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Abstract

Structural damage resulting from corrosion of steel-clad structures can be
of concern, especially when the steel is part of electromagnetic shielding of
an underground structure. The US Army Corps of Engineers was called to
lend assistance by having its corrosion experts and research laboratories
investigate the condition and extent of corrosion at such a structure (Site
81) in Israel. This report documents the investigation, conclusions, and
recommendations. In summary, from investigation and analyses of core
samples, no significant corrosion was discovered and the estimated mini-
mum service life of the existing structure is 199 years.
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Unit Conversion Factors

Multiply By To Obtain
cubic yards 0.7645549 cubic meters
feet 0.3048 meters
foot-pounds force 1.355818 joules
inches 0.0254 meters
microns 1.0 E-06 meters
pounds (force) per square inch 6.894757 kilopascals
pounds (mass) 0.45359237 kilograms
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1.1

1.2

Introduction

Background

As part of an ongoing project and to add improvements to an existing un-
derground structure, the structure’s upper concrete overlay and galvanized
steel plate comprising the electromagnetic shielding (EMS) were removed
at selected locations. The galvanized steel plate was also removed at some
wall locations. Almost all of the extracted plates exhibited some level of
corrosion on the side that was in contact with the floor/wall concrete ele-
ment while little or no corrosion was observed on the surface in contact
with the 15—17 cm thick concrete overlay. Four samples were sent by the
contractor to a laboratory which determined that the thickness of the cor-
rosion was on the order of 100 microns.

Subsequently, several other locations were exposed and the visual results
regarding corrosion found to be consistent with the initial findings. Alt-
hough the total area of extracted galvanized steel plate is very small with
respect to the total area of EMS, it is reasonable to assume that the corro-
sion problem is very likely present throughout the whole envelope. It is
worthwhile noting that at some locations of the floor slab, the presence of
water was observed in the interstitial space between the slab and the plate.
The source of this water has not been categorically determined and is con-
troversial; possible sources of the water include byproduct of saw cutting
operations performed by the current contractor, leftover rain water accu-
mulated during the original construction, mix-water remaining after ce-
ment hydration during concrete pour, and infiltration from the local
groundwater due to possible damage in the waterproofing membrane. The
extent of the water permeation is unknown at this time.

Objectives

The US Army Corps of Engineers was called to investigate the condition of
and extent of corrosion on electromagnetic shielding at Site 81 in Israel. It
was desired to estimate the remaining service life of the EMS based on ob-
served conditions and measurements, and remediation courses if required.
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1.3

Approach

A field investigation was performed by the corrosion expert from ERDC-
CERL and the corrosion consultant to observe and document the existing
site conditions as it related to corrosion of the EMS, to gather pertinent
information, and to supervise the physical drilling and coring (Steps 1-7;
see Chapter 2) of the concrete overlay, EMS steel plate, and underlying
concrete slab. Sample removal and other required physical labor was per-
formed by additional on-site personnel. In-situ testing to collect the neces-
sary data was performed by the corrosion expert and consultant. After the
field testing was completed, laboratory testing and engineering analysis
occurred. The investigation included the four tasks given below.

131 Task1l

Review available information on existing conditions and issues, and devel-
op a field and laboratory testing plan.

1.3.2 Task 2

Calibrate testing equipment, including all components required to perform
on-site testing, and prepare for overseas shipping. Equipment to be pro-
vided includes the following instruments to perform in-situ linear polari-
zation resistance (LPR) tests:

e 1each — Gamry Reference 600™ Potentiostat DC/ AC corrosion
measurement system

e 2 each — Computers with custom Gamry corrosion-rate software to
operate potentiostat and analysis software to compile and summa-
rize data.

e 2 each — Custom-built, project-specific counter electrodes of pre-
cious metal oxide-(PMO) coated titanium

e 2 each — Custom-built, project-specific reference electrodes of
PMO-coated titanium

e Instruments to be used to perform measurement of the EMS steel
plate corrosion potential at the concrete slab/steel interface:

e 1each — Fluke® Meter Model 293, a 5-¥2 digit precision volt-ohm
meter (VOM)

e 1each — Fluke Meter Model 865, a VOM meter with oscilloscope
function

e 1 Each — Extech® Model 381295, a dual-channel true RMS 5 MHz
digital oscilloscope
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e 1 Each — Extech Model 540, a 5-v2 digit precision VOM recording
meter

e 2 Each — Silver/silver chloride (Ag/AgCl) reference electrodes

e 1 Each — Digital camera with macro lens capability to focus 1 in.
from lens.

e Multiple test lead wires as needed for project

133 Task3

Perform a field investigation of existing conditions as it relates to the cor-
rosion of existing steel plates at the project site in Tel Aviv, Israel. The field
testing included the following steps.

1. In-situ LPR testing to determine the active corrosion rate of the steel
EMS surface in contact with the concrete slab.

2. Measuring the EMS steel plate corrosion potential at the concrete
slab/steel interface at each of the selected LPR test locations after
coring through the EMS steel plate and after performing the LPR tests.

3. Measuring moisture content at incremental depths in the thick con-
crete slab underneath the metal plate and two walls. All moisture con-
tent measurements shall be made using a GE Protimeter™ with an
auxiliary deep-wall probe at various locations on the floor near selected
locations where core samples will be extracted. The technique uses a
two-wire probe to measure the concrete resistivity which is inversely
related to the moisture content. A series of moisture measurements
were made using the Protimeter probe, and a moisture profile was ob-
tained. This test was performed prior to removing the core samples.

134 Task4

Analyze the on-site in situ test results and prepare an interim report,
which was submitted by ERDC to USACE-NAU on 9 September 2012. The
interim report contained a clear summary of conclusive findings on the
corrosion mechanism and the expected service life of the steel plates.
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Task 1 included a review of available information on existing conditions
and issues, and development of a field and laboratory testing plan. The re-
quired steps for performing the in-situ LPR corrosion rate measurements
and the corrosion potential measurements were developed based on verbal
and emailed descriptions of the structure construction. These seven steps
are outlined below.

Step 1: Drill 4 in. core through concrete liner to steel plate EMS using di-

amond core drill (Figure 1).

Step 2: Pin EMS steel plate to underlying reinforced concrete with steel
bolts inserted through EMS into epoxy-filled holes (Figure 2).

Field Testing the Experimental Plan

Cut 4" dia. Core Hole to BUT NOT
Through Surface of Steel Plate— —7|
Break out and save Mortar Core

Chamber Interior

Frepared and Copyrights by

Bushman & Assodstes. Inc.

Medina, Dhio 44256 USA
7 hugust 2012

Figure 1. Step 1 of the in-situ LPR corrosion rate measurements.

o Hoe to Surface of
B

Figure 2. Step 2 of the in-situ LPR corrosion rate measurements.
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Step 3: After bolt epoxy has cured, use 3 in. diameter diamond-tipped
core drill to drill down through steel plate and at least 2 ¥2 in. into under-
lying concrete (Figure 3). Be sure drill is centered on the bolts securing the
plate to concrete.

Chamiber interior

37 dia. Cored Hole Apprax. 27
Theough Stesl Piste AFTER plate

s sacured to concrete = DO NOT Camant Martar Liner
DAMAGE EOND OF STEEL DisK
TO UNDERLYING CONCRETE

Preparsd and Copyrishts by

Bushman & Asscoates, Inc.

Medina, Dhic 44256 USA
7 gt 2012

Figure 3. Step 3 of the in-situ LPR corrosion rate measurements.

Step 4: Insert precious metal oxide coated counter and reference elec-
trodes into opposite sides of annulus created by 3 in. diameter core hole so
that bottom of electrode touches the bottom of cored hole (Figure 4).

1 1 Chamber Interior

1. Use Compressed Ar boSiow Orj RaE "~ ]
. et Downter Biecirods and Aeterenas Cement Mortar Liner
Electrode on OppOosite Sides of Coned noke 50

that slectrodes bouch bottom of cored degith.
2. Use Sp= Dropper to add potsbie water i degitn

Medine, Dhic 44255 USA
7 August 2012

Figure 4. Step 4 of the in-situ LPR corrosion rate measurements.
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Step 5: Connect Gamry test leads to counter (white lead) and reference

electrodes (red lead) and blue/green leads to pointed tool pressed in con-
tact with center disk (working electrode of 3 in. diameter steel EMS disk)
(Figure 5). Be sure counter and reference electrode insulated section iso-

lates electrodes from EMS plate.

] GamryModel 600 Portable

| I Potentiostat Computer

|||I Cement Mortar Liner
[ Run 3LPR 5cans
3

Prepared and Copyrights by
Bushman & Assoriates, inc.
Medinz, Ohis 44256 USA

7 August 2012

Custom Electrodes for LPR Tests in Tel Aviv

e—— 1/8" x 12" long Precious Metal
Oxide CoatedTiwniumRod-6
total for Project

o —— 4" Long Heat Shrink Insulating
Tube over Rod

QHI
:'!P:'ed TCDP?;?;“: by | Coat bottom %" of
wshman & Assoc . ;
Medina, Dhic 44256 USA Electrodewith
7 Bugust 2012 Waterproof Epoxy

Figure 5. Step 5 of the in-situ LPR corrosion rate measurements.

Step 6: After LPR tests are complete (minimum 3 scans per cored hole),
continue 3 in. core hole down to minimum 4—6 in. depth below EMS steel
plate. Remove the breakout core from hole for future laboratory analysis
by ERDC-CERL. After core is removed, detach EMS steel plate from core
and exam surface in contact with underlying concrete (including photo
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documentation) to define percentage of surface that is suffering corrosion
attack (Figure 6).

37 i, Cared Hole Approx. 47 - 67
further into undertying concete and

Figure 6. Step 6 of the in-situ LPR corrosion rate measurements.

Step 7: Measure steel EMS surface in contact with underlying concrete
electrical corrosion potential using 3.5 molar potassium chlo-
ride/silver/silver chloride reference electrode and Fluke Model 289 52
digit precision VOM meter (Figure 7).

-

Volts

Nimmsure Stesl EMIS Fiste Corrosion Fotentis oy piacing Az-AgDl VoM Chamber Inbator

* tin ith wnger EME Pizte metar

and connecting one lead of Precision DC Voits VOM meter to .
slectrose cantact cons with other lead conmected to EMS stesl piste

Figure 7. Step 7 of the in-situ LPR corrosion rate measurements.
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3 Field Testing: August 9-17, 2012

The initial site inspection revealed that there were a number of approxi-
mately 16 in. (40 cm) wide troughs (Figure 8) that had been cut through
the inner concrete liner to expose the EMS steel plate for inspection by
others. It was decided that many of the test sites could be located within
the precut troughs, saving considerable work by the site contractor and al-
lowing additional time to perform the testing.

It was also determined that the site contractor had the capability of readily
cutting 16 in. (40 cm) diameter core holes down to the EMS plate (Figure
9) which then could be readily removed to expose the plate. These larger
access ports would also make later testing more efficient and accurate.

Figure 8. Existing trough in concrete liner over EMS steel plate.

Figure 9. 16 in. diameter core hole cut to expose steel EMS for testing.
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During this inspection, the general location of 10—12 test locations were
identified on the main-floor level; it was anticipated that an additional two
locations would tested in the sunken portion of the floor, and two wall
samples would also be tested (one near floor level and one near the ceil-
ing). If time permitted, it was intended that one core would be taken in the
ceiling, but it was later determined that the local contractor’s equipment
could not cut cores in the ceiling. This restriction was primarily because
water cooling of the contractor’s cutting tool was required, and this cutting
solution would flow down on and into the electric motor driving the core
drill. After the site inspection was completed, the testing plan was finalized
including additional details for the work that would begin on Sunday
morning, beginning at 8 a.m. that day and each day thereafter. It should
be noted that each test day typically ended at 6 p.m., and lunch breaks
were not taken.

The test equipment was unpacked on Saturday, before testing began; each
piece of equipment including meter, reference electrode, camera, and test
leads were individually tested for functionality and accuracy. The LPR sys-
tem then was set up, and several full scans were completed using glass
chambers containing the “working”, “counter,” and “reference” electrodes
coupled to the Gamry 600 instrument. In turn, the Gamry 600 was con-
nected to an HP Envy 15 portable computer equipped with the necessary
LPR testing software.

An initial meeting was held on Sunday morning with local USACE and site
contractor personnel! to familiarize all personnel with the study plans,
methodologies, and assistance needed from M+W. M+W personnel indi-
cated they were fully equipped to meet the project needs and would pro-
vide the necessary professional support staff to facilitate the project in-
cluding coring all test holes, providing lighting for dark locations, vacuums
and minimum 100 psi air pressure nozzle blasters to clean holes. Their as-
sistance was essential to the successful completion of the project. Figure 10
shows the instrument cases being transported to the basement test site.

1 M+W Group of M+W U.S,, Inc. of Rehovot, Israel (M+W).
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- - et
Figure 10. Synthetic canvas bag containing two large instrument cases
for transport to basement test site.

It was then decided that trial LPR scans and concrete moisture tests
should be performed at the first two locations to confirm the methodology
to be used and to identify any problems. To perform the subsequent LPR
testing, it was essential that the steel plate be held firmly in place while
cutting through the plate with a core drill. To accomplish this, it was nec-
essary to drill three 5/16 in. (0.8 cm) diameter holes approximately 1.5 in.
(3.9 cm) deep through the steel plate on an equilateral triangle spacing to
prevent the cut plate from rotating independent of the concrete cylinder as
the diamond core bit rotated (see Step 2 of test procedure, Chapter 2). This
proved to be extremely difficult as the EMS steel was an extremely hard
material. Using drill bits with a titanium coating later improved the time
to drill the three holes on each plate. After the three holes were drilled
through the electromagnetic field (EMF) plate into the underlying con-
crete, the holes were first vacuum cleaned, followed by high-pressure air
blowing to remove all dust and moisture (although moisture would imme-
diately begin seeping back into these holes at some locations). Immediate-
ly following cleaning of each hole, a special caulking gun was placed into
each hole; the gun contained two tubes of epoxy components (A & B) with
a spiral mixing tip. Sufficient epoxy was injected to barely overflow each
hole, immediately after which the steel bolts were firmly inserted flush to
the plate in each hole (Figure 11-Figure 14). In most cases, the bolts had to
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be depressed several times to displace enough epoxy so that the bolt head
was tight to the steel plate.

Figure 11. Epoxy injection overview. Figure 12. Two-part epoxy-mixing
caulking gun.

Figure 13. Close-up photo of epoxy injection. Figure 14. Close-up photo of holes after
final placement of bolts.

After the epoxy had cured for at least 1 hr, a socket wrench was used to en-
sure each bolt was firmly cemented into the underlying concrete. Follow-
ing setting of the bolts in locations #1 and #2, a concrete coring machine
equipped with a 4.6 in. (11.6 cm) inside diameter, diamond-tipped core bit
was set in place so that the core bit would not cut into any of the bolt
heads. The machine was then secured in place, and the diamond bit was
lowered to cut through the steel plate and into the underlying concrete to a
depth of 2.5 in. (6 cm) below the EMF steel plate at locations #1 and #2.



ERDC SR-13-1

12

A number of issues were identified and techniques were evaluated to de-
termine the best means for obtaining quality data. One of the biggest prob-
lems encountered in obtaining data was the continuing ingress of ground-
water seeping into the cored hole. This condition changed the water level
on a continuing basis at many of the core test locations. Where this situa-
tion existed, an industrial vacuum cleaner with water/dust separator was
used with a narrow channel hose tip to remove water, as best as possible,
at a rate which would keep the water at a constant level below the EMS
plate level.



ERDC SR-13-1 13

4 Core Sample Testing

ERDC-CERL requested that the Concrete and Materials Branch (CMB) of
ERDC-GSL provide support for the investigation of 16 of the 17 concrete
core samples extracted from Site 81.2 Appendix C shows the condition of
the as-received core samples.

The thickness measurements of the two EMS steel plate sections that were
shipped with the core samples were:

1. The floor section thickness was an average (three measurements) 0.116
inches ( 2.9464 mm).

2. The wall section thickness was an average (three measurements) 0.1233
inches (3.13 mm).

The thickness measurements indicate very little floor EMS plate metal loss
over the 11-year timeframe since construction. This conclusion is based on
the original EMS plate thickness of ~3 mm estimate by NAU. This vali-
dates our service life estimates of 200—500 years based on the in situ cor-
rosion rates (See Chapter 5, Conclusions).

On 17 September 2012, the 16 concrete core samples were received by the
CMB. Analyses requested for each sample included: (a) chloride content
measurements at three depths from the surface of the core and (b) a gen-
eral petrographic analysis of a polished sample to investigate key features
of the concrete microstructure and any possible modes of deterioration
present.

The following sections provide details of the techniques used for the chlo-
ride content and petrographic analysis and the results obtained.

2 Author Vincent Hock verifies that 17 samples were taken at the site and none were mislabeled; howev-
er, he noted there was not a sample #2 received in the shipment of samples to ERDC-CERL, for which
he supervised the unpacking. Thus, only 16 of the 17 samples originally taken could be analyzed.
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4.1

Methods
411 Acid-soluble chloride content analysis

An analysis of acid-soluble chloride content was performed according to
ASTM C1152, “Standard Test Method for Acid-Soluble Chloride in Mortar
and Concrete.” Segments of concrete were sectioned from each core at
depths of 0—1in., 1-2 in., and 2—3 in. from the surface of the core. Em-
bedded pieces of rebar in the segments were removed by rough crushing of
concrete in a hydraulic press. Each concrete segment was pulverized until
it would pass through a No. 20 sieve (850 pum). Acid-soluble chloride was
extracted from 10 g of the pulverized concrete powder by first dispersing
the powder in 100 ml of deionized water (H20), followed by addition of

25 ml solution of dilute nitric acid (HNO3 at 1:1 with deionized H20). Solu-
tions were then filtered and stored in vials.

Chloride content analysis was performed using ion chromatography by the
Environmental Chemistry Branch of the ERDC Environmental Laboratory
(ERDC-EL). Results of chloride content analyses were provided as parts
per million (ppm) in the solutions analyzed which was converted to a per-
centage by mass of the 10 g starting material. This percentage by mass val-
ue was then converted to typical Ib/yd3 and kg/ms3 by using assumed con-
crete unit weights of 4000 Ib/yd3 and 2400 kg/m3, respectively.

412 Petrographic analysis

Petrographic analysis using stereomicroscopy (SM) was performed on all
samples according to ASTM C856, “Standard Practice for Petrographic
Examination of Hardened Concrete.” An approximately 1 in. thick slice
was made from each concrete core received and lapped using alumina sus-
pensions in water to a particle size of 5 um. Polished samples were imaged
using a Zeiss Stereo Discovery V12 microscope at magnifications of 5x—
15x. An overall image was taken of each sample at low magnification and
at least three selected sites were also imaged at higher magnification. Key
microstructural features noted included fine and coarse aggregate size,
morphology and mineralogy, air voids, the presence of fibers, and any de-
terioration observed.
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4.2 Results and discussion
4.2.1 Acid-soluble chloride content

Results from acid-soluble chloride analysis are presented in Table 1 and
Table 2 for each of the sixteen concrete cores at 0—1 in., 1-2 in., and 2—

3 in. depths from the surface. Chloride content ranges from 0.097—

2.068 Ib/yds. However, all but the topmost layer in sample #1 were below
the threshold limit of 1 to 2 Ibs/yd?3 of concrete necessary to initiate corro-
sion. 11 of the 16 cores tested had no definable increase in chloride ion
concentration from the 3 in. level up through the 2 in. level to the 1 in.
depth. Because the GSL team had no knowledge of the configuration and
location of concrete cores taken at Site 81, conclusions related to potential
exposure conditions and chloride ingress trends could not be made. Rein-
forcing bars extracted from cores showed signs of minor corrosion (Figure
15); however, this condition most likely was due to atmospheric corro-
sion prior to or during original installation of the rebar. Corrosion of the
reinforcing steel’s exposed surface at the exterior of concrete cores was
also noted; however, such corrosion likely occurred following the coring
process when the steel was exposed to neutral pH water and oxygen.

4% 45— 2

Figure 15. Segments of reinforcing steel extracted at 2-3 in. depth from core sample #4 (left)
and core sample #5 (right) with both showing minor surface corrosion.



ERDC SR-13-1

16

Table 1. Chloride content results from core samples #1-#11.

Cl- Content CI- Content
Cl Content (%) (Ib/yd3) (kg/m3)
Core Sample No.* | Depth *by mass concrete *assume 4000 Ib/yd3 | *assume 2400 kg/m3
#1 O-1in. 0.052 2.068 1.228
1-2 in. 0.039 1.540 0.914
2-3 in. 0.027 1.060 0.629
#3 O-1in. 0.023 0.924 0.549
1-2 in. 0.007 0.289 0.171
2-3 in. 0.009 0.364 0.216
#4 O-1in. 0.021 0.831 0.493
1-2 in. 0.008 0.336 0.199
2-3 in. 0.004 0.179 0.106
#5 O-1in. 0.007 0.281 0.167
1-2 in. 0.003 0.116 0.069
2-3 in. 0.003 0.123 0.073
#6 O-1in. 0.012 0.467 0.277
1-2 in. 0.008 0.321 0.190
2-3 in. 0.009 0.357 0.212
#7 O-1in. 0.020 0.818 0.486
1-2 in. 0.016 0.639 0.380
2-3 in. 0.009 0.354 0.210
#8 O-1in. 0.017 0.669 0.397
1-2 in. 0.013 0.506 0.300
2-3 in. 0.011 0.428 0.254
#9 O-1in. 0.007 0.300 0.178
1-2 in. 0.006 0.220 0.131
2-3 in. 0.005 0.207 0.123
#10 0-1in. 0.004 0.163 0.097
1-2 in. 0.007 0.279 0.166
2-3 in. 0.008 0.332 0.197
#11 O-1in. 0.015 0.595 0.353
1-2 in. 0.011 0.454 0.270
2-3 in. 0.008 0.322 0.191

*Note: sample #2 was not included in this study due to not being included in shipment.
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Table 2. Chloride content results from core samples #12-#17.

Cl- Content CI- Content
Cl Content (%) (Ib/yd3) (kg/m3)
Core Sample No. | Depth *by mass concrete *assume 4000 Ib/yd3 | *assume 2400 kg/m3
#12 O-1in. 0.008 0.316 0.187
1-2 in. 0.007 0.294 0.175
2-3 in. 0.006 0.221 0.131
#13 O-1in. 0.005 0.186 0.110
1-2 in. 0.002 0.097 0.058
2-3 in. 0.003 0.121 0.072
#14 O-1in. 0.005 0.199 0.118
1-2 in. 0.003 0.121 0.072
2-3 in. 0.003 0.127 0.075
#15 O-1in. 0.005 0.212 0.126
1-2 in. 0.003 0.136 0.081
2-3 in. 0.005 0.189 0.112
#16 O-1in. 0.003 0.130 0.077
1-2 in. 0.004 0.142 0.085
2-3 in. 0.003 0.124 0.074
#17 O-1in. 0.005 0.205 0.122
1-2 in. 0.005 0.196 0.117
2-3 in. 0.005 0.205 0.121

4.2.2 Petrographic analysis

Selected representative images of each core sample are presented here.
Additional photomicrographs of the same core samples are presented in
Appendix D.

4.2.2.1 Core sample #1

Images of concrete from core sample #1 are shown in Figure 16. The con-
crete appears to be composed of an angular coarse and subangular-shaped
fine aggregate of unknown composition. There appears to be very little air
in the concrete. The concrete appears quite competent, with no visible
cracks or signs of chemical reactions.
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Figure 16. Photomicrographs of core sample #1 (5x above; 15x below).

4.2.2.2 Core sample #2

Core sample #2 was not included in this study due to its non-receipt in
shipment to ERDC-CERL.
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4.2.2.3 Core sample #3

Images of concrete from core sample #3 are shown in Figure 17. The con-
crete appears to be composed of an angular coarse and subangular-shaped
fine aggregate of unknown composition. There appears to be very little air
in the concrete. Although the concrete appears competent with no visible
cracks, there are areas in the cement paste around selected aggregate par-
ticles that are lighter in color than the surrounding paste.

Figure 17. Photomicrographs of core sample #3 (5x above; 15x below).
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4.2.2.4 Core sample #4

Images of concrete from core sample #4 are shown in Figure 18. The con-
crete appears to be composed of an angular coarse and subangular-shaped
fine aggregate of unknown composition. Some entrapped air is visible in
the concrete. The concrete appears quite competent, with no visible cracks
or signs of chemical reactions.

Figure 18. Photomicrographs of core sample #4 (5x above, 15x below).
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4.2.2.5 Core sample #5

Images of concrete from core sample #5 are shown in Figure 19. The con-
crete appears to be composed of an angular coarse and subangular-shaped
fine aggregate of unknown composition. There appears to be very little air
in the concrete. Although the concrete appears competent with no visible
cracks, there are areas in the cement paste around selected aggregate par-
ticles that are lighter in color than the surrounding paste.

%
s A ™

Figure 19. Photomicrographs of core sample #5 (5x above, 15x below).
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4.2.2.6 Core sample #6

Images of concrete from core sample #6 are shown in Figure 20. The con-
crete appears to be composed of an angular coarse and subangular-shaped
fine aggregate of unknown composition. There appears to be very little air
in the concrete. The concrete appears quite competent, with no visible
cracks or signs of chemical reactions.

Figure 20. Photomicrographs of core sample #6 (5x above, 15x below).
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4.2.2.7 Core sample #7

Images of concrete from core sample #7 are shown in Figure 21. The con-
crete appears to be composed of an angular coarse and subangular-shaped
fine aggregate of unknown composition. There appears to be very little air
in the concrete. The concrete appears quite competent, with no visible
cracks or signs of chemical reactions.

Figure 21. Photomicrographs of core sample #7 (5x above, 15x below).
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4.2.2.8 Core sample #8

Images of concrete from core sample #8 are shown in Figure 22. The con-
crete appears to be composed of an angular coarse and subangular-shaped
fine aggregate of unknown composition. There appears to be very little air
in the concrete. The concrete appears quite competent, with no visible
cracks or signs of chemical reactions.

Figure 22. Photomicrographs of core sample #8 (5x above, 15x below).
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4.2.2.9 Core sample #9

Images of concrete from core sample #9 are shown in Figure 23. The con-
crete appears to be composed of an angular coarse and subangular-shaped
fine aggregate of unknown composition. There appears to be very little air
in the concrete. The concrete appears quite competent, with no visible
cracks or signs of chemical reactions.

Figure 23. Photomicrographs of core sample #9 (5x above, 15x below).
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4.2.2.10 Core sample #10

Images from core sample #10 are shown in Figure 24. The concrete ap-
pears to be composed of an angular coarse and subangular-shaped fine ag-
gregate of unknown composition. There appears to be very little air in the
concrete. A large crack in the concrete starts at the upper right center and
proceeds through an orange-colored aggregate that extends into the ce-
ment paste. There are no indications of any chemical reactions, which may
indicate the damage is due to application of some structural load.

Figure 24. Photomicrographs of core sample #10 (5x above, 15x below).
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4.2.2.11 Core sample #11

Images of concrete from core sample #11 are shown in Figure 25. The con-
crete appears to be composed of an angular coarse and subangular-shaped
fine aggregate of unknown composition. There appears to be very little air
in the concrete. The concrete appears quite competent, with no visible
cracks or signs of chemical reactions.

Figure 25. Photomicrographs of core sample #11 (5x above, 15x below).
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4.2.2.12 Core sample #12

Images of concrete from core sample #12 are shown in Figure 26. The con-
crete appears to be composed of an angular coarse and subangular-shaped
fine aggregate of unknown composition. There appears to be very little air
in the concrete. The concrete appears quite competent, with no visible
cracks or signs of chemical reactions.

Figure 26. Photomicrographs of core sample #12 (5x above, 15x below).
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4.2.2.13 Core sample #13

Images of concrete from core sample #13 are shown in Figure 27. The con-
crete appears to be composed of an angular coarse and subangular-shaped
fine aggregate of unknown composition. There appears to be very little air
in the concrete. The concrete appears quite competent, with no visible
cracks or signs of chemical reactions.

Figure 27. Photomicrographs of core sample #13 (5x above, 15x below).
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4.2.2.14 Core sample #14

Images of concrete from core sample #14 are shown in Figure 28. The con-
crete appears to be composed of an angular coarse and subangular-shaped
fine aggregate of unknown composition. There appears to be very little air
in the concrete. The concrete appears quite competent, with no visible
cracks or signs of chemical reactions.

Figure 28. Photomicrographs of core sample #14 (5x above, 15x below).
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4.2.2.15 Core sample #15

Images of concrete from core sample #15 are shown in Figure 29. The con-
crete appears to be composed of an angular-to-rounded coarse and
subangular-to-rounded shaped fine aggregate of unknown composition.
Steel fibers are present in the concrete. There appears to be very little air
in the concrete. Although the concrete appears competent with no visible
cracks, there are areas in the cement paste around selected aggregate par-
ticles that are lighter in color than the surrounding paste.

Figure 29. Photomicrographs of core sample #15 (5x above, 15x below).
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4.2.2.16 Core sample #16

Images of concrete from core sample #16 are shown in Figure 30. The con-
crete appears to be composed of an angular coarse and subangular-shaped
fine aggregate of unknown composition. There appears to be very little air
in the concrete. The concrete appears quite competent, with no visible
cracks or signs of chemical reactions.

Figure 30. Photomicrographs of core sample #16 (5x above, 15x below).
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4.2.2.17 Core sample #17

Images of concrete from core sample #17 are shown in Figure 31. The con-
crete appears to be composed of an angular-to-subangular coarse and
subangular-to-rounded shaped fine aggregate of unknown composition.
Steel fibers are present in the concrete. There appears to be very little air
in the concrete. The concrete appears quite competent, with no visible
cracks or signs of chemical reactions.

Figure 31. Photomicrographs of core sample #17 (5x above, 15x below).



ERDC SR-13-1 34

4.3

Conclusions of concrete core testing

Sixteen concrete core samples from Site 81 were investigated from the 17
samples taken. The study of these core samples consisted of chloride con-
tent measurements at three depths from the surface and a petrographic
analysis to identify key microstructural features and potential modes of
deterioration. Conclusions from the study of the core samples are given
below.

e Chlorides were found to be present in measureable quantities in
each core analyzed, with contents ranging from 0.097—
2.068 Ib/yds3. Chloride contents in all but sample #1 were below the
level of approximately 1-1.5 Ib/yd3 of concrete necessary for initia-
tion of corrosion of the embedded reinforcing steel. Further, Chlo-
ride contents generally did not decrease with depth from the sur-
face. No corrosion was evident on reinforcing steel bars and fibers
extracted from concrete cores during the crushing process.

e Petrographic examination of the 16 concrete samples investigated
showed competent concrete. The coarse and fine aggregate appear
to be suitable for concrete and appear to be well distributed. There
were steel fibers present in two of the concrete specimens. There
appeared to be very little air in any of the concrete samples. Alt-
hough one concrete sample had a crack present, it did not appear
that it was the result of any deleterious chemical reaction. Three
samples had lightly-colored cement paste surrounding selected ag-
gregate particles. The cause for this discoloration is unclear, but
there does not appear to be any obvious deterioration or cracking
occurring in those samples. The concrete appears quite competent,
with no visible cracks or signs of chemical reactions.
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5 Summary of Results

The corrosion rates measured were both extremely low and relatively uni-
formly distributed across the underlying surface of each cored EMS steel
plate (17 cores total). The average of all corrosion rates measured was
0.2356 mils per year (0.005984 mm/year) as shown in Appendix B. Given
an EMS steel plate original thickness of 125 mils (3.175 mm), the average
time to penetration would be 530 years.

As stated previously, the thickness measurements of the two EMS steel
plate sections that were shipped with the core samples were 0.116 inches
(2.9464 mm) for the floor section thickness and 0.1233 inches (3.13 mm)
for the wall section (both an average of three measurements). These thick-
ness measurements indicate very little floor EMS plate metal loss over the
11-year timeframe since construction, based on the original EMS plate
thickness of ~3 mm estimated by NAU. This validates our service life esti-
mates of 200—500 years based on the in-situ corrosion rates.

In order to predict the worst case scenario with 95% confidence, the worst
case corrosion rate including two standard deviations of the average values
measured would be 0.6272 mils per year (0.01593 mm/year) providing a
minimum expected life until first penetration of 199 years given the same
original plate thickness of 125 mils (3.175 mm).

A review of the percent moisture content data as measured by the
Protometer instrument at multiple levels in the core holes indicated that
the concrete slab beneath the EMS steel plate was saturated with ground-
water. The groundwater seepage was confirmed by ever-rising water levels
in both the bolt and core holes. However, the presence of the groundwater
which has saturated or nearly saturated the concrete slab does not pro-
mote corrosion of the EMS steel plate. This lack of corrosion is primarily
due to lack of oxygen; oxygen was consumed by the initial corrosion of the
plate shortly after construction, and oxygen replenishment is prevented by
the presence of the steel EMS plate covering the concrete slab.

Analysis of the chloride ion concentration in the concrete core samples
confirmed that the chlorides did not impact the corrosion rate of the EMS.
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Further, the analyses of the groundwater samples (Appendix A) confirmed
that the chlorides also did not impact the corrosion rate of the EMS.
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6 Recommendations

Where the steel EMS steel plate has already been exposed, it is recom-
mended that the exposed surfaces be cleaned using effective surface prep-
aration methods and coated using the current practices. No further exca-
vation of the steel EMS is recommended, since there was never any
significant corrosion observed in the circular excavations made during this
study. Further, the corrosion observed and examined at the floor/wall in-
terface was minimal. Where the EMS steel plate has been penetrated, ei-
ther during saw cutting or core drilling, appropriate repair measures to
facilitate welding new material to reseal the EMS must be accomplished.
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Appendix A: Water Testing

Figures A-1 and A-2 are reproductions of test results from Illinois State
Water Survey analyses of two water samples collected at Site 81. Test point
#1, level 5 is water from the core hole and test point #2, level 1 is ground-
water.

Based on the comparison of the water qualities shown in Figures A-1 and
A-2, the water sample taken from the core hole (test point #1, level 5) is
groundwater with increased levels of sulfate, silica, sodium, potassium and
total dissolved solids. The raw groundwater filtering through the Portland
cement has dissolved these elements, causing their increase in the water
sample taken from the core hole. The only exception is calcium and mag-
nesium, which are somewhat decreased in the core hole water sample as
compared to the groundwater sample but both contain moderate amounts
of each element. The most important factor to note about the tests is the
dramatic increase in alkalinity of the core hole water sample due to filter-
ing through the highly alkaline concrete.
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INlinois State
WATER SAMPLE ANALYSIS
Lab Number: 822118

Survey (1855

Analysi: JLO

Facility: CERL

Sample Type: Raw Water Attention: Ms. Susan Drozdz

Location: Test Point #] - Level 5 Additional Information:

Date Collecred: 10012 Sample information from Israel.

Bactochem Report
Parameter Value Units
110.0 mafL

P Alkalinity (as CaCO3) BED mgiL
M Alkalinity (as CaCO3) 2980 mgiL
Hardness (as CaC03) 45 mg/L
Calcium (Ca) 11.3 mglL
Calcium (Ca) 282 asCaCO3 mg/L
Magnesium (Mg) 16.2 as CaC03 ma/L
Magnesium (Mg) 34 mg/L
Sulfate (S04) 310 mg'L
Chiloride (CI) 172 ma/L
Iran (Fe) 0.83 mg/L
Copper (Cu) 0.085 mg/L
Zine (Zn) 035 mg/L
Sodium (Na) 924 mg/L
Potassium (K) B56 mg/L
Total Dissolved Solids 4820 mg/L
pH 7.86 Site pH units
pH Temperature 21 Site deg C
Silica (Si02) an magiL
Conductivity 6990 uSicm

Comnients
Note : | have no experience with this water and do not know what is expected or normal.
P-Alkalinity (360034-alkaline; page 1): Extremely High,
M-Alkalinity (380995-alkaline; page 2); Extramely High.
Chloride: High.
Sulfate: Very high.
Sodium:High which indicates softening

Calcium and Magnesium (Hardness): Low, which indicates softening.

Charles D. Curtiss, Chemist g u&a!la 4}! “nll;gﬂm.' 217244-739]

Monday, October 33, 2012 Page 1 of 2

pH: If P-Alkalinity is present it must be above pH 8.2
TDS and Conductivity: Extremealy High.

Langelier Calcium Carbonate Saturation Index: +0.76 @21 C., +1.11 @ B0 C.(140F.)

The positive number indicates that the cold water has a strong tendency to deposit calcium scale
especially when heated, )

Ryznar Index: 6.49 which indicates that mild steel is expected to experience little scale or corrosion.
Aggressive Index: 12.79, the water was non aggressive to asbestos/icemant material,

Larson Index; 0,18 which indicates that chlorides and sulfates do not contribute to comosion of mild steel.
Mote:If alkalinity is lower then the water would be maore cofrosive,

Figure A-1. Analysis of water sample taken from test point #1, level 5.
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Illincis State

WATER SAMPLE ANALYSIS
Lab Number: 522119
Survey (1895)
Analyst: JLO Facility: CERL
Sample Type: Amtention: My Susen Drozdz
Location: Test Pr. #2 Additional Information:
Dare Collected: [ Dewatering Tank
Sample information from Israel.
Pumped water in barrel located in level -1
Bactochem Repart
Parameter Falue Units
mg/L
P Alkalinity (as CaCO3) 0 mg/L
M Alkalinity (a5 CaC03) 300 maiL
Hardness (as CaC03) 380 magiL
Calcium (Ca) 280 as CaCO3 mgiL
Calcium (Ca) 116.0 mg/L
Magnesium {Mg) 18.8 ma/L
Magnesium (Mg} 85 as CaCO3 mg/L
Sulfate (S04) 70 mg/L
Chloride (C) 265 mgiL
Zinc (Zn) 0.18 mg/L
Sodium (Na) 143 mg/L
Potassium (K) 11.5 mail
Total Dissolved Solids 840 mg/L
pH 7.12 Site pH urits
pH Temperature 24 Site deg. C
Silica (Si02) 15 mgiL
Conductivity 1832 uSicm
Comments

Note : | have no experience with this water and do not know what is expected or normal.
Chiaricde: High, this will be corosive to 304 stainless steel (above 250 mg/L) as well as mild stael.

Sulfate: Somewhat high

Langelier Calcium Carbonate Saturation Index: +0.19 @ 24 G, +0.57 @ 60 C.(140 F.)

The positive number indicates that the cold water has a tendency to deposit calcium scale espacially
when heated,

Ryznar Index: 6.82 which indicates that mild steel is expected to experience litfle scale or corrosion.
Aggressive Index: 12.06, the watar was non aggressive to asbestos/cement material.

Larson Index: 1.49 which indicates that chlorides and sulfates contribute to high corrosion of mild steal.

Charles D. Curtiss, memm_wﬁ@ Phone: 217/244-739]

Monday, October 22, 2012 Page 1 af I

Figure A-2. Analysis of water sample taken from test point #2.
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Appendix B: EMF Liner Corrosion Rate
Measurement

Figures B-1 through B-4 represent the corrosion rate measurements for
the 17 samples.

B&A Tel Aviv EMF Liner - Corrosion Rate Measurements
Draft 0.98 - September 3. 2012
LPR Percent of Percent Corrosion
T Measured Plate C?:‘:rat;:ig:n Moisture Potential vs.
- Scan | Corrosion [ Estimated to Rate/Core Comments Content on Ag/AgCL/
.Rate be Acti\fely I Protometer at] 3.5 M KCl
{mlls{xearl Corrodlnﬁ — — 1", 2" a_nd 3~ (-V)
1 Q OEEET Water Rising in Corad Hole - Seeping in from T
Concrete
1 B TR 70% 0.02400 [Seepage water is clear and is not from surface T 0.566
jwater
1 C 0.01467 100%
2 A 0.12464 100%
2 B 0.05546 85% 0.09577 100% 0.560
2 C 0.06411 100%
3 A 0.39140 100%
3 B 0.39929 60% 0.66205 100% 0.493
3 C 0.40100 100%
4 A 0.06101 100%
4 B 0.03723 95% 0.05324 100% 0.572
4 C 0.05350 100%
5 Q GLEET Fastgst Rising Water - Vacuumed almost T
continuously
Fast Rising Water - Vacuumed almost
5 B 0.14470 90% 0.15933 continuously - Intermitent Vacuuming causes 100% 0.515
some "blips" in data but slopes ok
5 e GLEE Fastgst Rising Water - Vacuumed almost T
continuously

Figure B-1. Corrosion rate measurements for core samples #1-5.
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B&A Tel Aviv EMF Liner - Corrosion Rate Measurements
Draft 0.98 - September 3. 2012
LPR Percent of A Percent Corrosion
verage . 1
T Measured Plate Corrosigon Moisture Potential vs.
- Scan | Corrosion [ Estimated to Rate/C Comments Content on Ag/AgCL/
0. . ate/Core
Rate be Actively T Protometer at] 3.5 M KCl
{mils{xearl Corrodinﬁ ¥ 1", 2" aﬂd 3~ (-V)
: 5 EAE Fast .R|smg Water - Vacuumed almost 1T
continuously
Fast Rising Water - Vacuumed almost
6 B 0.13590 95% 0.11203 continuously - Intermitent Vacuuming causes 100% 0.535
some "blips" in data but slopes ok
: . Tz Fast .R|smg Water - Vacuumed almost 1T
continuously
7 A 0.61800 100%
7 B 0.61192 95% 0.65987 100% 0.548
7 C 0.65071 100%
8 A 0.52246 Water Rising 100%
— - ”
8 B 0.63652 90% 0.50319 Water R!shg too h?gh 100% 0.547
8 C 0.9106* Water Rising too high ... at steel plate 100%
8 D 0.19963 Water Level lowered 100%
e A DETTE Fast filling hole near wall - must continuously AT
acuum out water
g B D 20% 0.114424 Fast filling hole near wall - must continuously T 0.460
acuum out water
g e D0R505 Fast filling hole near wall - must continuously T
Juacuum out water
a 5 TEET Water Rising too high - reached plate at outlier 1T
data
10 B 0.16952 100% 0.18196 100% 0.752
10 c 0.18496 Breakin.cur\.re caused by rising water 100%
vacuuming
Figure B-2. Corrosion rate measurements for core samples #6-10.
B&A Tel Aviv EMF Liner - Corrosion Rate Measurements
Draft 0.98 - September 3. 2012
LPR Percent of A Percent Corrosion
verage . 1
T Measured Plate Corrosigon Moisture Potential vs.
- Scan | Corrosion [ Estimated to Rate/C Comments Content on Ag/AgCL/
0. . ate/Core
Rate be Actively T Protometer at] 3.5 MKCI
{mlls{xeari Corrodlnﬁ 1", 2 amd 3 (-V)
m A AEFETT Fast filling hole - must continuously vacuum T
out water
1 B 0.36050 100% 0.33392 Fast filling hole - must continuously vacuum 100% 0.523
out water
m e 2235 Fast filling hole - must continuously vacuum T
LDUt water
12 A 0.25354 100%
12 B 0.32979 100% 0.30454 100% 0.684
12 C 0.33029 100%
13 A 0.02729 100%
13 B 0.03302 90% 0.03488 100% 0.537
13 C (0.03386 100%
p—
14 A 0.05103 100%
14 B 0.06486 100%
14 C 0.06563 80% 0.07618 100% 0.605
0 3 TR artificially overfilled slot to see impact on 1T
meeEurement
15 A 0.07414 41%
15 B 0.10950 40% 0.22588 41% 0.325
15 C 0.08742 41%

Figure B-3. Corrosion rate measurements for core samples #11-15.
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B&A Tel Aviv EMF Liner - Corrosion Rate Measurements
Draft 0.98 - September 3. 2012
LPR Percent of A Percent Corrosion
Cora Measured Plate Co:ft;:igtfn Moisture Potential vs.
- Scan | Corrosion [ Estimated to Rate/C Comments Content on Ag/AgCL/
0. . ate/Core
Rate be Actively I Protometer at] 3.5 M KCl
{mils{xearl Corrodinﬁ Y 1", 2" a_nd 3~ (-V)
16 A 0.12660 Plate could not be separated from Concrete 32%
Core - JBB Estimatad at 50% corroded for
16 B 0.12780 50% 0.26113  JCalculation Purpose until CERL laboratory 54% 0.237
removes plate, measures and photo
16 c 0.13730 documents corroded area. 78%
17 A 0.17450
17 B 0.17500
80% 0.20388 0.187
artificially overfilled slot to see impact on
17 C 0.13940 36%
measurement
Average Percent of Platg
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Figure B-4. Corrosion rate measurements for core samples #16-17, and collective data for all
samples.
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Appendix C: As-Received Core Samples

Figures C-1 — C-16 represent the as-received core samples #1 and #3—#16.
Again, note that core sample #2 is not included here, due to it not being
received in the original shipment to the ERDC lab from Site 81.
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Figure C-1. Photos of as-received core samples #1 and #3.
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Figure C-2. Photos of as-received core samples #4 and #5.
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Figure C-3. Photos of as-received core samples #6 and #7.
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Figure C-4. Photos of as-received core samples #8 and #9.
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Figure C-5. Photos of as-received core samples #10 and #11.
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Figure C-6. Photos of as-received core samples #12 and #13.
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Figure C-7. Photos of as-received core samples #14 and #15.
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Figure C-8. Photos of as-received core samples #16 and #17.
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Appendix D: Supplemental Photomicrographs

Figures D-1 — D-17 represent supplemental photomicrographs of core
samples #1 and #3—16, as taken during the petrographic analyses done at
ERDC-GSL, as discussed in Chapter 4.

Figure D-1. Supplemental photomicrographs from core sample #1.
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Figure D-2. Supplemental photomicrographs from core sample #3.
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Figure D-3. Supplemental photomicrographs from core sample #4.
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Figure D-4. Supplemental photomicrographs from core sample #5.
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Figure D-5. Supplemental photomicrographs from core sample #6.
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Figure D-7. Supplemental photomicrographs from core sample #8.
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Figure D-9. Supplemental photomicrographs from core sample #10.
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Figure D-11. Supplemental photomicrographs from core sample #12.
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Figure D-12. Supplemental photomicrographs from core sample #13.
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Figure D-14. Supplemental photomicrographs from core sample #15.
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Figure D-16. Supplemental photomicrographs from core sample #17.
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