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Executive Summary

The Concrete and Materials Branch (CMB) of the Geotechnical and Struc-
tures Laboratory was requested to perform an analysis on concrete cores
collected from the north and south walls of the H-Canyon Section 3 Per-
sonnel Tunel, Savannah River Site, Aiken, South Carolina to determine the
cause of the lower than expected compressive strength. This study exam-
ined five cores provided to the ERDC by the Department of Energy. The
cores were logged in as CMB No. 170051-1 to 170051-5 and subjected to
petrographic examination, air void analysis, chemical sprays, scanning
electron microscopy, and x-ray diffraction.

The results of the study indicated the low compressive strength can be at-
tributed to:

¢ High clay content in the original concrete mix. The clay is concen-
trated at the fine and coarse aggregate surfaces which has resulted
in poor aggregate-paste bonding. It is also present in the paste frac-
tion and therefore contributes to a lower strength matrix.

e High water to cement ratio estimated to be approximately 0.5 in
the North Wall concrete and >0.5 in the South Wall concrete. This
Is estimated from capillary porosity and shrinkage cracking per
scanning electron microscopy analyses.

e Higher volume of entrained/entrapped air.

From the observations in this study, there does not appear to be an active,
deleterious process such as ASR that caused or will continue to cause a
loss in strength in either wall. Mineralogical analysis of the cement frac-
tion for four samples were mainly comprised of tobermorite, an alteration
product of portland cement. Results of air void analysis of the 2 samples
from the south wall yielded similar results, while samples from the north
wall had variations in percent air content. Calculated mixture proportions
for all the samples were roughly the same.

Overall, the low compressive strength observed in the north wall com-
pared with the south is attributable to the increased abundance of clay
coatings on aggregates, higher observed capillary porosity, and increased
air content.
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Scope

The Concrete and Materials Branch (CMB) of the Geotechnical and Struc-
tures Laboratory was requested to perform an analysis on a concrete wall
samples retained from the north and south walls of the H-Canyon Section
3 Personnel Tunnel. A total of four cores and one over core were provided
to the CMB, which were checked in under CMB Serial Number 170051.
Two were extracted from the south wall (170051-1, 170051-2) and three
from the north wall (170051-3, 170051-4, 170051-5). Table 1 lists the cores
received with the original sample identifier, core length, and the lab tests
performed for each core. Due to the condition in which core 170051-5 was
received, only select tests were performed. The results of this analysis will
dictate the path forward for repairs on the structure.

The following sections provide a summary of the methods utilized, results
obtained from each core, and a summary of the investigation.

Table 1. Summary of cores received, corresponding CMB Serial No., core length, and
lab tests performed.

CMB ID SNRS Core ID Core Length Lab Test Performed

170051-1 221H-PT3-S-2-D 7in. ASTM C-856, ASTM C-457,
XRD, chemical sprays, optical
microscopy, electron
microscopy

170051-2 221H-PT3-S-6-D 6in. ASTM C-856, ASTM C-457,
XRD, optical microscopy,
electron microscopy

170051-3 H221-PT3-N-1 7.510n. ASTM C-856, ASTM C-457,
XRD, optical microscopy,
electron microscopy

170051-4 221-H-PT3-N-2-B 6in. ASTM C-856, ASTM C-457,
XRD, optical microscopy,
electron microscopy

170051-5 H-PT3-N-4 Over core was |ASTM C-856, ASTM C-457,
not intact upon | and optical microscopy
receipt
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Methods

Testing was conducted to determine the mineralogical constituents of the
concrete and any possible chemical reactions and microstructural deterio-
ration present. The following describes the methods utilized.

2.1 Petrographic Analysis

Modes of distress such as sulfate attack, microcracking, and overall con-
crete quality were assessed by visual examination of the as received cores
as well as a petrographic analysis performed on polished cross sections
conducted according to ASTM C856 - Standard Practice for Petrographic
Examination of Hardened Concrete. A 25 mm thick section of a core was
cut and prepared for the petrographic analysis. The section for petro-
graphic analysis was polished using diamond incrusted polishing pads.
The polished sample was imaged using a Zeiss Stereo Discovery V20 mi-
croscope at magnifications of 5 X to 40 X. An overall image was obtained
for the sample at low magnification, and at least three selected sites were
also imaged at higher magnification. Specific focus was given to mi-
crocracking, air void structure, aggregate deterioration, and any other pos-
sible modes of concrete deterioration that are relevant for service life
estimation.

2.2 Scanning Electron Microscopy (SEM)

Specimens were examined from each sample using scanning electron mi-
croscopy (SEM) to obtain high-resolution images and examine the paste
microstructure according to ASTM C1723 — Standard Guide for Examina-
tion of Hardened Concrete Using Scanning Electron Microscopy. 15mm
diameter cores were taken from each sample, mounted in epoxy, and pol-
ished to 0.3um in a 50:50 ethanol and ethylene glycol mixture prior to im-
aging. SEM imaging was performed using an FEI Nova NanoSEM 630,
capable of high-resolution imaging on non-conductive materials. Imaging
was performed in low-vacuum mode at pressures of 0.1-0.5 mbar and ac-
celerating voltage of 15kV. All images were acquired using a backscattered
electron detector to improve phase contrast. Imaging was performed at
three random sites and at various levels of magnification to capture the
overall microstructure along with specific regions of interest (e.g., aggre-
gate interfaces, cracks, air voids).
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2.3 X-ray Diffraction Analysis

X-ray diffraction (XRD) analysis was performed to identify the mineralogy
of each component present in the concrete according to ASTM C1365 —
Standard Test Method for Determination of the Proportion of Phases in
Portland Cement and Portland-Cement Clinker Using X-Ray Powder
Diffraction Analysis. Once the desired sample was isolated from the
concrete, it was crushed and ground until at least 90% of the material
passed a #325 sieve (44 um). The ground specimen was prepared into
random powder pack sample holders for XRD measurements. Diffraction
patterns to be used for qualitative phase identification were obtained using
a Panalytical X’Pert Pro materials research diffractometer equipped with a
Co-Ka X-ray source operated at 45kV and 40mA. Diffraction patterns were
obtained over a period of 2 hr from 2 to 70 °26 with a step size of 0.02
°26. Phase identification was performed using MDI Jade2010 powder
diffraction file (PDF) reference databases.

2.4 Chemical Spray Indicator Testing

Alkali-Silica Reaction

The presence of ASR was determined by the use of ASR-specific chemical
stains, Rhodamine B and Sodium Cobaltinitrite. The test was applied to a
freshly fractured surface. Surface preparation involved wetting with
deionized water, followed by treating with two staining agents. The first
stain applied was Sodium Cobaltinitrite, which was left on the surface for
approximately 60 sec. The surface was rinsed with deionized water to
remove excess stain. The persistence of a yellow color indicates the
presence of potassium-rich silica gels, generally thought to represent
active ASR. After the second rinse was finished, the second staining agent,
Rhodamine B, was applied; and the excess was rinsed off after
approximately 60 sec. This stain leaves a pink color in locations containing
calcium-rich silica gels that are generally thought to represent older ASR.

Carbonation Depth

Phenolphthalein, pH indicator, was also used to determine the depth of
carbonation / acidification of the concrete. This indicator exhibits a bright
pink colour when exposed to alkaline concrete and remains clear when
concrete is carbonated (pH below ~10). The test was applied to a freshly
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fractured surface. Surface preparation involved wetting with deionized
water, followed by treating with phenolphthalein.

2.5 Air Void Analysis ASTM-C457 / Phase Fraction Analysis

Air void content was determined according to the provisions outlined in
ASTM C457 — Standard Test Method for Microscopical Determination of
Parameters of the Air-Void System in Hardened Concrete. The air voids
characterized included spaces enclosed by cement paste that were filled
with air or other gas prior to setting of the paste. Voids measured included
both entrapped and entrained air larger than a few micrometers in diame-
ter. The air voids characterized by ASTM C457 do not include lower length
scale voids associated with the cement hydration products themselves. As
a result, air void content measurements are less than total porosity of the
concrete and are an indicator of air void systems that are associated with
resistance of the concrete to cyclic freezing and thawing. Along with char-
acterizing the hardened air void structure, additional information was
gathered through point counting on the paste, aggregate, and other ob-
served defects. The test method has two procedures; Procedure A, Linear-
Traverse Method and Procedure B, Modified Point-Count Method of
which was used for this study. Procedure B was employed for the analysis
described herein. Samples were cut and polished cross sections prepared
according to ASTM C856 - Standard Practice for Petrographic Examina-
tion of Hardened Concrete. The minimum length of traverse and mini-
mum number of points for the point count method was determined based
on the maximum size of aggregated found in each sample. Calculations for
air content were determined on the total number of air voids (N), total
number of stops (St), number of stops in air voids (Sa), number of stops on
paste (Sp), and the E-W translation distance between stops (1).
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Results and Discussion

3.1 Core Sample 170051-1 - 221H-PT3-S-2-D

The core was extracted from the south wall of the personnel tunnel. It was
seven inches in length and three and three/fourths inches in diameter
(Figure 1). Cracking was not observed on the surface, nor throughout the
exterior of the core. The surface of the core had been in contact with a
sheet pile panel rib that caused a cylindrical impression (Figure 2).

3.1.1  Petrographic Analysis

Low (5x) and high (10x, 12x) magnification photomicrographs of the typi-
cal microstructure observed in concrete specimen 170051-1 are presented
in Figure 3. The coarse aggregate is uniformly distributed and appears to
make up 40 percent of the volume. The coarse aggregate is interpreted to
be a metamorphic siliceous creek rock gravel and ranged from one to two
inches in size. They are sub-angular to angular with a small portion being
elongate. The fine aggregate made up approximately 40 percent of the vol-
ume and was sub-angular to sub-round in shape. It is interpreted to be
crushed quartz sand amongst other siliceous minerals. The core showed a
discoloration of the paste content from light grey (N7) to moderate orange
pink (10R 7/4) that penetrated up to four centimeters (Figure 3). The
change is not gradual and marks two distinct zones. The colors and their
codes were determined by comparison with the Munsell Rock Color Book.
There were few signs of cracking or infilling, thus it is suspected to not
have suffered ASR-related deterioration. Internal cracks within the coarse
aggregate are rare and are interpreted to represent pre-existing damage.
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Figure 1. As received core sample 170051-1.

Figure 2. As received core sample 170051-1 showing impression and discoloration of
cement where the concrete was in contact sheet pile material.




SRNS-E1122-2017-00009
12

Figure 3. Low and high magnification photomicrographs of 170051-1 (a) Surface
edge of core with coarse aggregate and moderate orange pink colored paste (b)
Coarse aggregate (c) High magnification of the core exhibiting the color change of the
paste fraction of the concrete in addition to a concentration of air voids (d) Coarse
aggregate with preexisting fractures.

(c) 10x magnification photomicrograph (d) 5x magnification photomicrograph

3.2 Core Sample 170051-2 - 221H-PT3-5-6-D

The core was received from the south wall of the personnel tunnel. It was 6
inches in length and three and three/fourth inches in diameter (Figures 4
and 5). Cracking was not observed on the surface, nor throughout the body
of the core.

3.2.1 Petrographic Analysis

Low and high magnification photomicrographs of the typical microstruc-
ture observed in concrete specimen 170051-2 are presented in Figure 6.
The coarse aggregate is uniformly distributed and appears to make up 40
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percent of the volume. The coarse aggregate is interpreted to be a meta-
morphic siliceous creek rock gravel and ranges from one to two inches in
size. They are sub-angular to angular with a small portion being elongate.
The fine aggregate made up approximately 40 percent of the volume and
was sub-angular to sub-rounded in shape. It is interpreted to be crushed
guartz sand amongst other siliceous minerals. The paste content was light
grey (N7). This color and its code were determined by implementing the
Munsell Rock Color Book. There were few signs of cracking or infilling,
thus it is suspected to not have suffered ASR-related deterioration. Inter-
nal cracks within the coarse aggregate are rare and are interpreted to rep-
resent pre-existing damage.

Figure 4. As received core sample 170051-2.

221 H4—-PI>-
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Figure 5. As received core sample 170051-2.

Figure 6. Low and high magnification photomicrographs of 170051-2 (a) Surface
edge of core with coarse aggregate (b) Coarse aggregate (c) High magnification of the
core showing large void near aggregate (d) High magnification of fine aggregate and
paste

(c) 10x magnification photomicrograph (d) 12x magnification photomicrograph
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3.3 Core Sample 170051-3 - H221-PT3-N-1-B

The core was received from the north wall of the personnel tunnel. It was
seven and a half inches in length and three and three/fourth inches in di-
ameter (Figure 7). Cracking was not observed on the surface, nor through-
out the body of the core.

3.3.1  Petrographic Analysis

Low and high magnification photomicrographs of the typical microstruc-
ture observed in concrete specimen 170051-3 are presented in Figure 8.
The coarse aggregate is uniformly distributed and appears to make up 40
percent of the volume. The coarse aggregate is interpreted to be a meta-
morphic siliceous creek rock gravel and ranges from one to two inches in
size. They are sub-angular to angular with a small portion being elongate.
The fine aggregate made up approximately 40 percent of the volume and
was sub-angular to sub-rounded in shape. It is interpreted to be crushed
guartz sand amongst other siliceous minerals. The paste content was pale
yellowish brown (10YR 6/2). This color and its code were determined by
implementing the Munsell Rock Color Book. There were few signs of
cracking or infilling, thus it is suspected to not have suffered ASR-related
deterioration. Internal cracks within the coarse aggregate are rare and are
interpreted to represent pre-existing damage.

Figure 7. As received core sample 170051-3
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Figure 8. Low and high magnification photomicrographs of 170051-3 (a) Edge of core
with coarse aggregate (b) Large coarse aggregate (c) High magnification of the core
showing coarse aggregate (d) High magnification of fine aggregate and air void

(c) 5x magnification photomicrograph (d) 10x maghnification photomicrograph

3.4 Core Sample 170051-4 - 221-H-PT3-N-2-B

The core was received from the north wall of the personnel tunnel. It was
six inches in length and three and three/fourth inches in diameter (Figure
9). Cracking was not observed on the surface, nor throughout the body of
the core.

3.4.1 Petrographic Analysis

Low and high magnification photomicrographs of the typical microstruc-
ture observed in concrete specimen 170051-4 are presented in Figure 10.
The coarse aggregate is uniformly distributed and appears to make up 40
percent of the volume. The coarse aggregate is interpreted to be a meta-
morphic siliceous creek rock gravel and ranges from one to two inches in
size. They are sub-angular to angular with a small portion being elongate.
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The fine aggregate made up approximately 40 percent of the volume and
was sub-angular to sub-rounded in shape. It is interpreted to be crushed
guartz sand amongst other siliceous minerals. The paste content was pale
yellowish brown (10YR 6/2). This color and its code were determined by
implementing the Munsell Rock Color Book. There were few signs of
cracking or infilling, thus it is suspected to not have suffered ASR-related
deterioration. Internal cracks within the coarse aggregate are rare and are
interpreted to represent pre-existing damage.

Figure 9. As received core sample 170051-4
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Figure 10. Low and high magnification photomicrographs of 170051-4 (a) Edge of
core with coarse aggregate (b) Large impression of debonded coarse aggregate in
which a high volume of air voids are observed (c) High magnification large air void (d)
High magnification of fine aggregate and paste

(c) 10x magnification photomicrograph (d) 12x magnification photomicrograph

3.5 Core Sample 170051-5 - H-PT3-N4

The as received over-core was from the north wall of the personnel tunnel.
The sample broke during shipping and was not intact (Figure 11). As such,
distinguishing between original and transport-related damage was diffi-
cult.

3.5.1 Petrographic Analysis

Low and high magnification photomicrographs of the typical microstruc-
ture observed in concrete specimen 170051-5 are presented in Figure 12.
The coarse aggregate is uniformly distributed and appears to make up 40
percent of the volume. The coarse aggregate is interpreted to be a meta-
morphic siliceous creek rock gravel and ranges from one to two inches in
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size. They are sub-angular to angular with a small portion being elongate.
The fine aggregate made up approximately 40 percent of the volume and
was sub-angular to sub-rounded in shape. It is interpreted to be crushed
guartz sand amongst other siliceous minerals. The paste content was pale
yellowish brown (10YR 6/2). This color and its code were determined by
implementing the Munsell Rock Color Book. Due to the state in which the
core was received, making conclusions based off cracks seen within the
core is not advised. Internal cracks within the coarse aggregate are rare
and are interpreted to represent pre-existing damage.

Figure 11. As received core sample 170051-5
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Figure 12. Low and high magnification photomicrographs of 170051-4 (a) Edge of
core with coarse and fine aggregate (b) Coarse aggregate (c) High magnification of a
crack following the edge of a coarse aggregate (d) High maghnification of fine
aggregate and paste.

(c) 12x maghnification photomicrograph (d) 12x magnification photomicrograph

3.6 Scanning Electron Microscopy (SEM)

A 200x magnification montage image of the paste and fine aggregate mi-
crostructure for 170051-1 is shown in Figure 13 with phases indicated.
Clays are primarily seen at the particle-paste boundary. High magnifica-
tion images (Figure 14, 15) feature unhydrated cement particles, capillary
pores, and some microcracking. The presence of secondary cementitious
materials was not observed. Considerable capillary pore space suggests a
water cement ratio of at least 0.50. In some cases, the capillary pores con-
nect, creating networks of void space.
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Figure 13. 200x magnification SEM montage of microstructure for 170051-1.

Figure 14. 1000x magnification SEM image of paste microstructure for 170051-1.
The image shows regions of high capillary porosity, microcracking with a portion
infilled, and unhydrated cement
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Figure 15. 1000x magnification image of paste microstructure for 170051-1
illustrating unhydrated cement grains, high capillary porosity, and microcracks.
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A low magnification montage image of the concrete microstructure for
170051-2 is shown in Figure 16 with phases indicated. Clays are primarily
seen at the particle-paste boundary. High magnification images (Figure 17,
18) feature unhydrated cement particles, capillary pores, and some mi-
crocracking. In Figure 17, pores are observed at the paste/aggregate
boundary. The presence of secondary cementitious materials was not ob-
served. Capillary pore space suggests a water cement ratio of at least 0.50.
At high magnification small cracks are visible.

Figure 16. 220x magpnification montage of microstructure for 170051-2 illustrating
fine aggregates with occasional clay minerals attached and unhydrated cement
particles.
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Figure 17. 1000x magpnification image of paste microstructure for 170051-2
illustrating regions of high capillary porosity and a large number of unhydrated
cement grains.
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Figure 18. 4000x magnification image of paste microstructure for 170051-2 showing
the existence of microcracks, high capillary porosity, and calcium silicate hydrate.
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A 200x magnification montage image of the concrete microstructure for
170051-3 is shown in Figure 19 with phases indicated. Clays are primarily
seen at the particle-paste boundary. They can be seen creating pathways
between aggregate particles. High magnification images (Figure 20, 21)
feature unhydrated cement particles, capillary pores, and some mi-
crocracking. The presence of secondary cementitious materials was not
observed. Capillary pore space was qualitatively determined to suggest a
water cement ratio of at least 0.55.

Figure 19. 200x magnification montage of microstructure for 170051-3 illustrating
clay particles coating fine aggregate.
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Figure 20. 1000x magnification image of concrete microstructure for 170051-3
illustrating clay coating on fine aggregate, high capillary porosity, high volume of
unhydrated cement, and microcracking.

Figure 21. 2000x magnification image of concrete microstructure for 170051-3
illustrating capillary pores and microcracks, some of which have been infilled.
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A 200x magnification montage image of the concrete microstructure for
170051-4 is shown in Figure 22 with phases indicated. Clays are primarily
seen at the fine aggregate-paste boundary. High magnification images
(Figure 23, 24) feature unhydrated cement particles, capillary pores, and
some microcracking. The capillary pores can be seen creating large net-
works of void space. The presence of secondary cementitious materials

was not observed. Capillary pore space suggests a water cement ratio of at
least 0.55.

Figure 22. Low maghnification montage of concrete microstructure for 170051-4.
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Figure 23. High magnification image of concrete microstructure for 170051-4.
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Figure 24. High magpification image of concrete microstructure for 170051-4. Large
unhydrated cement grains also surrounded by microcracked hydrates as shown in
circled area.
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3.7 X-ray Diffraction Analysis

Diffraction patterns were gathered on the cement fraction of 170051-1-4.
Calculated weight percentages of the cement minerals are shown in Table
2-5. The weight % composition for all phases identified is shown along
with phases associated solely with the cementitious fraction (hydrated and
anhydrous / unhydrated) which was then normalized to 100% total mass.
The calculation focused on the solely cementitious fraction was to remove
the inclusion of minerals associated with aggregates that were integrated
into powders during specimen preparation and to aid in a comparison be-
tween the cementitious fraction in each core. Diffraction patterns and
whole pattern fit analysis are shown in Figures 25 through 28. Each pow-
der sample analyzed from cores 170051-1-4 included anticipated phases
associated with unhydrated cement, the products of cement hydration,
and minerals contributed by aggregates. Phases associated with unhy-
drated cement including alite, belite, and brownmillerite were observed in
each sample and correlate with unhydrated cement grains that were also
observed in SEM micrographs. Hydration products including phases asso-
ciated with poorly-ordered calcium-silicate-hydrate, ettringite, and in the
case of north wall cores portlandite was observed. High gypsum contents
of up to 15 wt. % of the cementitious fraction were observed in south wall
cores while gypsum contents were lower and portlandite contents were
higher (up to 10 wt. %) in the north wall cores. The high gypsum content in
south wall cores did not appear to be resulting in any observable deteriora-
tion based on microscopic observations. The poorly ordered calcium-sili-
cate-hydrate phase was analyzed as a combination of C-S-H (tobermorite
structure), hibschite (an aluminum doped polymorph of C-S-H), and
amorphous material. The summation of these phases totaled approxi-
mately 50-60 wt. % of the cementitious fraction in each of the samples an-
alyzed which is typical of hydrated portland cement paste. Minerals
identified as being associated with the aggregate fraction and clay impuri-
ties included quartz, illite, albite, kaolinite, and microcline.
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Table 2. Calculated weight percentages of materials identified through X-ray
diffraction for 170051-1.

Mineral Name Chemical Composition Total Sample | Cementitious
Wt. % Wt. %
Quartz SiO2 28.4 -
C-S-H Ca2.5Sis0oH 8.4 20.6
lllite-2M2 (NR) (K,H30)Al2(SisAl)O10(OH)2xH20 | 10.7 -
Hibschite* CasAl2(Si04)1.25(0H)7 10.2 23.5
Gypsum CaS04(H20)2 6.6 14.9
Albite (AISis)NaOs 4.6 -
Ettringite CasAlS; 5s0245H31 1.3 3.4
Periclase (Mgo.6Feo.4)0 0.3 1.0
Larnite Ca»Si0, 6.3 13.5
Alite CasSiOs 1.9 3.3
Brownmillerite Ca(Fe1.014Al0.986)Os 0.2 0.6
Kaolinite 1A Al2(Si205)(OH)a 1.6 -
Anhydrite Ca(S0a) 0.1 0.2
Microcline (Ko.95Nao.05)AISi30s 10.9 -
Amorphous* - 8.4 19.1

* Poorly ordered calcium silicate gel binding phase analyzed with
multiple possible phases and amorphous material.
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Table 3. Calculated weight percentages of materials identified through X-ray

diffraction for 170051-2.

Mineral Name Chemical Composition Total Sample Cementitious

Wt. % Wt. %
Quartz SiO2 22.2 -
lllite-2M2 (NR) | (K,H30)Al2(SizAl)010(OH)2xH20 | 6.1 12.5
Ettringite CazAlS15024.5H31 21 4.1
Hibschite* CasAl2(Si04)1.25(0H)7 223 37.4
Gypsum CaS04(H20)2 7.6 14.3
C-S-H* Ca2.5Sis09H 6.5 12.5
Larnite Ca,Si0. 4.7 8.5
Microcline (Ko.95Nao.05)AlSiz0s 9.9 -
Albite (AISiz)NaOs 6.0 1.2
Periclase (Mgo.6Feo.4)0 0.5 -
Amorphous* - 12.1 22.0

* Poorly ordered calcium silicate gel binding phase analyzed with
multiple possible phases and amorphous material.
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Table 4. Calculated weight percentages of materials identified through X-ray

diffraction for 170051-3.

Mineral Name Chemical Composition Total Sample Cementitious

Wt. % Wt. %
Quartz SiO2 19.5 -
Ettringite CasAlS; 5s0245H31 1.2 2.6
Monosulfate (Ca2Al(OH)e)(S0.502(0H2)3) | 13.0 25.2
Hibschite* CasAl2(Si04)1.25(0H)7 23.2 44.5
Portlandite Ca(OH)2 3.3 6.3
Larnite Ca,Si0, 1.3 4.8
Alite CasSiOs 5.3 2.4
Gypsum CaS04(H0), 4.3 7.7
Brownmillerite Cay(Fe1.014Al0.986)Os 2.3 3.2
Albite (AISi3)NaOs 10.2 -
Microcline (Ko.9sNao.05)AlISiz0s 14.8 -
Amorphous* - 1.6 3.4

* Poorly ordered calcium silicate gel binding phase analyzed with

multiple possible phases and amorphous material.
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Table 5. Calculated weight percentages of materials identified through X-ray

diffraction for 170051-4.

Mineral Name Chemical Composition Total Sample Cementitious

Wt. % Wt. %
Quartz SiO2 19.1 -
Microcline (Ko.95Nao.05)AlISiz0s 21 -
Ettringite Ca3AlS15024.5H31 1.9 3.6
Monosulfate (Ca2Al(OH)6)(S0.502(0H2)3) | 6.1 11
Albite (AISi3)NaOs 7.0 -
Hibschite* CasAl2(SiO4)1.25(0OH)7 18.6 33
Portlandite Ca(OH)2 6.1 10.8
Larnite Ca»Si0, 4.2 10.1
Brownmillerite Cay(Fe1.014Al0.986)Os 1.9 1.9
Alite CasSiOs 1.2 -
Mayenite (Ca0)12(Al203)7 0.3 0.6
C-S-H* Ca2.5Sis09H 8.7 21.8
Amorphous* - 3.9 7.2

* Poorly ordered calcium silicate gel binding phase analyzed with

multiple possible phases and amorphous material.
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Figure 25.

fit and calculated weight percentages.
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Figure 26. Diffraction pattern for 170051-2 with phase identifications, whole pattern

fit and calculated weight percentages.
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Figure 27 Diffraction pattern for 170051-3 with phase identifications, whole pattern
fit and calculated weight percentages.
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Figure 28. Diffraction pattern for 170051-4 with phase identifications, whole pattern
fit and calculated weight percentages.
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3.8 Chemical Spray Indicator Testing

The application of sodium cobaltinitrite and rhodamine B to the surface of
the concrete are indicator methods to identify the presence of ASR. Due to
the absence of staining by both sprays, it was concluded that ASR pro-
cesses have not taken place (Figure 29a and b, Figure 30a and b).

Phenolphthalein, a pH indicator, was applied to core 170051-1 that was ob-
served to have two distinct regions of paste according to color (Figure 29c)
and the only exposed exterior surface in the as-received cores. The test in-
dicated that the moderate orange pink area has a pH of less than or equal
to 10, suggesting carbonation of the concrete at a higher rate than is ex-
pected. This carbonation seems linked with the sheet pile panel it was in
contact with. It was also applied to 170051-3 (Figure 30c) and no carbona-
tion was observed.

Figure 29. Various chemical sprays applied to core sample 170051-1 (a) sodium
cobaltinitrite showing no reaction (b) rhodamine B highlighting carbonated cement
with a bright pink stain (c) Phenolphthalein indicating the top portion of the sample

having a pH of less than 8.6

(a) Sodium Cobaltinitrite (b) Rhodamine B

(c) Phenolphthalein
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Figure 30. Various chemical sprays applied to core sample 170051-3 (a) sodium
cobaltinitrite showing no reaction (b) rhodamine B showing little reaction (c)
Phenolphthalein indicating no carbonation

(c) Phenolphthalein

3.9 Air Void Analysis ASTM-C457 / Phase Fraction Analysis

The minimum length of traverse and minimum number of points for the
point count method were determined based on the maximum size of ag-
gregate found in each sample. For this study, the nominal aggregate size
used was 1.5 in. Sample 170051-1 had an air content of 3.2% and paste
volume fraction was 34.7%, void frequency (n) was 1.2, paste-to-air ratio
(p/A) was 10.8, and the spacing factor (L) was 0.017 in. (1.1 mm). Sample
170051-2 had an air content of 3.4% and paste volume fraction was 25.4%,
void frequency (n) was 1.0, paste-to-air ratio (p/A) was 7.4, and the spac-
ing factor (L) was 0.015 in. (1.1 mm). Sample 170051-3 had an air content
of 5.0% and paste volume fraction was 25.0%, void frequency (n) was 2.1,
paste-to-air ratio (p/A) was 5.0, and the spacing factor (L) was 0.007 in.
(1.1 mm). Sample 170051-4 had an air content of 7.1% and paste volume
fraction was 27.8%, void frequency (n) was 1.5, paste-to-air ratio (p/A) was
3.9, and the spacing factor (L) was 0.0107 in. (1.1 mm). Sample 170051-5
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had an air content of 1.3% and paste volume fraction was 37.3%, void fre-
guency (n) was 0.8, paste-to-air ratio (p/A) was 28.2, and the spacing fac-
tor (L) was 0.0258in. (1.1 mm). (See Appendix B for all calculations)
Mixture proportions for each sample were calculated based on data gath-
ered from ASTM C-457 and are listed in Table 3. Overall the results indi-
cate a fairly similar mixture proportion as used in the north and south
walls with increased air content in north wall samples. Limitations on the
analysis area of sample 170051-5 due to the as-received geometry make
conclusions from its analysis unclear.

Table 6. Percentage of concrete constituents based on ASTM C-457 analysis.

Concrete Phase

Fraction 170051-1 | 170051-2 | 170051-3 | 170051-4 | 170051-5
Air A% | 3.21 3.42 5.02 71 1.32
Paste P% | 34.74 25.38 25.03 27.83 37.29
Fine Aggregate fa% | 25.97 20.54 20.36 22.4 29.69
Coarse Aggregate | ca% | 35.55 50.19 49.39 42.66 31.70
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Summary and Conclusions

This study examined four concrete cores from the north and south walls of
the H-Canyon Exhaust Tunnel (HCAEX). The five cores, which were
logged in as CMB No. 170051-1 to 05 were subjected to an in-depth analy-
sis consisting of visual and petrographic examination, chemical spray indi-
cators, electron microscopy, x-ray diffraction, and hardened concrete air
void analysis. The results of the study were:

e Macroscopic cores were not observed in the provided cores. Pro-
portions of concrete phases were in the standard range.

e Core 170051-1 had two distinct regions of paste according to color.
The moderate orange pink that extended ~1 % inches. This area re-
acted with phenolphthalein suggesting a distinct carbonated zone
where contact was made with the exterior surface.

e Cores from the south wall has a grey (N7) paste, while the paste
from the north wall is pale yellowish brown (10YR 6/2). Energy-dis-
persive electron microscopy suggests a slight variation in chemistry
may be at fault along with an increased abundance of clay in the
north wall.

e No evidence of alkali-silica reaction was observed such as internal
microcracks filled with gel. This was true in all core samples ana-
lyzed.

¢ High magnification electron microscopy revealed anticipated
phases. A large proportion of unhydrated cement particles were ob-
served dispersed in hydrated cement paste, suggesting a high wa-
ter/cement ratio. No supplementary cementitious materials were
observed such as residual textures from fly ash or slag. This is sup-
ported by a lack of non-reactive refractory phases such as mullite or
iron oxides in paste XRD patterns which are commonly associated
with supplementary cementitious materials.

e The capillary porosity is extensive, especially in north wall samples.
As such, the cement/water ratio is qualitatively determined to be at
least 0.50, likely higher in the north wall. This is corroborated by a
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determined non-evaporable water loss (mass loss difference be-
tween 105-1000 °C) average of the cement fraction from each core
sample, which was measured on paste samples. The south wall sam-
ples had an average water loss of 18.5% by mass while the north
wall samples had an average of 21.4% by mass.

e The presence of clay is seen in the concrete microstructure via elec-
tron microscopy and validated by x-ray diffraction results. Clay
particles are primarily found at the paste-coarse and fine aggregate
boundary but are also isolated in the cement. The origin of these
clays is unclear but is likely due to poor aggregate washing. The
abundance of clay minerals likely contributed to the loss in strength
as the particles interfere with the aggregate/paste interface, weak-
ening their adhesion.

e X-ray diffraction results indicated anticipated phases present in the
cement paste including residual unhydrated portland cement
phases alite, belite, and brownmillerite along with the results of ce-
ment hydration such as ettringite, portlandite, and poorly-ordered
calcium-silicate-hydrate (tobermorite, hibschite, and amorphous
material). Contributions from the aggregate were also observed in
XRD results but were not considered for comparisons between
paste compositions in the north and south wall specimens.

e Small microcracks (~10 um) were seen throughout all samples.
Some of them appear to be infilled, probably by mineral phases.
These were likely formed due to shrinkage.

e Results of air void analysis of the 2 samples from the south wall
yielded similar results, while samples from the north wall had varia-
tions in percent air content. Calculated mixture proportions for all
the samples were roughly the same.

Overall, the concrete did not appear to have been subjected to deleterious
chemical alteration or reactions such as sulfate attack, ASR, or carbona-
tion. As such, the concrete is not expected to lose strength in the future
due to normal aging. Cracking of the concrete and aggregate was largely
absent. Electron microscopy indicates the presence of abundant clay parti-
cles (kaolinite) within the concrete, especially in the north wall. These clay
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particles are observed coating the aggregate, which can cause a loss of ad-
hesion between the aggregate and paste. This is the likely culprit for the
observed low strength in the north wall along with the increased abun-
dance of high capillary porosity and high air content observed in north

wall samples.
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Appendix A: Core Log Sheet
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Appendix B: ASTM C-457 air void analysis
calculated results
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Distance traversed E-W
170051-1 (in) 5.5/in
Calculations: Number of Traverses 17
Total number of air voids intersected N 113
Total number of Stops St 2461 Entrained Entrapped
Number of stopsin air voids Sa 795a { 55|Sa 24|
Number of stopsin paste Sp 855
E-W translation distance between stops [ 0.037993
Total Traverse Length [Tt 93.5
Air Content A% 3.2
Void Frequency n 1.2
Paste Content % p 34.7
Paste-Air ratio p/A 10.8 Entrained | 2.234864[Entrapped | 0.975213
Average chord length |lin 0.027,
Specific Surface o in2/in3 150.6
SpacingFactor  [Lin [ 0.016551519]if P/A less than 4.342

4.3421= 0.071866696

4.3421= 0.0899888714.342L= | 0.089989|if P/A greater than 4.342

0.019920944|L= 0.020725|
3.94092827
170051-2 Distance traversed E-W (in) 5.59in
Calculations: Number of Traverses 17
Total number of air voids intersected N 92
Total number of Stops St 2313 Entrained Entrapped
Number of stops in air voids Sa 79|Sa 31|Sa 48
Number of stops in paste Sp 587
E-W translation distance between stops I 0.041085
Total Traverse Length |Tt 95.0
Air Content A% 3.4
Void Frequency n 1.0
Paste Content % p 25.4
Paste-Air ratio pfA 7.4 Entrained | 1.340251 |Entrapped| 2.075227
Average chord length |lin 0.035
Specific Surface o in2/in3 1134
Spacing Factor Lin 0.015093347 |if P/A less than 4.342
4.3421 = 0.065535313

4.3421= 0.077637575 4.342L= | 0.077638|if P/A greater than 4.342
0.026459743 |L= 0.017881

2.810126582
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170051-3 Distance traversed E-W (in) 6.29|in
Calculations: Number of Traverses 16
Total number of air voids intersected N 210
Total number of Stops St 2549 Entrained Entrapped
Number of stops in air voids Sa 128|5a 47|5a 81
Number of stops in paste Sp 638
E-W translation distance between stops I 0.039482
Total Traverse Length  |Tt 100.6
Air Content | A% 5.0
Void Frequency n 2.1
Paste Content % p 25.0
Paste-Air ratio p/A 5.0 Entrained | 1.84386(Entrapped| 3.177717
Average chord length lin 0.024
Specific Surface a in2/in3 166.2
Spacing Factor [Lin | 0.00690641]if P/A less than 4.342
4.3421= 0.029987633

4.342L= 0.032356562 4.342L= | 0.032357|if P/A greater than 4.342
0.018048983[L= 0.007452

1.994791667

170051-4 Distance traversed E-W (in) 4.76|in
Calculations: Number of Traverses 31
Total number of air voids intersected N 221
Total number of Stops St 2576 Entrained Entrapped
Number of stops in air voids Sa 183|5a 53|Sa 130
Number of stops in paste Sp 717
E-W translation distance between stops I 0.057283
Total Traverse Length  |Tt 147.6
Air Content | A% 7.1
Void Frequency n 1.5
Paste Content % p 27.8
Paste-Air ratio p/A 3.9 Entrained | 2.057453|Entrapped| 5.046584
Average chord length l'in 0.047
Specific Surface a in2/in3 84.3
Spacing Factor [Lin | 0.010700396]if P/A less than 4.342
4.3421= 0.04646112

4.3421= 0.046072324 4.342L= | 0.046072|if P/A greater than 4.342
0.035574833 (L= 0.010611

1.639344262
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170051-5 Distance traversed E-W (in) 3.9]in
Calculations: Number of Traverses 25
Total number of air voids intersected N 81
Total number of Stops St 2041 Entrained Entrapped
Number of stops in air voids Sa 27(Sa 27|Sa 0
Number of stops in paste Sp 761
E-W translation distance between stops | 0.047771
Total Traverse Length |Tt 97.5
Air Content A% 1.3
Void Frequency n 0.8
Paste Content % p 37.3
Paste-Air ratio p/A 28.2 Entrained | 1.322881 |Entrapped 0
Average chord length |l in 0.016
Specific Surface ain2/in3 251.2
Spacing Factor __|Lin | 0.025841126]if P/A less than 4.342
4.3421= 0.11220217
4.3421= 0.150713612 4.342L= | 0.150714|if P/A greater than 4.342
0.011942675|L= 0.034711
9.728395062
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