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ABSTRACT

The work performed under this contract covers the characterization of unirradiated concrete
specimens cored from the walls of the steam generator room of the SONGS Unit 2, currently
under decommission. This report documents the extensive set of characterization conducted at
the Oak Ridge National Laboratory, at the University of Tennessee, Knoxville, at the Ohio State
University, and at ALG Global. The susceptibility of irradiation-induced damage in concrete is
governed by the exposure level (fast neutron fluence > 10" n.cm? at E > 0.1 MeV) and the
mineralogy of the aggregates (high quartz content and chemical heterogeneity of the
assemblage). Both conditions are met for the SONGS concrete biological shield. Hence,
harvesting in-service irradiated concrete from the SONGS Unit 2 or 3 biological shield is currently
an unparalleled opportunity to study the flux effects of neutron irradiation.
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EXECUTIVE SUMMARY
Context

Nuclear power plants (NPPs) in the US were originally licensed for 40 years of operation. Since
then, many plants have undergone a license renewal process to extend the plant operation to 60
years, and most other remaining NPPs are planning to do the same. Currently, subsequent
license renewal (SLR) from 60 to 80 years has been initiated. Per Commission direction in the
August 29, 2014, Staff Requirements Memorandum (SRM) to SECY-014-0016, the staff should
keep the Commission informed on the progress of resolving various technical issues related to
SLR, including technical issues related to concrete and concrete degradation. This SRM also
directs the staff to emphasize in communications with the industry the need to strive for
satisfactory resolution of these issues. The Expanded Material Degradation Assessment (EMDA)
Report, NUREG/CR-7153, Vol. 4, “Aging of Concrete and Civil Structures,” dated October 2014,
identifies radiation effects on concrete as low knowledge but high significance related to SLR.
Based on this assessment and the Office of Nuclear Reactor Regulation (NRR) User Need
Request for Research on the Effects of Irradiation on Concrete Structures, the Office of Nuclear
Regulatory Research (RES) is conducting research to confirm the effects of irradiation on the
concrete structures and the structural implications of these effects to support long-term operation
of NPPs. The work under this contract covers the characterization of concrete specimens cored
from outside of Steam Generator Room 2 (106) on the north wall of the primary shield at
elevations of 45, 30 and 17 feet of the SONGS Unit 2, currently under decommission.

Objectives

The main objective of this project was to assess the opportunity of future harvesting of irradiated
concrete cores from the most exposed region of the biological shield (i.e., facing directly toward
the reactor pressure vessel (RPV) at the approximate elevation of the belt line). The susceptibility
of irradiation-induced damage of concrete is governed by the mineralogy of its aggregates. This
report documents the extensive set of characterization conducted at the Oak Ridge National
Laboratory, the University of Tennessee, Knoxville, the Ohio State University, and ALG Global.

Accomplishments

Despite the lack of clear identification of the quarry selected to extract the aggregates used for the
construction of concrete structures in SONGS Units 2 and 3 in the late 70s, it is likely that they
contain a complex assemblage of shale (mudstone), San Onofre breccia, sandstone, and
limestone, and that they are rich in varied silicates including quartz, plagioclase feldspar,
felspathoid, clay, biotite, talc, and amphibole (hornblende, actinolite, tremolite).

Three unirradiated concrete specimens were harvested by SONGS Decommissioning Solutions
(SDS) at three different elevations of the primary shield. After careful removal of the aggregates
from the concrete cores and preparation for characterization, a selected set of techniques,
including ultrasonic pulse velocity, thin-section petrography, micro x-ray fluorescence, x-ray
diffraction, energy dispersive x-ray spectroscopy, inductively coupled plasma spectroscopy, and
scanning electron microscopy (SEM), were employed to assess the composition and physical
properties of the aggregates and concrete. The main findings of this research are as follows:

1. The quality of the concrete is sound (dynamic modulus ranging between 44—48 GPa); The
aggregates appear to be well bonded to the cement paste.
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2. The aggregates are a complex assemblage of mostly silicate minerals. The quartz content
of the characterized aggregates varies between ~35 and 95%. Other dominant silicates
are feldspars and phyllosilicates (micas or chlorite). The mineral grains are generally small
(a few microns).

3. The estimated fluence level at the surface of the concrete biological shield facing the RPV
ranges from 1.9 to 3.5 x 10'® n.cm (E > 10 keV). The average fluence level is estimated
at 1.8 x 10" n.cm? (E > 0.1 MeV).

4. The estimated volumetric expansion of the aggregates at the irradiation conditions
presented above in the test reactor is about 1%.

Path Forward

The susceptibility of irradiation-induced damage in concrete is governed by the
exposure level (fast neutron fluence > 10'° n.cm? at E > 0.1 MeV) and the
mineralogy of the aggregates (high quartz content and chemical heterogeneity
of the assemblage). Both conditions are met for the SONGS concrete biological
shield. The fast-neutron flux in test reactors is about 30 to 180 times higher
than that in light-water reactors. The effects of flux reduction on the formation
of the irradiation-induced damage rate in concrete constituents are not
established. Hence, harvesting in-service irradiated concrete from the SONGS
(unit 2 or 3) biological shield is an unparalleled opportunity to study the flux
effects of neutron irradiation. Oak Ridge National Laboratory is developing a
research plan for the harvesting, characterization, and companion modeling for
irradiated SONGS concrete. This plan will be transmitted to the NRC in a
separate document.
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1 INTRODUCTION

The effects of irradiation on concrete have been the subject of sustained research by the
Electric Power Research Institute (EPRI), the US Nuclear Regulatory Commission (NRC), and
the US Department of Energy (DOE) Light Water Reactors Sustainability Program (LWRSP)
since 2011. This research is motivated by the need to inform the license renewal and long-term
operation of US light-water reactors. To date, the effects of irradiation on concrete and its
constituents are well understood when subjected to accelerated irradiation conditions in test
reactors.

The concrete biological shields (CBSs) in light-water reactors are exposed to high neutron and
gamma irradiations, potentially reaching levels for which degradation has been reported in the
literature (i.e., > ~ 10" n.cm™at E > 0.1 MeV). At 80 years of operation, it is estimated that the
bounding fluence approaches 6 x 10'® n.cm™ (E>0.1 MeV), or about six times the potentially
critical dose for irradiation-induced damage onset. The susceptibility of concrete against neutron
irradiation greatly varies as a function of its constituents, including coarse aggregates, sand,
and hardened cement paste (hcp). Higher irradiation susceptibility was found as a direct
function of the aggregates’ radiation-induced volumetric expansion (RIVE): that is, the
propensity of swelling as a function of their mineral contents, structures, and textures.
Irradiation-induced amorphization, also referred to as metamictization, is accompanied by
significant swelling, especially in silicates [HIE78, DEN12, FIE15]. For example, the maximum
volumetric expansion of quartz and feldspars—a group of rock-forming tectosilicate minerals
that make up as much as 60% of the Earth’s crust have been shown to be as large as ~18%
and ~8%, respectively, whereas the change of density in calcite remains rather low (~0.3—
0.5%). The main reason for higher swelling is the number of covalent bonds (Si-O) and the
degree of polymerization of [SiO4] tetrahedrons. Depending on the mineralogical content,
considerable variations in aggregate RIVE have been observed [DEN12]. Moreover, some
observed post-irradiation expansions exceed what is considered as detrimental by alkali-silica
reaction (ASR) researchers. Because the CBS structural concrete is made of 70% of
aggregates by volume, RIVE can impose severe stresses on the surrounding hcp, leading to
microcracking, or even fracturing.

Gamma-irradiation primarily causes radiolysis of the water contained in concrete (free water,
adsorbed water, and eventually, chemically bonded water). At doses under 100 MGy, no
literature data indicate significant loss of mechanical properties [GRA71, MAR17].

The radiation field’s strong attenuation produces a high RIVE gradient, causing high biaxial
compressive elastic stresses in the vertical and hoop directions near the reactor cavity, and
potentially causing elastic tensile hoop stresses toward the back of the CBS. Simultaneously,
the prolonged moderate temperature exposure (< 65°C by design) and strong internal moisture
content gradient affect the degree of concrete hydration, and thus, its mechanical properties
leading to the development of lower strengths toward the reactor cavity. The dissipation of the
RIVE-induced elastic stresses results from a competition between the development of cracking
and potential relaxation in the hcp [GIO17]. Although the extent of radiation-induced concrete
damage appears to be limited to a depth of about < 20 cm of the CBS, the consequences of this
damage to the structural performance under seismic conditions (e.g., impact on RPV supports,
or accident conditions, including a sudden increase of temperature in the cavity or seismic
events) remain to be investigated. It must be noted that the estimated damage area extends
beyond the inner layer of reinforcement and appears strongly oriented along parallel planes to



that layer, calling its ability to effectively transfer stresses into question based on the possible
degradation of the steel-concrete bond [KAM20]. There are no data in the open literature on the
effects of irradiation on the steel-concrete bond properties. A separate ongoing NRC-sponsored
research activity entitled “Effects of irradiation on the bond strength of reinforced concrete”
(2018-2023) aims at providing a set of initial data (scoping study) and addressing the
significance of residual (post-irradiation) bond strength against the performance of the
reinforced CBS.

Numerous gaps of knowledge still exist on the topic of irradiated concrete, which is comparative
to other concrete aging mechanisms (e.g., corrosion or ASR) or the effects of irradiation on
other metallic materials. Evaluation of the structural significance of irradiated CBS requires
knowledge increase in the following areas:

1. Rate effects: Unlike the RPV steel, there is no surveillance program to assess the in-
situ irradiated concrete. All irradiated concrete data were obtained in test reactors under
accelerated conditions (high flux and often at higher temperature). The only option to
assess the potential rate effect is to characterize harvested in-service concrete from
decommissioned plants according to the conditions under which sufficient fluence levels
were reached (> 10"® n.cm™ at E > 0.1 MeV) and to determine whether the mineralogical
composition of the concrete-forming aggregate exhibits significant silica content.

2. lIrradiated concrete—steel bond strength: Because the RIVE-induced damage of
concrete is expected to extend beyond the inner layers of reinforcement, and because
possible neutron streaming may affect the RPV support shoe anchorages, evaluation of
the irradiated concrete—steel bond strength is critical to determine the structural margin
for accidental scenarios.

3. Irradiated concrete creep and shrinkage: Irradiated concrete cracking is driven by two
factors: (a) the difference between aggregate’s RIVE and the hcp shrinkage, and (2) the
RIVE rate. RIVE causes high-stress concentration in the hcp. The dissipation of the
stored elastic energy results either in hcp cracking or viscous deformation. In test
reactors, the irradiation duration is limited and the RIVE rate is high, so significant
viscous-type dissipation is not permitted. Very limited data on cement grouts suggest
that irradiated hcp could be subjected to high creep rate. Collecting additional data is
critical.

4. Irradiated assisted alkali-silica reaction and irradiated-assisted corrosion: These
mechanisms have not been observed in situ to date, but research is needed to assess
their potential. Irradiation-induced amorphization greatly increases the dissolution rate of
silicate-bearing aggregate in a high alkali medium. Irradiation-induced radiolysis
releases oxygen that can modify the redox condition around the steel reinforcement.

This project addresses item 1, rate effects. A preliminary study was performed to assess the
opportunity for future harvesting of irradiated concrete cores from the under-decommissioning
the San Onofre Nuclear Generating Station (SONGS). Harvesting opportunities are scarce, and
the cost associated with handling radioactive materials is high. Therefore, the actual value and
benefits of any harvesting campaign must be weighed carefully. Two criteria must guide this
assessment. First, has the concrete been exposed to fast neutron fluence high enough to cause
potential irradiation-induced damage? The comparison relies on damaging fluences in
accelerated conditions such as > 10" n.cm™2 at E > 0.1 MeV. Second, does the concrete
aggregate contain minerals that are highly susceptible to irradiation damage, such as silicates?



Previous harvesting campaigns did not meet these two criteria. Boiling water reactors (BWRs)
such as Hamaoka are typically exposed to doses on the order of 10'® n.cm™ at E > 0.1 MeV.
Likewise, the ORNL Graphite Reactor and the Jose Cabrera Nuclear Generating Station (Zorita,
Spain) contained either baryte-haydite [BLO58] or highly calcareous aggregates.

This project describes the characterization of unirradiated concrete cores extracted from the
walls of the steam generator room of SONGS Unit 2.



2 GEOLOGICAL FORMATION

The SONGS is located south of San Onofre, California, on the Pacific coast. The location of the
aggregate quarry that supplied the aggregates for construction of both units could not be
determined with certainty from the documentation provided by Southern California Edison
(SCE). Two potential quarries have been suggested during the coordination meetings with the
NRC, ORNL, SCE, and SDS: Santa Catalina Island, located directly west of SONGS, and San
Juan Capistrano located about 15 miles north of SONGS. Although, the Santa Catalina Island
quarry is located at a greater distance than the other possible inland quarries, Santa Catalina
Island rocks were used to construct the Wheeler North Reef (SONGS Mitigation Reef) located
1.5 miles offshore from the city of San Clemente in 1999 (Phase 1) and 2008 (Phase 2).

Figure 2-1 shows that the Catalina Island quarry is located south of Jewfish Point in the
Southeast tip of the island (Miocene [M] + Cretaceous and Jurassic sandstone of the
Franciscan Complex [KJfs]). According to the geologic map of California
(https://maps.conservation.ca.gov/cgs/gmc/) provided by the California Department of
Conservation, the geological formation, including the quarry, appears to be a mix of (KJfs)
blueschist and semi-schist of the Franciscan complex and (M) Miocene marine sandstone,
siltstone, conglomerate, and breccia, moderately to well consolidated. It is designated as
Miocene San Onofre breccia [STU79, ROW84, ALT97], a sedimentary rock composed of larger
minerals (clasts) and rocks cemented together by a fine-grained matrix of similar or different
origin. The rock facies of the quarry are quite complex [ROW84]. Three sedimentary units are
“exposed [VED79] and intruded by Miocene dacitic and gabbroic dikes and sills.” “The upper
part. . . is a Miocene breccia” potentially associated with San Onofre breccia. “The clast
composition. . .includes quartz schist, amphibolite, actinolite schist, tremolite(?) schist, talc
schist, saussuritized gabbro, veined quartz, aphanitic (fine grain) to porphyritic (distinct grain
size) siliceous metavolcanic rocks, porphyritic basalt, and feldspathic sandstone” [VED79]. “Two
pre-middle Miocene units occur below the Miocene breccia,” the lower part of which is
“composed of interbedded siltstone, quartzofeldspathic sandstone and conglomerate. Lithic
fragments are of granitic, volcanic and metamorphic origin, and they do not include detritus
derived from the Catalina schist. Overlaying these marine sediments is a sequence of
nonmarine redbeds consisting of sandstone, pebble-cobble conglomerate, and minor
mudstone.”

As mentioned above, the concrete aggregates may have been extracted from quarries located
in the San Juan Capistrano area: Lapeyre Industrial Sands Inc. and Green Stone Materials still
produce aggregate and sand from crushed stones. A third location could be considered: an
abandoned quarry near the Prima Deschecha landfill. All three are located near Miocene marine
sandstone, shale, siltstone, conglomerate, and breccia, with moderately to well consolidated
formations. Near the two operating quarries, formations can be found such as alluvium, lake,
playa and terrasse deposits (unconsolidated and semi-consolidated) and Eocene marine shale,
sandstone, conglomerate and minor limestone (mostly well consolidated), as shown in

Figure 2-2.


https://maps.conservation.ca.gov/cgs/gmc/
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Figure 2-1 Left: Santa Catalina geological survey map
(https://maps.conservation.ca.gov/cgs/gmc/). Right: (reproduced from [STU79)).
Localities of bottom samples and outcrops of Catalina Schist-bearing sedimentary rocks,
and outcrops of Catalina Schist. Modified from Vedder and Howell (1976, Fig. 1). Tso
(Blue): San Onofre Breccia; Cl: Santa Catalina Island, COR: Los Coronados Islands,
SCI: Santa Cruz Island, SCLI: San Clemente Island, SMB: Sixty Mile Bank, SMI: San
Miguel Island, SNI: San Nicolas Island, SRI: Santa Rosa Island, TFB : Thirty and Forty
Mile Banks; L.A.: Los Angeles, L.B.: Laguna Beach, P.M.: Point Mugu, P.V.: Palos
Verdes, Peninsula, S.B.: Santa Barbara, S.CL.: San Clemente, S.D.: San Diego, T.:
Tijuana, O. : Oceanside. Orange: SONGS.
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Figure 2-2 Location of two operating quarries and one possibly abandoned quarry in the
San Juan Capistrano area. To the right: Corresponding geological survey maps
(https://maps.conservation.ca.gov/cgs/gmc/) showing Miocene, Eocene, and alluvium
formations.

Despite the lack of clear identification of the quarry used to extract the aggregates used for the
construction of SONGS Units 2 and 3 in the late 1970s, it is likely that the aggregates contain a
complex assemblage of shale (mudstone), San Onofre breccia, sandstone, and limestone, rich
in varied silicates including quartz, plagioclase feldspar, felspathoid, clay, biotite, talc, and
amphibole (hornblende, actinolite, tremolite).


https://maps.conservation.ca.gov/cgs/gmc/

3 CORED SPECIMENS

Three core samples were taken from SONGS Unit 2 the week of October 14, 2021 and were
shipped to ORNL for characterization. The specimens were wrapped in plastic to avoid further
dehydration and were received at ORNL on October 15, 2021.

The coring work was performed under SDS contract # DWP SDS-2-C-CO-1788.

The specimens were taken from outside of Steam Generator Room 2 (106) on the north wall of
the primary shield at elevations of 45, 30 and 17 feet. Coring locations are provided in Appendix
A. It is expected that the same aggregates were used to construct the CBS around the RPV.

Each specimen is labeled according to the coring elevation: SONG-PS-17, SONG-PS-30, and
SONG-PS-45. All cores are 3 inches in diameter, and their lengths vary with the elevation.
Except for specimen SONGS-PS-45 (see comment below), the specimens are sound. The
quality of the concrete appears to be sound because the adhesion between the paste and the
aggregates looks good. Some millimeter-size air bubbles are visible, which is common for in-situ
vibrated concrete. The shapes of the aggregate appear mostly rounded. Some aggregates
exhibit elongations. The nature of the aggregates seems quite heterogeneous, with the
presence of dark gray homogenous aggregates, blueish, greenish, yellowish, and whitish
aggregates. The fractured surface (back end of the core) shows either aggregate separation
from the paste or intra-aggregate fractures. Visually, the maximum aggregate size appears to
be approximately 3—4 cm.

SONGS-PS-17 (Figure 3-1): The length of the specimen is about 9 in. The specimen appears to
be intact.



Figure 3-1. Cored specimen at 17 ft elevation

SONGS-PS-30 (Figure 3-2): The length of the specimen is about 8.5 in. The specimen appears
to be intact.



Figure 3-2 Cored specimen at 30 ft elevation

SONGS-PS-45 (Figure 3-3): The length of the specimen is about 6.5 in. The specimen is
cracked from the outer surface to about % of the length of the specimen at an angle of about 20
degrees from the axis of the core. The crack is visible to the naked eye. There is concern that
this part may split when the specimens are sawed.



Figure 3-3 Cored specimen at 45 ft elevation
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4 MATERIALS CHARACTERIZATION

4.1 Ultrasound Pulse Velocity

The specimens were cut with a blade saw (GEOCUT) to obtain a flat surface. The lengths were
measured with a caliper. The P-wave (UPVs) were measured using a Proceq Pundit PL-200
instrument provided by EPRI. Olympus Couplant-D was used to ensure wave transmission
between the transducer, the receiver, and the concrete. The transducers were zeroed using the
calibration rod provided (25.4 us). The signal frequency was 54 kHz (standard value). The
measurements were taken at laboratory temperature between 10 and 30°C (no correction). The
pulse velocities are given in Table 4.1.

Table 4-1 P-wave velocities

Specimen Length Velocity Dynamic Compressive
(mm) (ml/s) modulus* (GPa) strength** (Mpa)
SONGS-PS-17 168.9 4,721 44.6 52.8
SONGS-PS-30 1741 4,860-4,874 |47.2-47.5 61.3-62.2
SONGS-PS-45 1311 4,645 431 48.6

* Estimates (See equation in text).
** Empirical equation: fc=(V/2,178.71)/0.1949.

Pulse wave velocity is a nondestructive technique that provides an indirect measurement of the
dynamic elastic properties of a material. ASTM C597-09 defines how the technique is used for
concrete. The relation between the pulse velocity V' and the (isotropic) dynamic properties
Edyn (modulus) and vdyn (Poisson’s ratio) is given by

V= \/ Edyn(l_vdyn) (1)

P(1+vayn)(1-2vayn)’

where p is the density of the material. Assuming that the density of the concrete is 2.4 g.cm™
and the dynamic Poisson’s ratio is 0.25, the corresponding dynamic moduli’s estimates range
between 43 and 47.5 GPa (Table 4-1). The compressive strength estimates are provided for
information only using an empirical correlation equation that is subject to important uncertainties
caused by the concrete mix composition, the varied curing condition and test methods.

Preparation of samples for petrography and micro-XRF and aggregate extraction

The core SONGS-PS-17 was sliced for petrography and micro-XRF (MXRF) characterization,
and the remainder of the core was used for aggregate extraction. Figure 4-1 shows the slices
and surfaces used for subsequent analyses. The three slices for MXRF were cut in half to ease
polishing on the chosen surfaces. Surface number 4 broke during polishing, so x-ray
fluorescence (XRF) was not completed on this surface. The slices used for petrography were
sent to Spectrum Petrographics to be prepared as thin sections of 30 um on 2 x 3-inch. The
surfaces from which the thin sections were prepared approximately match the surfaces chosen
for XRF (Figure 4-2).
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Figure 4-1 Schematic of the slices cut for petrography and MXRF of the core from SONGS-
PS-17 showing the five surfaces of interest extracted at 17 feet of elevation. Red
lines indicate pieces used for preparation of thin sections; the remaining part of the core
was used for aggregate extraction

Figure 4-2 Thin sections prepared from five surfaces of the core from
SONGS-PS-17

4.2 Micro XRF

MXRF elemental maps were collected on surfaces 1, 2, 3, and 5 using an Atlas system (iXRF
instruments) operated under vacuum at 50 kV and 600 pA with a spot size of 10 um. The map
dimensions were 45 x 45 mm with a resolution of 1,500 pixels, and a pixel size of 30 um. The

12



dwell time was 300 msec, and the time constant was 1. Seven elements (Al, Ca, Fe, K, Mn, S,
Si) were analyzed for consistency throughout the core. Figures 4-3 and 4-4 show the elemental
maps that serve as the basis for the statistical analysis of the samples.

Figure 4-3 Element intensity maps of iron, potassium, and sulfur
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Figure 4-4 Element intensity maps of aluminum, calcium, manganese, and silicon

Each pixel is assigned an intensity value, and then each instance of that intensity is counted,
resulting in a histogram. Figure 4-5 shows the resulting histograms for calcium and iron. For
each sample, the mean values, standard deviations, and skewness were calculated for each
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element. Table 4-2 shows the mean count value of each element for each sample and then the
mean, standard deviation, and skewness across the core length.
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Figure 4-5 Intensity histograms: (a) calcium and (b) iron

Table 4-2 Mean count values for each sample and element

171 17-2 17-3 17-5 mean st dev skew
Aluminum 14,705.9 34,6154 40,909.1 39,473.7 32,426.0 12,116.5 -1.7
Calcium 523.7 438.2 489.6 458.6 477.5 37.4 0.4
Iron 2071 234.0 238.7 229.3 227.3 14.0 -1.6
Potassium 697.5 1,759.2 2,252.3 1,901.9 1,652.7 669.7 -1.4
Manganese 808.8 912.8 590.1 954.2 816.5 162.8 -1.2
Sulfur 5,079.0 38396 2,0989 23172 3,333.7 1,397.6 0.6
Silicon 2,388.5 2656.4 4,032.3 3,1381 3,053.8 722.3 1.0

In general, the mean values for the different slices are relatively similar, except for sample
SONGS PS 17-1, which shows large deviations for Al, K, and S (see Figure 4-6). It should be
noted that the count values do not reflect the volume percentages of each element in the
sample, but they are a general comparison of the overall inclusion of each element. The
standard deviation shows that calcium, iron, and silicon are the most consistent elements
across the core, whereas sulfur and aluminum are the most varied, and potassium and
manganese are also relatively consistent.
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Figure 4-6 Statistical analysis of XRF data: (a) mean count values, (b) standard deviation of
counts in each sample, and (c) skewness of counts across the samples
Finally, all elements show a positive skewness, with aluminum and silicon having the closest to
a normal distribution across the samples, whereas all other elements show a higher tendency to
have highly concentrated locations within the sample, thus creating the larger right skews.
Overall, because concrete is a composite material created from cement paste and aggregates,
which are composites themselves, the core shows consistency throughout its length. Samples
from other cores may undergo future testing to determine the consistency throughout the
structure height, as well as further analysis of the XRF data to compile the percentage of each
element in the samples.

4.3 Petrography

Petrographic images of the thin sections were taken to qualitatively assess the mineral phases
present in the aggregates. The work was performed using a Nikon D700 camera attached to an
Olympus BX60 optical microscope. Images were taken at magnifications from 1.25 to 20x under
transmitted light with crossed and uncrossed polarizers and under reflected light.

The results of the exploration of aggregates in the thin sections indicate a variety of altered

rocks with igneous (granite), volcanic, and sedimentary (shale) origins. The predominant
identified minerals are as follows:
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Quartz

Feldspars (altered and unaltered)
Plagioclase feldspar

Amphiboles (blue and green)
Epidote

Iron oxides: hematite, biotite, and possibly ilmenite
Pyrite

Pyroxene

Olivine

Chlorite

Clay

Muscovite

Sericite

Sericitic mica

Serpentine

Organic materials

The fine aggregates showed a composition that was similar to the larger aggregates, although
less alteration was present (Appendix B). Crystal precipitation was observed in some bubbles
present in the cement paste (Figure 4-13). Further study of some of the areas in thin section 1,
including the bubbles, was performed using advanced SEM quantitative methods to identify
phases based on chemical composition.

Figure 4-7 Petrographic images with uncrossed (left) and crossed polarizers (right) taken in
the area marked with a red rectangle
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Figure 4-8 Petrographic images with uncrossed (top right and bottom left) and crossed
polarizers (bottom right) taken in the aggregate marked with a red rectangle
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Figure 4-9 Petrographic image with crossed polarizers taken in the area marked
with a red rectangle
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Figure 4-10 Petrographic image with uncrossed (left) and crossed polarizers (right)
taken in the area marked with a red rectangle

Figure 4-11 Petrographic image with crossed polarizers taken in the area
marked with a red rectangle

Figure 4-12 Petrographic images with uncrossed (left) and crossed polarizers (right)
taken in the area marked with a red rectangle
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‘ Precipitated isotropic crystals in cement pore
o -
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Figure 4-13 Petrographic images taken under reflected light (top right), under transmitted
light with uncrossed (bottom left) and crossed polarizers (bottom right) showing
an air bubble in cement paste with precipitated crystals around the edge
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Figure 4-14 Petrographic images with uncrossed (left) and crossed polarizers (right) taken
in the aggregate marked with a red rectangle
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Figure 4-15 Petrographic images with uncrossed (left) and crossed polarizers (right) taken
in the area marked with a red rectangle

Figure 4-16 Petrographic images with uncrossed (left) and crossed (right) polarizers taken
in the area marked with a red rectangle
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Figure 4-17 Petrographic images with uncrossed (left) and crossed polarizers (right)
taken in the area marked with a red rectangle
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Figure 4-18 Petrographic images with uncrossed (left) and crossed polarizers (right)
taken in the area marked with a red rectangle
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Figure 4-19 Petrographic images with uncrossed (left) and crossed polarizers (right)
taken in the area marked with a red rectangle
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Figure 4-20 Petrographic images with uncrossed (left) and crossed polarizers (right)
taken in the area marked with a red rectangle
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Figure 4-21 Petrographic images under reflected light (top right), under transmitted light
with uncrossed polarizers (bottom left), and crossed polarizers (bottom right)
taken in the area marked with a red rectangle
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Figure 4-22 Petrographic images under reflected light (top right), under transmitted light
with uncrossed polarizers (bottom left), and crossed polarizers (bottom right)
taken in the area marked with a red rectangle
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with uncrossed polarizers (bottom left), and crossed polarizers (bottom right)
taken in the aggregate marked with a red rectangle

Figure 4-24 Petrographic images with uncrossed (left) and crossed polarizers (right) taken in
the area marked with a red rectangle
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Figure 4-25 Petrographic images under reflected light (top right), under transmitted light
with uncrossed polarizers (bottom left), and crossed polarizers (bottom right)
taken in the aggregate marked with a red rectangle
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Figure 4-26 Petrographic images under reflected light (top right), under transmitted light
with uncrossed polarizers (bottom left), and crossed polarizers (bottom right)
taken in the aggregate marked with a red rectangle
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Figure 4-27 Petrographlc images under reflected light (top right), under transmitted light
with uncrossed polarizers (bottom left), and crossed polarizers (bottom right)
taken in the aggregate marked with a red rectangle
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Figure 4-28 Petrographic images under reflected light (top right), under transmitted light
with uncrossed polarizers (bottom left), and crossed polarizers (bottom right)
taken in the aggregate marked with a red rectangle
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Figure 4-29 Petrographlc images under reflected light (top right), under transmitted light
with uncrossed polarizers (bottom left), and crossed polarizers (bottom right)
taken in the aggregate marked with a red rectangle

Figure 4-30 Petrographic images under reflected light (top right), under transmitted light
with uncrossed polarizers (bottom left), and crossed polarizers (bottom right)
taken in the aggregate marked with a red rectangle
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Quartz, Iron oxide or clay

with uncrossed polarizers (bottom left), and crossed polarizers (bottom right)
taken in the aggregate marked with a red rectangle

4.4 QEMSCAN Mineral Maps

Selected areas of the thin section 1 were studied using quantitative analysis of minerals by SEM
(QEMSCAN) to obtain mineral phase maps in areas of 1 to 2 mm2. QEMSCAN is an FEI
software trained by artificial intelligence (Al) with thousands of standards that can be used to
identify mineral phases.

The first aggregate explored is shown in the petrographic images in Figure 4-10. Three areas
were explored in this aggregate, and the resulting QEMSCAN maps with percentages of
identified phases are shown in Figures 4-32 through 4-34. This volcanic rock has a silica-rich
(matching quartz and albite standards) fine-grained groundmass of crystals and/or glass with
larger phenocrysts of mostly albite. K-feldspar and apatite occur as inclusions within the albite
phenocrysts. In these fields, “Ca-plagioclase” appears mainly as rims around albite phenocrysts
and at the epidote and sphene (titania) margins, so these pixels likely represent a grain
boundary phase that is a mix of albite and other Ca-silicates. Amphibole also rims epidote, and
locations with only a few pixels are also interpreted as grain boundary mixtures. Muscovite
forms fine grains, some barely larger than a few pixels, and it is associated with the Al-Silicate
trap standard in these fields. Stringers of dark material observed in the petrographic images in
Figure 4-10 seem to mainly match the Al-Silicate trap and Fe-oxide/clay (Limonite-clay
interface) definitions, which are interpreted to be alternating bands of clay and Fe-
oxyhydroxides. The kaolinite definition is associated with the limonite/clay interface and is
therefore grouped with it. “llmenite” occurs as a trap definition (with O, Si, Ca, Ti, Al) mainly
associated with sphene (titanite) rather than representing the true Fe-Ti oxide. There are single
pixels of pyroxene and garnet definitions that are interpreted as grain boundary problems and
not the true minerals, but they were minor.
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Figure 4-32 QEMSCAN map showing mineral phases and their percentage in the first
chosen area of a volcanic rock in thin section 1 shown in the petrographic
images in Figure 4-15
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Figure 4-33 QEMSCAN map showing mineral phases and their percentage in the second
chosen area of a volcanic rock in thin section 1 shown in the petrographic
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Figure 4-34 QEMSCAN map showing mineral phases and their percentage in the third
chosen area of a volcanic rock in thin section 1 shown in the petrographic
images in Figure 4-15

The second aggregate that was investigated corresponds to the one shown in thin section 1 in
Figure 4-7. QEMSCAN maps for two areas in this aggregate are displayed in Figures 4-35 and
4-36. As described in the petrographic thin section study, this aggregate contains mainly
plagioclase feldspar and amphibole. The twinned plagioclase grains observed in polarized light
have mostly Ca-rich cores with more Na-rich rims, although they do not exhibit the albite
composition observed in the volcanic rock in Figures 4-32 through 4-34. Most of the black pixels
labeled as “others” are Ca-Al-Si silicate that are similar to the plagioclase standard but that do
not exactly match it. In a very strongly altered plagioclase grain, some of the core is Fe-rich
enough to match the epidote standards. Most of the ground mass of this rock is fine-grained
amphibole as identified in the petrography study, and some of the grains also show evidence of
crystallinity in SEM, with cleavage and well-defined crystal shapes. In Figure 4-36, there is a
very strongly altered mafic grain that is composed mainly of Fe-oxide and “Al-Silicate trap
standard definitions. There are also a few relict pyroxene pixels, so this grain is interpreted as a
strongly altered pyroxene grain. The hematite standard is most closely associated with this
strongly altered region, and ilmenite grains mainly occur in the lower part of Figure 4-36 as
discrete grains that are not associated with alteration.
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Figure 4-35 QEMSCAN map showing mineral phases and their percentages in the first

chosen area of the aggregate shown in the petrographic images in Figure 4-12

from thin section 1

Figure 4-36 QEMSCAN map showing mineral phases and their percentages in the second
chosen area of the aggregate shown in the petrographic images in Figure 4-12

from thin section 1
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The third explored area in thin section 1 corresponds to the aggregate shown in the petrography
images in Figure 4-8. QEMSCAN maps for this aggregate are displayed in Figures 4-37 and 4-
38. Some of the India ink used to mark the area on the slide was captured in Figure 4-37 (upper
right part of image) and shows up as white background pixels in the QEMSCAN data. This rock
has a silica-rich (quartz and albite) ground mass composition similar to that observed in Figures
4-32 through 4-34, except it is texturally different. There are strongly bladed crystal shapes of
quartz and albite which could correspond to devitrified glass or a rapid crystallization texture. In
this region, the Al-silicate trap is composed mainly of O, Si, and Al, possibly a kaolinite group
clay mineral, and some pixels containing Na, which could represent Na-smectite. As in Figures
4-32 through 4-34, the ilmenite standard is associated with sphene and occurs as a trap
definition, so it does not correspond to the Fe-Ti oxide but rather to a Ca, Ti, Fe, Al silicate
closely associated with sphene but more Fe- and Al-rich in composition. The limonite-clay
interface definition is mostly intergrown with epidote and likely represents alteration of this Fe-
rich aluminosilicate. The pixels labeled as “others” in Figure 4-37 are composed of Ca, Si, Al,
and O, and they occur mainly in the cement paste. In Figure 4-38, two clusters of pixels are
labeled as “others” (black) that are unusual in composition compared to all other regions. In the
lower right corner of the image, one of these contains Na, Al, Si, K, Ca, and CI. A second cluster
of pixels identified as “others” in the lower left of the image contains S, K, Ca, Al, O, C, Si, and
P.
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Figure 4-37 QEMSCAN map showing mineral phases and their percentages in the first
chosen area of the aggregate shown in the petrographic images in Figure 4-13
from thin section 1
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Figure 4-38 QEMSCAN map showing mineral phases and their percentages in the second
chosen area of the aggregate shown in the petrographic images in Figure 4-13
from thin section 1

The last area explored in thin section 1 corresponds to the bubbles in the cement paste shown
in the petrography images in Figure 4-13. The QEMSCAN map of this area is shown in Figure
4-39. The crystals in the bubbles mostly match the corundum QEMSCAN standard, and a few
energy dispersive x-ray (EDX) spot analyses of these show good stoichiometry for Al;,Os. For
simplicity, the cement paste was matched with wollastonite (a calcium silicate), although it
should mainly be composed of calcium silicate hydrates. There are several minerals and rock
fragments of fine aggregates within the paste. Some are easy to identify, such as the perthite in
the lower right (green K-feldspar background with yellow albite lamellae). The large, lowermost
quartz grain has some irregular, unnatural-looking grain boundaries rimmed with a few pixel
widths of a different Ca-silicate, which suggests a reaction with the paste material or an
interfacial zone. Most of the Al-silicate trap phase occurs at grain boundaries between the Na
and K-feldspar in the perthite and might simply be a grain boundary relict definition that belongs
to one of the feldspars. The large-grain bluish-green mineral near the top of the image is
variable in composition, partly matching plagioclase (Ca-Al silicate), but some Fe-rich regions
match epidote standards and hornblende.
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cement paste in thin section 1 containing bubbles shown in the petrography

images in Figure 4-18.
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5 AGGREGATE CHARACTERIZATION

5.1 Aggregate Extraction

Along with the MXRF maps, thin section analyses, and QEMSCAN maps, the aggregates were
investigated using methods such as XRD, Inductively Coupled Plasma (ICP), powder XRF, and
MXRF on individual specimens. Because aggregates were required to be separated from the
mortar for analysis, different methods for aggregate extraction were reviewed. These are known
methods that are used in practice for recycled concrete aggregates (RCAs).

Based on a literature review [ALB16], high temperatures between 300 and 500°C do not seem
to cause any negative effects on aggregates, but they do negatively affect the cement matrix.
Concrete degrades after exposure to higher temperatures because its microstructure becomes
rougher and the total pore volume increases, resulting in lower compressive strength. Sui and
Mueller [SUI12] investigated the effect of the combination of a heat treatment and a mechanical
treatment on RCA properties. The results indicate that the adhered mortar can be removed by
heating to a temperature range of 250-300°C if heating is followed by strong, sufficient
mechanical treatment. However, several chemical methods are implemented in practice. Ismail
and Ramli [ISM13] tested the effects of various concentrations of hydrochloric acid (HCI) with
different immersion times on treating the RCA to improve its performance. It was shown that
there is a linear correlation between the amounts of mortar loss and the increasing
concentration of acid. Accordingly, after confirming that little-to-no carbonates are present in the
aggregates (from MXRF results), a heat treatment, a rough mechanical treatment, and a
chemical treatment were employed.

The remaining part of core SONGS-PS-17 was cut in half and subjected to two identical heat
treatment cycles. The pieces were rapidly heated to 400°C at a rate of 50°C/min, held at that
temperature for four hours, and then quenched to room temperature. The pieces were then
hammered to separate the aggregates from the paste as much as possible (see Figure 5-1).
The remaining mortar on the coarse aggregates’ surface was dissolved by immersing them in a
1 M solution of HCI at room temperature for 24 hours. In this acid solution, the cement hydration
compounds were dissolved.
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Figure 5-1 Resulting pieces of the core after heat and mechanical treatments

The clean coarse aggregates confirm that the core contained a very diverse group of
aggregates. Visually, aggregates are of different shapes (flat vs. round) and colors. The initial
sorting was performed based on the color and texture (see Figure 5-2). Five extracted
aggregates were cut, embedded in epoxy, and polished. The remaining specimens were ground
to fine powder for chemical and structural analyses. The mounted specimens and the ground
powders are shown in Figure 5-3.
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Figure 5-2 Aggregate separation for grinding and XRD analyses for mineral phase

identification and quantification
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Figure 5-3 Selected aggregates embedded in conductive epoxy for MXRF analyses (top)
and ground for XRD, powder XRF, and ICP analyses

The polished pieces of the selected aggregates were characterized with MXRF, and the ground

powder was characterized with conventional XRF, XRD and ICP to investigate their mineralogy

qualitatively and quantitatively. MXRF was performed to gain insight on elemental composition,

XRD for mineral phase identification and phase quantification through Rietveld refinement, and

XRF and ICP for elemental and oxide content, respectively.

5.2 MXRF

MXRF maps were collected using an Atlas unit (iXRF Instruments) operated at 50 kV and 600
MA. Data acquisition was performed under vacuum with a dwell time of 300 msec, a time
constant of 1, a pixel size of 15 ym, and a resolution of 400 pixels. The mapped surfaces
covered areas of 6 x 6 mm.

The MXRF elemental maps of major elements for aggregates 1-5 are shown in Figures 5-4
through 5-8.
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Figure 5-4 X-ray images and elemental maps for major elements (count intensity) for
aggregate 1

Figure 5-5 X-ray image and elemental maps for major elements (count intensity) for
aggregate 2

Figure 5-6 X-ray images and elemental maps for major elements (count intensity) for
aggregate 3
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Figure 5-7 X-ray images and elemental maps for major elements (count intensity) for
selected aggregate 4

Figure 5-8 X-ray images and elemental maps for major elements (count intensity) for
selected aggregate 5

5.3 Powder XRF and X-Ray Diffraction

X-ray fluorescence of the ground samples was performed on an Epsilon 1 system from Malvern
Panalytical with a silver X-ray source. A small quantity of powder was placed in a sample
holder that utilized a 3.6 um Mylar film as its base. For each sample, four spectra were
collected with various kV, mA, and filters to optimize detection of different types of elements
(each sample had identical settings for each individual spectrum). The results were normalized
to 100%.

Spectrum 1 =50 kV, 100 yA, and Ag filter

Spectrum 2 = 50 kV, 100 pA, and Cu filter

Spectrum 3 = 12 kV, 416 A, and Al filter
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Spectrum 4 = 10 kV, 447 A, and no filter

The elemental percentage content obtained through powder XRF are displayed in Table 5.1.
The predominant element in all selected aggregates is Si, with several of them containing
significant amounts of Al and K. Aggregate 5 contains a much larger amount of Fe than the
other four selected aggregates. The content of Ca also varies among the specimens, with
aggregate 4 containing a negligible percentage. This result is also in agreement with the XRF
maps of aggregate 4 displayed in Figure 5-7, which shows Ca in very localized small areas.
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Table 5-1 Elemental weight percentages present in aggregates 1-5 obtained through XRF of
the powder samples

Element Agg. 1 (%) Agg. 2 (%) Agg. 3 (%) Agg. 4 (%) Agg. 5 (%)
Al 11.832 10.705 7.736 3.398 10.581
Si 60.403 67.504 72.252 89.038 66.756
P 0.488 0.697 0.718 0.892 0.810
S 0.105 0.188 0.233 0.243 0.164
Cl 0.593 0.912 0.719 0.907 0.815
K 17.967 11.272 5.708 2.201 2.512
Ca 3.720 3.582 3.440 0.426 5.235
Ti 0.328 0.222 0.831 0.256 1.162
Mn 0.082 0.060 0.060 0.017 0.195
Fe 3.786 4.622 7.811 2.586 11.494
Ni 0.020 0.016 0.016 0.008 0.020
Cu 0.018 0.005 0.014 0.008 0.011
Zn 0.009 0.014 0.016 0.004 0.017
Rb 0.078 0.036 0.032 0.004 0.007
Sr 0.054 0.030 0.075 0.002 0.113
Y 0.020 0.010 0.008 0.002 0.008
Zr 0.109 0.044 0.088 0.005 0.057

The results for phase quantification through Rietveld refinement for aggregates 1-5 are shown
in Figures 5-9 through 5-13. According to this assessment, the aggregates contain the following
approximate phase percentages:

XRD patterns of the powdered samples of specimens 1, 2 and 4 were collected on a Malvern
Panalytical Empyrian diffractometer using a zero-background silicon sample holder. Data were
collected for diffraction angles (26) from 5 to 100° in Bragg-Brentano geometry. The x-ray
wavelength was 0.15418 nm (Cu Ka). Typical measurement times were 30 minutes per sample.
The patterns were analyzed in HighScore Plus for phase identification and quantification
through Rietveld refinement.

X-ray diffraction of the powdered samples of aggregates 3 and 5 was performed on an Malvern
Panalytical Empyrean diffractometer with a copper X-ray source. The incident beam optics
included 0.04 radian Soller slits, a 7.0 mm automatic divergent slit, a 5 mm mask, and a 2-
degree antiscatter slit. The diffracted beam optics included a 7.0 mm automatic antiscatter slit,
0.04 radian Soller slits, a nickel filter, and a PIXcel3D detector in scanning line detector (1D)
mode. The automatic divergent and antiscatter slits open as the experiment progresses to
maintain the programmed beam length. The relative intensity differences these automatic slits
cause when compared to standard fixed slits are corrected for in HighScore Plus. The scan
parameters included a 20 range of 5-100°, 0.0263° step size, 121.89 sec/step, and a sample
rotation speed of 4 sec/revolution. Results for phase quantification through Rietveld refinement
for aggregates 1-5 are shown in Figures 5-9 through 5-13. According to this assessment, the
aggregates contain the following approximate phase percentages:

Aggregate 1: Quartz (37%), Microcline, intermediate (36%) and Albite (27%)
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Aggregate 2: Quartz (52%), Albite (34%) and Microcline, intermediate (14%)
Aggregate 3: Quartz (72%), Albite (17.5%), calcian and Biotite-1M (10.9%)
Aggregate 4: Quartz (92%), Muscovite 2M-1, sodian (4.3%) and Albite, calcian (3.3%)
Aggregate 5: Quartz (48%), Albite, calcian (47%) and Clinochlore, ferroan (4.4%)

Although the selected aggregates might not correspond to those analyzed in the petrography
section and the QEMSCAN maps, the minerals identified through XRD are in accordance with
most minerals observed in the optical images and the quantitative QEMSCAN maps. However,
microcline was not identified explicitly in the maps. Quartz is the predominant phase present in
all selected aggregates that also contain feldspars and iron oxides.
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Figure 5-9 XRD pattern for aggregate 1 with Rietveld refinement for phase quantification
(top), showing residuals and weighted profile R-factor (Rw,) (bottom)
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(top), showing residuals and Ry, (bottom)
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Figure 5-11 XRD pattern for aggregate 3 with Rietveld refinement for phase quantification
(top), showing residuals and Ry, (bottom)
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Figure 5-12 XRD pattern for aggregate 4 with Rietveld refinement for phase quantification
(top), showing residuals and Ry, (bottom)
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Figure 5-13 XRD pattern for aggregate 5 with Rietveld refinement for phase quantification
(top), showing residuals and Ry, (bottom)

5.4 ICP

The oxide contents of the 5 aggregates obtained by ICP are indicated in Table 5-2. These data
are complementary to those obtained through XRF (Table 4.1), because Na lies under the
detection limit of XRF and can be part of many minerals present in aggregates, such as alkali
feldspars. These data are in reasonable agreement with the XRF results for element content,
indicating that quartz and silicates are the predominant phases for all samples. Discrepancies
between results from XRF and ICP might be due to inhomogeneities of the analyzed samples.
While samples for each aggregate came from a unique aggregate piece, the analyzed powders
were not the same for both techniques. The amount available for XRF was very limited and
might have caused uncertainty in the obtained data.
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Table 5-2 Oxide contents in percent for each of the five selected aggregates

Sample SiO2 Al203 Fe20 CaO Mgo Na0 K20 Cr203% TiO2 MnO P20s SrO BaO
% % % % % % % % % % % %
Agg. 1 83.3 8.37 1.44 0.99 0.15 1.72 3.46 0.002 0.11 0.03 0.03 <0.01 0.11
Agg. 2 76.6 11.90 2.43 1.28 0.14 3.48 3.41 0.002 0.10 0.03 0.02 0.01 0.11
Agg. 3 824 7.48 3.71 1.19 1.04 1.28 2.03 0.007 0.32 0.03 0.11 0.01 0.11
Agg. 4 95.0 2.93 1.54 0.17 0.43 0.35 0.60 0.0003 0.11 0.01 0.01 <0.01 0.03
Agg. 5 75.7 11.15 4.04 2.80 1.22 3.75 0.74 0.008 0.55 0.08 0.10 0.03 0.03

The mineral compositions of each rock can be estimated using the CIPW norm “developed in
the early 1900s by Cross, Iddings, Pirsson and Washington [CIPW] [CRO02]. The CIPW
normative mineralogy calculation is based on the typical minerals that may be precipitated from
an anhydrous melt at low pressure, and simplifies the typical igneous geochemistry seen in
nature with the following four constraints: (1) the magma crystallizes under anhydrous
conditions so that no hydrous minerals (hornblende, biotite) are formed, (2) the ferro-magnesian
minerals are assumed to be free of Al:Os, (3) the Fe/Mg ratio for all ferromagnesian minerals is
assumed to be the same, and (4) several minerals are assumed to be incompatible, e.q.,
nepheline and/or olivine never appear with quartz. This is an artificial set of constraints, and
therefore the results of the CIPW norm do not reflect the true course of igneous differentiation in
nature.”

Several CIPW calculators are available on the internet. The following calculations were
conducted with minetoshsoft online (https://minetoshsoft.com/cipw/cipwcalc.html).

Table 5-3 CIPW estimates of the aggregates’ mineral contents.

Samp|e Quartz % Plagioclase % Orthoclase % Corundum % Rutile % Hematite % Magnetite % Hypersthene % Diopside %
Agg. 1 58.3 19.6 21.3 <05 <01 0.7

Agg. 2 41.7 35.9 21.2 1.2 <0.1 0.3

Agg. 3 67.0 17.3 12.9 0.7 0.2 1.9

Agg. 4 89.8 3.8 3.7 0.9 <0.1 0.8 0.9

Agg. 5 38.4 35.1 21.7 8.7 <05 2.4 1.5 1.2

According to the CIPW estimates shown in Table 5.3, the volume fraction of quartz varies
between ~ 40 and 90%, and the feldspars contents vary between <5 and 35%. Interestingly,
these values are comparable with the compositions of the JCAMP aggregates [MAR17].
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https://minetoshsoft.com/cipw/cipwcalc.html

6 IRRADIATION CONDITIONS

It is estimated that SONGS Unit 2 was at ~23 effective full-power years (EFPY) at plant
shutdown. Assuming (1) that the assumptions used for the RPV fast neutron fluence

(E > 1.0 MeV) projections beyond end-of-cycle 10 (13.3 EFPY) from the last surveillance
capsule analysis of SONGS Unit 2 remain valid [SCEO1], and (2) that the methods used in
Sections 3.2 and 3.3 of Lucius Pitkin, Inc. report [ESS13] are applicable, the maximum neutron
fluence (E > 0.1 MeV) at the surface of the CBS at ~23 EFPY is estimated to be ~1.8 x

10" n.cm™. The estimated neutron fluence (E > 10 keV) of the SONGS Unit 2 CBS inner
surface at shutdown is 2.7 x 10'® n.cm™. This value is estimated using a three-loop Pressurized
Water Reactor model with the RPV thickness of SONGS Unit 2 and an air gap (including
thermal insulation) of 18.8 cm between the RPV outer radius and the CBS inner radius.
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7 POTENTIAL FOR IRRADIATION-INDUCED DAMAGE

In-service irradiation temperature of the SONGS CBS is not well determined at this point.
American Concrete Institute design codes limit the temperature to 65°C (Local spikes up to
93°C are permitted around the RPV nozzles, for example). The temperature at the back of the
CBS is generally assumed to be around ~40°C. Without irradiation-induced heating (energy
deposition), the steady-state temperature profile would be linear, varying from < 65°C at the
concrete surface facing the reactor’s cavity to ~40°C at the back of the CBS wall. The
irradiation-induced heating modifies the otherwise linear temperature profile in steady condtions
to form a "hump” profile whose peak is located at about 30 cm depth in the CBS from the cavity.
The local temperature increase is estimated to be around +10°C [REM13]. As a preliminary
assessment, the range of the irradiation temperature in the most exposed region (i.e., facing the
RPV beltline and to 2 m deep in the biological shield) is estimated to be between 40 and 65°C.
The fluence at the inner surface of the CBS is estimated at 2.7 x 10" n.cm™ 30% at E > 10 keV,
or 1.9-3.5 x 10" n.cm™.

Concrete and concrete constituents irradiated in test reactors exhibit physical and mechanical
changes when exposed to fast-neutron fluence levels above 10" n.cm?(E > 0.1 MeV) [FIE15].
Changes in the elastic modulus and tensile strength are more prominent than changes in the
compressive strength. The losses of mechanical properties (compression strength, tensile
strength, and Young’s modulus) are directly associated with the RIVE of the concrete’s
aggregates, which depends on the mineralogy of the rock-forming aggregates. The RIVE of the
silicate minerals depends on their chemical structures as associated with the nature of the
bonds of the Si*'tetrahedrons. Covalent bonds experience more irradiation-induced damage
because they tend to be more rigid, more directional, and stronger than ionic bonds. Therefore,
the irradiation-induced displacement of atoms tends to affect the surrounding atoms (“truss-like
effect”) and broken covalent bonds do not easily reform. The ionic bonds exhibit the opposite
tendency. Silicate structures are classified in groups corresponding to their Si** coordination,
which accounts for the approximate number of covalent bonds per Si atom. Consequently,
silicates RIVE at full amorphization ranks as follows from the highest to the lowest — See
summary in [LEP18]:

e quartz (~18%)
o other frameworks silicates (tectosilicates) including feldspars (7—8%)

e sheet silicates (phyllosilicates), including micas and clays (< 3% — Excluding data from
[CRA58])

e single and double chains silicates (inosilicates), including pyroxenes and nesosilicates
(island), including olivine and garnet (< 3%)

island silicates (orthosilicates) such as Mg-olivine (< 1%).
Thus, aggregate RIVEs depend mainly on the quartz and feldspar contents [MAR17].
The expansion of quartz under neutron irradiation in test reactors is well documented in the

scientific literature [BYK81]. At ~2.5 x 10" n.cm™ (E > 10 keV), quartz expansion varies
between < 0.5% at 80—-100°C to ~2% at 25-30°C [BYK81].
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RIVE data in this range of irradiation conditions are scarce, even for quartz. In the following
table, data collected from the Irradiated Minerals, Aggregates and Concrete (IMAC) database
that are relevant for SONGS irradiation conditions are presented. Because of annealing effects,
RIVEs at lower temperatures provide upper bound values, whereas RIVEs at higher
temperatures should be considered as lower bound values.
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Table 7-1 Quartz expansion at irradiation conditions comparable to SONGS at end of
operation (Data extracted from the IMAC database)

0
U a empera
- 0 - Rafare

1.18 0.19 25-30 channel 07-06 of AM reactor
1.62 0.26 ibid

2.98 0.28

7.93 0.38

0.76 0.40 60-80 OK-70 channel of BR-10 reactor
3.10 0.55 50-100 [KRI98]

3.77 0.56 ibid

4.10 0.51 50-100 | [PRI58]

4.51 0.51 ibid

212 0.50 50-100 | [WIT54]

At 1.9 x 10"° n.cm? (E >10 keV), the lower fluence estimate, the RIVE of quartz is expected to
be lower than 1.2%. At 1.9-3.6 x 10'"° n.cm(E >10 keV) the higher fluence estimate, the RIVE
of quartz is expected to be bounded between 0.8% and 7.9% (Table 7-1). The expected RIVE of
feldspars in the fluence range of 1.9-3.57 x 10" n.cm? at T ~50-65°C is <0.13% (Table 7-2).

Table 7-2 Feldspar expansion at irradiation conditions comparable to SONGS at end of
operation (Data extracted from the IMAC database)

Fluence x10?° n.cm?at Temperature

RIVE (%) E > 0.1 MeV) (°C) Reactor / Reference

0.13 0.39 60-65 channel 02-13 of AM reactor, albite

0.63 0.17 30-45 channel 02-13 of AM reactor,
microcline

0.43 0.37 ibid

Best estimate expansions can also be calculated using the RIVE models derived from the
extensive dataset gathered in the IMAC database [LEP18] (See Table 7-3).

Table 7-3 Estimated RIVE values of minerals at irradiation conditions comparable to
SONGS at end of operation. (Values calculated using the models derived from the

IMAC database [LEP18])
Fluence x 10" n.cm
(E >10 keV) 1.9 3.57
| Temperature (°C) 40 65 40 65
RIVE Quartz 1.8 0.7 4.2 1.7
(%) Feldspar <0.01 | <0.01 | <0.01 | <0.01
Mica 0.4 0.4 0.7 0.7

Using the data from Table 7-3 and the mineral composition derived from the Rietveld analysis,
the best estimates for the aggregate expansions without cracking are provided in Table 7-4.
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These expansions correspond to the expected values if the aggregates were irradiated in test
reactor conditions. The expansions vary between 0.27 and 3.98%, depending on the
aggregates and the irradiation conditions. The average expansions considering each aggregate
separately range between 0.78 and 1.95%. For the sake of comparison, the post-irradiation
RIVEs measured on the JCAMP aggregates irradiated at 2.0 x 10" n.cm? (E >10 keV) and
53.3°C vary between ~0.4 and ~0.9%. It can be inferred that the expansion of the SONGS
aggregates is likely to be on the order of 1% if irradiated in test reactors at 2.7 x 10'® n.cm
30% at E > 10 keV and ~55°C. At 1% RIVE, the loss of Young’s modulus can be as low as 10%
or as high as 60%, depending on the aggregate’s assemblage mineralogy [DEN12].

Table 7-4 Estimated RIVE values of aggregates at irradiation conditions comparable to
SONGS at end of operation

Fluence x 10" n.cm2(E >10 keV)

RIVE Agg. 1: Quartz (37%), Microcline,

(%) intermediate (36%) and Albite (27%) 0.67| 0.27| 1.56| 0.64
Agg. 2: Quartz (52%), Albite (34%) and
Microcline, intermediate (14%) 0.94| 0.37| 2.19| 0.89
Agg. 3: Quartz (72%), Albite (17.5%),
calcian and Biotite-1M (10.9%) 1.35| 0.56| 3.12 1.32
Agg. 4: Quartz (92%), Muscovite 2M-1,
sodian (4.3%) and Albite, calcian (3.3%) 1.67| 0.66| 3.89| 1.59
Agg. 5: Quartz (48%), Albite, calcian (47%)
and Clinochlore, ferroan (4.4%) 0.89| 0.36| 2.05| 0.85
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8 CONCLUSIONS

The range of irradiation temperature in the most exposed region (i.e., facing the RPV beltline
and up to 2 m deep in the biological shield) is estimated between 40 and 65°C. The maximum
neutron fluence at the surface of the CBS at ~23 EFPYs is estimated to be ~1.8 x 10'® n.cm
(E > 0.1 MeV) or 2.7 x 10" n.cm at E > 10 keV, with an uncertainty of +30%: 1.9—

3.5 x 10" n.cm™. Hence, the fast neutron exposure exceeds the admitted threshold for
irradiation damage of concrete.

Three unirradiated concrete specimens were cored from three elevations of thr outside of Steam
Generator Room 2 (106) on the north wall of the primary shield at elevations of 45, 30 and 17
feet in Unit 2. The specimens were prepared and characterized using thin-section petrography,
micro x-ray fluorescence, scanning electron microscopy, energy dispersive x-ray spectroscopy
(QEMSCAN analysis), inductively coupled plasma spectroscopy, and x-ray diffraction to
determine the chemical compositions and mineralogies of the concrete-forming aggregates.

The aggregates extracted from the concrete specimens cored from SONGS Unit 2 exhibit a
complex assemblage of shale (mudstone), San Onofre breccia, and sandstone, rich in varied
types of clastic and aphanitic silicates. The silicates present in the aggregates have very
different crystalline structures and grain sizes. The silicates belong to varied groups, including
tecto-, phyllo-, ino- and nesosilicates, from higher to lower coordination of SiO,.

This heterogenous configuration favors the formation of irradiation-induced cracking in the
vicinity of quartz grains and a higher loss of the aggregates’ elastic modulus at any given
radiation-induced expansion when compared to aggregates of more uniform chemical
compositions. The quartz content is a good indicator of the potential for radiation-induced
expansion, and it varies between ~35 and ~90% in the tested aggregates. At the fast-neutron
irradiation fluence and temperature at the end of operation, the radiation-induced expansion of
the SONGS aggregates is estimated to be approximately ~1% (without accounting for possible
expansion-induced cracking). At that level of expansion, the mechanical properties of irradiated
aggregates in test reactors are substantially affected. For example, Young’s modulus can
decrease from -10 to -60%, depending on the mineralogy of the aggregates.

In conclusion, the susceptibility of irradiation-induced damage in concrete is governed by the
exposure level (fast neutron fluence > 10" n.cm? at E > 0.1 MeV) and the mineralogy of the
aggregate (high quartz content and chemical heterogeneity of the assemblage). Both conditions
are met for the SONGS CBS. The fast-neutron flux in test reactors is about 30 to 180 higher
than in light-water reactors. The effects of flux reduction on the development of the irradiation-
induced damage rate are unknown. For these reasons, harvesting in-service irradiated concrete
from the SONGS (unit 2 or 3) biological shield is an unparalleled opportunity to study the flux
effects of neutron irradiation. Oak Ridge National Laboratory is developing a research plan for
the harvesting, characterization, and companion modeling for SONGS concrete. This plan will
be transmitted to the NRC in a separate document.
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APPENDIX A CORING LOCATIONS

L2 Containment 17
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Figure A-1 Coring location at 17 ft elevation
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U2 Containment 30"
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Figure A-2 Coring location at 30 ft elevation
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Figure A-3 Coring location at 45 ft elevation

60



APPENDIX B MXRF IMAGES AND PLOTS

Figure B-1 Element intensity maps of magnesium, copper, chromium, and cobalt
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Figure B-2 Element intensity maps of nickel, titanium, and zinc
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Figure B-3 Intensity histograms: (a) silicon, (b) sulfur, (c) manganese, (d) potassium, and (e)
aluminum
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APPENDIX C PETROGRAPHIC IMAGES

Figure C-1 Petrographic image of the aggregate marked with the red rectangle using
transmitted light and crossed polarizers

Figure C-2 Petrographic image of the area marked with the red rectangle within the cement
paste showing small aggregates using transmitted light and crossed polarizers

Figure C-3 Petrographic image of the cement paste area marked with the red rectangle
showing small aggregates using transmitted light and crossed polarizers
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Figure C-4 Petrographic image of the area marked with the red rectangle showing a small
granitic aggregate using transmitted light and crossed polarizers

Figure C-5 Petrographic image taken with reflected light showing small aggregates and
cement paste in the area marked with the red rectangle

Figure C-6 Petrographic images of the aggregate marked with the red rectangle using
reflected light (left) and transmitted light with crossed polarizers (right)
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Figure C-7 Petrographic images of the edge of the aggregate marked with the red rectangle
using transmitted light with uncrossed polarizers (left) and crossed polarizers

(right)
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Figure C-8 Petrographic images of the edge of the aggregate marked with the red rectangle
using transmitted light with uncrossed polarizers (left) and crossed polarizers

(right)
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Figure C-9 Petrographic images of small aggregates in the cement paste from the area
marked with a red rectangle using transmitted light with uncrossed polarizers
(left) and crossed polarizers (right)
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Figure C-10 Petrographic images of the aggregate marked with a red rectangle using
transmitted light with uncrossed polarizers (left) and crossed polarizers (right)
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Figure C-11 Petrographic images of the area marked with the red rectangle using
transmitted light with uncrossed polarizers (left) and crossed polarizers (right)

Figure C-12 Petrographic images of the aggregate marked with the red rectangle using
reflected light (left) and transmitted light with uncrossed polarizers (right)
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Figure C-13 Petrographic images of small aggregates in the cement paste from the area
marked with the red rectangle using reflected light (top right), transmitted light
with uncrossed polarizers (bottom left), and crossed polarizers (bottom right)
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Figure C-14 Petrographic images of small aggregates in the cement paste from the area
marked with the red rectangle using transmitted light with uncrossed polarizers
(left) and reflected light (right)
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using reflected light (top right), transmitted light with uncrossed polarizers
(bottom left), and crossed polarizers (bottom right)

plagioclase phenocryst
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Figure C-16 Petrographic images from the area marked with the red rectangle using
reflected light (top right), transmitted light with uncrossed polarizers (bottom
left), and crossed polarizers (bottom right)
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