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Abstract

Although calcium oxychloride (Ca-Oxy) is known to damage cementitious materials exposed to calcium chloride
(CaCl2) deicers, there is little direct observation of Ca-Oxy in the field due to its instability. This paper uses optical
microscopy (OM) and scanning electron microscopy coupled with energy dispersive X-ray spectrometry (SEM-EDX)
to detect the formed Ca-Oxy and quantify its associated damage in a field mortar subject to freeze-thaw cycles and
deicer application. The characterized damage in the field mortar is compared to that in lab-cast portland cement
paste and mortar which are submerged in a CaCl2 solution of 25 wt.% under freeze-thaw cycles (− 8 to 25 °C). The
field and lab-cast mortars show similar cracking patterns that are parallel to the exposure surface with a variation of
30–45° in the preferred orientation due to the constraints of sand particles. During each lab-controlled freeze-thaw
cycle, the high CaCl2 concentration of 25 wt.% stabilizes the formed Ca-Oxy, which continually damages the mortar
and eventually results in 3–4 times higher crack density compared to that in the field mortar. SEM-EDX analysis
confirms the presence of secondary deposits including Friedel’s salt, ettringite and Ca-Oxy. Image analysis on thin
section photomicrographs shows a reduction of 86.4% in calcium hydroxide (Ca(OH)2) content in the damaged
field mortar compared to the undamaged field mortar, suggesting significant leaching of Ca(OH)2 to form Ca-Oxy
due to the deicer application.
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Introduction
Chloride-based inorganic salts, such as sodium chloride
(NaCl), magnesium chloride (MgCl2) and calcium chlor-
ide (CaCl2), are the most commonly used deicing agents
on concrete pavements in cold regions for melting snow
and ice [1–4]. However, chloride ions from deicing salts
can infiltrate or diffuse into the concrete, which acceler-
ates the corrosion of the steel reinforcement and dimin-
ishes the service life of concrete pavements [5, 6]. MgCl2
and CaCl2 can also react with hydration products to
form secondary phases such as brucite (Mg(OH)2),
magnesium-silicate hydrate (M-S-H) and calcium

oxychloride (Ca-Oxy), which can damage cementitious
materials through multiple reactions [7–9]:

Ca OHð Þ2 sð Þ þMgCl2 aqð Þ
¼ Mg OHð Þ2 sð Þ þ CaCl2 aqð Þ ð1Þ

C − S −H sð Þ þMgCl2 aqð Þ→M − S −H sð Þ
þ CaCl2 aqð Þ ð2Þ

3Ca OHð Þ2 sð Þ þ CaCl2 aqð Þ
þ 12H2O aqð Þ⇌3CaO∙CaCl2∙15H2O sð Þ ð3Þ

The reactions associated with MgCl2 in Eqs. 1 and 2
generally occur at the exposure surface since the forma-
tion of insoluble brucite blocks the pathway for further
ingress [7, 10, 11]. The pore-blocking phenomenon leads
to substantially lower chloride penetration depth in
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concrete exposed to MgCl2 solutions compared to that
exposed to NaCl solutions [12].
The formation of Ca-Oxy shown in Eq. 3 is expansive

[13], which leads to a buildup of internal stress and
damage from cracking and microcracking, especially in
cold temperatures [8]. Pioneering research on the dam-
age to concrete due to Ca-Oxy formation dates back to
the 1970s [13], and this topic was discussed in some de-
tail in two recent review papers [14, 15]. However, very
few studies have clearly shown Ca-Oxy crystals formed
in field concrete; this is likely due to its thermodynamic
instability and its tendency to break down during the
carbonation process [16]. The Ca(OH)2-CaCl2-H2O
phase diagram illustrates the reversible nature of Ca-
Oxy formation [13, 17]. Because Ca-Oxy is prone to de-
compose as the temperature increases, it is extremely
difficult to preserve Ca-Oxy in cores or other samples of
field concrete after winter or after they are removed
from cold environments. Peterson et al. [16] hypothe-
sized a decomposition path from Ca-Oxy to calcite to
explain the lack of convincing field evidence of Ca-Oxy
associated damage in pavements exposed to significant
deicers.
In this work, we provide further insights into Ca-Oxy

associated damage in field and lab specimens using
microscopic methods. As a concrete petrography
method, fluorescence microscopy (FM) has been imple-
mented to quantify damage over the last three decades
[18, 19]. Reliable crack quantification by FM depends
heavily on two aspects: (a) the fluorescent dye should be
uniformly and thoroughly introduced and dispersed
along all cracks and microcracks; and (b) the fluorescent
dye should only be retained in cracks and microcracks
on the examined surface [19]. The first aspect is realized
by proper impregnation of florescent dye in resin or or-
ganic solute such as ethanol [18]. The second aspect is
assured by proper polishing after impregnation [19].
Multiple algorithms and tools have been applied for
quantitative crack analysis after obtaining the images
[19–21], however, little research has focused on per-
forming crack detection and quantification using well-
developed tools such as ImageJ that have been widely
used for biological and medical research [22].
In addition to contrast enhancement for crack detec-

tion, FM shows the potential to illustrate the capillary
porosity in the cement paste matrix of concrete [23, 24].
One important application is to determine water to ce-
ment ratio (w/c) [24]. More generally, the sensitivity of
fluorescent light intensity to capillary porosity makes it
an indicator of the microstructural alteration along the
depth of cementitious materials subject to chemical at-
tacks such as microbially induced corrosion [25].
Optical microscopy (OM) and scanning electron mi-

croscopy (SEM) are also powerful tools to discover

changes in chemistry and mineralogy when cementitious
materials are exposed to chemically deleterious environ-
ments [23]. For instance, OM and SEM have been com-
monly used to diagnose alkali-silica reaction (ASR) in
concrete, and to characterize the mineral component of
reactive aggregate and the chemical composition of ASR
gel [26, 27].
This paper uses OM and FM to detect cracking and

microstructural mineralogical alteration in field and lab-
cast cementitious mortars due to freeze-thaw cycles and
deicer application. ImageJ is used to quantify cracks/
microcracks in the field mortar and compare cracking to
that in the lab-cast mortar and paste. SEM coupled with
energy dispersive X-ray spectrometry (SEM-EDX) is
used to characterize the morphology of secondary de-
posits and analyze their elemental compositions in the
damaged field and lab-cast mortars. Image analysis is
also performed on photomicrographs of thin sections to
quantitively investigate the leaching of Ca(OH)2 due to
deicer application.

Materials and experimental methods
Materials
Field mortars
The studied field mortar samples were obtained from
substrate slabs that were designed to support tactile
warning tiles at a public transit facility in the Rocky
Mountain Region of the US. The substrate slabs were
placed in 2014 and samples were obtained in 2020 after
the slabs had been in service for six winter seasons. Fig-
ure 1 shows the average annual snowfall accumulation
in the contiguous US (US National Oceanic and Atmos-
pheric Administration: https://www.noaa.gov). The aver-
age annual snowfall in the region where the samples are
from is in the range of 122–182 cm, and the exterior
slabs were subject to frequent freeze-thaw cycles in win-
ter. A deicer primarily consisting of CaCl2 was report-
edly used in the first two winter seasons, while a deicer
primarily consisting of MgCl2 was reportedly used in the
following four winter seasons.
Two mortar samples designated as “undamaged field

mortar” and “damaged field mortar” are shown in Fig. 2.
The hard and compact undamaged field mortar was ob-
tained from a relatively dry sheltered corner that did not
see significant deicer application. The friable damaged
field mortar was obtained from a wet unsheltered zone
with significant deicer exposure. Both samples were frag-
mented during sampling. The damaged field mortar
shows white secondary deposits on the fragment surface.
Although the exact mixture design remains unknown,
petrographic examinations indicate that the mortar sam-
ples are non-air-entrained and do not contain any sup-
plementary cementitious materials (SCMs). The
damaged field mortar has had long-term contact with
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deicer solutions through the edge of the tiles, as the top
surface of the substrate slab is lower than the surround-
ing platform.

Lab-cast cement paste and mortar
Type I/II ordinary portland cement (OPC) was used to
prepare an OPC paste and mortar in the lab for the
comparative study with the field mortar. The fine

aggregate was a siliceous sand with a nominal maximum
size of 4.75 mm and an absorption of 2.84%. Aggregates
were corrected for water content before mixing. The
OPC paste (P1) and mortar (M1) were mixed using a w/
c of 0.40; the mortar had a sand-to-cement ratio of 2.0.
The mixtures P1 and M1 were mixed using a benchtop
mixer following ASTM C305, cast into 50-mm cubes
and then cured in a moist room at 23 °C for 28 days.

Fig. 1 Average annual snowfall map of the contiguous US from US National Oceanic and Atmospheric Administration (https://www.noaa.gov).
The red star indicates the location of the field samples

Fig. 2 The conditions of the as-received fragments of the undamaged field mortar (a) and the damaged field mortar (b), respectively
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CaCl2 solution
Since the damage induced by MgCl2 is limited to a shal-
low zone next to the exposure surface [7], the lab-cast
P1 and M1 were only exposed to a CaCl2 solution dur-
ing freeze-thaw cycles to mimic the damage by CaCl2 in
the field. A commercial deicer CaCl2 with a purity > 95
wt.% was used to prepare solutions with a CaCl2 concen-
tration of 25 wt.% by mixing the salt with tap water in
the appropriate weight proportions.

Experimental methods
Freeze-thaw cycles
At the age of 28 days, P1 and M1 were completely sub-
merged in 25 wt.% CaCl2 solutions (liquid/solid ratio 0.7
by mass) in a sealed container and then moved into a
freezer for 24 h. Temperature was monitored in areas
around the specimens during the 24-h period; the re-
corded minimal temperature was − 8 ± 1 °C, which is
comparable to the average low temperature at the

studied field location during the winter. After 24 h in the
freezer, the container was removed from the freezer and
kept under ambient conditions (25 ± 1 °C) for 24 h, after
which the procedure was repeated. Thus, each freeze-
thaw cycle lasted 48 h. Although the ambient
temperature was below 0 °C for 24 h during each freez-
ing stage, the thermocouples inserted into specimens in-
dicated that the specimen temperature remained below
0 °C for only about 7 h. Considering the high CaCl2 con-
centration of the submersion solution, it is unlikely that
actual freezing occurred.
Fine cracks (minor damage) were initially detected on

the edges of P1 cubes after eight freeze-thaw cycles and
the specimen disintegrated after 51 cycles (failure). Fine
cracks were observed in M1 after seven cycles; M1 be-
came friable and exhibited signs of severe damage (sig-
nificant spalling and swelling) after 53 cycles and
disintegrated after 142 cycles (failure). Figure 3 shows
the collected specimens for petrographic examinations

Fig. 3 a Photograph showing the condition of the lab-cast mortar after 142 freeze-thaw cycles under the submersion of a 25 wt.% CaCl2 solution.
Scale in millimeters. b Reflected light photomicrograph (RLP) of the polished surface of the lab-cast mortar. White square and red curve indicate
the original size and the remaining intact zone of the sample, respectively. The yellow green color in (b) indicates the epoxied damage zone. c
and d Photographs showing the condition of the lab-cast paste after 51 freeze-thaw cycles under the submersion of a 25 wt.% CaCl2 solution.
Note the delamination near the exposure surfaces
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after disintegration (51 cycles for P1 and 142 cycles for
M1).

Optical microscopy (OM)
Optical microscopy was conducted on a polished slab
and a thin section that represents a longitudinal cross
section of each mortar sample (two field mortars and
one lab-cast mortar) according to ASTM C856–20 [28].
Epoxy that contains fluorescent dye was used to stabilize
the damaged field and lab-cast mortars prior to the
polished slab preparation. Thin sections (46 mm by 26
mm) of all samples were impregnated with an epoxy
containing fluorescent dye and ground and polished to a
thickness of 20–25 μm by an automatic thin section ma-
chine (PELCON). A stereomicroscope (Nikon™ SMZ-25)
and a petrographic microscope (Nikon™ E-Pol 600) were
used for reflected light microscopy on the polished slabs
and transmitted light microscopy on thin sections,
respectively.

Scanning electron microscopy coupled with energy
dispersive X-ray spectrometry (SEM-EDX)
A scanning electron microscope (FEI™ Quanta 250)
coupled with an energy dispersive X-ray (EDX, Thermo
Scientific™ UltraDry EDS) was used to examine the
morphology and elemental compositions of secondary
deposits that line cracks, microcracks and voids in the
samples. Uncoated fracture surfaces of each sample were
examined in the low vacuum (~ 70 Pa) mode using an
accelerating voltage of 15 kV at a working distance of 10
mm.

Damage quantification
Figure 4 shows the cracking patterns in the damaged
field mortar, lab-cast mortar and paste after exposure to
freeze-thaw cycles and deicers. Each sample exhibits a
network of interconnected cracks (0.1–1 mm in width)
and microcracks (< 0.1 mm in width). The crack and
microcrack planes are subparallel to the exposure

Fig. 4 a-d Reflected light photomicrographs of the polished surface of the damaged field mortar (a and b) and lab-cast mortar (c and d),
respectively, showing horizontal cracks/microcracks at two different depths from the exposure surface. Zones in (a) and (c) are closer to the
exposure surface. Yellow and red arrows indicate cracks/microcracks with and without secondary deposits, respectively. e Fresh delamination
sheets in the damaged lab-cast paste. f Transparent secondary deposits on the surface of the delamination sheet in (e)
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surface and cut around aggregate particles, which consist
mostly of quartz grains. Without the restraint imposed
by fine aggregate particles, the crack planes in the lab-
cast paste P1 are parallel to each other in the delamin-
ation zone (Fig. 3c-d), and each delamination sheet in P1
has approximately the same thickness of 200 ± 25 μm.
These characteristics are typical of damaged observed
from freeze-thaw cycles [23].
Secondary deposits were observed to fill cracks and

microcracks near the exposed surface in each sample, as
shown in Fig. 4a, c and f. This is consistent with the for-
mation of Ca-Oxy due to the application of CaCl2 [16].
The secondary deposits are white and translucent on the
polished surface of the two mortars (in Fig. 4a and c),
while they are transparent on the fresh surface of the de-
lamination sheet in the paste (in Fig. 4f). The difference
in appearance is likely related to drying effects during
the preparation of the polished surface [16].
Figure 5a-d show bright green cracks/microcracks

that are filled with epoxy containing fluorescent dye
under the ultraviolent light. Since very little epoxy is
able to penetrate the paste from the cracks/micro-
cracks, the paste matrix and aggregate are dark green
to black as background. This enhanced contrast be-
tween the cracks/microcracks and matrix affords an
opportunity to quantify cracking through image ana-
lysis. Cracks and microcracks can be automatically
recognized and extracted on the polished surfaces
using a plugin “Ridge Detection” in ImageJ [29], as il-
lustrated in Fig. 5e-h. The “Ridge Detection” plugin
requires three parameters: (a) line width; (b) highest
grayscale value of the line; and (c) lowest grayscale
value of the line. After several trials, the values of the
three parameters were determined as 15 pixels, 255
and 80, respectively, for the best detection. The above
process outputs three important parameters regarding
the cracking characteristics, i.e., the length, mean
width and orientation of each crack/microcrack.
As geometric features of a partially connected crack

network, the orientations of cracks/microcracks are
closely related to the fracture process and progress in
solids [21]. Figure 5i-l show rose diagrams of crack/
microcrack orientations at different depths in the
damaged field and lab-cast mortars. The statistical
data of cracking orientations further confirms the pre-
ferred cracking direction that tends to be parallel to
the exposure surface of both field and lab-cast mor-
tars. There is a variation of 30–45° in the preferred
orientation due to the constraints of sand particles in
the mortar.
Cracking length and mean width are direct measures

of the extent of material damage. They are used to cal-
culate crack density (l, mm/mm2) and crack area frac-
tion (s, unitless) as follows:

l ¼
P

Lcrack
SS

ð4Þ

s ¼
P

Lcrack ∙Wcrack

SS
ð5Þ

where, Lcrack (mm) and Wcrack (mm2) are the length and
mean width of a crack/microcrack in the selected zone
with an area of SS (mm2). Although somewhat differing
definitions of crack density have been adopted in previ-
ous studies [19, 21], this paper uses Eq. 4 to define the
crack density for the following discussion.
Figure 6 summarizes the measured results in randomly

selected zones (Fig. 5) at two different depths of each
damaged mortar. In both damaged mortars, the area fur-
ther from the exposure surface shows a lower crack
density and area fraction, which indicates the progres-
sion of damage with depth. It is impossible to obtain the
absolute depth of the selected zones since the original
exposure surface is missing due to the severe damage.
Compared to the damaged field mortar, the lab-cast
mortar shows approximately 3–4 times higher crack
density and 1–3 times higher crack area, indicating more
damage occurred under the accelerated exposure condi-
tions realized in the laboratory. The phase diagram for
the Ca(OH)2-CaCl2-H2O system demonstrates that Ca-
Oxy is a stable phase in a 25 wt.% CaCl2 solution at a
temperature lower than 40 °C [30]. This implies that the
formed Ca-Oxy was able to constantly damage the lab-
cast mortar throughout each freeze-thaw cycle (− 8 °C to
25 °C). In the field, external factors, such as loss of the
deicer solutions from drainage and dilution of these so-
lutions from rainfall, reduce the potential for Ca-Oxy to
be a stable phase. Additional Ca-Oxy destabilization also
occurs from carbonation, which is minimized in the lab
due to constant submersion in the deicer solution [16].

Mineralogical alteration quantification
Secondary deposits
SEM-EDX was used to examine the secondary deposits
observed in the damaged field mortar and lab-cast paste
after exposure to CaCl2 deicer solutions. To avoid the
chemical and physical alteration of secondary deposits
during sample preparation, only fresh fracture surfaces
of each sample were examined. Figure 7 shows the
morphology of secondary deposits in different locations
of the damaged field mortar. Although a well-polished
surface renders EDX semi-quantitative analyses at best,
one can still recognize the elemental composition of
phases of interest on fracture surfaces. Multiple second-
ary deposits were observed in the damaged field mortar
as follows:
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Fig. 5 a and b Fluorescent reflected light photomicrographs (FRLP) of the polished surface of the damaged field mortar showing cracks/
microcracks in the upper and lower zones from the top surface, respectively. c and d FRLP of the polished surface of the lab-cast mortar showing
cracks/microcracks in the closer (outward) and further (inward) zones from the outer surface, respectively. e-h Identified crack network in the red
zone in (a-d). i-l Rose diagrams showing the cracking orientation in (e-h)
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(a) Friedel’s salt. As the external chloride ions
penetrate the cement-based mortar, they react with
calcium monosulfoalunimate (AFm) and its iron
analog to form Friedel’s salt [31], which is distrib-
uted in the paste matrix in Fig. 7a.

(b) Ettringite. Clusters of fibrous secondary ettringite
were observed filling air voids, as shown in Fig. 7b.
The conversion of AFm to Friedel’s salt by ionic
exchange releases sulfate ions, which can further
react with the remaining AFm to form secondary
ettringite [32, 33]. The presence of external deicers
in the pore solution leads to a relatively high
internal humidity in the mortar, and this helps
stabilize ettringite that has a high water content (32
H2O molecules) [34].

(c) Ca-Oxy. Ca-Oxy forms when CaCl2 deicer reacts
with Ca(OH)2 in the cement paste (Eq. 3). Ca-Oxy
manifests as prismatic crystals that were observed
filling air voids and lining cracks/microcracks in
Fig. 7b-c. This is consistent with previous observa-
tions by Galan et al. [35]. The Ca-Oxy crystals ex-
hibit a series of developed microcracks parallel to

Fig. 6 Crack density (left series) and crack area fraction (right series)
in different zones of the damaged field mortar and lab-cast mortar

Fig. 7 a-c Backscattered electron (BSE) images of secondary deposits in a the paste matrix, b an air void and c a fresh fracture surface,
respectively. Green circles: Friedel’s salt; blue diamonds: Ca-Oxy; orange squares: ettringite. d Atomic ratios obtained from EDX spectra in zones in
(a-c). The solid shapes indicate the theoretical composition of the corresponding minerals
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the prism axis, which may be related to partial de-
hydration of the crystals in the SEM vacuum cham-
ber [35].

The observed secondary deposits were chemically ana-
lyzed and verified using EDX in Fig. 7d, which shows
that they have comparable elemental ratios to the corre-
sponding theoretical formulas. No evidence of significant
deposits of brucite or M-S-H was observed within in the
damaged field mortar. This is consistent with brucite
blocking pores at the exposure surface [7, 12].
The sensitivity of Ca-Oxy morphology to drying is fur-

ther investigated in the lab-cast paste P1. Figure 8 shows

the different Ca-Oxy crystals that are freshly obtained
from P1 and vacuum dried in the SEM chamber at a
vacuum level of ~ 70 Pa for 12 h. Compared to the fresh
Ca-Oxy crystals, the dried Ca-Oxy crystals become white
and translucent to opaque (Fig. 8a-b), which is related to
the white secondary deposits filling cracks/microcracks
on the polished surfaces of mortars in Fig. 4a and c.
Moreover, the dried Ca-Oxy prisms shrank and further
cracked due to the loss of water, as shown in Fig. 8c-d.
These findings are consistent with previously reported
observations [35]. EDX analysis in Fig. 8e-f shows that
the majority of dried Ca-Oxy crystals maintain the same
elemental composition as the fresh Ca-Oxy crystals.

Fig. 8 a-b RLP and c-d BSE images of Ca-Oxy (blue solid dots) on a fracture surface of the damaged lab-cast paste in (a/c) an originally wet
condition and (b/d) a dried condition, respectively. e EDX spectra obtained from zones in Figs. 7c and 8c-d. f Relationship between Ca and Cl
contents of Ca-Oxy observed from EDX overlaid with theoretical Ca-Oxy formulae
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However, a portion of dried Ca-Oxy crystals may have
been converted to a type of calcium oxychloride without
water, e.g. Ca(OH)2·CaCl2, as shown in Fig. 8f.

Ca(OH)2 leaching
Figure 9 highlights Ca(OH)2 present in the undamaged
and damaged field mortars via transmitted cross-
polarized light microscopy with the first order retard-
ation plate. The Ca(OH)2 crystals are in first order yel-
low and second order blue interference colors. The
undamaged field mortar shows Ca(OH)2 crystals evenly
distributed in the paste matrix, while Ca(OH)2 crystals
are scarce in the damaged field mortar paste. This find-
ing directly confirms that the deicer application, espe-
cially CaCl2, can lead to the leaching of Ca(OH)2 in the
field due to the reduction in pH and the formation of
Ca-Oxy [7, 33]. MgCl2 deicer can also consume
Ca(OH)2 due to the formation of brucite, but its influ-
ence is limited in areas adjacent to the exposure surface
considering the absence of brucite in the bulk of the ex-
amined samples.
Since Ca(OH)2 crystals show distinct colors from the

other hydrates in the paste matrix in Fig. 9a and c, image
segmentation can be performed to quantify the volume
(area) fraction of Ca(OH)2 crystals in the paste matrix.
First, the aggregate particles were selected and excluded
(green areas in Fig. 9b and d) manually in ImageJ before
the segmentation. The remaining section in each image
truly represents the paste matrix. Three classes of com-
ponents are categorized as follows: (a) Ca(OH)2 crystals

that are in in first order yellow and second order blue
interference color; (b) the other hydrates that are in pur-
ple as background; and (c) the unhydrated cement parti-
cles that are opaque in dark brown to black. The image
segmentation were performed using the plugin “Train-
able Weka Segmentation” in ImageJ [36]. This plugin
provides pixel-based segmentation using multiple ma-
chine learning algorithms together with a set of selected
image features. Three classes of pixels were defined
based on the above three components in the paste. After
different areas were selected and assigned to each class
as inputs, the plugin automatically produces satisfactory
segmentation after a few training instances, as shown in
Fig. 9b and d. The zoomed in areas in Fig. 9e-h indicate
that the machine learning based segmented areas agree
well with the actual corresponding components.
Figure 10 plots the volumetric (area) fraction of

Ca(OH)2 normalized to the total hydrates in the paste.
Compared to the undamaged field mortar, the damaged
field mortar shows a significant reduction of 86.4% in
Ca(OH)2 based on the above image analysis. The ana-
lyzed Ca(OH)2 volumetric faction (26.7%) in the hy-
drates of the undamaged field mortar is similar to that
of 27.2% reported by Liao et al. [37]. This shows the reli-
ability and feasibility of applying optical microscopy
coupled with image analysis to quantitively investigate
the chemical alteration caused by deicers. This method-
ology can be further extended to analyze other
durability-related microstructural alteration if a distinct
feature can be defined under microscopes.

Fig. 9 a&c Transmitted light photomicrographs showing paste in the middle of a undamaged field mortar and c damaged field mortar,
respectively, in cross-polarized light with the gypsum first order retardation plate inserted. b&d Segmentation images of the photomicrographs in
(a and c) using 2D Trainable Weka Segmentation in ImageJ [36]. e-h Zoomed-in images of the corresponding zones in (a-d). The size of the zone
in (e-h) is 100 μm by 100 μm
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Conclusions
This paper demonstrates the utility of combining petro-
graphic methods with image analysis to quantify damage
of cementitious materials exposed to freeze-thaw cycles
and chloride-based deicers. The damaged field and lab-
cast mortars show similar cracking patterns including:
(a) a network of interconnected cracks/microcracks that
are parallel to the exposure surface; and (b) lowered
crack density over the depth. Both damaged field and
lab-cast mortars show a variation of 30–45° in the pre-
ferred orientation due to the constraints of sand parti-
cles. Compared to the damaged field mortar, the lab-cast
mortar shows 3–4 times higher crack density and 1–3
times higher crack area fraction because the accelerated
lab exposure conditions are far more severe than the
field exposure conditions.
SEM-EDX analysis confirms the elemental composi-

tions of three distinct secondary deposits: Friedel’s salt,
ettringite and Ca-Oxy. The altered appearance of Ca-
Oxy after drying demonstrates the influence of sample
preparation on the formed Ca-Oxy.
Transmitted cross-polarized light microscopy with the

first order retardation plate can be used to perform
image segmentation and quantify the volume fraction of
Ca(OH)2 in the cement-based materials. Compared to
the undamaged field mortar, the damaged field mortar
shows a reduction of 86.4% in Ca(OH)2 content, sug-
gesting the significant leaching of Ca(OH)2 due to the
formation of Ca-Oxy.
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