/(u) trpan (10¥RS]3)
/615 PeclaoA 4 Sk, c//'l/, so e
60|15 3 //ZAu,gd 3 e Ange/ — Cleangar—
2 | /6-7 /Y 26 /8| 3o $sS /0 | 2| Claylcc-cu)r  Kpan {/oy/eqfd
0] T5| fae| /it % stiff, dry, w. Sand
25| 30 7/ par/mgzs St /o fH
‘/—7140/5/1 A ]
/S |3.0 2fhger Clenionr
2 | =7 3.0|3251306 | 45 5¢¢ g9 Z de; Lee- cH), 4 S ///SMA/
35| 4.0 i /ea.()-é’ s ,9»/7511,(:} /Zf/\ SA# WalaZll A/_f
g0 | 45 /g e 065
(Pista Soo)f [
2.0 | 4< % /ftaw Cleensat—

Sheet / of 3 Sheets
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BORING LOG 2
FIELD DATA 'D%z
Project Site Date_ l0—7-07R
Location Job No.
Drill Rig Inspector Operator Surface EI Boring No. SI-Tx-0]
ﬁﬁ“&ﬁi oaTe FRSJ;AfUﬁO FRO';R'VE — FR:SMPLio JYPEOR | r b &3 CLASSIFICATION AND REMARKS
t 1wz 4645150 | 45160 | ss5s | y| 4| clafsome
46 | So |50 |55~ g S,IAJE Sasd [ Mot -S P
56 5.5 4.0 /0 CZML (ee)r Lrosn (107 5F2]
jg_[% gé;ﬂv MOLSF,
2/ o/l /746,;%« 28, |
4,51 ¢.0 '5'/241‘2;K Cleancat
S |7 60| 65 955 9 | S| Clay Cee—Cu) Erovm (10Ye57/8)
65| 26 9 SEHE, dry, rolfed /YR 4 e )
28570 |7 9 Hense. fee. 0,65
//96/:?7-1 12/ 7
0195 37&4@,}?/ Cleansut— —
L 07198 las w0 $s5S g | 6| Cly (ccu) brosn( rrri5]/sS
/-0 | /05 8 Soft, deise, Aoy H foish
/6.5 /)i /2 S0 crachs, mee_r 7% Sl/waﬂ/

WES Jav5e 819

EDITION OF NOV 1971 MAY BE USED
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Ty 3

/)

BORING LOG
FIELD DATA
Project Site Date 2 —=7-0S
Location Job No. —
Drill Rig Inspector Operator Surface E| Boring No. &= 7x—l
SAWPLE | DATE F:(:ATU:‘O FRO‘;R'VE — FR;:MPL'; IVPEOF | Bpe| B q CLASSIFICATION AND REMARKS
//ag, (sc). [ Jsts 129],
S| /o 372,4/(,&4’/ Ceanond—
/67| / /70 YAS™ 55,5 8 | 7| Ly lecewr) 2re— Lopn
/S| /26 // ,4ra§/, seff- yoriva y_/;/f;n«
/Zo | /25T st Aense, 10 erks. [fwist 114 Y]]
12571186 Cleanont
/6.7 /86| 185 233 8 | 8 | Claylecc<ct), drk Olire
| /&5T/3.0 /" gren (5YR4) ). sol#, hoerst,
/50| /%5] 15 Tup e Viw. Eroem —Jovr
£/0), (Mol /3.5
/%éf /’4//‘?( Lorelbote | b wnker, /Jdar 124 e fy oty =1 ﬂp’p rex 2.0 Ak :
el Aeelinedd £9 YfF /rom /qp ar pbowF~ L 2% 5208 n Zhrsz £4Z4alt/br.
Borehold Folk SpproX /o /5 geflc . < ’ :

WES 07 819

At -
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Gp° 04/03.756"

. . )
2¢° 0% /&) 850"
BORING LOG FPage L
FIELD DATA
Project__ YSLBNC _Levee Jrepdd Shaly / Site /@’7[4‘/&&‘/ D ke Date 70— 7-03

Laocation _&fmka/ /),f 6,,' Shrs Junr) @u&a/{'ﬁ/orf[ BY, d e Leyee

Job No.

1(?J

‘f/f

Drill Rig Inspector _bl«cl)ééf Opera{tor / %r/m' Surface El Boring No. SJ-7x-0Z
STRATUM RIV
N | Tk e — FRO’; ETO FR::MPLETO e o 5;;‘2;@ CLASSIFICATION AND REMARKS
5@#7;0&/;/:):4 ool /o Huger — | Roadforovel (Wo <SArmpLE)
/-0 30 2" She/ly 7| Ber 097 D)
3ol 50lcayasy 7 2| e 067 S low [lecoveny
Mste:  Flf S| 70 ’ ' 2 3 . 0.857 \ <
Woatep & /0)3)["1‘ 70190 /" 4| e, 0,77 ’
a 280 ga/d G0 1/0|Cly MaSpl |+ S| ffec 1657 Lorspoche
/10 |/30] o 6| Ffec. /-30 ° 0,777
/30| /50 g 7| Fee. 1477 0. 53"
/Sol/70 | thy iy Sp[  * 8 Pec. S35 065"
176(/9.0] z g | e )70 0-Go *
[J'ﬂo/ogy b.0 | 7.0 ,6@_3//45’)/\’6 Sartace
_ {zo |45 L | chy m. Lgravel (tn), hard
;/r(/,, 09#10«/} 7‘(0 é/‘(ot/d-
LS |é0 ‘ ) 2 Cé(y,/zé—c/-/); board, &/
2 %0[35 A/w‘L LI el o breale, V. Cokets,
M,fora

WES Sanv7e 819

EDITION OF NOV 1971 MAY BE USED
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BORING LOG peie <
FIELD DATA
Project ' Site Date/0~7-03
Location Job No.
Drill Rig_____ Inspector Operator Surface El Boring No. Si-Ix 02
STRATUM DRI
Notoee | e S I R - - FR;:MPLE oo ‘ B%, CLASSIFICATION AND REMARKS
3 Lo | 5.0 5,5 | Xpast 34| Miad cly (c) wHh v fone
t 5;;«/(5,;) /9,'///;,:.) $-53)
sam//s'/;‘ 1= fine_owcer, c/aq
. 9.8 s c/n, SEFL— !;ara’
< 2.8 | ™ 90 195 brﬂ.rlv s clay ( CL) Arle brown
/ (10yR 3[3), dente, ory,
s h/a/t‘l"{ﬂ>5 ot SEH - »(am" pir H, SJ//Z/
\ 10-2 |8+ Trom Sanel /mr/'mq-ﬂ compatont
/2.0 \ '1(‘& Jlivg head Ifest, corec, 1o V/:/lﬁ/é Cracés,
/Z. / (1 Ze0 R&/ﬁ "‘S/O/b/ é-g clay /CL) O/ive grey /5’)’7’/))
o cradl af 10,3 04 5#{}6 5/@///{/ morsh yn,fole )
i Oxidized zore @ 13, Y wﬁfg-ﬁ
a bi‘(&/& {"C‘Cfrrf!"('l P/F‘Jr/)rf 0;[_
Weale msHelng (1072 (/8
70| . c X Sonedd  leas @ F" & 5. 7/@;%)0; .
9 170 170 17.5| Drasl cy Le0)t olive grey (5%eq]
' . highe 1o/lelirg -2 Sisldy
Sheet 2 of ? Sheets
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BORING LOG

pr&e 3

FIELD DATA
Project Site Date
Location Job No. =
Drill Rig Inspector Operator Surface El Boring No. =7/ ~7X -0&
STRATUM DRIVE SAMPLE
NV | e o o CLASSIFICATION AND REMARKS
FROM | 70 | FROM | TO | FROM | TO

Md‘é/.s{&ﬁ[—- belon, levee,

2 r4 e
10 6ld chennele kan meche

7

A/Olé.' CD}'ICJ’;{C}%Q/ )ﬂa,/f,'n} }{fﬂ—{
fork and  Elled dorelote

7‘7\/1.('6, -S.FCOhd %i:”f COK[% /!0[

£y cvmy/e/ef/. Woaber fell

Very }gﬁﬂé// ~ stedLred

aF 103K, Domped

Opprox. 200 aals snls Soro—

he/e

WES Javoe 819
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Engineers, Inc.

Geotechnical « Construction Materials + Environmental

Mr. Joe Dunbar

U. S. Army Corps of Engineers

Engineer Research and Development Center
Waterways Experiment Station

3909 Halls Ferry Road

Vicksburg, Mississippi 39180

« Forensic

January 23, 2004

SUBJECT

Soils Classification Testing

Rio Grande River Levee Study —
Task 1

Rio Grande Valley, Texas
Contract N®° DACW42-03-P-0321
DCE Project N°® 203G2082

Dear Mr. Dunbar:

We have completed the requested soils analysis on the 70 soil samples you delivered to our lab
during the first week of December 2003. The requested tests were performed in general
accordance with the ASTM standards listed on the attached page B-1. The attached Table 1
summarizes the results of the tests performed on the provided samples. The test results are
graphically depicted in the attached logs of borings and graphs for all tested samples.

We appreciate this opportunity to be of service to you on this project. If you have any questions
regarding the information presented in this letter or the attached tables and figures, please do not
hesitate to contact the undersigned.

Very Truly Yours,
Drash Consulting Engineers, Inc.

YN
- - * ..-'o (]
Weeio O Flaes—  Fo N o
Maria O. Flores, E.LT. EANTHONY PR, Anthony F./Adamo, P.E.
Project Manager P""-*‘ 7 7 Manager
Geotechnical Engineering Division % <, 744 > Rio Grande Valley Office
0&5@..' -
WoREs 23; of

Table 1 — Soil Test Surmmary ..

Attachments:
Logs of Borings A-1 thru A-5
Laboratory Testing Program B-1
Atterberg Limits Results B-2 and B-3
Gradation Curves B-4 thru B-18
MOF/AFA/yl

Rlo Grande Valley
1506 Mid-Cities Drive = Pharr, Texas 78577 « (956) 283-8254
(888) 298-7103 « Fax: (956} 283-8279

E-mail: drash@drashce.com
San Antonio * Laredo ¢ Rio Grande Valley

C-2
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Table 1

Soil Test Summary
Army Corps of Engineering
Rio Grande River Levee Study
Contract No. DACW42-03-P-0321
Hidalgo County, Texas

Fraction
Sample Sample | Moisture | Unit Dry | Liquid Plastic | Plasticity | Passing No. Clay Fraction
Identification Depth Content | Weight Limit Limit Index 200 Sieve | Silt Fraction| (< 0.005 mm) |USCS Soil Classification
{ft) (%) {pcf) {%) (%) (%) (%) (%) (%b)
B-1, S-1 1 13 114 LEAN CLAY (CL)
B-1, S-2 2 13 LEAN CLAY (CL)
B-1, S-3 3 11 118 35 20 15 LEAN CLAY (CL)
B-1, S-4 4 15 113 34 18 16 96 48 38 LEAN CLAY (CL)
B-1, §-5 45 13 LEAN CLAY (CL)
B-1, -6 5 14 110 32 19 13 LEAN CLAY (CL)
B-1, 8-7 5.8 15 LEAN CLAY (CL)
B-1, S-8 6.8 15 106 41 20 21 LEAN CLAY (CL)
B-1, S-9 7.4 12 LEAN CLAY (CL)
B-1, S-10 8.1 12 113 42 19 23 95 47 48 LEAN CLAY (CL)
B-1, S-11 10 16 LEAN CLAY (CL)
B-1, S-12 10.7 12 106 34 19 15 LEAN CLAY (CL)
B-1, 8-13 11.5 11 94 LEAN CLAY (CL)
B-1, S-14 12.3 11 110 29 SILTY SAND (SM)
B-1, S-15 13.2 10 12 SILTY SAND (SM)
B-1, S-16 13.7 6 SILTY SAND (SM)
B-1, §-17 14.3 8 SILTY SAND (SM)
B-1, S-18 15.3 5 41 SILTY SAND (SM)
IB-2, 5-1 1 21 107 LEAN CLAY (CL)
IB-2, 52 1.6 21 LEAN CLAY (CL)
B-2, S-3 3 20 105 40 20 20 96 45 49 LEAN CLAY (CL)
B-2, S-4 5 21 29 LEAN CLAY (CL)
B-2, 5-5 5.7 10 SILTY SAND (SM)
B-2, S-6 7 25 102 54 25 29 97 40 57 SILTY SAND (SM)
B-2, S-7 8.6 22 CLAY (CH)
B-2, S-8 9.2 18 100 45 20 25 CLAY (CH)
B-2, S-9 9.7 20 CLAY (CH)
B-2, S-10 10.6 21 104 56 24 32 CLAY (CH)
B-2, S-11 10.9 23 CLAY (CH)
IB-2, 5-12 11.5 15 109 LEAN CLAY (CL)
B-2, $-13 12.4 14 LEAN CLAY (CL)
|;B-2, S-14 12.9 17 LEAN CLAY (CL)
B-2, 5-15 14.6 17 104 55 25 30 97 36 61 CLAY (CH)
IB-2, 8-16 16.2 28 54 23 31 CLAY (CH)

DCE Project N° 203G2082
Page 1 of 2
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Fraction
Sample Sample | Moisture | Unit Dry | Liquid Plastic | Plasticity| Passing No. Clay Fraction
Identification Depth Content | Weight Limit Limit Index 200 Sieve | Silt Fraction | (< 0.005 mm) |USCS Soil Classification
{ft) (%) {pcf) (%) (%) (%) (%) (%) {%)
B-2, S-17 16.9 30 CLAY (CH)
B-2, S-18 174 28 94 CLAY (CH)
B-3, 51 1 27 97 CLAY (CH)
IB-3, 8-2 22 26 CLAY (CH)
IB-3,8-3 35 19 111 63 26 37 CLAY (CH)
IB-3,5-4 5 15 113 71 24 47 99 13 86 CLAY (CH)
B-3, S-5 7.7 20 102 65 25 40 CLAY (CH)
B-3, S-6 8.8 20 CLAY (CH)
B-3, S-7 9.8 16 107 64 24 40 98 20 78 CLAY (CH)
B-3, S-8 10.8 23 CLAY (CH)
B-3, S-9 11.8 19 106 66 24 42 CLAY (CH)
B-3, S-10 12.7 18 CLAY (CH)
B-3, S-11 13.5 19 105 65 24 41 99 19 80 CLAY (CH)
B-3, S-12 14.8 24 CLAY (CH)
B-3, 8-13 15.8 25 CLAY (CH)
B-3, S-14 16.8 19 103 68 23 45 CLAY (CH)
B-4, S-1 1 21 CLAY (CH)
B-4, §-2 1.9 22 101 71 25 46 CLAY (CH)
B4, S-3 3.5 24 CLAY (CH)
B-4, S-4 5.1 21 102 68 26 42 CLAY (CH)
B-4, §-5 6.7 22 CLAY (CH)
B-4, S-6 8.5 20 104 63 25 38 99 15 84 CLAY (CH)
B-4, S-7 9.5 21 CLAY (CH)
B-4, S-8 10.6 19 CLAY (CH)
B-4, S-9 11.6 22 CLAY (CH)
B-4, S-10 12.5 21 105 68 25 43 CLAY (CH)
B-4, S-11 13.5 22 CLAY (CH)
B-4, S-12 14.5 23 CLAY (CH)
B-4, S-13 15.5 24 CLAY (CH)
B-4, S-14 16.5 25 CLAY (CH)
B-4, S-15 17.5 24 CLAY (CH)
B4, 8-16 18.5 26 100 70 24 26 CLAY (CH)
SJ-TX-02, S-1 3 19 74 24 50 CLAY (CH)
SJ-TX-02, S-2 5 17 58 20 38 99 32 67 CLAY (CH)
SJ-TX-02, S-3 9 21 75 27 48 CLAY (CH)
SJ-TX-02, S-4 17 23 65 23 42 CLAY (CH)

DCE Project N° 203G2082
Page 2 of 2




LOG OF BORING

C-5

PROJECT: Rio Grande Levee Study - Task 1
near the Donna Pump PROJECT NO. 203G2082
Hidalgo County, Texas BORING NO. B-1
CLIENT: U.S. Army Corp of Engineers DATE 12/02/03
Vicksburg, Missouri SURFACE ELEVATION
PAGE 1 OF 1
FIELD DATA LABORATORY DATA DRILLING METHOD(S):
z ATTERBERG Dry augered from 0 to 16 feet,
£l & | LIMITS (% g
\E ;’? (; & :’% GROUNDWATER INFORMATION:
E% & [a) g é @ Subsurface water was not encountered either during or upon completion of
S8 E E| 2 = Z jw = @ | the driling operations.
3 EEQE| 8|35 | B2z _E|l2E o 8
gl £ |, lEagkz|u|3|e|c|58|2zhle2 g
sl & |gig2oc3 x|l lE |23 yiEdE
>l £ |Y|2gaZ2B| 2| S| 2@ wole 22 glZ2o
e = |2|89228x| 5|0 |3 |5 |o3[eaG2 ST ZY
5| & \z)2PREg galalaiz32e5 252
ol 8 \&/zaclB Z(LlPLlP|BLlohE SIBYS DESCRIPTION OF STRATUM
N FILL: road base
% 13 114 LEAN CLAY (CL); brown
13
V1
11]35/20) 15| 118
7 16134 |18 | 16| 113 96
- 13
7 14 1 32|19 |13 | 110
7 15
1514112021 106
12
;//
1242|1923 | 113 95
B
@ 1
:%'E - 10 16
S 12 | 34 | 19 | 15 | 106
S s
gly 11 94
%. 11 110 29| SILTY SAND (SM); brown
¢ 10 12
AT 6 - grades to light brown
al 8 Base of Levee at 14 feet
5 4
- Boring Terminated at 16 Feet
g
3
=
3
&l
2
Q
%
%
|
3
~N
©
& )= Drash Consulting Engineers, Inc. REMARKS
@ {“ 1506 Mid-Cities Drive
S \?\ Pharr, Texas
o] (956) 283-8254 FAX (956) 283-8279
A-1




LOG OF BORING

C-6

PROJECT: Rio Grande Levee Study - Task 1
near the Donna Pump PROJECT NO. 203G2082
Hidalgo County, Texas BORING NO. B-2
CLIENT: U.S. Army Corp of Engineers DATE 12/02/03
Vicksburg, Missouri SURFACE ELEVATION
. PAGE 1 OF 1
FIELD DATA LABORATORY DATA DRILLING METHOD(S):
= ATTERBERG Dry augered from 0 to 18 feet.
el & | LUMITS (%) g
1 ~ __ & | 5 | GROUNDWATER INFORMATION:
E% & a §§ @ Subsurface water was encountered at 23 feet during the drilling operations.
30z |5|2| Elu [3[H22
3 EESEIS (S |3 1& |32 ElRE 48
al = Egofdlw | I |0 |0 (a0|8xklkloa
S| E |0|c@3CE B alE|E|826|8Ka 225 9
S| = |WwiEgazalS5(s5|alb| g3l uiEd 2
|l T |12I18820u° 2| R oz Z 5 % IE 2w
2| & |§)a808s 2|2 |a(-3|2822E3 2
2] B \&/zarB8| S {p[p |5C|8he|XRaS DESCRIPTION OF STRATUM
N FILL: roadway
? 21 107 LEAN CLAY (CL); dark brown
59/ 21
20 (40| 20|20 105 94
Vi
5 21 291 SILTY SAND (SM); light brown, very fine grained
10
N 25|54 |25]29| 102 97 | FAT CLAY (CH); dark brown with sand/silt partings
o 22
; 18145( 20| 25| 100 - lean clay from 9 to 10 feet
B - 10 20
N 21|56|24{32] 104
LN 22
kil 7727 15 109 LEAN CLAY (CL); brown
[
%E % 14
M 197% 17
z \Base of Levee at 13.25 feet
2 FAT CLAY (CH); dark gray with organics
NN 15 17 |55 (25| 30| 104 97
" 28 | 54 | 23 | 31 - with silt
\ 33 y
N
Q
f\— 20 |
AN
§
N
N
8 Boring Terminated at 23.5 Feet
o
g f Drash Consulting Engineers, Inc. REMARKS
@ ~l " 1506 Mid-Cities Drive
S »/\ Pharr, Texas
o (956) 283-8254 FAX (956) 283-8279
A-2




LOG OF BORING

PROJECT: Rio Grande Levee Study - Task 1
near the Donna Pump PROJECT NO. 203G2082
Hidalgo County, Texas BORING NO. B-3
CLIENT: U.S. Army Corp of Engineers DATE 12/02/03
Vicksburg, Missouri SURFACE ELEVATION
PAGE 1 OF 1
FIELD DATA LABORATORY DATA DRILLING METHOD(S):
= ATTERBERG Dry augered from 0 to 18 feet.
Q
&l | LIMITS (% <
E T (%) W | £ | GROUNDWATER INFORMATION:
=0l = i gk |5 . . -
@ W o < |2 {u | Subsurface water was not encountered either during or upon completion of
gul & 2 o z [§ | @ | thedrilling operations.
o186l E| 2 L |w ~ g & Z g
3 EEQE|S |2 |3 (E |22 _E|lBR g8
al F bogotzlw | J/0 |8 |50|8E Ble o s
S| & nigrarSla|glE|E|Z2a|l8 53 wiEd8
> I ngmEgDwamsz‘QmZD
ARAHE SRR S R A
S| 8 \&/zar¥8 S pim]|&C|0neE|E 3§ DESCRIPTION OF STRATUM
\(,:, J FILL: roadway
\\ 27 97 FAT CLAY (CH); brown
\. - with silt partings to 3.5 feet
§ 2
% 19 63|26 |37 | 111
%' ° 15|71 |24 [ 47 | 113 99 | - with silt partings from 5 to 7 feet
%- 20| 6525140 | 102
‘é%' 20 - with silt seam
N 10 16 | 64 | 24 | 40| 107 98
£ 23
fé 19166 | 24 | 42 | 106 Base of Levee at 12 feet
z 18
3 19| 65| 24 | 41 | 105 99
NN 15 24
£ 25
19168 (23|45} 103
g Boring Terminated at 18 Feet
8
%
&
o
g
3
5
g
o
£ f Drash Consulting Engineers, Inc. REMARKS
@ { T 1506 Mid-Cities Drive
S »\ Pharr, Texas
9 (956) 283-8254 FAX (956) 283-8279
A-3

C-7




LOG OF BORING

PROJECT: Rio Grande Levee Study - Task 1
near the Donna Pump PROJECT NO. 203G2082
Hidalgo County, Texas BORING NO. B-4
CLIENT: U.S. Army Corp of Engineers DATE 12/02/03
Vicksburg, Missouri SURFACE ELEVATION
PAGE 1 OF 1
FIELD DATA LABORATORY DATA DRILLING METHOD(S):
z ATTERBERG Dry augered from 0 to 19 feet.
£| & | LIMITS (% 3
\"zE g (i; @ | 5 | GROUNDWATER INFORMATION:
E% & o 3 ? @ | Subsurface water was not encountered either during or upon completion of
8 e L lEl 2 e Z (i =f ® | the driling operations.
3 Eeor| 8|S |2 |x58 gl8kEa8
- Cagikd Slo|lclEBIazElEY
a k Lgggi w ElElesiasglelz s o
2|l L |(Q®looS( X |0 | F|F |2 d|w £ D)
> Wizgagza| o |3 |e|e|agcie @@ ¥ Eg 2
o F |2188385( |23 |2(23|c82/5E3 3
= @ = | 3 = z
S| 8 \5)zacl S frm|BCB5R EREE DESCRIPTION OF STRATUM
N FILL: road base
2 I
\\ 21 FAT CLAY (CH); brown
%' 22|71 |25| 46| 101
N
§ 2168|2642 102
§ 2
\ 20 163 |25(38| 104 99
g\— 10
g 19
3 22
g
NN 2168|2543 105
‘-é% 22
.§) %_ 15 23
2N 24
r—\
%_ 25
§§_ 24
§\\ 2670|2446 100
=
§ Boring Terminated at 19.5 Feet
(77}
2
[=]
g
Vi
2
i
g
£ = Drash Consulting Engineers, Inc. REMARKS
2 { -‘ 1506 Mid-Cities Drive
S »/\ Pharr, Texas
Q (956) 283-8254 FAX (956) 283-8279
A-4
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LOG OF BORING

PROJECT: Rio Grande Levee Study - Task 1
near the Donna Pump PROJECT NO. 203G2082
Hidalgo County, Texas BORING NO. SJ-TX-02
CLIENT: U.S. Army Corp of Engineers DATE
Vicksburg, Missouri SURFACE ELEVATION
PAGE 1 OF 1
FIELD DATA LABORATORY DATA DRILLING METHOD(S):
= ATTERBERG Dry augered from 0 to 18 feet.
=| & | LIMITS (% 3
\E E (G; B f} GROUNDWATER INFORMATION:
E% & ja] 2 3 @ Subsurface water was not encountered either during or upon completion of
sul e = | Z P Z I 5 @ | the driling operalions.
B E|E| 2 Elw gz g
g EEQE|SIZ|S|FlE 22 _E 0L o S
8| £ |, Eag2z|w |3 |0|C0|gll8zilbied g
Evﬁmfggl—gﬂfgl—l—zgmggngz
ol £ |g8288% 2(3|3|3|82/E5¢2|5E9 3
Jf a |S|& O 2| S| | & |> 4 < |2
3| & \&)zacle| S iTrlr 5818352/ EREE DESCRIPTION OF STRATUM
g FAT CLAY (CH); brown
% F 19 | 74 | 24 | 50
N
\ F 17 | 58 | 20 | 38 99
§§ % 21|75 |27 | 48
NN 10
:
b
.‘_si
ANY 15
é
23| 65}23]42
§ Boring Terminated at 18 Feet
i
)
&
&
[=}
g
g
v
g
& f Drash Consulting Engineers, Inc. REMARKS
o { T 1506 Mid-Cities Drive
S »/\ Pharr, Texas
<] (956) 283-8254 FAX (956) 283-8279
A-5
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LABORATORY TESTING PROGRAM

General
Soil mechanics laboratory tests procedures are performed in accordance with accepted

geotechnical engineering practice. These procedures are described in detail in the most current
edition of the American Society for Testing and Materials (ASTM) book titled Annual Book of
ASTM Standards or as outlined in the book titled: Soil Testing for Engineers, by T. William
Lambe.

Testing Program
The laboratory-testing program was directed towards evaluating the physical and engineering
properties of the soils. The tests performed for this study consisted of the following:

Laboratory Test Applicable Test Standards
Moisture Content of Soil ASTM D 2216
Liquid Limit, Plastic Limit & Plasticity Index of Soil ASTM D 4318
Particle Size Analysis for Soils ASTM D 421 & D 422
Density of Soil In-Place by the Drive Cylinder Method ASTM D 2937

The laboratory test results are tabulated on attached sheets that follow. Laboratory test results
were used to classify the soils encountered in substantial accordance with the Unified Soil
Classification System (ASTM D 2487).

Sample Disposal

All samples were returned to our laboratory. The samples not tested in the laboratory will be
stored for a period of 60 days subsequent to submittal of this report and will be discarded after
this period, unless other arrangements are made prior to the disposal period.

DCE Project N® 203G2082
B-1

C-10



A_LINE 203G2082 - TASK 1.GPJ DRASH.GDT 01/22/04

60
() ) |
50 - *
P L pd d
L . d
- | g
| My
T3 A1 @ L d
v /
[ P % e
p 20 vd "
: N
10 4 /
CL-fa Zd @ @
0 - —L
0 25 50 75 100
LIQUID LIMIT (LL)
Specimen Identification | LL | PL | PI |[Fines| MC%|Classification
® B 3.0 35| 20| 15 11
@ B-1 4.0 34| 18| 16| 96| 15| LEAN CLAY(CL)
Al B4 5.0 32/ 19| 13 14
“ B 6.8 41 20 21 15
X! B-1 8.1 42} 19| 23| 95| 12| LEAN CLAY(CL)
o B4 107 34| 19} 15 12
O B-2 3.0 40| 20| 20| 94| 20| LEAN CLAY(CL)
al B-2 7.0 54| 25| 29| 97| 25| FAT CLAY(CH)
® B-2 9.2 45, 20/ 25 18
8 B-2 10.6 56| 24| 32 21
ol B-2 14.6 §5| 25| 30| 97| 17| FAT CLAY(CH)
6| B-2 16.2 54, 23| 31 28
e B-3 3.5 63| 26| 37 19
*| B-3 5.0 7| 24| 47| 99| 15| FAT CLAY(CH)
&g B-3 1.7 65 25| 40 20
m B3 9.8 64| 24| 40| 98| 16| FAT CLAY(CH)
¢ B3 11.8 66| 24| 42 19
ol B-3 13.5 65| 24| 41| 99, 19| FAT CLAY(CH)
Xl B-3 16.8 68| 23| 45 19 ’
8 B4 1.9 71| 25| 46 22
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LIQUID LIMIT (LL)
Specimen ldentification LL | PL Pl [Fines{ MC%| Classification
® B4 5.1 68 26| 42 21
X B-4 8.5 63| 25| 38| 99| 20| FAT CLAY(CH)
Al B4 125 68| 25| 43 21
B4 18.5 70 24| 46 26
X 8J-TX-02 3.0 74| 24| 50 19
& 8J-TX-02 5.0 58| 20| 38| 99| 17| FAT CLAY(CH)
O] 8J-TX-02 9.0 75| 27| 48 21
Al SJ-TX-02 17.0 65, 23| 42 23
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GRAIN SIZE IN MILLIMETERS
COBBLES GRAVEL SAND SILT OR CLAY
coarse l fine coarse| mediumn I fine
Specimen ldentification Classification MC% | LL PL Pl Cec Cu
% B 4.0 LEAN CLAY(CL) 15 34 18 16
Specimen Identification D100 D60 D30 D10 %Gravel | %Sand %Silt %Clay
e B-1 4.0 2.00 0.03 0.002 0 4 58 38
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U.S. SIEVE OPENING IN INCHES | U.S. SIEVE NUMBERS | HYDROMETER
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GRAIN SIZE IN MILLIMETERS
COBBLES SRAVEL SAND SILT OR CLAY
coarse | fine coarse| medium { fine
Specimen Identification Classification MC% | LL PL PI Cc Cu
® B 8.1 LEAN CLAY(CL) 12 | 42 | 19 | 23
Specimen Identification D100 D60 D30 D10 %Gravel | %Sand %Silt %Clay
%h@ B-1 8.1 2.00 0.01 0 5 47 48
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GRAIN SIZE IN MILLIMETERS
COBBLES GRAVEL SAND SILT OR CLAY
coarse | fine coarse| medium | fine
Specimen Identification Classification MC% | LL PL PI Cc | Cu
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