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Toughness Performance of Lightweight Aggregate

Concrete Reinforced with Steel Fibers
by Hak-Young Kim, Keun-Hyeok Yang, and Hye-Jin Lee

The purpose of this study is to investigate the effect of steel fiber
content and type on the compressive and flexural ductility capac-
ities of lightweight aggregate concrete (LWAC). Fiber-reinforced
LWAC specimens were divided into four groups according to the
type of fibers, such as conventional macrosteel fibers (SFs) with
hooked ends, straight copper-coated microsteel fibers (CMSFs),
crimping-shaped CMSFs, and hooked-end CMSFs. The fiber-
volume fractions (Vi) were 0.5, 1.0, and 1.5%. This study also
modifies the ASTM C1018 method by using the initial crack point
calculated from the elastic theorem to save a tedious and elabo-
rated effort in determining the reference point at the load-deflection
curve, particularly for beams with a strong hardening response.
The test results revealed that the hooked-end CMSFs were better
than SFs and crimping-shaped CMSFs with the same shape and
length at decreasing the slope of the applied loads at descending
branches of the compressive stress-strain and flexural load-
deflection curves for the LWAC. Compressive and flexural tough-
ness indexes were derived as functions of the fiber reinforcing index
based on the regression analysis of test data to assess the ductility
improvement of LWAC with steel fibers.

Keywords: ASTM C1018; fiber reinforcing index; lightweight aggregate
concrete (LWAC); steel fibers; toughness.

INTRODUCTION

With the global attention to conserving natural resources
and managing the depletion of natural aggregates, structural
artificial lightweight aggregate concrete (LWAC) has been
applied in the concrete industry since the 2000s. It is well
known!? that LWAC has a higher strength-to-weight ratio
than conventional normalweight concrete (NWC). Hence,
relatively smaller and lighter structural elements can be
designed using LWAC. In addition, LWAC improves the
seismic resistance of structures by reducing the mass dead
loads and minimizing the transport and handling costs
of precast concrete structures. However, the inadequate
mechanical responses of LWAC are a drawback to its wide
application to buildings and infrastructures.® Artificial light-
weight aggregates typically exhibit lower stiffness, strength,
and more porous structures than conventional natural
aggregates, yielding concrete with lower tensile and crack
resistance.**> Moreover, LWAC shows a steeper descending
branch of the stress-strain curve than NWC at the same
compressive strengths.® Consequently, LWAC fracturing is
typically characterized by poor ductility, accompanied by
rapid crack propagation at localized failure zones.

The use of discontinuous fibers randomly distributed
throughout the concrete matrix enhances the tensile strength
and durability of hardened concrete by controlling crack
propagation.”8 The proper addition of fibers is also promising

ACI Materials Journal/September 2023

for converting the brittleness of concrete into ductility with
a good energy dissipation capacity. Hassanpour et al.
observed that the effectiveness of fibers in enhancing split-
ting tensile and flexural strengths is more significant for
LWAC than NWC with the same compressive strength. Li
et al.’ proposed the optimal volume fraction of conven-
tional steel fibers with a crimped shape as 2.0% based on the
improvement effect on the flexural toughness of LWAC. In
addition, they reported that the JSCE SF-4 method!? yielded
an inconsistent assessment of the pre-peak and post-peak
behaviors of the load-deflection curve in determining the
flexural toughness of LWAC. Guler"' determined different
mechanical properties of LWAC reinforced with micropo-
lyamide and macropolyamide synthetic fibers at volumetric
fractions ranging between 0.25 and 0.75%. The experimental
results showed that polyamide fiber contents less than 0.5%
by volume minimally influenced the improvement in the
compressive and flexural toughness capacities of LWAC.
The effect of fibers on the pre-peak and post-peak properties
is more sensitive for LWAC than NWC owing to the weak-
ened interfacial zone between the aggregate particles and
the cement matrix and a more localized failure zone. There-
fore, further experimental investigations are still required to
develop a reliable design approach for fibers to enhance the
toughness of LWAC.

Although fiber reinforcing techniques have been
developed to complement the weakness of concrete, conven-
tional macrosteel fibers (SFs) with different shapes are
still the most widely used type because of their desirable
performances, such as economic feasibility, availability of
manufacturing facilities, and reinforcing effectiveness in
improving the crack resistance and toughness of concrete.!>!3
However, SFs reduce the workability of concrete and may
cause concrete spalling owing to their corrosion.!* Recently,
copper-coated microsteel fibers (CMSFs) have attracted
significant attention as an alternative to SFs. Feng et al.'s
found that the addition of CMSFs with a volume fraction of
2.0% transformed the failure mode from brittle to ductile for
sulfoaluminate cement composite specimens. Okeh et al.!®
observed that the partial replacement of SFs with CMSFs
alleviated workability loss and maintained the hardening
performance of self-consolidating concrete. Nahhab and

ACI Materials Journal, V. 120, No. 5, September 2023.
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Table 1—Physical properties of artificial lightweight aggregates

Classification Maximum size, mm Dry bulk density, kg/m?

Specific gravity | Water absorption, %

Porosity, % | Fineness modulus

Coarse aggregate 19 990

1.4 14.1 445 6.4

Fine aggregate 4.75 1050

1.5 10.3 37.6 29

Note: 1 mm =0.039 in.; 1 kg/m? = 0.062 Ib/ft>.

Sem Sem

(a) Less than 2 mm (b) 2-5 mm

Sem

(¢) 5-10 mm (d) 10-20 mm

Fig. I—TDypical shapes of lightweight fine and coarse aggregates. (Note: 1 mm = 0.039 in.)

Ketab!” performed experimental tests on 18 LWAC mixtures
reinforced with CMSFs up to a volume fraction of 0.75% and
ascertained that CMSFs improved the flexural strength more
than the compressive strength. Li et al.!® reported that the
compressive strength of self-consolidating LWAC increased
with the addition of CMSFs up to a specific volume fraction,
beyond which a decrease occurred because of fiber clumping
and insufficient compaction between the fibers and cement
matrix. Based on previous studies, it can be concluded that
CMSFs exhibit better dispersion in the cement matrix and
drive more multiscale crack distribution in concrete than
SFs. Thus, extensive experimental tests can be helpful for
the practical and reliable application of CMSFs to improve
the crack resistance and fracture toughness of LWAC.

In this study, 13 concrete mixtures were prepared to inves-
tigate the effectiveness of different steel fibers on compres-
sive and flexural toughness indexes of LWAC. The ASTM
C1018-97" method applied to calculate the flexural tough-
ness indexes was modified to reliably assess the enhance-
ment of the energy capacity of LWAC reinforced with SFs.
The modification was performed by substituting the initial
crack point measured in each beam specimen with the
predictions obtained using the theory of elasticity as the
reference point. Based on a regression analysis using the
test data, the compressive and flexural toughness indexes
were formulated as a function of the fiber reinforcing index
to estimate the effects of steel fiber type and content on the
ductility of LWAC.

RESEARCH SIGNIFICANCE

Although numerous studies have been conducted to
investigate the mechanical properties and toughness of
NWC reinforced with SFs, this study provides useful infre-
quent test data on the compressive and flexural toughness
indexes of LWAC reinforced with different steel fiber types.
This study generalizes the initial crack point at the load-
deflection curve of beams based on the fundamental flexural
theory to induce a good consistency in assessing the flexural

toughness indexes of fiber-reinforced concrete in accordance
with ASTM C1018. Moreover, original equations were
formulated to straightforwardly determine the compressive
and flexural toughness indices of concrete reinforced with
different steel fibers.

EXPERIMENTAL PROCEDURE

Materials

All concrete mixtures contained ordinary portland cement
(OPC) manufactured to ASTM C150 Type 1?° standards
without any partial replacement with supplementary cemen-
titious materials. The specific gravity and Blaine fineness of
the OPC were 3.15 and 3340 cm?/g, respectively. Locally
available, artificially expanded granules with maximum sizes
of 19 and 4.75 mm (0.75 and 0.19 in.) were used as struc-
tural lightweight coarse and fine aggregates, respectively.
Bottom ash and dredged soils were calcined and expanded
in rotary kilns at approximately 1200°C (2192°F) to produce
the lightweight granules. The quality of the artificially
expanded granules satisfied the requirements for structural
lightweight aggregates specified in ASTM C330%! (Table 1).
Lightweight aggregates typically have a spherical shape and
a porous core structure (Fig. 1). Because of the porous struc-
tures, the lightweight aggregate particles exhibited higher
water absorption than the natural normalweight aggregates.

Different types of steel fibers were selected to reinforce
the LWAC (Fig. 2). The straight CMSFs were further formed
into crimped and hooked-end shapes to enhance their bond
performance with the cement matrix. The nominal diameters
were 0.2 mm (0.0079 in.) for straight and crimping-shaped
CMSFs, 0.3 mm (0.019 in.) for hooked-end CMSFs, and
0.6 mm (0.024 in.) for SFs. The nominal lengths were 13 mm
(0.51 in.) for straight and crimping-shaped CMSFs, 30 mm
(1.18 in.) for hooked-end CMSFs, and 35 mm (1.38 in.)
for SFs. Thus, fiber aspect ratios (Sy) of 65, 100, and 58
were obtained for straight and crimping-shaped CMSFs,
hooked-end CMSFs, and SFs, respectively (Table 2). The
CMSFs had a tensile strength of 2580 MPa (374.2 ksi),

ACI Materials Journal/September 2023



(a) Hooked-end SF

(¢) Crimping-shaped CMSF

(b) Straight CMSF

22
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1 T 1 B i e
] 1 4
H L 1 '

(d) Hooked-end CMSF

Fig. 2—Typical appearances of steel fibers used. (Note: 1 mm = 0.039 in.)

Table 2—Typical properties of steel fibers

Physical properties Mechanical properties
Type pp glem? Ly, mm d, mm Sy F; MPa 17, MPa
Hooked-end SF 7.85 35 0.6 58 2240 16.2
Straight 13 0.2 65 8.6
CMSF Crimping shape 7.8 13 0.2 65 1220 11.2
Hooked-end shape 30 0.3 100 18.7

Note: pj; Ly, dys Sy, Fy, and 1 are density, length, diameter, aspect ratio, tensile strength, and interfacial bond strength between fiber and cement matrix, respectively; 1 g/em® = 62.43 1b/ft%;

1 mm=0.039 in.; | MPa = 145 psi.

which was close to the SF values. The bond performance of
the CMSFs with the cement matrix was significantly influ-
enced by the additional treatment (Fig. 3). The straight-shaped
CMSFs exhibited no post-peak bond resistance, indicating
that they pulled out immediately after attaining the peak bond
stress. Meanwhile, the crimping-shaped and hooked-end
CMSFs exhibited improved pullout resistance and showed
a distinct post-peak branch of the bond stress-slip curve of
the fibers. Compared to the bond strength of the straight-
shaped CMSFs, those of the hooked-end and crimping-
shaped CMSFs were higher by 2.2 and 1.6 times, respec-
tively. Additionally, the hooked-end CMSFs exhibited bond
stress-slip performance similar to that of hooked-end SFs up
to slippage of 4 mm (0.16 in.), beyond which slightly higher
bond stresses were observed in the former than in the latter.

Details of specimens and concrete mixtures
Twelve fiber-reinforced LWAC mixtures and a fiberless

control mixture were initially prepared, considering the

type and ¥} of steel fibers (Table 3). The LWAC mixtures

ACI Materials Journal/September 2023

containing hooked-end SFs, straight-shaped CMSFs,
crimping-shaped CMSFs, and hooked-end CMSFs were
classified into SH, CS, CC, and CH groups, respectively.
The design values of V; were 0.5%, 1.0%, and 1.5% for
each group. Thus, the specimen notation for a fiber-rein-
forced LWAC mixture was identified using the group and
fiber content notations. For example, CH-0.5 indicates an
LWAC mixture reinforced using hooked-end CMSFs with
V;0f 0.5%. It should be noted that Specimen C refers to the
fiberless control mixture.

The target compressive strength of concrete was 40 MPa
(5.80 ksi) based on the high-strength classification of
LWAC. The mixture proportions (Table 4) of the LWAC
were determined based on a mathematical procedure
proposed by Yang et al.?> A water-cement ratio (w/c) of 35%
by weight and a fine aggregate-to-total aggregate ratio of
45% by volume were adopted for the concrete mixture to
achieve the targeted strength. Furthermore, a commercially
available polycarboxylate-based high-range water-reducing
admixture (HRWRA) was added to maintain the initial

5



slump value of more than 80 mm (3.15 in.). The lightweight
aggregates were prepared in a saturated surface-dry state to
prevent excessive bleeding and segregation in fresh concrete
owing to the high absorption of the lightweight aggregates.
The amount of mixing water was adjusted to compensate
for the changes in the moisture content of the aggregates
because the absorbed surface water does not become part of
the mixing water.

Casting, curing, and testing

All the prepared aggregates were dry-mixed with cement
in a 0.35 m® (12.36 ft°) capacity mixer for 1 minute, and
water was then added and mixed for another minute. Steel
fibers were added after mixing the concrete components
in a wet state. A commercially available polycarboxylate-
based HRWRA was added to each mixture with different
contents to achieve the targeted minimum slump of LWAC.
It was challenging to control the addition of the HRWRA
because of the sensitive interfacial action between the light-
weight aggregates and the cement matrix and the incomplete

20
——SH

Load
/‘\SH o
Embedded | ]
fiber ~f
=

16

Bond stress, r (MPa)

Slip (mm)

Fig. 3—Bond stress-slip response between steel fibers and
cement matrix. (Note: 1 mm = 0.039 in.; 1 MPa = 145 psi.)

compaction between the steel fibers and the cement matrix.
Hence, a minimum slump of 80 mm (3.15 in.) was targeted,
considering the casting of the steel fiber-reinforced LWAC.
After determining the initial slump and air content of the
fresh concrete according to ASTM C143% and C231*
recommendations, respectively, each fresh mixture was
placed into various steel molds. All specimens were consol-
idated according to the vibration casting method specified
in ASTM C31.% In addition, the specimens were cured in a
steady temperature and relative humidity room of 23 + 2°C
(73.4 + 3.6°F) and 70 + 5%, respectively, until testing at
28 days. All steel molds were removed at an age of 3 days.
The compressive strength and dry density of concrete
were determined using 100 x 200 mm (3.94 x 7.87 in.)
cylinder specimens according to ASTM C39% and C138,%
respectively. The stress-strain curves of concrete were
measured using 100 x 200 mm (3.94 x 7.87 in.) cylinders
according to ASTM C469% to determine the compressive
toughness index. The incremental strains were obtained
using a compressor meter with built-in 10 mm (0.39 in.)
capacity dial gauges. Prismatic beams with section size of
100 x 100 mm (3.94 x 3.94 in.) were subjected to four-point
bending tests using a fixed 3000 kN (674.43 kip) capacity
testing machine according to ASTM CI1018 to obtain the
flexural toughness indexes from the load-deflection curve.
A roller system was installed at both end supports to prevent
restraint on the deformation of the specimens. Loading was
steadily applied without a sudden shock under closed-loop
control at a displacement rate of 0.002D/min at the midspan,
where D is the section depth of the beam. The applied load
value was recorded using a load cell fixed to the head of the
testing machine. The deflection at the midspan of the beams
was recorded using two 5 mm (0.20 in.) capacity linear vari-
able differential transducers. Note that the aforementioned
mechanical properties of concrete were calculated as an

Table 3—Details of test specimens and summary of test results

Details of fiber .

Specimen |  Type Vi % B Ry, % | s,mm | A,% | kg/m® | £, MPa | f,,MPa | f, MPa | E.,MPa| £, | fiNf | EN

C N 0 — 0.2 165 3.8 1685 43.4 3.75 375 | 17,560 | 0.57 0.57 | 2666
SH-0.5 0.5 0.70 0.25 150 3.5 1733 45.7 426 426 | 17,687 | 0.63 0.63 | 2616
SH-1.0 H":nk;d' 1.0 1.36 0.35 130 3.4 1752 48.3 5.78 578 | 18,180 | 0.83 0.83 | 2616
SH-1.5 1.5 2.05 0.4 120 3.0 1787 479 6.42 6.42 | 18,304 | 0.93 093 | 2645
CS-0.5 0.5 0.41 0.3 140 3.4 1743 46.4 3.96 3.96 | 17,756 | 0.58 0.58 | 2607
CS-1.0 | Straight 1.0 0.77 0.4 120 3 1790 52.6 4.45 445 | 19,302 | 0.61 0.61 2661
CS-1.5 1.5 1.13 0.45 110 32 1803 55.1 5.05 575 | 20,145 | 0.68 0.77 | 2714
CC-0.5 0.5 0.53 0.45 100 3.4 1740 46.4 422 422 | 17,757 | 0.62 0.62 | 2607
CC-1.0 | Crimped | 1.0 1.01 0.65 70 35 1775 51.8 478 487 | 18915 | 0.66 0.68 | 2628
CC-1.5 1.5 1.56 0.85 60 3.6 1792 48.8 5.12 512 | 18,610 | 0.73 0.73 | 2664
CH-0.5 0.5 1.35 0.4 130 4.1 1729 48.1 4.54 485 | 18,139 | 0.65 0.70 | 2615
CH-1.0 H(’jnkded' 1.0 2.67 0.65 90 3.8 1760 48.9 6.81 701 | 18233 | 0.97 1.00 | 2607
CH-1.5 1.5 3.99 0.75 60 3.7 1790 492 6.64 725 | 18,940 | 0.95 1.03 | 2700

Note: Vyis volumetric fraction of fiber; B, is reinforcing index of fiber; Ry, is ratio of HRWRA content to cement content; s, is initial slump of concrete; A4, is air content of fresh
concrete; p., /', fors fr» and E.. are dry density, 28-day compressive strength, initial cracking strength, ultimate flexural strength, and modulus of elasticity of hardened concrete, respec-

tively; 1 mm = 0.039 in.; 1 MPa = 145 psi; 1 kg/m? = 0.062 Ib/ft>.
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Table 4—Mixture proportions of LWAC

Unit weight, kg/m3

wlc S/A ‘Water LWFA LWCA

0.35 0.45 180 514 420 479

Cement

Note: S/4 is fine-to-total aggregate ratio, by volume; LWFA and LWCA refer to light-
weight fine and coarse aggregates, respectively.

average of test data obtained from three cylinders or pris-
matic beams prepared in each specimen.

EXPERIMENTAL RESULTS AND DISCUSSION

Workability of fresh concrete

The addition of steel fibers decreased the initial slump (s;)
of the LWAC (Table 3). Thus, the LWAC reinforced with a
higher V;required a higher HRWRA content than the conven-
tional concrete to achieve the targeted minimum values of s;.
When V; was increased from 0.5% to 1.5%, the HRWRA-
cement ratio increased from 0.25% to 0.4% for the SH group,
0.3% to 0.45% for the CS group, 0.45% to 0.85% for the CC
group, and 0.4% to 0.75% for the CH group. These trends
indicated that the crimping-shaped and hooked-end CMSFs
were more unfavorable than the straight-shaped CMSFs
in minimizing the workability loss of LWAC because the
geometric shape deformation of fibers could accelerate the
ball bearing effect owing to increased interlocking friction
between the fibers and aggregates. In addition, the speci-
mens in the CC and CH groups exhibited a lower slump than
those of SH mixtures, although more HRWRA was added to
the former mixtures than the latter mixtures. This behavior
probably occurred because CMSFs with a smaller diameter
yielded a higher aspect ratio and more individual fibers than
SFs with a larger diameter.

The air content ranged between 3.0% and 4.1% for all
concrete mixtures. No distinct effect of the steel fiber type
and content on the air content of LWAC was observed.

Compressive strength and dry density

All concrete mixtures satisfied the designed compressive
strength of 40 MPa (5.80 ksi). Figure 4 shows the relative
values of £./(f.)y and p./(p.)y for steel-fiber reinforced
LWAC, where subscript N refers to the control fiberless
concrete. The control concrete with an oven-dried density (p,.)
of 1685 kg/m? (105.20 Ib/ft’) exhibited a 28-day compres-
sive strength (f.") of 43.4 MPa (6.29 ksi). The relative p./
(pc)v value proportionally increased with the steel fiber
content, and the increase rate was independent of the steel
fiber type. The relative f.'/(f.")y value slightly increased with
an increasing steel fiber content up to a ¥y of 1.0%, beyond
which the steel fiber effect on f.' was negligible, although
an increase in f.'/(f.")v up to a Vyof 1.5% was observed for
CS group specimens. The CS group specimens had higher
J(f )y values than the other group specimens with V; of
1.0% and 1.5%. It is widely known®? that the effective-
ness of fibers on improving f." is minimal compared to the
contribution of fibers in enhancing the tensile resistance of
concrete. This might occur because macrocracks in concrete
under compression develop mainly after reaching the peak
strength. In addition, an increase in the steel fiber content
can result in inadequate compaction along the interfacial
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Fig. 5—Relative compressive toughness indexes of steel
fiber-reinforced LWAC.

zone between the lightweight aggregates and cement matrix
owing to the interference and poor dispersion of the fibers.
Thus, the addition of steel fibers exceeding a specific limit
adversely affects the compressive strength development of
concrete. Considering the f.'/(f.")y values measured in this
study, the steel fiber content in LWAC needs to be controlled
to less than 1%. For LWAC specimens with a Vyof 1.0%, the
1 /(f)y values obtained for the SH, CS, CC, and CH groups
were 1.11, 1.21, 1.19, and 1.13, respectively.

Compressive toughness index

The compressive toughness index (I.) of each concrete
specimen was calculated using its compressive stress—strain
curve based on the ASTM C1018 procedure. Figure 5 shows
the relative 7./(1.)y of steel fiber-reinforced LWAC. Table 5
also lists the toughness indexes calculated in each specimen.
It is challenging to compile the data for the fiberless high-
strength LWAC beyond 85% peak load at the descending
branch of the stress-strain curve because of the significant
brittle failure characteristics of such concrete. Therefore, the
approximate value of (/.)y was obtained in this study using
the generalized stress-strain model established by Yang et al.®
to trace the descending branch of the curve. The obtained
value of the /. of the control concrete was 1.63. As expected,
the relative 1./(/,)y values increased with increasing V; and
they were 2.33 t0 2.43, 2.23 t0 2.56, 2.33 to 2.45, and 2.02 to
2.53 for the SH, CS, CC, and CH groups, respectively. These
results implied that the addition of steel fibers enabled the



Table 5—Summary of compressive and flexural toughness indexes

Flexural toughness indexes
Ao, mm 15) 1(10) 1420) 130)
Compressive ASTM ASTM ASTM ASTM ASTM
Specimen toughness index /. | C1018 | Modification | C1018 | Modification | C1018 | Modification | C1018 | Modification | C1018 | Modification
C 1.63 0.058 — 3.17 — — — — — — —

SH-0.5 3.79 0.077 0.044 3.81 427 7.03 8.51 12.60 15.11 16.78 21.78
SH-1.0 3.87 0.075 0.053 3.99 4.66 7.80 9.19 15.37 18.30 22.69 27.55
SH-1.5 3.96 0.070 0.059 4.01 4.71 7.68 9.01 15.64 18.46 23.87 28.15
CS-0.5 3.63 0.071 0.041 3.41 3.98 5.61 6.69 10.51 11.46 15.59 16.63
CS-1.0 3.88 0.065 0.044 441 438 7.40 7.81 12.92 13.37 18.60 18.70
CS-1.5 4.17 0.053 0.051 4.19 4.46 8.65 8.97 16.30 16.25 21.92 23.79
CC-0.5 3.80 0.073 0.046 3.60 4.24 7.04 8.27 13.02 14.03 17.55 19.88
CC-1.0 3.89 0.070 0.048 3.78 4.39 7.41 8.68 13.78 15.92 19.53 23.49
CC-1.5 3.99 0.060 0.056 4.02 4.51 7.96 8.99 15.71 16.55 22.59 24.09
CH-0.5 3.30 0.065 0.055 4.15 4.60 8.41 8.70 16.55 16.71 23.43 23.96
CH-1.0 3.83 0.064 0.063 4.57 5.00 9.13 10.17 18.24 19.24 26.66 28.68
CH-1.5 4.13 0.062 0.069 4.61 5.42 9.54 10.37 19.57 19.95 28.94 29.76

Note: Flexural toughness indexes specified by ASTM C1018 were calculated using experimental Ay, whereas modified procedure is applied to Ay predicted using Eq. (3) to (8) as

reference value for specified deflection of beams.
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Fig. 6—TDypical compressive stress-strain curves measured
for CH group specimens. (Note: 1 MPa = 145 psi.)

descending branch of the stress-strain curve of the LWAC to
possess a less sharp slope (Fig. 6). It should be noted that the
steel fibers minimally influenced the slope of the ascending
branch. For the same V; of 0.5% and 1.0%, higher 1./(/.)y
values were obtained for SH group specimens than for the
other group specimens. The specimens in all groups showed
a consistent increase in /. up to a ¥ of 1.5%. Remarkably,
the /. values of CS and CH specimens increased significantly
at a Vyof 1.5%. Thus, specimens reinforced using CMSFs
with a V; of 1.5% exhibited higher /./(/,)y values than their
counterpart SH specimens.

Yang?® derived a fiber reinforcing index (B)) to reflect the
effects of the aspect ratio, reinforcing amount, and interfa-
cial bond strength of the fibers on the crack resistance and
tensile resistance of concrete. Generally, the enhancement
effect of the crack and tensile resistances of concrete by fiber
addition decreases with the increase in concrete brittleness.
An increase in the concrete compressive strength leads to
an increase in the brittleness of the concrete.” Hence, the
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Fig. 7—Relationship between f¢and 1, of LWAC.

fiber reinforcing index was modified in this study in the
following form

Br = Z_Zl:gﬂi Vj;iSj;[/\[F (1
where i is the fiber type in each concrete mixture; g is the
efficiency factor of discontinuous fibers; and 7 is the inter-
facial bond strength of the fiber. It is difficult to estimate
the value of g reliably because the bridging action of the
discontinuous fibers is significantly dependent on various
parameters, such as the orientation and length of the fiber,
workability of concrete, and interlocking friction between
the fibers and aggregates or cement matrix. In addition,
published papers reporting the values of g for different types
of steel fibers are lacking. Hence, this study assumed the
value of g as 1.0 for all steel fiber types. Figure 7 shows the
relationship between the By and /. of LWAC reinforced with
steel fibers. Data sets compiled for LWAC specimens evalu-
ated in previous studies!®*-3132 are also presented in Fig. 7.
A distinct co-relationship between B, and /. was observed.
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Based on the definition of B, a lower compressive tough-
ness was expected for concrete with a higher f." at the same
V. For high-strength concrete and LWAC subjected to axial
compression, cracks typically penetrate the aggregate parti-
cles after the peak load is attained, resulting in the generation
of broader crack widths and a more intensive failure zone.**
From a regression analysis using the test data sets presented
in Fig. 7, the /. value of steel-fiber-reinforced LWAC could
be optimally formulated as follows

1,=3.95 (B)"! 2

Flexural load-deflection curve

Figure 8 shows a typical midspan deflection (A) of beam
specimens against the applied load under four-point bending.
No data were obtained for the control fiberless LWAC beam
beyond peak load because it failed with the development
of initial flexural cracks. The outline of the load-deflection
curve for concrete specimens was significantly influenced
by the steel fiber content and shape. The load-deflection
response of LWAC beams with V;= 0.5%, except for beam
CH-0.5, could be characterized in the following stages:
1) the applied load linearly increased until the initial crack
appeared; 2) the load sharply dropped up to 60 to 80% of the
peak load; and 3) the load then remained constant, yielding
a plastic flow response. The slope for the decrease in the
applied load after initial cracking decrease with increasing
fiber content. The most sudden drop in the applied load
immediately beyond the peak load was observed for Beam
CS-0.5. LWAC beams with V;= 1.5% exhibited slight hard-
ening or plastic flow performance with no sharp decline
in the applied load after initial cracking, although Beam
CS-1.5 showed a very short hardening stage. Beams CC-1.0
and CH-1.0 also showed hardening performances similarly
observed for beams with ;= 1.5%. Moreover, all CH-group
beams and beams CS-1.5 and CC-1.0 exhibited a higher ulti-
mate load (P,) than the initial cracking load (P,,), indicating
that the ultimate flexural strength (f;) was 1.02 to 1.14 times
higher than the initial cracking strength (f;,) (Table 3). The
beams that did not exhibit hardening performance had the
same values of f., and f,. The applied load on the LWAC
beams with V,=1.5% started to decrease gradually at A/Ay =
13.6 for SF-1.5, 4.4 for CS-1.5, 6.3 for CC-1.5, and 9.6 for
CH-1.5, where A is the midspan deflection corresponding to
P... The slope at the ascending branch of the load-deflection
curve was minimally influenced by the steel fiber content
and shape.

Apart from Beam CC-1.0, Beam CS-1.5, and the CH
group beams, all other beams showed equal values of /., and
/. (Table 3), indicating that the hardening strength of those
beams did not exceed f;,. The normalized initial cracking
strength (f,,/\f.") tended to increase with an increase in Vs
The value of £,/\f.’ measured in the fiberless concrete beam
was 0.57, which was conservative compared to the predic-
tions (0.465) obtained using the ACI 318-19 equation®* for
all LWAC. The values of f,/Nf,’ measured for the fiber-
reinforced beams were 0.58 to 0.65, 0.61 to 0.97, and 0.68 to
0.95 when the Vyvalues were 0.5%, 1.0%, and 1.5%, respec-
tively. At the same V}; slightly higher foNf) values were
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Fig. 8—TDypical load-deflection curves of beams under four-
point bending. (Note: I mm = 0.039 in.; 1 kN = 0.2248 kip.)

obtained for the CH group beams, followed by the SH group
beams, whereas the CS group beams exhibited the lowest
values. Because the CH group beams exhibited the most
improved post-crack response, they yielded higher f; values.
The ratios between f, and f;, determined for Beams CH-0.5,
CH-1.0, and CH-1.5 were 1.07, 1.03, and 1.09, respectively.
These values indicated that the hooked-end CMSFs provided
a stronger bridging restriction against crack propagation than
the hooked-end macrosteel fibers. Generally, macrocrack
propagation is more effectively restricted by a longer fiber
than a shorter fiber.>*> Hence, the beams with hooked-end
CMSFs of 30 mm (1.18 in.) long exhibited a stronger hard-
ening response than those with crimping-shaped or straight-
shaped CMSFs of 13 mm (0.51 in.) long. CS group beams
exhibited a more rapid rate of decrease in the applied load



than CC group beams containing fibers of equal lengths.
These results suggest that straight-shaped fibers are insuf-
ficient for restricting macrocrack propagation, owing to slip
displacement between the fiber and the cement matrix.

Flexural toughness

Because flexural toughness indexes (/) were calculated
from the load-deflection curve, higher /; values were deter-
mined for CH group beams than beams of the other groups
(Table 5). ASTM C1018 identifies I(5), 1(10), 1(20), and
14(30) as the ratios of the areas under the load-deflection
curve up to specified deflections of 3A, 5.5A, 10.5A,, and
15.5A, respectively, relative to the area up to the referenced
deflection of A. No values of /(10) to I{30) were deter-
mined for the control fiberless LWAC beam because of a
rapid softening post-peak response. The steel fiber content
and type marginally influenced the values of /(5) and /(10)
because their effects on the calculated area below the load-
deflection curve were minimal, up to 5.5A,. A unique trend
was observed for values of /(20) and /(30), particularly for
the latter. Thus, this subsection focuses on the effects of the
test parameters on the /(30) values.

The value of /(30) increased with an increase in V, indi-
cating that it was 16.8 to 23.9, 12.5 t0 20.9, 19.0 to 22.5, and
23.2 to 32.9 for the SH, CS, CC, and CH groups, respec-
tively. These results proved that the steel fiber content up
to Vy= 1.5% did not induce the incomplete compaction of
cement matrix because of the ball bearing of the fibers, which
enhanced the slope of the descending branch of the load-
deflection curve. At an equal V}; the highest /(30) values
were obtained for CH group beams, whereas the values
determined for SH group beams were slightly lower than
those for CC group beams but higher than those for CS
group beams. For example, Beam CH-1.0 had a higher /(30)
value than the beams SH-1.0, CC-1.0, and CS-1.0 by 21.2%,
32.0%, and 28.1%, respectively. These findings demonstrated
that the CMSFs were better than the conventional SFs in
enhancing the flexural toughness of LWAC because CMSFs
with a smaller diameter improved the dispersion in the

cement matrix and strengthened the interlocking action
across the crack. Although the straight-shaped and crimp-
ing-shaped CMSFs had the same length and aspect ratio, the
CC group beams showed slightly higher 7(30) values than
the CS group beams. This trend could be attributed to the
slippage of the straight-shaped fibers against the cement
matrix, reducing the interlocking action of the fibers across
the cracks. Figure 9 shows typical images of the inter-
action between the cement matrix and steel fibers across
a flexural macrocrack, captured for Beams CH-1.0 and
CS-1.0. Most straight-shaped fibers were pulled out of the
cement matrix (Stage III), resulting in a wider crack mouth
opening displacement (CMOD) in the CS group beams
than CH group beams. Thus, a shorter Stage III region was
observed for CH group beams than the beams in the other
groups. Hooked-end fibers across the macrocrack effectively
restricted crack propagation even at the postpeak response
because of their elongated and hooked appearance.

Modification of flexural toughness indexes

Two reference points are widely used for assessing the flex-
ural toughness of fiber-reinforced concrete. ASTM C1018
is based on the initial crack-based deflection for calculating
the relative energy dissipation capacities of beams, whereas
JSCE-SF4!° and ASTM C1609% provide the absolute energy
dissipation up to a deflection of L/150, where L is the beam
length between the centers of both end supports. Nataraja
et al.*® and Turk et al.*’ noted that the ASTM C1018 method
has a critical weakness of determining the initial crack point
at the load-deflection curve with difficulty, particularly for
high-volume fiber concrete exhibiting a hardening response.
Additionally, it takes significant time and effort to determine
the initial crack point, even for beams exhibiting a softening
response. Because the ASTM C1018 method results in the
energy dissipation at different deflections relative to that at
the initial crack, it is crucial to determine the initial crack
point reliably. Li et al.'® stated that the ASTM C1609 and
JSCE-SF4 methods have an insufficient theoretical hypoth-
esis and do not provide the crack resistance of concrete,

(a) CH-1.0

(b) CS-1.0

Fig. 9—Images showing interaction between crack plane and steel fibers. (Note: Stage I represents fiber action along micro-
cracks; Stage II represents fiber action along macrocracks; and Stage III represents pulling out of fibers owing to significant

opening of crack. 1 mm = 0.039 in.)
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resulting in absolute energy dissipation, and they proposed
an equivalent flexural strength ratio as a relative value. They
also reported that the equivalent flexural strength does not
practically reflect the improvement in flexural toughness
with the addition of fibers. Thus, it is still unclear to evaluate
the effect of fibers on enhancing the flexural toughness of
concrete reliably.

The primary reason to assess the flexural toughness is
to examine how the brittleness of fiberless concrete can be
improved with the addition of different fiber types. There-
fore, the ASTM C1018 method was modified in this study
by substituting the initial crack point measured for each
beam specimen with that calculated using the elastic theory.
This modification has the following advantages: 1) the
reference point can be mathematically and precisely deter-
mined with no tedious and elaborated effort, even for beams
exhibiting strong hardening response; and 2) the reliability
of beam tests in plotting the load-deflection curve is easily
verified by comparing the experimental and calculated
ascending branches of the slopes. Based on the elastic curve
or virtual work method, the A, of beams under four-point
loading conditions at equidistant intervals can be expressed
as follows

Ay=0.0177P,,L*/E I, 3)

where E. is the elastic modulus of concrete; and I, is the
moment of the inertia of the uncracked section. Although
steel fibers can slightly increase E. because of the increase in
p., the effect of fibers on E, is insignificant because no fiber
bridging action is expected until a crack develops. Most steel
fiber-reinforced concrete specimens had normalized E/Nf,'
values similar to those of the fiberless concrete (Table 3).
Hence, in this study, E. was obtained using the generalized
design equation of Lee et al.* for concrete with different
compressive strengths and densities, as follows

E,=8090[(/.")"*(pc/po)]™* 4)

where py (= 2300 kg/m3 [143.58 1b/ft]) is the reference
value of the concrete density. Note that Eq. (4) was formu-
lated from the regression analysis of the concrete test data
that include /' range of 18 to 50 MPa (2610.7 to 7251.9 psi)
and p, range of 1200 to 2300 kg/m? (74.91 to 143.58 1b/ft%).
P.. in Eq. (3) can be calculated using the fundamental flex-
ural theory. For beams under four-point loading conditions
at equidistant intervals, P, is expressed in the following
generalized form

P = fubh?IL (5)

where b and £ are the width and overall depth of the beam
section, respectively. The addition of steel fibers significantly
enhances the crack resistance capacity of concrete. However,
the /., of LWAC reinforced with steel fibers has been formu-
lated in very few studies. Hence, the test data obtained in this
study were compared with the design equation results of Lee
et al.* and then used for a regression analysis to determine
the f., of steel fiber-reinforced LWAC (Fig. 10). Lee et al.
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compiled extensive test data and empirically formulated the
flexural strength [(f.,)y] of fiberless concrete with different
compressive strengths and densities, as follows

(o) = L2111 (p/po) 3104 ©

The test data obtained for the experimental specimens in
this study were normalized based on the predictions calcu-
lated using Eq. (6) to determine the £, of steel fiber-reinforced
LWAC. Subsequently, a regression analysis was conducted
with B, as the main influencing parameter (Fig. 10). Thus,
the £, of steel fiber-reinforced LWAC could be determined
using Eq. (7)

Jor=0.94(B)°% - (for)n (7

Table 5 lists the A, values determined experimentally and
using Eq. (3) for each beam specimen. In addition, different
values of I, were calculated using the predicted A, as a
reference deflection and compared with values determined
according to the ASTM C1018 method. The predicted Ay
values were slightly lower than the experimental values.
Therefore, the I, values calculated based on the predicted
Ay were slightly higher than those determined using the
measured A,. However, the /, values calculated using the
predicted A, satisfactorily reflected the effect of steel fiber
content and type on the flexural ductility of the LWAC beams.

1



Overall, the different values of /, based on the predicted A,
could be formulated as a function of B as follows (Fig. 11)

() = o (B)" ®)

The experimental coefficients a; could be set as 4.44, 8.49,
15.45, and 22.49; and y; could be set as 0.12, 0.16, 0.23, and
0.25, whenj corresponded to 5, 10, 20, and 30, respectively.
Equation (8) indicates that the modified version yields good
consistency with less effort in analyzing the enhancement of
the energy capacity of LWAC containing steel fibers.

CONCLUSIONS

In this study, the effects of different steel fibers on
the compressive and flexural responses of lightweight
aggregate concrete (LWAC) were evaluated. The fiber-
reinforced concrete specimens were classified into four
groups: SH containing conventional SFs with hooked ends,
CS containing straight-shaped copper-coated microsteel
fibers (CMSFs), CC containing crimping-shaped CMSFs,
and CH containing hooked-end CMSFs. Based on the test
results, the following conclusions are drawn:

1. At V; values of 0.5% and 1.0%, higher compressive
toughness indexes were obtained for the SH group speci-
mens than other group specimens. Meanwhile, specimens
reinforced with CMSFs at a V', of 1.5% exhibited a higher
compressive toughness index than the specimens in the
SH group.

2. The I.. value of the LWAC reinforced with steel fibers
could be optimally formulated as a function of the fiber
reinforcing index (B,) using the following expression, /. =
3.95 - (B 0.1

3. LWAC beams with V,=1.0% and 1.5% exhibited slight
hardening and plastic flow performances with no sharp
decline in the applied load after the initial crack appeared.
Moreover, all the CH group beams resisted a higher ulti-
mate load (P,) than the initial cracking load (P,,), indicating
that the ultimate flexural strength (f;) was 1.02 to 1.14 times
higher than the initial cracking strength ().

4. At the same V}; the highest /(30) values were obtained
for CH group beams, whereas the values determined for the
SH group beams were slightly lower than those for the CC
group beams but higher than those for the CS group beams.

5. The hooked-end CMSFs were better than the conven-
tional hooked-end macrosteel fibers in enhancing the flex-
ural ductility of LWCA.

6. The ASTM C1018 method was modified by substituting
the initial crack point measured for each beam specimen
with that calculated using the elastic theory. The modified
version yields a good consistency and requires less effort in
assessing the improvement of the energy capacity of LWAC
reinforced with steel fibers.
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Effects of Different Fibers and Cement Substituting
Minerals on Mechanical Properties of Ultra-High-
Performance Fiber-Reinforced Concrete

by Nima Mohammadian Tabrizi, Davood Mostofinejad, and Mohammad Reza Eftekhar

This paper is aimed at investigating the effects of different fiber
inclusion on the mechanical properties of ultra-high-performance
concrete (UHPC) by adding mineral admixtures as cement replace-
ment materials to reduce production costs and CO, emissions of
UHPC. Throughout this research, 21 mixture designs containing
four cement substitution materials (silica fume, slag cement, lime-
stone powder; and quartz powder) and three fibers (steel, synthetic
macrofibers, and polypropylene) under wet and combined (auto-
clave, oven, and water) curing were developed. To investigate the
mechanical properties in this research, a total of 336 specimens
were cast to evaluate compressive strength, the modulus of rupture
(MOR), and the toughness index. The findings revealed that at the
combined curing, regarded as a new procedure, all levels of cement
replacement recorded a compressive strength higher than 150 MPa
(21.76 ksi). Furthermore, the mechanical properties of the mixture
design containing microsilica and slag (up to 15%) were found to
be higher than other cement substitutes. Also, it was shown that all
levels of the fiber presented the MOR significantly close together,
and samples made of synthetic macrofibers and steel fibers exhib-
ited deflection-hardening behavior after cracking. The mixture
design containing microsilica, slag, limestone powder, and quartz
powder, despite the significant replacement of cement (approxi-
mately 50%) by substitution materials, experienced a slight drop in
strength. Therefore, the development of this mixture is optimal both
economically and environmentally.

Keywords: cement replacement materials; curing; mechanical properties;
synthetic fiber; ultra-high-performance concrete (UHPC).

INTRODUCTION

The advancement of modern civil engineering structures
has created an increasing demand for new kinds of concrete
requiring improved properties such as strength, toughness,
and durability. In the early 1980s, the idea of producing
concrete with a very dense and homogeneous microstructure
became popular among researchers. Accordingly, scientists’
research led to the emergence of a new type of fine-grained
concrete with extraordinary properties, namely ultra-high-
performance concrete (UHPC).! Unlike the extremely
high compressive strength of UHPC, this concrete shows
brittle behavior during failure, in comparison to normal-
strength concrete (NSC). The ductility and brittleness of
UHPC are improved by the addition of fibers.? This type of
concrete indicating great compressive strength (>150 MPa
[21.76 ksi]) and high tensile strength (>13 MPa [1.89 ksi])
is named ultra-high-performance fiber-reinforced concrete
(UHPFRC).> UHPFRC is a cutting-edge cement-based
composite with high strength and excellent durability. Due
to its high potential, this concrete is regarded as a feasible
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solution to enhance the stability of buildings and other
components of substructures.* The experimental results and
a parametric study conducted with the numerical model
showed that UHPFRC and normal-strength reinforced
concrete are compatible in the long term, and the high poten-
tial of such composite elements can be used in the long-term
rehabilitation and retrofitting of existing structures.’

Typically, to produce different types of UHPC, the mate-
rials—for example, cement—that are used have production
processes that pollute the environment. In general, it is worth
highlighting that construction materials are regarded as the
third-largest sector of CO, production worldwide. Moreover,
the production of cement entails 7% of total greenhouse gas
emissions. The cement content applied in UHPC is approxi-
mately three times (900 to 1100 kg/m?® [1517 to 1854 1b/yd?])
more than ordinary concrete cement, causing higher CO,
emissions. Hence, the design and production of concrete
with less cement and decreasing greenhouse gas emissions
with high efficiency and durability have remained major
challenges facing sustainable development in the coming
decades.®” In the literature on UHPC, concerning the low
water-cement ratio (w/c) (approximately 0.14 to 0.2), the rate
of cement hydration is only between 30 and 40%, indicating
the use of a considerable amount of nonhydrated clinker as a
filler.® Therefore, to mitigate cement in UHPC, it is preferred
to replace it with limestone powder, quartz powder, slag, fly
ash, and so on. Concerning the advantages of such replace-
ment, it could lead to the production of UHPC with a denser
and more uniform cement matrix with high compatibility
with the environment.®'°

In recent years, there have been several studies on the
substitution of cement with pozzolans and fillers in UHPC
leading to appropriate outcomes.''"!* Achieving high flow-
ability and minimizing compressive strength loss, Kim
et al."* produced an eco-friendly UHPC through the use of
industrial slag and limestone powder. The results revealed
that the application of more limestone powder to replace
cement yields higher flowability and less strength. More-
over, they also found that the specimen containing slag had a
compressive strength higher than that of limestone powder.
Abdulkareem et al.'® investigated the effects of substituting
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30, 50, and 80% (by volume) of cement with slag cement
on the early-age characteristics of UHPC in terms of work-
ability, setting time, hydration temperature, and compressive
strength. Their findings showed that the replacement of 30%
cement with slag cement in UHPC accelerated its setting
time by improving the granulation density, which enhanced
the workability and hydration of cement, hence elevating
the compressive strength of the concrete at an early age.
Huang et al.'® studied the effect of the cement replacement
with limestone powder in various amounts (34, 54, and
74% by volume) on the rate of hydration and compressive
strength of UHPC, which improved mechanical properties
and hydration.

Recently, the effect of fibers on UHPC has received much
attention.!”® Yoo et al.?' analyzed the effects of various
percentages of micro steel fibers on the mechanical prop-
ertiecs of UHPFRC, which improved the compressive
strength through the use of micro steel fibers up to 3%. Also,
increasing the amount of steel fiber from 1 to 4% would
consequently improve flexural strength. In another study,
Meng and Khayat? investigated the effects of straight steel
fibers, hooked-end steel fibers, and polyvinyl alcohol (PVA)
fibers on key properties of UHPC. With a constant level of 2%
fibers, different combinations of micro-macro steel and micro
steel-PVA fibers were considered. At a fiber content of 2%,
increasing the ratio of PVA or hooked steel fibers to straight
steel fibers, plastic viscosity was enhanced. Also, the inte-
gration of 1% straight steel fibers and 1% hooked steel fibers
improved flexural strength, toughness, and tensile strength in
comparison to the reference UHPC mixture design with 2%
straight steel fibers. The cross-influence of macro and micro
steel fibers on the tensile behaviors of UHPC was studied
by Chun and Yoo, who found a reduction in the fiber effi-
ciency ratios of specimens containing hooked and twisted
fibers when the macrofibers were replaced with microfibers.
Also, the replacement of 1.5% of hooked and twisted fibers
with microfibers increased the post-cracking tensile strength
and energy absorption capacity. Bahmani et al.>*?* examined
the impact of various types of fibers (synthetic and mineral)
and partial cement substitution levels on the mechanical
properties of UHPFRC. The results showed that samples
containing synthetic fibers showed remarkable mechanical
properties close to the samples with steel fibers.

Based on the literature review, this study aims to develop
UHPC with mineral admixtures and investigates the concur-
rent effects of macro- and microfibers on the mechanical
properties of UHPC. Furthermore, owing to the related role
of curing conditions on the properties of concrete, diverse
types of curing were examined in this investigation.

RESEARCH SIGNIFICANCE

In recent years, economic and environmental issues in the
production of UHPC have gained momentum. However,
many researchers have focused on the replacement of
cement with pozzolanic materials, whereas the simultaneous
effects of the combination of supplementary cementitious
materials (SCMs) such as slag and fillers such as limestone
and quartz powders on the mechanical properties of UHPC
have not been scrutinized. Additionally, there has been no
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study on the effect of using synthetic fibers, such as synthetic
macrofibers (a new kind of modified polypropylene fiber,
which has the advantages of being lightweight, a simplified
construction process, low cost, and few carbon emissions)
and polypropylene fibers, as an alternative to steel fibers to
reduce production costs, or on the mechanical properties of
UHPC mixtures using the combination of cement substitute
minerals. Therefore, the present study aimed to significantly
replace cement with the optimal ratio of the combination
of cement substitute minerals to lower the greenhouse gas
emissions due to cement production and to investigate the
effect of the addition of synthetic fibers (single and hybrid)
on the properties of UHPFRC.

MATERIALS AND MIXTURE DESIGN

The constituent materials used in this study included
ordinary portland cement (OPC) Type II under the standard
specifications of ASTM C150/C150M-16,2% which has a
moderate Blaine fineness value (320 m%*kg [174 yd¥/1b]).
The silica fume or microsilica with a specific surface of
15,000 to 25,000 m*kg (8137 to 13,562 yd%Ib) and a
specific gravity of 2.2 has a particle size of less than 1 pum,
which complies with ASTM C1240-15.7 Silica sand (SS)
and silica flour (the very fine-sized particles of silica sand)
have particle sizes of less than 0.15 mm (0.006 in.) and
0.05 mm (0.002 in.), respectively. The slag cement (S) has
a specific surface of 30,700 m*kg (16,655 yd%/Ib) and a
specific gravity of 2.7. Limestone powder (LP) and quartz
powder (QP) are used as fillers that can reduce the amount
of cement. The chemical composition of the ingredients of
UHPC as provided by the manufacturer are summarized
in Table 1. Polycarboxylate-based high-range water-re-
ducing admixture (HRWRA) with a density of 1050 kg/m?
(1770 1b/yd?) and 30% solid content was used as a water
reducer conforming to ASTM C494/C494M-05a.%8
Hooked-end steel fibers, synthetic macrofibers, and poly-
propylene fibers, as illustrated in Fig. 1, were added to the
concrete mixture. Table 2 demonstrates detailed information
from the manufacturers about the fibers.

Mixture design of UHPC

There is no established mixture design to produce UHPC.
Therefore, the literature review reveals a variety of methods
used by researchers to produce UHPC. Based on the

Table 1—Chemical composition of ingredients
of UHPC

Chemical composi-
tion, % by weight | OPC| SF(M) |Slag| LP | QP SS
SiO, 22 [ 90t095 |359] 0.07 | 99 | 97t0 99
ALO; 5 |06tol.2| 84| 0.02 | 0.5 |051to1.63
Fe,0; 4 |12t01.8] 0.6 | 0.02 | 03 | 0.2t00.7
CaO 64 | 0.5t01 |37.9] 56.7 [0.02]0.07to 0.2
MgO 1.7 |0.6to1.2| 89 | 049 | — —
SOs 2.1 — — | — ]0.03 —
BaO — — 21| — | — —
Loss on ignition (LOI) | 1.66 | 0.4to3 | 1.5 [43.36| 0.1 | 0.2t0 0.6
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Fig. 1—Photo of fibers used in this study: (a) steel;
(b) synthetic macrofibers; and (c) polypropylene.

mixing, compaction, and curing methods, the comprehen-
sive mixture design requires that materials be readily and
abundantly available that yield high strength despite a reduc-
tion in the amount of cement. Therefore, as the first step,
the basic mixture design was selected, because better results
can be obtained using a more appropriate initial mixture
design. The mixture design in this study is based on Mosto-
finejad et al.’s? study. A new mixture design was obtained
by changing the size of the aggregates and the ratio of the
materials used, which provides the best properties of UHPC.
Due to the use of materials with different particle sizes and
changes in flowability, the basic mixture design was modi-
fied with a slight change, as demonstrated in Table 3.

ACI Materials Journal/September 2023

Table 2—Manufacturer-reported details of fibers

Diameter, | Length, Specific Tensile

Fiber type mm mm | density, kg/m? | strength, MPa

Steel (ST) 0.6 35 7850 800 to 1200

Synthetic

>
macrofiber (BA) 0.07 54 900 to 920 600
Polypropylene 0.017 to
(PP) 0.02 6 910 400

Note: 1 kg/m® = 1.6856 Ib/yd*; 1 mm = 0.039 in.; 1 MPa = 0.145 ksi.

Table 3—Basic UHPC mixture design, kg/m?3

Silica | Silica | Silica
Cement | fume | sand | flour | Water | HRWRA

Compressive strength
at 28 days, MPa

1000 | 295 | 745 | 185 185 375 133

Note: 1 kg/m® = 1.6856 Ib/yd*; 1 MPa = 0.145 ksi.

Experimental methodology

Mixture designs and samples naming—The final mixture
proportioning of the UHPFRC mixtures used in this research
is given in Table 4. In the current research, three levels of
cement replacement materials—silica fume + slag, silica
fume + limestone powder + quartz powder, and silica fume +
slag + limestone powder + quartz powder—under wet and
combined curings were studied. Also, fibers were added at
a percentage of 2% (by volume of concrete) in all of the
mixture designs. This was due to the observations that using
more than 2% of synthetic fibers resulted in a conglobation
phenomenon occurring in the UHPFRC mixture and making
high-porosity concrete. Because the cement substitutes were
used, each mixture design was named in such a way that
the name of each mixture corresponded to the first letter
of the materials used. For example, the mixture containing
silica fume (microsilica) and slag is labeled MS, the mixture
design containing microsilica + limestone powder + quartz
powder is MLQ, and the mixture containing microsilica +
slag + limestone powder + quartz powder is MSLQ. In
addition, the first letter of the fibers used was designated
in parentheses in front of the mixture design. Steel fibers
are represented by ST, synthetic macrofibers are BA, and
polypropylene fibers are PP. To find the workability of the
fresh concrete, the slump test was carried out according
to ASTM C1437-13% at a temperature of 20 = 2°C (68 +
35.6°F). The water-cementitious materials ratios (w/cm)
were determined between 0.14 and 0.22, and the target flow-
ability was 220 mm (7.87 in.) to achieve good workability
with dense packing.

Mixing procedure and preparation of specimens
Regarding the studies conducted on UHPC, there have
been various methods for mixing materials, because there
are different types of materials and mixers employed. In
this research, the concrete mixture design was prepared in a
mixer with a capacity of 20 L according to the instructions
for the preparation of the UHPFRC mixture,?'*? with a slight

difference due to the use of fibers in the following steps:
e All materials excluding water, HRWRA, and fibers, in
all mixture designs, were first thoroughly mixed for
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Table 4—Mixture designs and slump flow of UHPFRC

Mixture proportions, kg/m?

Designation Cement | Silica fume | Slag | Limestone powder | Quartz powder | Silica sand | Silica flour | Water | HRWRA | Slump flow, mm
MS 700 295 270 — — 745 185 190 40 220
MS(ST) 700 295 270 — — 745 185 190 42.5 211
MS(PP) 700 295 270 — — 745 185 190 42.5 202
MS(BA) 700 295 270 — — 745 185 190 42.5 206
MS(ST-PP) 700 295 270 — — 745 185 190 42.5 207
MS(ST-BA) 700 295 270 — — 745 185 190 42.5 208
MS(PP-BA) 700 295 270 — — 745 185 190 42.5 203
MLQ 700 295 — 202.5 67.5 745 185 175 39 220
MLQ(ST) 700 295 — 202.5 67.5 745 185 175 42 213
MLQ(PP) 700 295 — 202.5 67.5 745 185 175 42 206
MLQ(BA) 700 295 — 202.5 67.5 745 185 175 42 208
MLQ(ST-PP) 700 295 — 202.5 67.5 745 185 175 42 209
MLQ(ST-BA) 700 295 — 202.5 67.5 745 185 175 42 211
MLQ(PP-BA) 700 295 — 202.5 67.5 745 185 175 42 206
MSLQ 550 295 270 102 33 745 185 180 38 220
MSLQ(ST) 550 295 270 102 33 745 185 180 40.5 212
MSLQ(PP) 550 295 270 102 33 745 185 180 40.5 205
MSLQ(BA) 550 295 270 102 33 745 185 180 40.5 207
MSLQ(ST-PP) 550 295 270 102 33 745 185 180 40.5 208
MSLQ(ST-BA) 550 295 270 102 33 745 185 180 40.5 210
MSLQ(PP-BA) 550 295 270 102 33 745 185 180 40.5 205

Note: 1 kg/m® = 1.6856 Ib/yd*; 1 mm = 0.039 in.

5 minutes at a low speed and then for 2 minutes at a
high speed.

*  Water and HRWRA were combined and gradually added
to the materials; the mixer was turned on for approxi-
mately 10 minutes and the materials were allowed to get
entirely mixed at a low speed.

*  Atthe final step, the fibers were added to the mixer, first
for 2 minutes at a low speed, and second for 3 minutes
at a high speed to spread well in the mixer.

The curing method significantly affects the mechanical
properties of UHPC. The researchers used different curing
conditions considering time, place, and temperature. In this
study, wet, autoclave, and combined curing were taken into
consideration. The samples subjected to wet curing were
extracted from the mold after 24 hours and then placed in
water at approximately 22°C (71.6°F) for 7 and 28 days.
This curing was chosen because of simplicity, commonality,
and the benchmark. Also in this study, two combined curing
conditions were performed as follows:

1. Autoclave-oven curing: The samples were extracted
from the mold after 24 hours, placed in an autoclave at a
temperature of 121°C (249.8°F) and under a pressure of
0.18 MPa (0.026 ksi) for 3 days, and finally placed in an
oven at a temperature of 200°C (392°F) for 7 days.

2. Autoclave-water curing: The samples were taken out
from the mold after 24 hours, placed in an autoclave at a
temperature of 121°C (249.8°F) and under a pressure of
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0.18 MPa (0.026 ksi) for 3 days, and placed in water at
approximately 22°C (71.6°F) for 25 days afterward.

After placing the samples comprising synthetic macrofi-
bers and polypropylene fibers in an oven at 200°C (392°F),
they went through burns, and then the resistance was
reduced. Hence, a combination of autoclave and water was
used for these levels of fibers.

Experiments

To evaluate the outcomes, compressive strength and four-
point flexural tests were employed. Regarding the compres-
sive strength test based on ASTM C109/C109M-11b,** the
cubic specimens with dimensions of 70 mm (2.76 in.) for all
mixtures were tested through a compression-testing machine
at a loading rate of 900 to 1800 N/s (202.33 to 404.66 1b/s).
In addition, the cylindrical specimens with dimensions of
100 x 200 mm (3.94 x 7.87 in.) under wet curing for 28 days
for all mixtures were used to compare with the results of the
cubic specimens.

The four-point flexural test was carried out on the pris-
matic specimens with dimensions of 70 x 70 x 350 mm
(2.76 x 2.76 x 13.78 in.). The flexural test was performed
based on ASTM C78/C78M-10,** through the use of a
four-point bending testing machine with a capacity of
50 kN (11.24 kip). Here two cylinders were employed to
apply force, and the distance between the cylinders on both
sides was equal to their close supports. In this method, the
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specimens were placed on two supporting pins and the
distance from the end of the specimen to the support was
25 mm (0.98 in.). Two linear variable differential trans-
formers (LVDTs) on the supports and one LVDT at the
center of the beam were applied to plot load-displacement
diagrams. Figure 2 displays the testing apparatuses of the
compression and the four-point flexural tests. In this study,
each test was repeated at least twice to report the result.

RESULTS AND DISCUSSION

Workability of UHPFRC

Based on the flow values obtained for fresh UHPFRC in
Table 4, a reduction is observed from the comparison drawn
between UHPFRC mixtures in the workability of UHPC
with fibers due to mechanical interaction between fibers
and grains. In general, it is observed that the slump flow
values of UHPFRC mixtures with polypropylene, synthetic

1 N

(ALMOGN)

(a)

(b)

Fig. 2—(a) Compressive strength test; and (b) four-point
flexural test.

macrofibers, and steel fibers decrease by up to 8%, 6%, and
4%, respectively. Also, to achieve the target flowability (220
mm [7.87 in.]), the amount of water used in the MLQ and
MSLQ mixtures decreased by 9% and 6%, respectively,
compared to the MS mixture.

Compressive strength

Effects of slag—To replace part of the cement with slag,
different ratios of slag were applied, and the compressive
strength of the specimens was calculated after 7 and 28 days
(Table 5). As can be seen from the findings, 30% replacement
of the cement with slag resulted in the greatest compressive
strength at 28 days (129.5 MPa [18.78 ksi]), which is almost
equal to the sample made of 100% cement. It was found
that with growing curing age, the increase in the compres-
sive strength of samples containing slag is greater than that
of samples containing cement due to the higher reaction of
slag.!** Increasing the amount of slag to 40% in the mixture,
the strength decreased by approximately 10% due to slower
slag hydration and a lower rate of production of secondary
calcium-silicate-hydrate.%%

Figure 3 illustrates the compressive strength results in
all cement replacement designs under wet and combined
curing. It is apparent from Fig. 3(a) that the MS specimens
with compressive strengths between 122 and 140.5 MPa
(17.69 and 20.37 ksi) at a curing age of 28 days exhibit the
best performance compared to the other levels of cement
replacement. The combined curing improved the compres-
sive strength (up to 35%) compared to the wet curing as
a result of increasing hydration reactions, which created
more hydration products. Also, all specimens containing
silica fume and slag under the combined curing achieved a
compressive strength of more than 150 MPa (21.7 ksi), high-
lighting the positive effect of combined curing on concrete.
For example, samples reinforced with steel fibers recorded
the highest compressive strength (184 MPa [26.69 ksi])
under this curing.

Effects of limestone and quartz powders—To find the best
percentage of cement replacement with limestone powder
and quartz powder, four ratios were probed. In this study,
up to 40% of cement was replaced with limestone powder
at 3:4 and quartz powder at 1:4 (Table 6). The highest
compressive strength (111 MPa [16.1 ksi] at 28 days) was
observed in the specimens with 30% limestone and quartz
powders instead of cement, which resulted in a 13% drop
in compressive strength compared to replacing cement
with slag. By increasing the limestone powder-to-cement
ratio (L/C) to 30%, fillers provide more space and water for
cement hydration due to the dilution effect, absorbing more
hydration products.'® With higher percentages of limestone

Table 5—Mixture design of UHPFRC containing microsilica and slag, kg/m?

S/C | Cement | Silica fume | Silica sand | Silica flour | Slag | Water | HRWRA | Compressive strength at 7 days, MPa | Compressive strength at 28 days, MPa
10 900 295 745 185 90 190 46 85 126.5
20 800 295 745 185 180 | 190 43 79 123
30 700 295 745 185 270 | 190 40 82 129.5
40 600 295 745 185 360 | 190 38 75 118

Note: S/C is slag-cement ratio; 1 kg/m® = 1.6856 Ib/yd?®; 1 MPa = 0.145 ksi.
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Fig. 3—Compressive strength of mixture designs

200 +
180 -

Compressive strength (MPa)

180
160
140
120
100
80
60
40

Compressive strength (MPa)

20

1
1
1
1
1

Compressive strength (MPa)

160 4
140
120
100 4
B0 4
[
40 A
20

7 days

28 days

—
=

combined curing

—

—

T days

&

i
=

50
6l
40
20
00
80
6l
40

20

7 days

Specimen:

(a)

28 days

-
—

5

combined curing

Specimens

(b)

28 days

.

combined curing

—

Specimens

(c)

—

: (@) MS

specimens; (b) MLQ specimens, and (c) MSLQ specimens.

powder and quartz powder instead of cement, the volume
of pores with smaller diameters expanded.* Thus, the pores
became interconnected, which elevated the water absorption
by immersion, capillarity, and porosity.*’

Figure 3(b) demonstrates the compressive strength
outcomes of mixtures containing silica fume, limestone
powder, and quartz powder under wet and combined curing.
The MLQ(ST) specimen with compressive strengths of
120.5 MPa (17.47 ksi) at a curing age of 28 days shows the
greatest values compared to the other mixtures, whereas
MLQ(PP) reveals the lowest compressive strength of
105 MPa (15.23 ksi) at a curing age of 28 days. The reduc-
tion between 13 and 16% in the compressive strength is
perceived compared to the MS mixture design at a curing
age of 28 days, because of generating fewer hydration prod-
ucts in response to water, whereas the mixtures cured under
the combined curing show reductions between 6 and 16%
in compressive strength. However, the samples with steel
fibers achieved a strength above 150 MPa (21.76 ksi) under
the combined curing.

Effects of slag, limestone powder, and quartz powder—To
obtain the optimal percentage of cement replacement with
slag and limestone powder, the slag replacement ratio was
kept constant at 30%, and limestone powder and quartz
powder were replaced in four percentages at 3:4 and 1:4
ratios (Table 7). As summarized in Table 7, a total of 45%
cement replacement with 30% slag and 15% limestone and
quartz powders led to the highest compressive strength
(122 MPa [17.69 ksi] at 28 days), which is the most desir-
able mixture design without a notable drop (approximately
5%) compared to the MS samples. At this level of cement
replacement, despite decreasing the use of cement up to
550 kg/m?® (927.1 1b/yd?), acceptable compressive strength
and better behavior were observed in comparison with the
MLQ specimens.

Figure 3(c) displays the compressive strength results of
the third cement replacement design containing silica fume,
slag, limestone powder, and quartz powder. As shown in
Fig. 3(c), the MSLQ(ST) and MSLQ(PP) with compres-
sive strengths of 129.5 and 114 MPa (18.78 and 16.53 ksi),
respectively, under 28 days of wet curing recorded the
maximum and minimum values. At combined curing, the
compressive strength of the MSLQ samples increased up to
35%, and all the specimens had a strength above 150 MPa
(21.76 ksi). It is likely that the binding interaction between
SCMs under combined curing forms more hydration prod-
ucts, and as a result, leads to greater compressive strength.
The cylinder/cube compressive strength ratios for the MS,

Table 6—Mixture design of UHPFRC containing microsilica, limestone powder, and quartz powder, kg/m?

Silica | Silica | Silica
L/C | Cement | fume | sand | flour | LP QP | Water | HRWRA | Compressive strength at 7 days, MPa | Compressive strength at 28 days, MPa
10 900 295 745 185 | 67.5 | 22.5 | 175 46 77 108
20 800 295 745 185 | 135 | 45 175 43 70 104
30 700 295 745 185 |202.5| 67.5 | 175 39 74 111
40 600 295 745 185 | 270 | 90 175 37.5 66 95

Note: 1 kg/m? = 1.6856 1b/yd?; 1 MPa = 0.145 ksi.
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Table 7—Mixture design of UHPFRC containing microsilica, slag, limestone powder, and

quartz powder, kg/m?

Silica | Silica | Silica
L/C | Cement | fume | sand | flour | Slag | LP | QP | Water | HRWRA | Compressive strength at 7 days, MPa | Compressive strength at 28 days, MPa
5 650 295 | 745 | 185 | 270 | 34 | 11 180 42 79 120
10 600 295 | 745 | 185 | 270 | 68 | 22 | 180 40 72 117
15 550 295 | 745 | 185 | 270 | 102] 33 | 180 38 76 122
20 500 295 | 745 | 185 | 270 | 136| 44 | 180 36 70 111
25 450 295 | 745 | 185 | 270 | 170| 55 | 180 34 64 98

Note: 1 kg/m? = 1.6856 Ib/yd*; 1 MPa = 0.145 ksi.

MLQ, and MSLQ specimens are 0.951, 0.950, and 0.952,
respectively.

Effects of fibers—Table 8 shows the effect of different
fibers individually or in combination with other fibers on
the compressive strength of the mixture designs in compar-
ison to non-fiber specimens. There is a stronger connection
between the fibers and the matrix rises due to the increase
in the matrix strength with growing age, which conse-
quently enhances the performance of fibers in improving
the strength. As shown in Table 8, the steel fibers, either as
single or hybrids, enhance the compressive strength (up to
10%) as they effectively arrest microcracks and delay the
formation and propagation of cracks. With reference to the
polypropylene fibers, either as single or as polypropylene-
synthetic macrofiber hybrids, with a significant increase
in porosity, the compressive strength (approximately 8%)
declined compared to the specimens without fibers under wet
curing. On the contrary, the compressive strength of speci-
mens containing synthetic macrofibers decreased slightly
compared to specimens without fibers. In combined curing,
other samples experienced a decrease in strength, except
steel fibers, which increase the compressive strength relative
to the non-fiber specimens. It may be noted that the melting
point of synthetic macrofibers and polypropylene fibers is
lower than the oven temperature. As a result, the samples
containing these fibers were cured under autoclave water,
which led to a drop in compressive strength.

Flexural strength

In the experimental samples, because the rupture occurs
in the range of the middle third, Eq. (1) is used to calculate
the modulus of rupture (MOR). The MOR is defined as the
maximum stress that can be resisted by a member before
rupture.

fi= ()

where f'is the flexural strength of concrete; P is the applied
load; L is the effective span of the beam; b is the width of the
beam; and d is the height of the beam.

The results of the MOR in three different cement replace-
ment levels under wet and combined curing are shown in
Fig. 4. As observed in Fig. 4(a), the MOR of the M'S mixtures
is more than the other two levels of cement replacement,
due to the creation of additional hydration products (by slag)
in the mixtures by reacting with water.'¥ For example, the

ACI Materials Journal/September 2023

Table 8—Effect of fibers on variation of compressive
strength in comparison to non-fibers specimens, %

Mixtures 7 days 28 days Combined curing
MS(ST) 7.3% 8.51 4.51
MS(ST-BA) 3.61 5.01 1.7)
MS(ST-PP) 1.87 3.9 2.8]
MS(BA) 1.8 1.9] 4.5]
MS(PP-BA) 6.1 42| 6.5]
MS(PP) 8.5] 5.8] 83|
MLQ(ST) 6.81 8.61 7.81
MLQ(ST-BA) 2.0t 2.7 44|
MLQ(ST-PP) 4.11 5.0t 34|
MLQ(BA) 2.7) 1.4] 8.5)
MLQ(PP) 6.8] 5.4 11.0]
MLQ(PP-BA) 47] 3.6 9.0,
MSLQ(ST) 7.2% 6.11 6.07
MSLQ(ST-BA) 4.61 3.3t 3.3)
MSLQ(ST-PP) 3.3 1.07 24|
MSLQ(BA) 1.3 3.3) 72|
MSLQ(PP) 53] 6.6 9.9]
MSLQ(PP-BA) 4.0] 45 9.0}

MS(ST) specimens at 7 and 28 days of wet curing showed
the highest flexural strengths 14.91 and 24.31 MPa (2.16 and
3.52 ksi), respectively. Additionally, better outcomes were
obtained for the mixture design with the combination of slag
and limestone powder rather than replacing cement only
with limestone and quartz powders. The flexural strength of
the MLQ mixtures decreased by up to 14% compared to MS
mixtures under wet conditions. However, MLQ(ST) speci-
mens under 7 and 28 days of wet curing recorded G0z of
12.81 and 22.79 MPa (2.24 and 3.99 ksi), respectively. The
flexural strengths of the MSLQ(ST) specimens at curing
ages of 7 and 28 days were recorded at 12.94 and 23.56 MPa
(2.26 and 4.12 ksi), respectively, which were higher than
those of the MLQ(ST) specimens.

Concerning the findings in the combined curing, all the
mixture designs experienced a slight reduction in their
MOR, because of weaker fiber adhesion, compared to
the wet curing. Notably, the decrease in flexural strength
under the combined curing of autoclave ovens for samples
containing single steel fibers was approximately 5% higher
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Fig. 4—Moduli of rupture (MOR) of mixture designs. (a) MS
specimens; (b) MLQ specimens; and (c) MSLQ specimens.

than the combined curing of autoclave water for other
specimens. As can be seen, the MS(ST-BA) specimens
under combined curing had the highest flexural strength of
21.03 MPa (3.68 ksi) compared to other cement replacement
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designs, which is 72% higher than that recorded by those
without fibers.

As demonstrated in Fig. 4, due to the greater tensile
strength of steel fibers, the use of steel fibers (single and
hybridized) in all cement replacement designs resulted in the
highest flexural strength values, which are 70 to 80% greater
than the mixtures without fibers. Furthermore, the obtained
results of specimens reinforced with synthetic macrofibers
were close to steel fibers, denoting the high ductility of
samples in the presence of macrofibers.

Stress-deflection curves

The average stress-deflection diagrams at the midspan
for all cement replacement designs under wet curing are
provided in Fig. 5. As shown in Fig. 5, all three levels of
cement substitute mixtures containing fibers presented iden-
tical deflection and flexural capacities close to each other
before cracking. The first crack deflection for the MS, MLQ,
and MSLQ mixtures at 7 and 28 days of wet curing occurred
at approximately 0.36 and 0.48 mm (0.014 and 0.019 in.),
respectively. The critical load to develop the first crack of
the MS, MLQ, and MSLQ mixtures was 9.12, 8.74, and
8.76 MPa (1.32, 1.26, and 1.27 ksi), respectively, at 7 days,
and 13.21, 12.87, and 12.98 MPa (1.92, 1.87, and 1.88 ksi),
respectively, at 28 days. However, the MS specimens, in
terms of deflection capacity and post-peak ductility beyond
the cracking point, indicated better flexural performance
by up to 20% compared to the MLQ specimens. Despite a
significant reduction in cement, observed in Fig. 5(¢) and (f),
the MSLQ specimens showed acceptable flexural behavior
such as deflection capacity and post-peak ductility close to
the MS specimens. The development of this mixture is finan-
cially and environmentally justified. The average decreases
in the 28-day peak loads for the MLQ and MSLQ specimens
containing different fibers were 6% and 5%, respectively,
compared to the MS specimens containing fibers.

As can be observed in Fig. 5, because of the longer fibers
of steel and synthetic macrofibers, which develop greater
matrix-fibers interaction, the post-cracking capacity of
concrete was significantly elevated and caused more ductility
compared to samples containing polypropylene fibers. The
presence of polypropylene fibers, like other fibers, enhances
the flexural strength of samples compared to specimens in the
absence of fibers, indicating short strain-hardening behavior
that is explained through the patching of microcracks after
cracking. However, when the macrocracks have emerged in
samples containing polypropylene fibers, these fibers cannot
limit the multiplication of macrocracks. Furthermore, spec-
imens containing macro and micro hybrid fibers such as
MS(BA-PP) indicated acceptable flexural performance in
terms of deflection capacity and post-peak ductility. This is
mainly due to the involvement of polypropylene fibers in
bridging and harnessing the microcracks surfaces, and also
the synthetic macrofibers limiting the initiation and propa-
gation of deep cracks. On the other hand, bending the spec-
imens without fibers causes complete rupture immediately
after the first crack. Thus, it can be inferred that concrete
without fibers is brittle and has marginal ductility. Failure
of specimens containing fibers after cracking causes the
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Fig. 5—Stress-deflection curves under wet curing: (a) MS (7 days), (b) MS (28 days), (c) MLQ (7 days),; (d) MLQ (28 days);

(e) MSLQ (7 days); and (f) MSLQ (28 days).

load-increasing slope to become smoother until it reaches
the peak of load-bearing, and afterward, by lowering the
load-bearing capacity, it reaches the complete rupture point
of the sample.

The effect of combined curing on the flexural responses
of all mixtures is represented in Fig. 6. According to Fig. 6,
notwithstanding the remarkable increase in compressive
strength, the use of an autoclave reduced by up to 15% the
deflection capacity and post-peak ductility of specimens
containing fibers relative to those under wet curing. It may
be because the increasing temperature would consequently
accelerate the hydration reaction of the cement and the hydra-
tion products of the cement, especially calcium hydroxide,
surround the fibers, and reduce the tensile strength of the
fibers by sticking the fibers together. In this case, the bearing
capacity is reduced and the specimens become more brittle.

ACI Materials Journal/September 2023

For the combined curing, it can be inferred from Fig. 6(a)
that the MS specimens indicated better flexural responses
(approximately 5 to 10%) compared to the MLQ and MSLQ
mixtures. Furthermore, steel fibers and their combination
with synthetic macrofibers presented the best displace-
ment ductility capacity. The combined curing of autoclave
ovens reduces the ductility of steel fiber-reinforced speci-
mens further than the combined curing of autoclave water.
It can be deduced that when the sample is exposed to heat,
it intends to reshape and different strains are formed due
to the discrepancy in the essence between the steel fibers
and concrete materials.*’ As a consequence of this behavior,
the stress between the steel fibers and the concrete will be
formed, which itself is regarded as a factor in reducing the
adhesion between the concrete and the steel fibers.*! Figure 7
demonstrates typical cracking patterns and failure modes of
UHPFRC specimens containing macro and hybrid fibers.
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Fig. 6—Stress-deflection curves under combined curing: (a)
MS; (b) MLQ; and (c) MSLQ.

Figure 8 shows the results of deflection at the MOR for all
cement replacement designs containing fibers and without
fibers under wet and combined curing. The use of fibers
causes variation in the amount of MOR deflection. For
instance, synthetic macrofibers in the MS mixture increase
the post-cracking properties at the MOR point and show
the highest difference in 80z (3.4 mm [0.13 in.]). On the
contrary, the specimens without fibers have the lowest 6,,0x
value of 0.35 mm (0.014 in.). According to Fig. 8, combined
curing decreased the values of 8,0z (up to 40%) in all cement
replacement designs.

Toughness

The surface area under the load-deflection diagram, which
shows the amount of energy absorbed by the concrete speci-
mens, is described as the flexural toughness of the concrete.
The presence of fibers in the concrete improves continuity
after cracking compared to the non-fiber sample, so consid-
erable energy is required for complete rupture to occur in
the concrete.

24

(b)

Fig. 7—Cracking patterns and failure modes of UHPFRC
specimens: (a) MLQ(ST-BA), and (b) MSLQO(PP).

Based on ASTM C1018-97,*> the dimensionless param-
eters were used to compare the flexibility and the absorbed
energy of the samples. The toughness indexes of Is, 1),
and 7,y are obtained by dividing the area under the load-
displacement diagram up to a deflection equal to 39, 5.59,
and 10.55, respectively, by the surface area below the
diagram up to the deflection at §; where & is the deflection
measured at the incidence of first cracking. In Fig. 9, the
calculation process of the toughness indexes according to
ASTM 1018 can be found.

Figure 10 displays the toughness indexes for all cement
replacement designs under wet curing. As shown in Fig. 10,
in all of the cement replacement designs, the samples rein-
forced with fibers, excluding the polypropylene fibers,
indicated “acceptable ductility” results at 7 and 28 days of
curing—that is, a deflection equal to 3, 5.5, and 10.5 times
the displacement corresponding to the incidence of first
cracking was provided by all levels of fibers, except the poly-
propylene fiber. The MS specimens containing the different
fibers recorded the best /s, /o, and /o values at 7 and 28 days
of curing compared to the MLQ and MSLQ mixtures with
fibers. For example, the MS(ST) specimen under 28 days
of curing recorded Is, Iy, and I, at 6.12, 13.33, and 24.07,
respectively, while the indexes for the MLQ(ST) and
MSLQ(ST) specimens decreased to 5.71, 12.68, and 22.11
and 5.92, 13.01, and 23.06, respectively.
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Fig. 8—Deflection capacity at MOR: (a) MS specimens,
(b) MLQ specimens; and (c) MSLQ specimens.

Samples containing polypropylene fibers were the only
level of fibers that could not provide the 10.5 times displace-
ment corresponding to the first crack occurrence because
these fibers bridged the cracks in the first cracking stage.
The worst 7), values belong to the mixtures with polypro-
pylene fibers. This index for the MS(PP), MLQ(PP), and
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Fig. 9—Calculation process of toughness indexes.

MSLQ(PP) specimens under 28 days of wet curing was
recorded at 9.96, 11.35, and 10.37, respectively.

Figure 11 displays the toughness indexes for the MS,
MLQ, and MSLQ samples treated under the combined
curing method. Here, although all the specimens achieved
Is and I, toughness indexes, they exhibited disappointing
I results. This decrease in flexural strength is because the
autoclave weakened the bond strength between the matrix
and the fibers. The I, values for the MS, MLQ, and MSLQ
mixtures under combined curing fell between 10 and 15%
relative to wet curing. However, the MS(ST) specimen
recorded the best /5, at 18.12.

Financial and environmental evaluation of
designed UHPC mixtures

Table 9 shows the costs of 1 m* of the UHPFRC mixtures.
The cost of 1 m® of concrete in the the sample made of 100%
cement without fibers was equal to $61. The cost of the
production of 1 m* of the MS, MLQ, and MSLQ mixtures
decreased by 8, 12, and 15%, respectively, compared to the
sample made of 100% cement. The comparison between
the three levels of cement replacement materials shows
that the highest cost of production belonged to the MS
specimens. Also, polypropylene and synthetic macrofibers
have a lower price than steel fibers, and adding these fibers
decreases the production cost by up to 25%. Therefore, the
mixtures containing synthetic macrofibers, hybrid fibers of
steel-synthetic macrofiber, and steel-polypropylene are more
economical according to the results close to steel fibers.
Based on the embodied CO, values for each component of
concrete provided by the previous studies,!'***° it can be
inferred that the UHPC mixtures made with 100% cement
have higher embedded CO, emissions and environmental
impact. The CO, emissions significantly decreased for the
specimens containing slag, limestone powder, and quartz
powder compared to mixtures made with 100% cement. The
percentage values of the reduction in CO, emissions for the
MS, MLQ, and MSLQ mixtures are equal to 27, 29, and
43%, respectively. Therefore, it is environmentally justified
to use mineral admixtures as cement replacement materials.

CONCLUSIONS
In this study, the mechanical properties of ultra-high-
performance concrete (UHPC) were scrutinized by reducing
cement and replacing it with the optimal ratio of silica fume,
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Fig. 10—Toughness indexes of mixtures under wet curing: (a) MS (7 days),; (b) MS (28 days),; (c) MLQ (7 days); (d) MLQO

(28 days), (e) MSLQ (7 days),; and (f) MSLQ (28 days).

slag, limestone powder, and quartz powder. Moreover, the
effects of steel, polypropylene, and synthetic macrofibers
either used singly or as a hybrid on the mechanical properties
of UHPC were examined. A total of 21 mixture designs were
selected, and 336 specimens were treated for 7 and 28 days
under wet and combined curing as a modern technique.

26

To evaluate the mechanical properties of ultra-high-
performance fiber-reinforced concrete (UHPFRC), compres-
sion and flexural tests were performed on the specimens.
The following conclusions can be drawn from this study:

1. Combined curing increased compressive strength
by approximately 40% compared to wet curing. With this
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Fig. 11—Toughness indexes of mixtures under combined curing: (a) MS specimens, (b) MLQ specimens; and (c) MSLQ

specimens.

curing, the compressive strength of more than 150 MPa
(21.76 ksi) was obtained in most specimens. For example, the
MS(ST) specimen cured by this method recorded compres-
sive strength of 184 MPa (26.69 ksi). On the other hand,
combined curing reduced flexural behavior and ductility
indexes compared to wet curing. The specimens under the
combined curing experienced approximately a 35% reduc-
tion in their deflection capacity compared to those cured
under wet conditions.

2. The specimens containing slag achieved the best results
in terms of compressive strength and flexural strength,
indicating the feasibility of cement replacement with slag,
without significantly reducing the strength of this type
of concrete. For example, samples containing steel fibers
displayed a compressive strength of 140 MPa (20.30 ksi),
10% more than those specimens without fibers.

3. The specimens containing limestone powder and quartz
powder reduced the compressive strength (by approximately
15%) compared to the MS specimens, while the overall flex-
ural behavior is almost similar to the mixture containing slag
with identical fibers. However, it appeared as an acceptable

ACI Materials Journal/September 2023

strength, which is cost-effective and environmentally
friendly.

4. The simultaneous use of microsilica, slag, limestone
powder, and quartz powder showed better results compared
to the MLQ mixture. The compressive strength of the MSLQ
mixture is reduced (by approximately 7%) compared to
specimens containing slag, while the flexural performance
is similar to the MS specimens. Due to the significant reduc-
tion in cement and the replacement of approximately 50%
of cement with slag and limestone powder, the development
of this mixture design is justified both economically and
environmentally.

5. The best results as regards flexural strength and energy
absorption were recorded by the samples containing steel
fibers and synthetic macrofibers with a slight difference.
Using synthetic macrofibers in the mixtures in comparison
to steel fibers obtained the largest strain-hardening area.
The Is, I, and I,y indexes were acceptable in all specimens
containing macrofibers, which indicates that the macrofibers
have appropriate flexural toughness.
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Table 9—Cost per cubic meter of UHPFRC mixtures

Mixtures Production cost, USD
MS 412
MS(ST) 776
MS(ST-BA) 691
MS(ST-PP) 634
MS(BA) 605
MS(PP-BA) 548
MS(PP) 491
MLQ 401
MLQ(ST) 767
MLQ(ST-BA) 632
MLQ(ST-PP) 625
MLQ(BA) 596
MLQ(PP) 482
MLQ(PP-BA) 539
MSLQ 386
MSLQ(ST) 681
MSLQ(ST-BA) 664
MSLQ(ST-PP) 608
MSLQ(BA) 579
MSLQ(PP) 465
MSLQ(PP-BA) 522
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Carbon Dioxide Conversion and Use as Admixture for

Calcined Clay Blended Pastes

by Run-Sheng Lin and Xiao-Yong Wang

This study proposed using carbon dioxide (CO,) as an indirect
admixture for calcined clay blended pastes. By injecting CO,
gas into limewater, solid nano-CaCOj; particles were synthesized
and used to partially replace the binder at ratios of 2, 4, and 6%.
Various tests and analyses were performed on the calcined clay
blended pastes. After adding nano-CaCQOs, the strength, ultra-
sonic pulse velocity, hydration heat, and electrical resistivity were
improved; monocarboaluminate and hemicarboaluminate were
formed; and CO, emissions were lowered. The electrical resistivity
was improved more significantly than the strength. The reduction
ratio in CO, emissions was higher than the replacement ratio of
nano-CaCOj. In summary, based on the transformation of gaseous
CO; to solid nano-CaCOj; particles, the proposed technique shows
a similar concept to limestone calcined clay cement (LC3) concrete
and can overcome the limitations of carbonation curing.

Keywords: calcined clay blended concrete; carbon dioxide (CO,) conver-
sion; durability; nano-CaCQOj;; strength.

INTRODUCTION

Concrete is the most commonly used construction mate-
rial in modern society. Cement is an essential binder material
in concrete production and has been used to build various
infrastructures. However, a large quantity of carbon dioxide
(CO») is emitted during the production of cement, which
accounts for approximately 7% of the world’s total CO,
emissions.! Reducing the carbon emissions of the cement
industry while meeting engineering demands is an urgent
problem to be solved.

Supplementary cementitious materials (SCMs) such as fly
ash, slag cement, silica fume, and various natural pozzolans
(clay, shale, and diatomaceous earth)> have been used to
partially replace cement in concretes. SCM-blended concrete
involves less CO, emissions than ordinary portland cement
(OPC)-based concrete. At the same time, the secondary reac-
tion of SCMs can also generate calcium silicate hydrates
(C-S-H), improving the long-term strength of the concrete.’
Many studies have estimated the CO, emissions of
SCM-blended concrete. Vargas and Halog* constructed a
system dynamics model and found that upgrading processes of
fly ash could reduce CO, emissions. Wang et al.’ performed a
life cycle analysis of fly ash composite concrete and proposed
that fly ash could alleviate the social burden and save long-
term costs. Berndt® showed that mixing 65% slag in cement
could reduce CO, emissions by approximately 44% without
compromising performance or strength. Similarly, Shin et al.”
showed that using 56% slag could improve the performance
and release less CO,. Cancio Diaz et al.® proposed that lime-
stone calcined clay cement (LC3) could provide a low-carbon
solution by reducing greenhouse gas emissions by 20% and

ACI Materials Journal/September 2023

cost by 15%. Pillai et al.” reported that LC3 had fewer CO,
emissions than OPC concrete per year during the service life.

In addition, as a new carbon capture technology, carbon-
ation curing has been employed to manufacture concrete
products. Concrete can absorb CO, to achieve high strength
through carbonation curing.'® There are many studies on
the carbonation curing of concrete mixed with SCMs.
Monkman and Shao!! reported the benefits of carbonation
curing of slag-blended concretes, such as reduced shrinkage
and improved strength and resistance to deicing salt. Qin
et al.'> demonstrated that fly ash presented a more signif-
icant promoting effect than slag on carbonation curing.
Zhang et al."* found that fly ash concrete had higher early
strength, comparable late strength, and fewer CO, emissions
after carbonation curing. Mo et al.'* proposed that carbon-
ation curing increased the strength of fly ash-MgO-cement
blends. Wang et al.!® reported that carbonation could be used
for surface treatment to densify the surface microstructure
and reduce the permeability of concrete.

Despite the aforementioned advantages of carbonation
curing, some limitations are also evident:

1. Due to the requirements of curing equipment, carbon-
ation curing is more suitable for precast concrete than cast-
in-place concrete.'

2. The effects of carbonation curing on chloride resistance
are complicated. On the positive side, carbonation curing
reduces the number of pores and lowers the diffusion coef-
ficient. On the negative side, carbonation-cured concretes
cannot bind with chloride ions effectively, reducing the
service life of concrete in marine environments.'®

3. Carbonation curing of large specimens is very chal-
lenging. In the process of carbonation curing, by increasing
the CO,; concentration or pressure, CO, enters the interior of
the concrete through the surface. When the specimen size is
relatively small, CO, can reach the central zone of the spec-
imen. However, it is difficult for the CO, to reach the central
zone of large specimens.!” In the current research on carbon-
ation curing, small specimens (100 x 200 mm cylinders) are
often used. However, in actual engineering, the sizes of rein-
forced concrete are much larger than these cylinders.

4. Carbonation curing consumes calcium hydroxide (CH)
in the concrete and reduces the quantity of CH available for
the reactions of SCMs. In other words, carbonation curing
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/ Characteristics: \

® Use solid NC for replacing
gas CO,

® Similar component with
LC3 concrete

® Avoid various weak points
of carbonation curing x!

Fig. 1—Technical road map of proposed method.

(cara cr |

[ Benefits:
® Low carbon footprint
® High strength
® Good constructability
® Good durability

—

Table 1—Chemical compositions of cement and calcined clay

Samples SiO, Al,O4 Fe,04 CaO MgO Na,O SO, R,O LOI
Cement 20.44 3.16 3.19 64.06 2.44 0.45 2.51 3.29 0.46
Calcined clay 63.72 25.58 6.17 0.16 0.67 — — 2.87 0.83

Note: LOI is loss on ignition.

may lower the reaction degree of SCMs and impair the
concrete performance.'® Zhang et al.'> found that compared
with standard curing methods, carbonation curing reduced
the reactivity of fly ash.

To overcome these limitations of carbonation curing, this
paper proposes a technology that uses CO, as an indirect
admixture to produce concrete. The technical road map is
shown in Fig. 1.

First, by injecting CO, gas into limewater, a suspen-
sion of nano-CaCO; (NC) can be prepared. This reac-
tion realizes the transformation of gaseous CO, into solid
nano-CaCOs particles.

Second, the synthesized nano-CaCOj; particles were used
to replace a part of the binder material of concrete, and
samples with different substitution ratios were prepared.

Through a series of tests and analyses such as strength, heat
of hydration, electrical resistivity, ultrasonic pulse velocity
(UPV), X-ray powder diffraction (XRD), thermogravimetric
analysis (TGA), scanning electron microscopy (SEM), and
CO,; emissions, the benefits of the proposed method were
clarified in terms of mechanical properties, durability, and
environmental performance.

The flow of this paper is as follows: the first section
provides the literature review, research significance, and
an outline of the study. In the second section, the experi-
mental details including raw materials, mixture preparation,
and methods are presented, and the third section provides
the experimental results. Finally, the last section presents
the conclusions.

RESEARCH SIGNIFICANCE
A feasible way to reduce CO, emissions without compro-
mising concrete performance is urgently required. The CO,
conversion method proposed in this paper converts gaseous
CO, into solid nano-calcium carbonate, which is used as a
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mineral admixture for concrete. The aim of CO, elimina-
tion is not fully reached because the proposed method only
reduces the CO, emissions for unit strength, and the ability
of CO, elimination is weaker compared with the carbonation
curing method. Through experimental studies at the macro
and micro levels, this paper clarifies the mechanism of the
carbon conversion method to improve the performance of
concrete mixed with calcined clay. The advantages of the
proposed method in reducing carbon emissions and its engi-
neering significance are analyzed in detail.

EXPERIMENTAL DETAILS

Raw materials

Type I OPC obtained from the domestic market of Korea
was calcined at 800°C with a kaolinite content of 27.0%.'®
It is worth mentioning that the family of “clay materials”
is large. For different countries, the clay materials may be
different. This study only used clay materials from Korea.
The median particle size (Dv(50)) values of OPC and
calcined clay were determined as 18.2 and 12.4 um, respec-
tively, through particle-size distribution analysis. The chem-
ical compositions of OPC and calcined clay are shown in
Table 1. Commercial calcium hydroxide (purity 98%),
deionized water, and commercially available CO, gas with a
100% concentration were used in this study.

Synthesis of nano-calcium carbonate

Before preparing the cement samples, nano-calcium
carbonate was synthesized. According to the formulation
in Table 2, Ca(OH), was dissolved in deionized water.
Then CO, was introduced to the limewater at a flow rate of
20 L/min with continuous mechanical stirring at 300 rpm/
min. The reaction ended when the pH of the solution was
between 7 and 8. The reaction is shown as follows

ACI Materials Journal/September 2023



Ca(OH), + CO, — CaCO; + H,O (1)
where CO, on the left is a gaseous reactant; and CaCO; on
the right is a solid product. Through this reaction, the conver-
sion of CO, from gas to solid is achieved. According to the
life cycle inventory of CO, in Korea,' the embodied CO,
of 1 g Ca(OH), is 0.53 g. Based on Eq. (1), to produce 1 g
of nano-CaCQ;, 0.44 g of CO, is consumed. In other words,
the CO, emissions to produce nano-CaCOj are (74 x 0.53 —
44)/100 =—-0.0478 g/g, where 74 and 44 are the molar weights
of Ca(OH), and CO,, respectively. That is, the CO, uptake to
produce 1 g of nano-CaCO; is negative—that is, —0.0478 g.

Mixture preparation

The mixture proportions of the binder pastes are listed in
Table 3. The water in the specimens consists of the mixing
water and the water generated in Eq. (1). For various speci-
mens, the contents of total water are the same—that is, 50%.
The mixing water shown in Table 3 is the initial volume of
water for the synthesis. For most LC3 specimens, the sum
of calcined clay and limestone powder is approximately
45 to 50%, and the mass ratio of calcined clay to lime-
stone powder is approximately 2:1. The replacement rate
of calcined clay in LC3 is approximately 30%. Hence, in
this study, the replacement rate of calcined clay was set at
30%. For all specimens, the mass ratio of cement to calcined
clay is kept constant at 7:3, which is widely used in current
engineering practices.?’ Specimens NCO0, NC2, NC4, and
NC6 were prepared by adding various quantities of calcium
carbonate—that is, 0, 2, 4, and 6% of the binder content
(cement and calcined clay)—into the pastes, respectively. A
water-binder ratio (w/b) of 0.5 was used for all the mixtures.
This w/b is widely used in engineering practices and can
represent the concrete widely used in construction sites. It is
worth noting that because the reaction of CO, and Ca(OH),
will produce additional water, the total amount of water is
the sum of the mixing water and the water produced by the
reaction of CO, and Ca(OH),.

Table 2—Amounts of reactant Ca(OH), and
produced water and calcium carbonate, wt.%
of binder

Sample | Ca(OH), (produced by Cazgei:l(;z + CO; reaction) CaCO;
NCO 0 0 0
NC2 1.48 0.36 2
NC4 2.96 0.72 4
NCo6 4.44 1.08 6

Methods

The paste specimens were mixed by a mechanical stirrer
and placed into molds. The molds were removed after the
first day, and the specimens were wrapped with a film for
sealed curing in a curing chamber (20°C) for 1, 3, 7, and
28 days.

Compressive strength, ultrasonic pulse velocity, and
isothermal calorimetry—The compressive strength of
the specimens were tested according to ASTM C349.
The compressive strength specimens are cubes (40 x 40 x
160 mm). The UPV tester used a portable nondestructive
digital indicator tester in accordance with ASTM C597. The
UPV specimens are prisms (40 x 40 x 160 mm). For the
UPV test, the measurements were performed along the long
axis, and for the compressive test, the measurements were
performed on the lateral side to avoid the influence of the
placement of the specimens.

The hydration heats of the samples were tested at 20°C
on an isothermal calorimeter following the experimental
method in the literature.?!

Microstructure characterization—To characterize the
microstructure, hydration was terminated for all samples
using a solvent exchange method before characteriza-
tion.?! TGA of the pastes was performed using a simulta-
neous differential scanning calorimetry (DSC)/differential
thermal analysis (DTA)/TGA system. The heating rate was
10°C/min, and the temperature range was 20 to 1050°C.
XRD analysis was carried out with a diffractometer with
Cu Ka radiation (A = 1.5406 A). The attenuated total reflec-
tance-Fourier-transform infrared spectroscopy (ATR-FTIR)
measurements were conducted using a spectrometer with
a resolution of 0.4 cm™!. Microscopic morphologies of the
sheet samples were observed using ultra-high-resolution
SEM (UHR-SEM). Prior to the observations, the surfaces
of the samples were coated with platinum on an ion sputter
system. High-resolution transmission electron microscopy
(TEM) images were obtained using a TEM system equipped
with a Schottky-type field-emission source. The accelerating
voltage was 200 kV, and the point resolution and lattice reso-
lution were 0.19 and 0.10 nm, respectively.

Electrical resistivity—The electrical resistivities of the
samples were measured according to RILEM TC154-EMC
on a resistivity meter.?!

RESULTS
Structure and morphology of nano-CaCO;

As shown in the SEM images (Fig. 2(a) and (b)), the
nano-calcium carbonate particles had a regular diamond
shape with a uniform size of approximately 100 to 300 nm,
which was significantly smaller than the cement particles

Table 3—Mixture proportions of blended cement pastes

OPC, wt.% Calcined clay, Synthesized nano-CaCOs, | Mixing water, | Water (produced by Ca(OH), + | Total water,

Sample of binder wt.% of binder wt.% of binder wt.% CO; reaction), wt.% wt.% wib
NCO 70 30 0 50 0 50 0.50
NC2 68.6 294 2 49.64 0.36 50 0.50
NC4 67.2 28.8 4 49.28 0.72 50 0.50
NC6 65.8 28.2 6 48.92 1.08 50 0.50
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Fig. 2—Characterization of synthesized nano-CaCOyj: (a) and (b) SEM images; (c) XRD pattern, and (d) ATR-FTIR spectrum.

-

200 nm

Fig. 3—TEM images of synthesized nano-CaCO;.

(10 to 20 pum). In other words, the produced calcite was
apprixmately 100 times finer than the cement. To emphasize
the size effect of the produced calcite, the current research
uses the terminology of nano-calcium carbonate. Figure 2(c)
shows the XRD pattern of nano-calcium carbonate. Diffrac-
tion peaks at 20 = 23.0, 29.4, 36.0, 39.4, 43.1, 47.5, and
48.5 degrees were assigned to the CaCO; (012), (104),
(110), (113), (202), (018), and (116) planes, respectively,
confirming the rhombohedrons calcite structure (Joint
Committee on Powder Diffraction Standards [JCPDS]
card number).?! Figure 2(d) shows the FTIR spectrum of
nano-calcium carbonate, wherein the asymmetric stretching
vibration of CO3>~ occurs at 1419 cm™, and the peaks at 873
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and 712 cm™! indicate the out-of-plane bending vibration
of CO;>. In the TEM image (Fig. 3), the synthesized nano-
calcium carbonate had a rhombus shape. In addition, the
selected area electron diffraction (SAED) pattern of calcium
carbonate showed sharp diffraction spots, indicating a high
crystal orientation.

Strength

Concrete is a composite material consisting of the paste,
aggregate, and interfacial transition zone phases. The
concrete strength is highly dependent on the properties of
the paste phase. Figure 4(a) shows the compressive strength
after curing for 1, 3, 7, and 28 days. Figure 4(b) shows the
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compressive strength normalized to the strength of NCO.
The calculation equation of the relative strength (R) is shown
as follows

R = feilfe; 2)

where fc, is the strength of the specimen containing nano-
calcite (NC2, NC4, and NC6); and fc, is the strength of the
control specimen (NCO).

From the first to seventh days, the strength increased
rapidly. From the seventh to 28th days, the increase in
strength was relatively slow. This was similar to the
development trend due to hydration reported by Lin et al.?!
In addition, on the first day, as the nano-CaCOj; content
increased, the relative strength of the specimens increased.
Compared with NCO, the 1-day strength of NC2, NC4,
and NC6 increased by 126.1, 140.5, and 148.9%, respec-
tively. On day 28, as the nano-CaCO; content increased, the
relative strength of the specimens first increased and then
slightly decreased. The 28-day strength of NC2, NC4, and
NC6 increased by 110.5, 118.3, and 116.3% compared with
specimen NCO, respectively.

The effects of nano-CaCO; on hydration include
three aspects:

1. Nano-CaCOs; can provide additional nucleation sites for
hydration products, accelerating the hydration of cement and
improving the strength.??

2. Nano-CaCOj; can react with the aluminate in cement
and calcined clay to form hemicarboaluminate (Hc) and
monocarboaluminate (Mc), filling the pores and increasing
the strength.?

3. When nano-CaCQO; is used to partially replace the
cementitious material, the content of cement and calcined
clay is reduced due to a dilution effect, which can also
reduce the strength.??

It was reported that the properties of the limestone
powders depended on three effects—that is, the nucleation
effect, chemical reaction, and dilution effect. In this study,
nano-calcite was prepared with a diameter between 100 and
300 nm. Similar to the previous work,'® the three effects also
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existed for the produced nano-calcite. In short, after adding
nano-CaCQj, the three factors acted synergically to impact
the paste strength. Moreover, the influence of these factors
also changed with curing ages.

By comparing the relative strengths on day 1 and day 28,
nano-CaCO; had a more significant effect on the early
strength due to its nucleation effect. The nano-CaCO; parti-
cles could provide additional precipitation sites for the
hydrates and accelerate the hydration of cement.'® On the
other hand, on day 28, the strength of NC6 was slightly
lower than that of NC4, mainly due to a decreased amount
of cement (dilution effect of nano-CaCOs).

Hydration heat

Figure 5 shows the effect of nano-CaCOj; on the release rate
of hydration heat. As the content of nano-CaCOj; increased,
the dormant period of the hydration decreased (Fig. 5(a))
because the nucleation effect of nano-CaCQOj; accelerated
the hydration of cement. In addition, as the content of nano-
CaCQ;j; increased, the reaction peak of C;S and the redisso-
lution peak of C;A increased significantly. The sulfate ions
were adsorbed in the C-S-H precipitates due to the ongoing
hydration of C3S.? The reaction rate of C;S increased as
the filler effect accelerated the precipitation rate of C-S-H,
increasing the adsorbed amount of sulfate. The depletion of
gypsum occurred at an early stage and consequently shifted
the aluminate peak to the left.>* Moreover, after 20 hours,
with the increase in nano-CaCOs content, the release rate
of hydration heat did not increase significantly for all spec-
imens. This suggested that the acceleration effect of nano-
CaCO; mainly occurred in the early stage (before 1 day) of
hydration, and its impact on the later hydration (after 1 day)
was limited.

Moreover, Hu et al.>> showed that the initial and final
setting times determined by isothermal calorimetry were
consistent with the setting times determined according to
ASTM C403/C403M. The initial setting time corresponds to
the time when the rapid temperature rise starts after the induc-
tion period of the exothermic curve, and the final setting time
corresponds to the time when the cement exotherm reaches
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Fig. 5—Hydration heat of specimens: (a) heat rate; (b) cumulative hydration heat; and (c) strength versus cumulative hydra-

tion heat.

the maximum rate in the acceleration period. As shown in
Fig. 5(a), adding nano-CaCOj could significantly shorten the
initial setting time (NCO is 3.23 hours; NC2 is 2.95 hours;
NC4 is 2.63 hours; NC6 is 2.31 hours) and final setting time
(NCO is 6.63 hours; NC2 is 5.24 hours; NC4 is 4.10 hours;
NC6 is 3.94 hours).

Figure 5(b) shows the effect of nano-CaCO; on the accumu-
lated hydration heat. As the nano-CaCO; content increased,
more hydration heat was generated. It suggested that in the
early stage of hydration (3 days), the promotion effect of
nano-CaCOj; was more significant than the dilution effect.

Figure 5(c) shows the relationship between the compres-
sive strength and cumulative hydration heat on days 1 and
3. The compressive strength and hydration heat showed a
linear relationship for different specimens. The regression
equation was strength = 0.1477 x heat—9.7612, and the coef-
ficient of determination was 0.968. In addition, according to
the regression, the hydration heat was 67.71 J/g when the
compressive strength was 0. When cement came into contact
with water, the mixture began to generate hydration heat.?
However, no compressive strength was observed until the
hydration heat exceeded a threshold (67.71 J/g in this study).

On the SEM and TEM images (Fig. 6), a large number of
needle-like ettringite (AFt) crystals and flocculent calcium
aluminate silicate hydrate (C-A-S-H) were formed during
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the first day of hydration. In addition, the growth of C-A-S-H
on the surface of nano-calcium carbonate could be observed
in the TEM images.

XRD

Figure 7(a) shows the XRD results of the specimens
on day 1. First, the formation of AFt crystals was found.
Compared with NCO, the specimens containing nano-
calcium carbonate generated more AFt, consistent with the
dissolution peak of C;A observed in the hydration heat exper-
iment. In addition, the monocarboaluminate (Mc) peak was
observed. Mc is the reaction product of calcium carbonate
and the aluminate phase in the binder (cement and calcined
clay). As the content of nano-CaCOj; increased from 4 to 6%,
the Mc peak was more obvious, suggesting more Mc was
formed. Moreover, for the NCO specimen, calcium carbonate
peaks were also observed because the cement contained 2 to
3% calcium carbonate.?® However, compared to NC6, the Mc
content in NCO was lower. The calcium carbonate particles in
NCO were from the cement and had a micron size. In contrast,
the calcium carbonate particles in NC6 were in the nano-size
range and mainly from the synthesis. Nanoscale calcium
carbonate was more reactive than the micron-sized one.

Figure 7(b) shows the XRD results of the curing speci-
mens on day 28. For NC2, NC4, and NC6, the transformation
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Fig. 6—(a) SEM; and (b) TEM images of NC6 on day 1.
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of hemicarboaluminate (Hc) to monocarboaluminate (Mc)
was dependent on the content of aluminate in the binder.?!?
Increasing the content of aluminate was favorable to
produce He but unfavorable to produce Mc.?! For NC0, Mc
did not convert to He. In addition, from day 1 to day 28,
the AFt content decreased in NCO due to the conversion of
AFt to monosulfate (AFm). For NC2, NC4, and NC6, the
AFt contents did not decrease significantly,?” because nano-
CaCOs; stabilized the AFt and prevented the conversion of
AFt to AFm.! Finally, as the nano-CaCO; content increased,
the CH content decreased because the chemical reaction of
nano-CaCO; consumed CH.?! In addition, the dilution effect
of nano-CaCOj; could also reduce the content of CH.

FTIR

Figure 8 shows the FTIR spectra of the 1-day (Fig. 8(a))
and 28-day specimens (Fig. 8(b)) in the scan range of 500
to 2000 cm™!. First, the absorption band at 1416 cm™ corre-
sponded to the CO;>~ asymmetric stretching vibration in
calcium carbonate.'® The out-of-plane bending vibration of
CO;* produced a sharp absorption peak at 872 cm™..'® After
28 days of hydration, the absorption bands of NC2, NC4,
and NC6 at 872 and 1416 cm™! were weaker than those on
day 1. This might be due to the reaction between calcined
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clay and limestone to form carboaluminate hydrate,’!
consistent with the XRD analysis (Fig. 7(b)). In addition,
after 28 days of curing (Fig. 8(b)), the absorption peak at
1368 cm™! was attributed to the CO5?~ asymmetric stretching
vibration of He and Mc.!® With the increased content of
nano-CaCQ;, the absorption peak was more prominent.
Second, the absorption bands of asymmetric stretching and
bending vibrations of the Si-O bond were located at approx-
imately 950 to 960 cm™ and 630 to 680 cm™, respectively.!'®
From day 1 to day 28, the strength of the absorption band
corresponding to the Si-O bond increased, indicating an
increased C-S-H content with the progress of hydration. The
absorption peak on day 28 shifted to higher wavenumbers
compared to that on day 1, indicating that the Si-O bonds
gradually transformed to Si-O-Si bonds. In other words,
from day 1 to day 28, the degree of polymerization of C-S-H
increased.!® Moreover, the stretching vibration absorption
band of the Si-O bond at approximately 798 cm™ reflected
the quartz phase in calcined clay.!® Third, the absorption
band at approximately 1105 cm™ corresponded to the SO,*~
asymmetric stretching vibration of gypsum.'® After 28 days
of hydration, the strength of the absorption band of SO4*
was weakened due to the consumption of gypsum, consis-
tent with the results of the previous studies.?!
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Fig. 9—(a) TGA curves of specimens; and (b) DTG curves of specimens.

TGA

Figure 9 shows the results of the TGA (Fig. 9(a)) and
differential thermogravimetric (DTG) (Fig. 9(b)) tests. As
the temperature increased, the hydrated products started
to decompose.?® The notable mass loss below 700°C was
mainly attributed to dehydration of C-S-H gel. Thermal
decomposition of pure calcite (Fig. 9) occurred between
720 and 820°C with a peak at 790 to 800°C. In this study,
the calcite was not pure, and these temperatures increased
slightly. The weak peaks were observed between 770 and
900°C in Fig. 9(b) on day 28.

The contents of combined water were calculated between
40 and 550°C as follows®

(w40 — w550)

Combined water = w550 3)

where w40 and w550 are the weights of specimens at the

temperatures of 40 and 550°C, respectively.
The contents of calcium hydroxide were calculated
between 400 and 500°C as follows?’

CH = (w400 — w500)/wS550 x 74/18 @)
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where w400 and w500 are the weights of specimens at the
temperatures of 400 and 500°C, respectively.

The calculation results of combined water and calcium
hydroxide are shown in Table 4. First, from day 1 to
day 28, the content of chemically bound water increased
due to continuous hydration. As the content of nano-CaCO;
increased, its chemical reaction produced Hc and Mc
containing more chemically bound water. In addition, more
chemically bound water implied more hydration products,
consistent with the results of the strength and hydration heat.

Second, as the content of nano-CaCO; increased, the
content of CH also increased on day 1 because the nucleation
effect of nano-CaCOj accelerated the hydration of cement and
produced more CH. On day 28, the CH contents in NC2, NC4,
and NC6 were lower than that in NCO. The dilution effect of
nano-CaCO; reduced the amount of cement and produced less
CH. Moreover, the chemical reaction of nano-CaCOs could
consume CH, further reducing the content of CH.

Third, from day 1 to day 28, the content of CH decreased
for all specimens because CH was consumed in the chem-
ical reaction of calcined clay. This was similar to the experi-
mental studies on fly ash and metakaolin.?"-3

Figure 10 shows the relationship between the compres-
sive strength and chemically bound water. For all specimens
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at different ages (day 1 and day 28), a linear relationship
was found with a coefficient of determination of 0.997.
This finding was consistent with Lin et al.’s research.'® In
other words, the chemically bound water was a good indi-
cator of compressive strength. When the chemically bound
water was 0, compressive strength was not observed. In this
study, the intercept of the regression line on the x-axis was
5.483 in the plot of strength and chemically bound water.

Table 4—Amounts of combined water and
calcium hydroxide

Combined water content, | Ca(OH), content,
Specimen wt.% binder mass wt.% binder mass
NCO0-1 day 8.25 4.19
NC2-1 day 8.99 443
NC4-1 day 9.64 4.69
NC6-1 day 10.01 4.72
NC0-28 days 22.98 4.15
NC2-28 days 23.48 3.64
NC4-28 days 24.55 3.92
NC6-28 days 25.35 3.75
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Fig. 10—Strength versus combined water of specimens.
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When the chemically bound water was greater than 5.483,
compressive strength was detected. This was consistent with
the concept of the final setting, wherein the final setting time
corresponds to the start time of the development of compres-
sive strength.

UPV

As shown in Fig. 11(a), the development trend of UPV was
the same as that of compressive strength. In the early period
(days 1 to 7), the UPV increased rapidly. From days 7 to 28,
the increases in UPV were not obvious. In addition, between
days 1 and 3, the UPV increased as the nano-CaCO; contents
increased because the nano-CaCO; promoted hydration and
produced more hydration products.

Figure 11(b) shows the relationship between the compres-
sive strength and the UPV. For different specimens, the
compressive strength and UPV showed an exponential rela-
tionship at different ages with a coefficient of determination
of 0.974. The compressive strength depended on the number
of hydration products, and the UPV mainly relied on the
amount of solid matter in the system. In other words, the
development trend of the compressive strength was consis-
tent with that of the UPV, and the UPV could be used as
a nondestructive test method to measure the development
of strength.

Electrical resistivity

Resistivity tests and other porosity analyses are relevant
for all cement-based materials, such as paste, mortar, and
concrete. Table 5 shows the electrical resistivity measure-
ment results. At each age, as the nano-CaCO; content
increased, the electrical resistivity increased. On day 28,
the electrical resistivity of the specimen was 2.85 times
that of the specimen without nano-CaCO; (NCO specimen)
(88.7/31.1 =2.85). The electrical resistivity is mainly related
to the pore-size distribution and water content of the paste.
Nano-CaCO; particles could react with aluminate to refine
the pores, significantly enhancing the electrical resistivity
and further increasing the durability of the paste structures.

In addition, from day 1 to day 28, the resistivity of NCO
increased 19.44 times (31.1/1.6 = 19.44), and the resistivity
of NC6 increased 35.48 times (88.7/2.5 = 35.48), confirming
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Table 5—Electrical resistivity on different days, kQ-cm

Curing ages NCO NC2 NC4 NC6
1 day 1.6 1.7 22 2.5
3 days 3.2 4.4 6.4 7.8
7 days 8.9 26.2 35.6 40.1
28 days 31.1 71.6 84.2 88.7

that the chemical reaction of nano-CaCO; prompted the pore
structure refinement.

After adding nano-CaCO;, the UPV, compressive
strength, and electrical resistivity all increased. Moreover,
the increase in electrical resistivity was more significant
than the increases in UPV and strength. This was mainly
because the UPV and strength were more related to the
content of solid hydration products, while the electrical
resistivity also depended on the paste pore-size distribution
and water content.

CO, emissions analysis

For paste specimens, the volumetric sum of their compo-
nents, such as cement, calcined clay, nano-CaCOs;, and
water, should be 1 m? as follows

I

g~

m; _
o =1 ®)

where m; and p; are the mass and density of component i,
respectively. Using Eq. (2) and the mixture ratio of the spec-
imens, the mass of the paste component was calculated. The
densities of cement, calcined clay, nano-CaCOs;, and water
are 3150, 2600, 2700, and 1000 kg/m?, respectively.'®

The CO, emissions of 1 m?® of paste can be determined
as follows

4
CO,r = ;micozi (6)

where CO,7 and CO,; are the CO, emissions of the paste and
the components of the paste, respectively. The CO, emis-
sions of 1 kg of cement, calcined clay, nano-CaCOs3, and
water are 0.86, 0.27, —0.0478, and 0.0003 kg, respectively.’

The normalized CO, emissions value is the ratio of the
CO,; emissions to the strength of the paste. The normalized
CO, emissions indicate the amount of CO, emissions for
1 MPa of strength and can be determined as follows

Neo, = 9 @)
fe

where NCO, and f. are the normalized CO, emissions and
the strength, respectively. Based on Eq. (2), (3), and (4),
the normalized CO, emissions for specimens NCO0, NC2,
NC4, and NC6 were determined as 20.74, 18.37, 16.79,
and 16.58 kg/m3/MPa, respectively. The calculation results
showed that as the nano-CaCOj; replacement rate increased,
the CO, emissions per unit strength decreased. Compared
with NCO, the CO, emissions were reduced by 20% in NC6.
The reduction rate in CO, emissions was significantly higher
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than the replacement rate of nano-CaCOs. This was because
nano-CaCQO; improved the late strength and had a negative
CO,; emissions value. Therefore, nano-CaCO; can improve
cement paste’s strength to meet engineering applications’
needs and reduce CO, emissions to enhance sustainability.

CONCLUSIONS

This study proposed a novel method to use carbon
dioxide (CO,) as an indirect admixture of calcined clay
blended pastes. By injecting CO, gas into limewater, CO,
gas was transformed into a nano-CaCOj solid. Moreover,
this nano-calcium carbonate was used to partially replace
the binder at the ratios of 2, 4, and 6%. Various tests and
analyses were performed on the strength, hydration heat,
microstructure, electrical resistivity, and CO, emissions. The
results are summarized as follows:

1. During the first day of curing, as the nano-CaCOj; content
increased, the relative strength of the specimens increased.
The relative strengths of NC2, NC4, and NC6 were 126.1,
140.5, and 148.9% higher than that of NCO0, respectively. On
day 28, nano-CaCOj; blended specimens presented higher
strength than the control specimens.

2. The hydration heat tests showed that as the content of
nano-CaCQj increased, the dormant period of the hydration
decreased. The reaction peak of C;S and the redissolution
peak of C;A increased significantly, suggesting that more
cumulative hydration heat was generated.

3. X-ray diffraction (XRD) analysis showed that mono-
carboaluminate (Mc) was formed on day 1 as the reaction
product of the calcium carbonate and aluminate phases in
the binder (cement and calcined clay). As the content of
nano-CaCQj increased from 4 to 6%, the Mc peak was more
obvious. On day 28, part of the Mc was transformed into
hemicarbonaluminate (Hc).

4. Fourier-transform infrared spectroscopy (FTIR)
analysis showed that after 28 days of hydration, the
absorption bands of NC2, NC4, and NC6 at 872 cm™! and
1416 cm™! were weaker than those on day 1. This might be
due to the reaction between calcined clay and limestone to
form carboaluminate hydrate.

5. Thermogravimetric analysis (TGA) showed that the
content of chemically bound water increased with nano-
CaCO; because the chemical reaction of nano-CaCOs;
produced Hc and Mc. On day 1, as the content of nano-
CaCOj; increased, the CH content increased, while on
day 28, as the content of nano-CaCOj; increased, the CH
content decreased.

6. For different specimens, the compressive strength and
ultrasonic pulse velocity (UPV) showed an exponential rela-
tionship at different curing ages, and the coefficient of deter-
mination was 0.974. The UPV could be used as a nonde-
structive testing method to measure strength development.

7. At each age, the electrical resistivity increased as the
nano-CaCQOj content increased. After curing for 28 days, the
electrical resistivity of NC6 was 2.85 times higher than that
of NCO as the chemical reaction of nano-CaCO; prompted
pore refinement.

8. Compared with NCO, the CO, emissions from NC6
were reduced by 20%. The reduction rate of CO, emissions
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was significantly higher than the replacement rate of nano-
CaCOs;. This was because nano-CaCOs increased the late
strength and also had a negative CO, emissions value.

In summary, by transforming gaseous CO, to solid
nano-calcium carbonate and using nano-calcium carbonate
in concrete, this study proposed a concept similar to lime-
stone calcined clay cement (LC3) concrete. The reported
method showed various benefits, such as improved early and
late strengths, high electrical resistivity, and good construc-
tion adaptability for both precast and cast-in-place concretes.
However, only paste specimens were used in this study. For
mortar and concrete specimens, more work is required to
consider the effect of fine and coarse aggregates.
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Practical Measurement of Pore Solution Resistivity in

Fresh Mixtures

by Joseph H. Biever, Krishna Siva Teja Chopperla, O. Burkan Isgor, and W. Jason Weiss

This study compares techniques to extract pore solution from fresh
mixtures to measure the resistivity of the extracted solution. The
centrifuge approach for extracting pore solution and conductivity
probe for determining pore solution resistivity are practical and
have the potential to be used in the field. Pore solution extraction
can be done between 30 and 90 minutes after mixing without a
statistically significant difference in the measured resistivity. A
practical method is proposed to determine the pore solution resis-
tivity from the diluted cement paste samples when the extracted
pore solution quantity is not adequate for accurate measurements
with a conductivity probe.

Keywords: conductivity; fresh paste; fresh properties; pore solution; pore
solution extraction; resistivity.

INTRODUCTION

Over 30 billion tons of concrete is produced world-
wide each year.! In the United States alone, approximately
75,000 concrete trucks are used to deliver approximately
371 million yd® (284 million m?) of concrete.? The concrete
mixtures that are delivered to the construction site are
often checked for their slump, unit weight, air content,
and temperature as part of a contractual process defined by
ASTM C94/C94M-16.% These measures are often used to
demonstrate that the mixture delivered is consistent with the
concrete that was purchased.

Compressive strength and water-cementitious materials ratio
(w/cm) are often used as surrogate indicators of a concrete’s
durability to various exposure states (corrosion, freezing-and-
thawing damage, and salt attack), as demonstrated by ACI
318-19.* While this is common in construction, the use of
strength and w/cm may be insufficient in many cases to address
durability issues. This is becoming increasingly challenging,
as mixture proportions are being altered to address concerns
for economy, sustainability, and new material constituents.
Simply stated, rules of thumb that have worked in the past
that relate compressive strength and durability may need to
be reconsidered with more complicated mixture designs and
materials. As such, the quality control/quality assurance (QC/
QA) protocols that have been used in the past may need to be
updated to account for concrete durability and performance.
The American Association of State Highway and Transporta-
tion Officials (AASHTO) took a major step in this direction
by developing a model specification, AASHTO R 101-22.3
Both AASHTO R 101 and the CEB-FIP Model Code® iden-
tify transport processes of concrete as critical factors.

It should be noted that the compressive strength of hardened
concrete is measured after a specific period of time, such as 7
or 28 days, which is not helpful to make quick decisions on
the acceptance of delivered concrete at the site. Measuring
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factors such as w/cm on site as part of QC/QA protocols
could be useful. Approaches such as the AASHTO T 318-15
microwave oven-drying method’ and the Phoenix method®
use evaporation techniques to determine the w/cm of fresh
concretes. Additionally, fresh concrete resistivity properties
to determine w/cm have been explored by several authors.’ '
However, no standard methods exist to determine w/cm of
fresh concrete using electrical properties.

Another durability indicator that is typically measured on
hardened concrete and has become a part of specifications
such as AASHTO R 101 (previously noted as PP 84),>!3
“Standard Practice for Developing Performance Engineered
Concrete Pavement Mixtures,” is the formation factor (F)
of concrete. For example, AASHTO R 101 specifies the
minimum formation factor for mature concrete for limiting
transport in concrete such as chloride ingress. Similar
approaches were proposed for the use of concrete resis-
tivity; however, one limitation of using resistivity is it can be
heavily influenced by the chemistry of the fluid in the pores.'*
To overcome this, F can be used to eliminate the pore solu-
tion effects as it can be determined from the bulk resistivity
(p») and pore solution resistivity (p,)!>2° as shown in Eq. (1).

P» 1
F = Do = W (1)
where F is inversely related to the product of porosity, o,
and pore connectivity factor, f. While the formation factor
has been used to assess transport properties such as water
absorption,?! permeability,?? or chloride ingress®*** of hard-
ened concrete, it may also have value for fresh concrete.

Recently, several studies?>?® have focused on determining
the formation factor of fresh cement pastes and its prop-
erties. Sallehi et al.?® calculated the formation factor of a
variety of cementitious pastes containing ordinary portland
cement (OPC) and supplementary cementitious materials
(SCMs) such as fly ash, silica fume, and slag. They found
that the formation factor of fresh cement pastes is correlated
to the porosity, tortuosity, and w/cm of cement pastes.'* It
was shown that for a given paste mixture, the formation
factor decreases with an increase in porosity or w/cm.'® Sant
et al.”’ evaluated the variations in the electrical response
of fresh systems. Castro et al.?® and Kompare? examined
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the early-age electrical measurements in fresh concrete as
a potential QC/QA tool by testing the ability of the tool
to determine water added or admixture variations. A pore
solution sensor was developed and evaluated by Rajabipour
et al.*® Castro et al.”® noticed specifically that the conduc-
tivity was able to pick up both changes in the paste volume
and the pore solution.

Practical methods exist to measure bulk resistivity of
fresh cementitious systems'>3!-3%; however, no standardized
methods exist to measure the properties of the pore solu-
tion in fresh cementitious materials. The National Institute
of Standards and Technology’s (NIST) calculator,*® which
uses mixture proportions and oxide compositions to calcu-
late pore solution resistivity provides a good starting point;
however, it may not be accurate for fresh cementitious
systems, as it does not consider sulfate-ion concentrations
to calculate pore solution conductivity and assumes 75% of
alkalies dissolve into pore solution at early ages.’’ Rajabi-
pour et al.3® developed pore solution sensors; however,
these have a time lag, which is not a concern at later ages,
although it may be an issue in measuring fresh concrete.
Further, these sensors have yet to be mass-produced. Ther-
modynamic modeling is another tool that has been success-
fully used for long-term properties; however, these models
struggle to provide strong predictions for fresh mixtures as
they are based on long-term equilibrium calculations and
early ages are dominated by kinetic effects and dissolution
properties.*®* Direct measurement methods that use chem-
ical composition to calculate resistivity such as ion chro-
matography,®® titration,’! or inductively coupled plasma
spectroscopy (ICP)’*%* take significant time and require
multiple samples, making them expensive and impractical
for field applications. Pore solution resistivity has been able
to be calculated using chemical compositions obtained using
X-ray fluorescence (XRF) with an error of 3.75%.%*5 This,
however, requires the solution to be extracted and tested in
a laboratory environment. As such, a need exists for a prac-
tical method to extract pore solution from fresh cementitious

Table 1—Chemical composition of OPC

OPC

Cement oxides and loss on ignition (LOI) Percent by mass, %

Silicon dioxide (SiO,) 19.9
Aluminum oxide (ALOs3) 4.6
Ferric oxide (Fe,0;) 32
Calcium oxide (CaO) 62.0
Magnesium oxide (MgO) 3.8
Sulfur trioxide (SO3) 2.8
Alkalies (Na,O + 0.658-K,0) 0.57
LOI 1.6

Bogue phase composition Percent by mass, %

Tricalcium silicate (C3S) 57.0
Dicalcium silicate (C,S) 14.0
Tricalcium aluminate (C;A) 7.0
Tetracalcium aluminoferrite (C4AF) 10.0
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systems. Further, a need exists to rapidly determine the resis-
tivity of this pore solution.

This paper investigates procedures to extract pore solu-
tion and to measure pore solution resistivity for use in the
field. In addition, this study includes the determination of the
effect of time from mixing on the pore solution resistivity.
This paper also investigates a practical method to determine
the pore solution conductivity/resistivity from the diluted
cement paste sample when the extracted pore solution quan-
tity is not adequate to make accurate measurements.

RESEARCH SIGNIFICANCE

Obtaining the pore solution of a delivered concrete could
have QC/QA benefits. For example, it may be used to assess if
an admixture has been added or as a step in determining the w/
cm of the delivered concrete. This paper outlines a technique
to obtain the pore solution and to measure its electrical resis-
tivity in the field. This approach is compared with the existing
methods. This paper also discusses predicting the pore solu-
tion resistivity from diluted cementitious pastes in cases when
a limited solution can be extracted. This may provide a method
for its eventual use as a part of a QC/QA program for deter-
mining the water-cement ratio (w/c) of delivered concrete.

MATERIALS AND METHODS

Materials

An ASTM C150/C150M-19a Type I OPC was used in this
study.>® The specific gravity of this cement was 3.15, and the
Blaine fineness was 420 m*/kg. The water used in all mixtures
was ASTM D1193 Type II deionized (DI) water. Table 1 lists
the chemical composition of the OPC used in this study.

This study examines cement pastes prepared at three
different w/cm (0.35, 0.45, and 0.55). The cement pastes
were mixed in a 1000 mL tabletop vacuum mixer for a
total of 3 minutes at 400 rpm and 70% vacuum to minimize
entrapped air, and they were agitated by mixing them for
90 seconds every 15 minutes until the testing time.

Pore solution extraction methods

The two most prevalent techniques to extract fresh-
paste pore solution used previously are the nitrogen pres-
sure extraction device and the vacuum pump.’*%” Both use
applied pressure and a filter to extract the pore solution from
a fresh cement paste. The reference method used in this study
was nitrogen pressure extractor, as it is the easier of the two
methods, which also minimizes carbonation.* The method
introduced in this study to obtain pore solution was centri-
fuge extraction, and the solution obtained with this approach
is compared with the nitrogen pressure extraction method.

Nitrogen pressure extraction—Figure 1 provides a labeled
diagram of the nitrogen pressure extraction apparatus used
in this study. It consists of several parts, including a main
chamber that holds the cement paste, a steel filter, and a
0.45 pm cellulose filter to filter any solids; a funnel that
collects the extracted pore solution to transfer to a vial; and a
part to attach the nitrogen gas cylinder to the main chamber
using a connector. To extract the pore solution, the cement
paste is placed in the main chamber, which is pressurized
with nitrogen at 200 kPa. This pressure causes the solution

ACI Materials Journal/September 2023



to be separated from the paste and it passes through the filter
and is collected below the funnel.

The nitrogen pressure method of extraction takes approxi-
mately 5 minutes to obtain a sufficient amount of pore solu-
tion, which is approximately 8 mL. Between each measure-
ment, the apparatus must be taken apart, cleaned, rinsed with
DI water, dried, and a new filter must be inserted. It is only
capable of testing one sample at a time. It also requires a
nitrogen gas source, which makes it more cumbersome for
field applications. To avoid these concerns, an alternative
method—centrifuge extraction of pore solution—is studied.

Centrifuge extraction—In this method, a centrifuge spins
the samples at high speed, creating an acceleration that
separates particles from the liquid phase according to their
densities. A centrifuge can separate the pore solution from
cement paste because cement particles are denser than the
pore solution, causing them to separate due to centrifugal
force. The benefits of using a centrifuge are portability, ease
of use, and the number of samples it can run. The process
requires very little space, low effort, needs only electrical
power to operate, and requires no cleaning between the uses
as the tubes are self-contained and disposable.

In this work, centrifuge tubes (50 mL capacity) are filled
with cement pastes, and 5 minutes later, four pore solutions
are extracted from the cementitious materials. The pore
solution is then decanted into another vessel for storage or
immediate testing. The 50 mL centrifuge tubes are disposed
of after decanting the pore solution. The apparatus used
in this study can centrifuge four samples simultaneously,
with potential to have additional samples tested in larger
setups, allowing for testing to be performed much faster.
The centrifuge method also yields more pore solution from
a single cycle. An image of the centrifuge used in this study
is pictured in Fig. 2(a), along with an image of the separated
pore solution in Fig. 2(b).

Pore solution resistivity measurement methods

Two pore solution resistivity measurement methods were
considered in this study. The two methods include the resis-
tivity cell®*3-6! and conductivity probe.®>% Measurement
using a resistivity cell was used as a reference to compare
and investigate the measurement using a conductivity probe.

Cell resistivity measurement—Electrical measurements
of pore solution were taken by using a concrete resistivity
meter and running a current through a cell of known dimen-
sions filled with the pore solution.’®®* Figures 3(a) and (b)
show the details of the resistivity cell and brass plates.

To perform a measurement, the acrylic cell is inserted into
the indentation on either side of the brass plates. Pore solu-
tion is then injected with the syringe through the holes on
the top of the acrylic cell. Alligator clips are attached to the
connection points for the resistivity meter, and the imped-
ance in ohms is recorded. Resistivity is then calculated by
multiplying the impedance by the cosine of the phase angle
and the geometry factor for the acrylic cell. For this resis-
tivity cell, the geometry factor was found to be 2.76 mm,
which was calculated by dividing the cross-sectional area of
the cell (69.84 mm?) by the length of the cell (25.35 mm).
To correct the measurement to standard temperature 23°C,
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Fig. I—Illustration of nitrogen pressure extraction appa-
ratus (assembly diagram).

Fig. 2—(a) Picture of centrifuge with 50 mL centrifuge
tubes; and (b) image of specimen after cycled in centrifuge.

the Arrhenius equation (Eq. (2)) was used with an activation
energy of 13.9 kJ/mol.%5-¢7

po=prel 7 (+%)] 2)

where pr is the resistivity measured at temperature 7' (K);
po 1s the resistivity measured at the reference temperature
(298.15 K); E,, is the activation energy for resistivity (kJ/
mol); and R is the gas constant (kJ). This cell method is
preferred for measuring pore solution properties of cured
concrete, as it requires less than 2 mL of pore solution. Many
times, only approximately 2 mL of fluid can be extracted from
fully hydrated concrete samples.*®¢! There are several steps
that must be taken with this method of electrical measure-
ment to ensure accuracy. Cross-contamination between
pore solution samples, oxidation of the brass plates, and air
trapped in the acrylic cell must be minimized for an accu-
rate measurement. The plates, syringe, and cell were rinsed
with DI water between uses to prevent cross-contamination
of pore solution samples. Wires need to be securely fastened,
and connection points are cleaned to ensure proper current
flow. The brass plates need to be cleaned and polished with a
scouring product to remove the oxidized surface and rubbed
with isopropyl alcohol to remove any chemical residue.
Probe resistivity measurement—An alternative to the
cell method of measuring resistivity uses a commercial
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Fig. 3—(a) Resistivity cell with conductive metal plates at both ends for circuit connections, and (b) assembled cell with resis-

tivity meter.

conductivity probe. The probe chosen for this study is a
three-pole platinum conductivity electrode for a benchtop
meter. The experimental setup can be seen in Fig. 4.

Probes can also contain a temperature sensor such as the
one used in this study to adjust the reading to room tempera-
ture (23°C). The conductivity probe was calibrated with a
standard solution of 25 mS/cm before testing the pore solu-
tion samples. Measured conductivities of the solutions were
later converted to resistivities. Conductivity probes are not
commonly used to measure concrete pore solution, as they
require more than 2 mL of pore solution. However, suffi-
cient pore solution can be extracted from fresh concretes and
pastes as they are mostly unhydrated at an early age. There-
fore, for early-age studies, a conductivity probe is more
desirable for its faster measurement times. A single reading
took 1 minute to obtain, which was significantly faster than
the cell resistivity method.

Investigation of effect of time from initial mixing
on pore solution resistivity

To analyze the possible effect of time from mixing on
fresh pore solution resistivity, 0.35, 0.45, and 0.55 w/cm
paste mixtures were prepared, and their pore solution resis-
tivities were measured after 30, 60, and 90 minutes from
initial mixing. Each mixture was agitated by mixing it every
15 minutes for 90 seconds prior to extraction and measure-
ment of pore solution resistivity. The centrifuge method of
extraction and probe method of resistivity measurement
were used for all the samples.

Prediction of original pore solution resistivity from
diluted cement paste

One of the possible challenges for the resistivity measure-
ment of fresh cement paste pore solution (or concrete) is
obtaining an adequate amount of pore solution from fresh
mixtures. For these cases, a method is proposed that can
be used to back-calculate the original pore solution resis-
tivity (or conductivity) by measuring the conductivities of
the extracted pore solutions of diluted fresh cement pastes
(that is, serial dilution). As additional water is added to
dilute the fresh cement paste, more pore solution is yielded
upon extraction by a centrifuge. Diluted fresh cement paste
pore solution conductivity can be related to the original pore
solution conductivity using the relationship between ion
concentrations and solution conductivity that was discussed

by Snyder et al.®®
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Fig. 4—Benchtop meter with pH probe (left); and resistivity
probe testing specimen (right).

For diluting the fresh cement pastes, 60 g of fresh cement
paste was measured into two different 50 mL centrifuge
tubes. Different quantities of DI water were added to the
centrifuge tubes to create different dilutions. Dilutions were
calculated in terms of added water and were quantified using
the dilution percentage shown in Eq. (3). Seven different
dilution points were tested for each paste sample, and all
combinations of two points were examined to find the best
selection of dilution points to predict the original pore solu-
tion conductivity with the least difference. The procedure to
choose the two dilution points measurements for the predic-
tion of pore solution conductivity is further discussed in the
“Results and Discussion” section.

Vos+ Viw
Dp = [OSTSA]IOO 3)

where Dp is the dilution percentage; Vys represents the
volume of original pore solution in the sample; and V,
represents the volume of added water to the system for the
dilution.

The centrifuge tubes with the added water and the cement
paste were shaken for 60 seconds to sufficiently combine the
added water with the paste, and they were run through the
centrifuge to extract the pore solutions. The conductivity of
each sample was then measured using the conductivity probe.
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The conductivity of an undiluted sample for each trial was
also measured to act as a control for the experiment, which
allowed percent error to be calculated (difference between
the measured and predicted pore solution conductivities).
Using these measurements along with solution conductivity-
ion concentration relationships from Snyder et al.,*® a rela-
tionship was found to theoretically predict the original pore
solution conductivity. This relationship is represented as
shown by Eq. (4).

Ccale = Zcizixi (4)

where C; represents the molar concentration of each ion i; z;
is the valence number of each ion i; and 2, is the equivalent
conductivity of each ion i. The equivalent conductivity of an
ionic species can be calculated in a number of ways, but can
be simplified by a single parameter model that is accurate to
within 10% for pore solutions, as shown in Eq. (5).%

Ai
A = T+ GIP ()
where A" is the equivalent conductivity of an ionic species at
infinite dilution; and G; is the conductivity coefficient. The
values of these coefficients can be found in the literature.®
The value 7, is the ionic strength on a molar basis and is
described by Eq. (6).%®

1
Iy = 522G (6)

Equations (3) through (6) can be combined to create an
equation that relates the conductivities of the two pore solu-
tions as a function of ion concentration. While the original
ion concentrations are unknown, multiple data points allow
these unknowns to be solved with a system of equations.
To create a function of pore solution conductivity in terms
of concentration of pore solutions for diluted cement pastes,
a new term for ion concentration was required in terms of
the volume of added water for dilution. For each quantity
of added water, it would quantify its change to the original
concentration C;. The following relationship was developed
for determining the ion concentration at the dilution point

G

Aw
|+
VOS

(7

Cidilution =

Pore solution of fresh cement paste (in the 30 to 90 minutes
from initial mixing window) primarily consists of sodium
(Na"), potassium (K*), hydroxide (OH"), and sulfate (SO,*)
ions.> Because little to no hydration is expected to take
place, calcium (Ca®") concentration was assumed as insig-
nificant at this early of an age. These ion concentrations
were included in the function to solve for the original (undi-
luted cement paste sample) pore solution conductivity. The
resulting function using Eq. (3) through (6) is shown in
simplified form as Eq. (8).
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To solve Eq. (8), five unknown constants (Cx, Cna, Con,
Cso4, Vos) must be determined. While these constants can
be found by fitting the function to the five dilution points,
the process can be simplified by reducing the number of
unknown constants. For example, Coy can be estimated
using pH, which was measured for one of the two pore solu-
tions from the diluted samples, and the volume of added
water of that pH measurement was noted for Coy measure-
ments that would be required. The activity of OH™ was then
used to estimate the Coy in the pore solution. In this work,
the activity coefficient for OH™ was assumed as 0.7 based
on the literature,’®’" but this assumption can be revised with
additional information about the mixtures. Cso4 Was approx-
imated using an equation developed by Taylor,”? as shown
in Eq. (9).

1
Cso, = (0.06-L5)(Cu+ €y ©)

An assumption was made that the ratio of Na,O to K,0 of
OPC would be equal to Cy./Ck in the pore solution. Table 2
shows average percent by mass quantities of Na,O and K,O
for a variety of portland cements’® and SCMs.”

For the Type I cement used in this study, a ratio of 0.3
was used to develop the following relationship between ion
concentrations, as shown in Eq. (10).

Crna = 0.3Ck (10)

A MATLAB code was prepared to solve Eq. (7) through
(9) and relate the measured conductivities of the two solu-
tions from the diluted samples and the pH of one of the solu-
tions of diluted samples to find the original pore solution
conductivity. This function solves for two unknowns (Cy,
and V) to provide the conductivity of the pore solution of
the undiluted sample. To quantify the accuracy of the predic-
tions generated by the MATLAB code, the percent differ-
ence in predicted and measured conductivity (Ac %) was
calculated. This calculation is represented by Eq. (11).

Oy —

ao% = [Z5-|100 (1)

where 6, is the measured conductivity of the undiluted pore
solution sample; and o, represents the predicted pore solu-
tion conductivity based on the fitted function to the points.

RESULTS AND DISCUSSION
Extraction methods analysis
Table 3 shows the measured resistivity values of pore solu-
tion extracted using both the nitrogen pressure and centri-
fuge extraction methods. Statistical analysis was done using
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a t-test of two means to compare the extraction methods at

each w/cm. Table 3 also shows the results of the analysis.
The calculated p-values across all three w/cm tests were

greater than 0.05, implying that no statistically significant

Table 2—Mean of typical Na,O and K,0
compositions in portland cements and SCMs,
% by mass™

Cement/SCM type Statistic Na,O K,0
Mean 0.18 0.67

Type I
SD 0.08 0.34
Mean 0.17 0.57

Type II
SD 0.07 0.22
Mean 0.16 0.60

Type III
SD 0.07 0.22
Mean 0.15 0.47

Type V
SD 0.06 0.13
Mean 0.41 0.34

Undensified silica fume
SD 0.55 0.27
Mean 0.32 0.63
Densified silica fume
SD 0.39 0.14
Mean 1.88 1.34
Class F fly ash
SD 2.17 0.78
Mean 1.98 0.58
Class C fly ash
SD 1.45 0.26
Mean 0.32 0.45
Slag
SD 0.12 0.13
Mean 0.81 0.85
Calcinated clays

SD 2.02 1.82

Note: SD is standard deviation.

difference exists between the extraction test methods. The
centrifuge method samples were easier to prepare, and dispos-
able centrifuge tubes eliminated cleanup. It also yielded 3 mL
more pore solution in the 0.35 w/cm samples compared to the
nitrogen pressure method. The centrifuge method provides
flexibility to choose sample sizes. Additionally, four samples
were extracted in 5 minutes using the centrifuge method,
whereas only one sample was extracted using the nitrogen
pressure method in 5 minutes. For these reasons, the centri-
fuge extraction method was found to be a more practical
method for extracting pore solution from fresh cement pastes
compared to the nitrogen pressure extraction method.

Resistivity methods analysis

Table 4 shows resistivity measurements made using both
the resistivity cell and conductivity probe methods. The
centrifuge method of extraction was used for this compar-
ison for consistency in results. Statistical analysis was
done using a t-test to compare the resistivity measurement
methods. Table 4 also shows the results of the analysis.

Reported p-values of 0.059, 0.233, and 1.023 all indicated
that there was no statistically significant difference between
the mean resistivity measurements existing at a significance
level of 0.05. The cell method of resistivity measurement
was found to take approximately 3 minutes to make a single
measurement, compared to approximately 1 minute for the
probe to complete a resistivity measurement. Therefore,
using the probe method for determining the resistivity of
pore solution is recommended for making faster and more
accurate measurements.

Effect of time from initial mixing on pore solution
resistivity

Table 5 shows the pore solution resistivity measurements
measured on 0.35, 0.45, and 0.55 w/cm cement pastes pore

Table 3—i-test statistical comparison of differences in resistivity measurement means due to different

pore solution extraction methods (sample size = 3)

wlem Extraction method Resistivity, ohm'm Standard deviation, ohm'm Coefficient of variation p-value
Nitrogen 0.222 0.004 0.019
0.35 0.241
Centrifuge 0.225 0.003 0.015
Nitrogen 0.258 0.004 0.017
0.45 0.145
Centrifuge 0.262 0.002 0.006
Nitrogen 0.294 0.002 0.008
0.55 0.372
Centrifuge 0.295 0.001 0.003

Table 4—i-test statistical comparison of differences in resistivity measurement means using cell and

probe methods (sample size = 3)

w/cm | Resistivity measurement method | Resistivity measurement, ohm'm | Standard deviation, ohm'm | Coefficient of variation p-value
Cell 0.265 0.002 0.008

0.35 0.059
Probe 0.257 0.003 0.013
Cell 0.300 0.010 0.033

0.45 0.233
Probe 0.292 0.008 0.026
Cell 0.350 0.010 0.027

0.55 1.023
Probe 0.341 0.008 0.023
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Table 5—Statistical analysis of differences between resistivities of pore solutions extracted after 30, 60,
and 90 minutes from initial mixing (sample size = 3)

w/cm | Time from initial mixing, minutes | Resistivity, ohm'm | Standard deviation, ohm'm | Coefficient of variation p-values (ANOVA results)
30 0.206 0.0179 0.0869
0.35 60 0.199 0.0127 0.0638 0.604
90 0.198 0.0124 0.0626
30 0.253 0.0099 0.0391
0.45 60 0.259 0.0014 0.0054 0.621
90 0.254 0.0028 0.0110
30 0.289 0.0122 0.0422
0.55 60 0.285 0.0041 0.0144 0.606
90 0.284 0.0032 0.0113

solutions at 30, 60, and 90 minutes after initial mixing.
Analysis of variance (ANOVA) tests were performed to
find if there was a statistically significant difference in the
mean measured resistivities. The ANOVA results reported
p-values greater than the significance interval of 0.05.
Therefore, there is no statistically significant difference
in pore solution resistivity at 30, 60, and 90 minutes after
initial mixing. A similar observation was made in previous
studies'?%?7 where no noticeable difference in pore solution
resistivity of fresh cement pastes was observed during the
induction period of cement hydration.

This observation has practical implications. Concrete
trucks typically arrive on site between 30 and 90 minutes
after the mixture is first prepared at a batching plant. Because
the statistical analysis shows the pore solution resistivity
does not significantly change in this fresh state of concrete,
testing can be simplified. All pore solution resistivity
measurements taken within the 30- to 90-minute window
from initial mixing will not require time adjustments.

Prediction of pore solution conductivity

Seven dilutions were tested in this study for each w/cm
mixture. As the prepared MATLAB program uses resistiv-
ities of pore solutions of pastes at two dilutions to make a
prediction of original pore solution resistivity, there were
21 combinations of two dilution points for the input to the
function. To determine the best two dilution points in terms
of predicting original pore solution conductivity accurately,
all 21 combinations were tested. Table 6 shows the percent
difference in predicted and measured conductivities of the
samples with 0.35, 0.45, and 0.55 w/cm of the three best
dilution combinations of all 21 combinations.

The two dilution points that predicted the original pore solu-
tion conductivities most accurately were 120 and 144%. This
is probably because these dilution levels were the most concen-
trated among the tested dilutions. However, if the 120% dilu-
tion point is unattainable due to the water content of the sample,
144 and 176% dilutions could also be used as the predictions
did not change significantly (the difference in average predicted
and original pore solution conductivity was 0.8%).

Figure 5 shows the graphical output for each w/cm. The
figure demonstrates using an average of 144 and 176%
dilutions to back-calculate for the original pore solution
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Table 6—Percent difference in predicted and
original pore solution conductivity for 0.35,
0.45, and 0.55 w/cm samples when different
combinations of two dilution points are chosen

w/cm | Percent difference in predicted and original pore solution conductivity
0.35 1317 -0.26" 3.52¢
0.45 -1.35" ~1.117 ~1.27¢
0.55 0.62" 4.341 1.59%

“Conductivities of diluted solutions with average D, of 120 and 144% were used for
prediction of original pore solution conductivity.

fConductivities of diluted solutions with average D, of 144 and 176% were used for
prediction of original pore solution conductivity.

Conductivities of diluted solutions with average D, of 120 and 176% were used for
prediction of original pore solution conductivity.

conductivity. Percent dilutions differ slightly for each w/cm,
as each mixture has a different original water content.

For 0.35, 0.45, and 0.55 w/cm pastes, the predicted pore
solution conductivity values were 50.13, 39.62, and 33.47 mS/
cm, respectively. These predicted pore solution conduc-
tivity values translate to 0.199 ohm'm for the 0.35 w/cm
mixture, 0.252 ohm'm for the 0.45 w/cm mixture, and
0.299 ohm'm for the 0.55 w/cm mixture. The measured
values for 0.35, 0.45, and 0.55 w/cm pastes were 50.00,
39.18, and 34.99 mS/cm, respectively. The percent differ-
ence in the predicted and measured conductivity for
0.35 w/cm was —0.26%. For the 0.45 and 0.55 w/cm samples,
the percent difference in the predicted and measured conduc-
tivities were —1.11% and 4.34%, respectively. The higher error
observed for the 0.55 w/cm sample could be due to an overall
higher dilution of the system due to the high water content
of the cement paste. This method of resistivity determination
has an error less than or similar to the average error of 3.75%
reported by resistivity calculation from ion concentrations
determined using XRF.% Also, the proposed approach is prac-
tical, more direct, and less expensive to use when compared to
the resistivity calculated using the XRF method.

If an assumption that the ratio of Na,O to K,O of OPC is
equal to the ratio of Cy and Cy, of the pore solution cannot
be made, both constants (Ck, Cy,) can be left as unknowns.
The same function can be used to solve for the original
pore solution conductivity. Figure 6 is the output for the
MATLAB function with three unknowns (Cgx, Cna, Vos)-
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Fig. 5—Predicted conductivity from two diluted cement
paste pore solution samples, unknowns: Cy, and Vos. For
0.35 w/cm, difference in predicted and measured conductiv-
ities = —0.26%, for 0.45 w/cm, difference in predicted and
measured conductivities = —1.1%, for 0.55 w/cm, difference
in predicted and measured conductivities = 4.3%.
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Fig. 6—Predicted conductivity from three diluted 0.35 w/cm
cement paste pore solution samples, unknowns: Cg, Cy,, and
Vos. For 0.35 w/cm, difference in predicted and measured
conductivities = 4.3%, for 0.45 w/cm, difference in predicted
and measured conductivities =—1.3%;, for 0.55 w/cm, differ-
ence in predicted and measured conductivities = 1.7%.

This time, three dilution points were used, as there are three
unknown constants.

Predicting pore solution conductivity using only one dilu-
tion was also explored. To do this, another assumption was
made in addition to the previous assumptions to make the
number of unknowns equal to 1. Vg was assumed to be same
as the amount of water added during the mixing process but
calculated for the volume of the sample used. Therefore, the
function only solves for one unknown: Cy,. Figure 7 shows the
predicted and measured conductivities of the original solution
and the measured conductivities of the diluted solution of all
three mixtures. It was observed that the percent difference in
measured and predicted conductivities using the single dilu-
tion approach ranges from 5 to 9%, which was higher when
compared to the approach using two or three dilutions.

While this study used a constant 60 g of cement paste with
added water for dilutions between 10 and 25 g, this can be
upscaled for larger quantities for application to concrete or
mortar. In the event of an insufficient amount of pore solution
extraction to accurately measure conductivity using a probe,
the proposed dilution approach allows the user to predict
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Fig. 7—Predicted conductivity from one diluted cement paste
pore solution sample, unknown: Cy,. For 0.35 w/cm, differ-
ence in predicted and measured conductivities = —5.2%; for
0.45 w/cm, difference in predicted and measured conduc-
tivities = —8.7%; for 0.55 w/cm, difference in predicted and
measured conductivities = —7.1%.

the original pore solution conductivity using the equations
relating the ion concentrations and solution conductivity.
It was observed that the proposed serial dilution method
predicts the pore solution conductivity within 5% of the
measured conductivity value.

CONCLUSIONS

This paper discussed a method for extracting fresh cement
paste pore solution and determining its resistivity. The
proposed method was compared using statistical methods
to both existing methods for extraction and pore solution
resistivity/conductivity measurements. This paper also
discussed the effect of time from initial mixing on the
pore solution resistivity, and finally proposed a method
of predicting pore solution conductivity by the dilution of
cement paste that can be used in the event of less pore solu-
tion extraction. The conclusions that were drawn from the
study are summarized as follows.

There was no statistically significant difference in the pore
solution resistivities when a centrifuge is used for extraction
as compared to nitrogen pressure extraction. The centrifuge
method can perform multiple tests at a time rather than one,
is easier to operate, and is more portable than the nitrogen
pressure extractor. This approach has the potential to be
scaled to mortar or concrete with a larger centrifuge.

Analysis of variance (ANOVA) showed statistically
similar results between pore solution resistivity measured
using a resistivity cell and conductivity probe. The probe
method of measuring resistivity was found to be faster
and more user-friendly (especially for field application)
compared to the cell method of measurement.

Statistical analysis of the measured pore solution resis-
tivity showed that times from initial mixture of 30, 60, and
90 minutes were statistically similar, suggesting that the pore
solution resistivity measurements can be done at any time
between 30 and 90 minutes from mixing. This makes the
measurements in the field more practical, as it allows pore
solution resistivity tests to be calculated without factoring in
corrections for the time from initial mixing. However, the
change in pore solution resistivity from 30 to 90 minutes has

ACI Materials Journal/September 2023



to also be studied for mixtures with admixtures and supple-
mentary cementitious materials (SCMs).

This study also demonstrated that in the event of too little
pore solution extracted for a pore solution resistivity measure-
ment, a dilution procedure can be used to find the original pore
solution resistivity. By preparing two dilutions of the fresh
cement paste samples, measuring their pore solution conduc-
tivities, and using the ion concentration-solution conductivity
relationship discussed by Snyder et al.,® the pore solution
conductivity of the undiluted sample can be predicted within
5% of the measured pore solution conductivities.
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Recycled Aggregate Mortar Content and Composition
Using Handheld X-Ray Fluorescence
by Arindam Dey, Tara L. Cavalline, Miras Mamirov, and Jiong Hu

The use of recycled concrete aggregates (RCAs) in lieu of natural
aggregates improves the sustainability of the built environment.
Barriers to the use of RCA include its variable composition,
including the residual mortar content (RMC), chemical composi-
tion, and its potential to contain contaminants, which can nega-
tively affect the properties of concrete or present environmental
concerns. In this study, a rapid, economical method to estimate
the RMC and provide the chemical characterization of RCA was
developed using a portable handheld X-ray fluorescence (PHXRF)
device. Models were developed using reference tests (RMC test
based on the thermal shock method and chemical composition
from whole-rock analysis) to correlate PHXRF results to measured
values. The PHXRF shows strong potential for estimating the RMC
and chemical composition of RCA. Paired with locally calibrated
reference samples, the test method could be used in laboratory
or field applications to characterize RCA and increase its use in
bound and unbound applications.

Keywords: chemical composition; recycled concrete aggregate (RCA);
residual mortar; X-ray fluorescence.

INTRODUCTION

The use of recycled concrete aggregate (RCA) from
construction and demolition (C&D) waste as either a partial
or complete replacement of natural aggregates (NA) is an
economically viable and sustainable choice.! RCAs are
obtained by crushing concrete from construction waste such
as demolished buildings, highways, and other structures.
RCA is currently primarily used in unbound applications
such as pavement base courses, fill material, and soil stabili-
zation.>® However, RCA is being increasingly used as aggre-
gates in hot-mixture asphalt or portland cement concrete.*
The underuse of RCA in new concrete is primarily attributed
to its material properties that can, if not properly accounted
for in mixture design and proportioning, negatively affect
the fresh and hardened properties of concrete.’ Potential
users often cite a lack of knowledge about its composition
and suitability for use.%’

The physical, mechanical, and chemical properties and
characteristics of RCA can vary widely based upon the quality
of the source concrete and production techniques used, and it
is important to characterize the RCA prior to use in unbound
or bound applications.>*® The variability of RCA, particu-
larly when produced from crushed concrete obtained from
multiple sources, is considered a barrier to increased use
in new concrete.>*’ Knowing the residual mortar content
(RMC) of RCA is useful in predicting its performance. The
residual mortar adhered to the coarse aggregates in RCA
affects the characteristics of the RCA, including its absorp-
tion, specific gravity (SQG), abrasion resistance, strength, and
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crushing value.>*78 If the RCA is to be used in an unbound
application, such as a roadbase, a higher mortar fraction will
result in abrasion loss that may be unacceptable for use.>? If
the RCA is to be used in a bound application such as in new
concrete mixtures, the mortar fraction will cause increased
water demand, potentially resulting in issues with work-
ability, finishing, strength, and permeability.>*7'° Adequate
quality control (QC) in production and subsequent charac-
terization testing is essential when producing RCAs and
concrete containing RCA 3489

The chemical composition of RCA will depend on the
materials used in the aggregates and paste comprising the
source concrete. Therefore, most RCAs are calcium- and
silica-rich (primarily from aggregate sources), with alumi-
nates, alkalies, and ferrous materials contributed by the
cement. Chemical contaminants may also be present,
including organic and inorganic chemicals.* Other contam-
inants may be present as entire particles from the crushing
process, or as contaminants adhered to or contained within
particles primarily consisting of RCA.> The presence of
deleterious chemicals such as alkalies, sulfates, chlorides,
organic impurities, and so on can negatively influence the
properties of RCA concrete and its durability.>®? The ability
to detect these impurities and contaminants could provide
confidence in RCA use.

To date, no rapid methods for chemical characterization
of RCA or estimation of its RMC have been developed
and accepted. Nondestructive analytical testing techniques
capable of determining the chemical and mineralogical
characterization of RCA, such as inductively coupled
plasma mass spectrometry (ICP-MS),"! inductively coupled
plasma-atomic emission spectrometry (ICP-AES),'? infrared
spectroscopy (IR),'? conventional X-ray fluorescence,
semi-quantitative X-ray diffraction, and thermogravimetric
analysis (TGA-DTG)'*!5 each require a high investment
cost, are time-consuming, and use a very small sample size,
which may not allow accurate representation of contaminant
materials in an RCA stockpile.

To overcome the shortcomings of these methods, this
study proposed the use of a portable handheld X-ray fluo-
rescence (PHXRF) device to chemically characterize and
estimate the RMC of RCA.'® XRF is an elemental analysis
technique where a material excited by high-energy X-rays
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emits secondary X-rays of characteristic energy or wave-
length. PHXRF devices are relatively simple to use, provide
accurate analyses of a range of elements, and can be used in
either field or laboratory settings.

Recently, studies have also focused on the analysis of
geotechnical materials using PHXRF. Many transportation
projects use stabilizers to improve the mechanical properties
of'soil. Previous studies have concluded PHXRF can be used
to determine the stabilizer content in the subgrade, aiding
geotechnical inspections by detecting irregularities.!”!
Procedures developed by Cerato and Miller'® and Cerato
et al.!” were used to guide work in the present study, and are
presented herein in some detail to support the approach used
for RCA characterization and to facilitate comparison of the
findings of this work.

The study by Cerato et al.!” was conducted on five sites
where soils were stabilized with quicklime or high-calcium
fly ash (Class C). Two PHXRF devices were used, and the
stabilizer content readings of these devices were compared
to laboratory readings using the whole-rock analysis tech-
nique to identify sample preparation and analysis techniques
producing accurate PHXRF results. Whole-rock analysis
is a geochemical technique widely used in the mining and
geochemical fields to analyze rock samples to determine the
composition of major and trace elements.?*?> A composite
chemical analysis approach, this technique involves tests
including ICP-MS,"! ICP-AES,"? IR,'? and loss on ignition
(LOI).% Although each of these tests have limitations in
determining the weight percent of certain elements, they are
used together in whole-rock analysis to determine the weight
percent of all major and trace elements comprising an entire
rock sample. Samples are pulverized to the size of a few
microns and are fused. Major and trace elements are quan-
tified on a weight percent basis using the most appropriate
approach (ICP-MS, ICP-AES, IR, or LOI).2-

Cerato etal.'” used statistical techniques including analysis
of variance (ANOVA) and regression analysis to evaluate
the accuracy of the PXHRF on determining sample compo-
sition. The influence of variables, including scan duration,
scan technique, particle size, and the type of sampling on
PHXREF results was also evaluated. A 60-second scan dura-
tion was determined to be appropriate for stabilized soil
materials because longer scanning durations did not yield
significant benefits in terms of precision. Scanning tech-
niques (standard and quartering) were also evaluated to
assess the homogeneity of the sample.!® Particle size was
found to play a prominent role in the accuracy of PHXRF
to measure stabilizer contents, and the authors noted
that significant benefits in terms of PHXRF accuracy are
observed when particle sizes are reduced from passing No. 4
to No. 40, yet the benefits are less significant when particle
sizes are reduced further. The effect of particle size on the
root-mean-squared deviation (RMSD) and the coefficient
of variation of the RMSD (COVyysp) revealed that milling
samples to smaller particle sizes improved the accuracy of
PHXREF readings, with the authors recommending that field
preparation should be limited to milling samples passed on
a No. 40 sieve for the sake of feasibility. With differences
in design specified stabilizer content (typically 3 to 15% by
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weight) and PHXRF-determined stabilizer content ranging
from approximately 1 to 2%, Cerato et al.!” demonstrated
that the PHXRF could be a useful tool to improve quality
assurance (QA) and QC capabilities in future roadway
inspections. More importantly, for the present work on RCA
characterization, this study demonstrated the capability of
PHXREF to successfully characterize granular, silicate, and
calcareous materials.

With lesser success, PHXRF was used to estimate the
mixture proportions of concrete.?* The individual chemical
composition of cementitious materials (slag cement, silica
fume, Class C fly ash, Class F fly ash, and Type I portland
cement) used in concrete mixtures was initially tested using
the PHXRF. Paste mixtures with different combinations of
the cementitious materials and mortar samples (1:3 cement-
to-sand ratio by mass) were prepared and evaluated using the
PHXREF. Results were averaged after testing three samples
from each mixture. The researchers determined the PHXRF
was reasonably accurate in determining the supplementary
cementitious material (SCM) dosages of paste mixtures,
but the inhomogeneity of the mortar samples affected the
analysis of mortar, which increased errors.?*

RESEARCH SIGNIFICANCE

Currently, no rapid test method exists to support chem-
ical characterization and RMC determination for RCA. The
inability to know this information about RCA from different
sources is often cited as a barrier to use of RCA in bound
and unbound applications. As a rapid, easy-to-use tech-
nology, PHXRF has been successfully used in construction
applications, including the analysis of granular soil materials
and cementitious/pozzolanic binders. Therefore, PHXRF
shows promise for use in the analysis and characterization
of RCA. In this study, an established sampling method and
testing protocol to support the use of PHXRF for the charac-
terization of RCA was developed. This method will support
quality assurance and increased confidence in RCA for use
in unbound and bound applications, including new concrete.
Increased beneficial reuse of RCA will assist many entities in
meeting their sustainability goals, and will provide environ-
mental benefits associated with reduced virgin material use,
decreased landfill use, and potentially reduced greenhouse
gas emissions associated with transport and production.'

EXPERIMENTAL DESIGN AND PROCEDURE

A variety of different RCAs in terms of type of source and
quality of parent concrete were collected from multiple U.S.
states: Nebraska (NE), North Carolina (NC), Iowa (IA), and
Texas (TX). Table 1 presents the nine aggregates used in this
study with photographs and crushing methods provided in
Hu et al.'® and Mamirov et al.>® The aggregate identification
scheme is XX YYa, where XX indicates the state abbrevi-
ation, Y'Y indicates the type of source (where CT refers to
municipal crushing and grading plant, HW refers to highway
pavement project, and AP refers to airport pavement project),
and a is a number used when different samples were obtained
from the same state and type of source. Each RCA was char-
acterized for SG, absorption, crushing value, and RMC
(Table 2). Because many of these characteristics vary by the
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size fraction tested, the values reported in Table 2 are the
average value for the sample, with the RMC value reported
for the No. 67 gradation of aggregate per ASTM C33/C33M-
18.%8 Test results for properties of various size fractions of
each RCA are presented in Mamirov et al.?
Laboratory-measured RMC values were needed for
reference and comparison to PHXRF test results. Histor-
ically, RMC has been determined using several methods,
including image analysis,>?® mortar disintegration by
chemical methods,?3* and thermal shock methods, which
use changes in temperature and moisture to separate the
mortar fraction from aggregates.”®¥-5 Based on the effi-
ciency in terms of time, equipment, and relative simplicity,
the thermal shock method was selected for determining the
RMC for RCA in this study. However, in previous studies
using the thermal shock method, each researcher’s approach
varied slightly, and several limitations were identified. For
example, in work by de Juan and Gutiérrez,*> Butler et al.,>
and Pepe et al.,”? consistent, detailed procedures including
important parameters such as sample size, amount of sample
tested, temperature of water used for the soaking process,
and soaking duration were not consistently used, described,
or verified to provide the best results. Therefore, one aim of
the larger study supporting this work was to develop a rapid
method to quantify RMC, including a detailed, repeatable

Table 1—Sources and information about
RCA samples

Aggregate | U.S.

1D state Source Parent concrete use
NC _CTI | NC | C&D waste processing facility Not known
NC_CT2 | NC | C&D waste processing facility Not known
NC_AP1 | NC Airport pavement project Airfield pavement
NC HWI | NC Pavement contractor Highway pavement
NE HW1 | NE Pavement contractor Highway pavement
NE HW2 | NE Pavement contractor Highway pavement

NE CT2 | NE | C&D waste processing facility Not known

IA_CTI IA | C&D waste processing facility | City-owned pavement

TX CT1 | TX | C&D waste processing facility Not known

Table 2—RCA physical characteristics

procedure. To identify the temperature and grinding proce-
dure most effective in separating the RMC from the aggre-
gate without abrading original natural aggregate, a series of
tests were performed using temperatures ranging from 500
to 750°C (in 50°C increments) and grinding times ranging
from 2 to 220 minutes (at a variety of intervals). Develop-
ment of this procedure, including specimen preparation,
temperature selection, the soaking process, and mortar
removal through jar mill, is detailed in Mamirov et al.® The
optimal heating temperature was identified as 650°C and
the optimal grinding time was identified as 100 minutes.?
These parameters were used in the thermal shock method
approach used to support the work to develop the PHXRF
test approach described herein.

In summary, the thermal shock method procedure® used to
determine the RMC began with the preparation of 500 + 25 g
(1.10 £ 0.055 Ib) of a single-sized coarse RCA by removing
any visible contaminants. The sample was soaked in 23 +
2°C (73.4 £ 3.6°F) water for 2 hours, then placed into a
preheated furnace and allowed to heat at 650°C (1202°F) for
2 hours. The heated RCA sample was then removed from the
furnace and immediately submerged in 23°C (73.4°F) water
(with a water-to-RCA ratio of 2.70 by mass) for 0.5 hours.
The sample was then drained and then oven-dried at 110 +
5°C (43.3 + 9°F) for 24 + 4 hours, and subsequently placed
in a jar mill with 20.63 x 20.63 mm (0.8125 x 0.8125 in.)
cylindrical alumina grinding media (approximately 1:1
sample-to-grinding medium ratio, by mass) and ground at
70 rpm speed for 100 minutes. The sample was then sieved
using a 4.75 mm (No. 4) sieve to separate residual mortar
from the original NA. The RMC (%) was then calculated
using Eq. (1).

Mass of material passed No. 4 sieve
Total mass

RMC (%) = x 100 (1)

The results of the SG, absorption, crushing value,
and RMC are presented in Table 2. SG values for RCA
included in this study ranged from 2.20 to 2.52, where
higher values correspond to RCA crushed from a higher-

quality concrete, such as highway or airport pavement.
Results showed that for the RCA specimens included in this

Test and test method
SG (oven-dried) Absorption, % Crushing value, % RMC, %
Aggregate ID ASTM C127% ASTM C127% Modified BS 812-110% Procedure presented in Mamirov et al.®

NC_CTl1 2.32 5.52 15.02 41.93
NC _CT2 2.20 6.28 16.37 55.75
NC_API 2.52 4.10 11.47 33.67
NC_HWI 2.25 6.09 13.06 43.93
NE HW1 2.30 4.25 17.53 63.77
NE_HW2 2.25 5.17 20.07 68.12
NE_CT2 2.22 5.80 25.15 72.23
1A CT1 2.25 5.63 16.15 53.62
TX CT1 2.20 7.14 18.31 34.86
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study, the RMC varied from 33.67 to 72.23%. It should be
noted that the Nebraska RCA exhibited most of the high
RMC values, which is due to their unique mixture designs
for concrete where the major proportion of aggregate is a
combination of sand and gravel aggregate that is mostly fine
aggregate, yet includes a small fraction with a typical coarse
aggregate size range.

Reference samples for each of the four NC RCA samples
were prepared and then sent to an external laboratory to
determine the chemical composition by whole-rock analysis.
Based on the laboratory-measured RMC, and using the
RMC and aggregate fractions produced during testing, a
20 g composite sample (residual mortar and original virgin
aggregate contained in the RCA) of each RCA was prepared,
comprised of X% of 20 g and (100-X)% of 20 g, where X
is the mortar content and 100-X is the original virgin aggre-
gate content. Results of the whole-rock analysis for elements
found significant in this study are provided in Table 3, with
all elements (65 in total) presented in Hu et al.!® and Dey.*
Results from the whole-rock analysis for many elements
were provided by the analytical laboratory in oxide weight
percent form, and were converted to elemental weight
percent using atomic weights.

Several studies have published the chemical composi-
tion of RCA from a wide range of sources. Relative percent
weights of each RCA used in this study tended to relatively
align with the chemical compositions of RCAs character-
ized in other studies,'3"!> with relatively high (often ranging
from 20 to 50%) elemental contents of Si and Ca; moderate
elemental contents (approximately 0.5 to 10%) of Al, Fe,
Mg, K, and Na; and far lower elemental contents (typically
less than 1%) of other elements.

As expected, the specimens primarily comprise elements
including Si, Ca, Al, and Fe, which are present in aggre-
gates and cementitious materials. NC_CT1, NC HWI, and
NC_API contained granitic gneiss as coarse aggregate in
the source concrete, and therefore had elemental weights of
Si close to 30%. NC_CT2 was sourced from closer to the
Atlantic Ocean coast, and contained a marine limestone as
the coarse aggregate of the source concrete. The elemental
weight of Ca for NC_CT2 was approximately 30%, while
the elemental weight of Si was only approximately 10%.
Other elements that could be expected to be contained in
smaller (or trace) amounts in either the cementitious mate-
rials or the aggregate were also measured, often at elemental
weights significantly below 1%.

The PXHRF cannot determine chemical composition
directly. Instead, the device measures chemical composition
by penetrating the sample with an X-ray beam to relatively
shallow depths that vary depending on the element being
measured and on particle characteristics such as density and
surface texture. Therefore, PXHRF data was used to develop
models to estimate the RMC and chemical composition of
each RCA sample. Model predictions were compared to
reference values obtained through laboratory testing. By
comparing PHXRF results to values determined by outside
laboratories using more extensive, time-consuming tech-
niques, the accuracy and repeatability of the results obtained
from the PHXRF could be evaluated, and sample prepara-
tion and analysis techniques could be refined into a recom-
mended testing protocol. This approach is shown in Fig. 1.

A handheld PHXRF (rhodium target with a silicon
drift detector system) was used, with the manufacturer-
prepared mudrock/ceramic calibration file. The calibration
has two parts: the first part is to quantify major (lighter)

Table 3—Element weight percent or ppm obtained through whole-rock analysis

Element weight, % (or ppm as noted)

Element Units Limit of detection NC CT1 NC CT2 NC HWI NC APl
Si 29.82 10.05 29.45 27.25
Ca 7.90 30.45 7.50 7.57
Al 5.45 0.56 6.30 6.96
Fe 3.18 0.62 1.97 6.29
Na 1.37 0.09 227 1.62
Mg 1.26 0.49 0.37 2.51
K % weight 0.01 1.02 0.16 2.78 0.45
Ti 0.31 0.05 0.16 0.77
S 0.17 0.21 0.14 0.16
P 0.06 0.14 0.05 0.13
Mn 0.05 0.03 0.04 0.10
Ba 0.04 0.01 0.08 0.04
Cr 0.00 0.01 0.00 0.01
\Y% 5 105 21 42 215
Zn 0.2 71.7 43.4 63.2 72
Cu ppm 0.02 40.8 5.62 12.9 65.2
Ni 0.08 20.9 15.3 10.25 64.2
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Fig. I—Approach used to develop models for RMC and chemical characterization of RCA using PHXRF measurements.

(2a) PHXRF used in benchtop mode,
connected to a vacuum pump, with
sample cup protected by shield

B
o

Fig. 2—PHXRF device setup.

elements—that is, Na to Fe (atomic numbers 11 to 26)—
and the second part is the quantification of trace (heavier)
elements—that is, Co to U (atomic numbers 27 to 92). It is
noted that the device cannot detect elements lighter than Na
(atomic numbers less than 11), so elements such as H, O, and
C likely present in the RCA will not be detected and the total
weight percent will not add to 100%.

The PHXRF can be operated as either a handheld device
or in a bench-top setup (configuration used for this work).
The instrument was mounted on a stand, and a sample table
was fixed to the nose of the instrument to provide a flat
working surface (Fig. 2(b)). To test each sample, a sample
cup is placed on the sample table in an inverted fashion. A
shield is placed over the sample (Fig. 2(a)) to prevent radi-
ation exposure to the user. The PHXRF is connected to a
computer, which controls the instrument and analyzes the
spectrum generated using the SIPXRF software. Detecting
major elements requires use of a vacuum pump provided
with the device (Fig. 2(a) and (b)). The instrument requires
different settings for the quantification of major and trace
elements, and recommendations for the use of the mudrock/
ceramic calibration file guided the setting selection. The
voltage used was 15 kV for major elements and 40 kV for
trace elements, as recommended by the manufacturer. The
scan duration was 180 seconds for major elements and
60 seconds for trace elements. Use of a filter is recom-
mended to optimize the excitation conditions for a group of
elements (heavy elements) when used with a certain voltage
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(2b) Sample cup
placed on table
mounted to nose of

(2¢) Figure 31 PHXRF
samples in cups secured with
polyester film (left, rear)
and inverted (right)

PHXRF

setting. A yellow filter, composed of Ti and Al, was used for
trace elemental analysis.?’

In the development of a proposed PHXRF testing protocol
for RCA, several variables must be considered to obtain
accurate measurements,'®3¢ including: 1) sample type and
preparation, including size and containment vessel; 2)
particle size: Cerato et al.'"” and Imanishi*® observed that
the grain size of soil samples influenced XRF intensity; 3)
sample thickness: PHXRF intensities are influenced by the
thickness of the sample, and the minimum thickness for each
element is correlated to its characteristic X-ray energy®’; 4)
duration of each scan; and 5) scanning technique, including
sample size, location of scans, and number of replicates.

To ensure the procedure was practical to perform in both
field and laboratory settings, loose aggregate samples were
used. The samples of RCA as received from the producers
were sieved and the particle size fractions retained on sieve
sizes 4.75 mm (No. 4), 1.70 mm (No. 12), and 300 pm
(No. 50) were separated for analysis. These particle sizes
were selected due to their presence in both fine and coarse
RCA and their alignment with the particle sizes investigated
successfully in the work by Cerato et al.!® Each sample was
placed into a cylindrical sample cup with an internal diam-
eter of 38.1 mm (1.5 in.) and an internal height of 15.24 mm
(0.6 in.) and was secured using a 6 um (0.000236 in.) thick
mylar film over the opening of the sample cup (Fig. 2(c)).
Based on the minimum depth requirements for each element,
the sample cup chosen for this analysis had a depth of 15.24
mm (0.6 in.) to mitigate the inaccuracies caused due to the
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infinite thickness phenomenon. It is noted that larger particle
sizes could be used for this work, but additional research
would be needed to investigate the impact on the results.

For the scan technique, a quartering approach was used,
similar to the approach developed by Cerato et al.!” Cerato
et al.!? found that the quartering approach, where each
quarter of a sample cup is scanned three times (a total of 12
measurements per sample), provided “a unique opportunity
to assess sample homogeneity” because PHXRF typically
have a small X-ray beam footprint. Each sample cup was
divided into four quadrants (shown in Fig. 2(b)), with each
quadrant scanned three times at three different locations for
a total of 12 scans per sample cup. The average value of the
12 scans was computed for both major and trace elements.

Statistical analysis of the data obtained using the PHXRF
began with a one-way ANOVA performed on the data sets
to prove a statistically significant difference between the test
results obtained for different size fractions of RCA (of the
same type) and RCA obtained from different sources (using
the same size fraction).

To determine the most appropriate particle size for testing,
the approach was to identify the lowest value of RMSD at the
largest particle size. Beyond this value, the effects of particle
size on RMSD would level off.!* The RMSD is defined as
the standard deviation of the residuals and indicates the
dispersion of the data points from the regression line, with
RMSD values closer to 0 suggesting higher accuracy. Other
statistical parameters were used to assess the accuracy and
precision of the measurements and are detailed in Dey®® as
well as the final project report.'®

Models were constructed using the PXHRF-measured
chemical composition to predict the laboratory-measured
RMC using stepwise regression. To predict the laboratory-
measured chemical composition of RCA samples, a simple
linear regression was performed using the PHXRF elemental
weight percent and the weight percent of elements obtained
from whole-rock analysis.

RESULTS AND DISCUSSION

Evaluating particle size influence for PHXRF
characterization of RCA

Initial work to identify the most appropriate particle size
for analysis focused on the four RCAs from NC. Table 4
provides the average weight percent of elements from the
RCA samples tested using the PHXRF. Note that elements
that were present at levels below the detection levels of the
instrument (or were detected at 0.0000%) were removed
from the table to aid in clarity. Elements found significant
in this study are provided in Table 4, with all elements (65
in total) presented in Hu et al.'® Results are provided for the
three particle sizes of interest, 4.75 mm (No. 4), 1.70 mm
(No. 12), and 300 um (No. 50), with the value reported being
the mean computed from 12 measurements (three measure-
ments taken randomly from each of the four quadrants of the
sample). Details of all PHXRF measurements are provided
in Dey*® and in the project final report.'®

Using Minitab software, ANOVA tests were performed
to prove a statistically significant difference between the
test results for different sizes (4.75 mm [No. 4], 1.70 mm
[No. 12], and 300 um [No. 50]) within each RCA sample

Table 4—Average element concentrations in weight percent from PHXRF

NC_API NC_CTI NC_HWI1 NC_CT2
Element | 4.75mm | 1.75mm | 300 pum | 4.75mm | 1.75mm | 300 um | 4.75mm | 1.75mm | 300 um | 4.75 mm 1.75 mm 300 um
Si 4.2152 43376 5.1253 3.8349 4.2804 6.7317 4.5482 4.1852 4.8632 2.3525 2.2261 3.0400
Ca 4.1318 4.4303 4.0024 6.3559 7.3314 5.8792 4.4733 4.7039 5.1282 13.3876 14.0301 13.0233
Al 1.1005 1.1205 1.4142 0.3400 0.4525 0.4540 0.5891 0.8335 0.9614 0.0000 0.0042 0.0084
Fe 2.0522 1.0289 0.9035 0.3143 1.5305 0.8296 0.9243 0.9277 1.3025 0.2938 0.3408 0.4266
Na 0.0809 0.0000 0.0516 0.0008 0.0112 0.0000 0.0000 0.0329 0.0000 0.2808 0.2490 0.1556
K 0.2779 0.2708 0.2967 0.2366 0.3005 0.2588 0.5808 0.6666 0.9526 0.1108 0.1468 0.1474
Ti 0.2132 0.0970 0.0812 0.0246 0.1109 0.0701 0.0519 0.0645 0.0883 0.0192 0.0198 0.0325
S 0.5025 0.4984 0.5051 0.5628 0.5662 0.5866 0.5608 0.5012 0.5017 0.2613 0.2855 0.3591
P 0.0190 0.0040 0.0109 0.0069 0.0147 0.0012 0.0117 0.0014 0.0005 0.0188 0.0091 0.0000
Mn 0.0284 0.0275 0.0282 0.0223 0.0243 0.0281 0.0248 0.0239 0.0240 0.0215 0.0226 0.0224
Ba 0.3778 0.6236 0.8227 0.2238 0.0098 0.0966 0.0480 0.0769 0.0027 0.0000 0.0287 0.0103
Cr 0.0047 0.0063 0.0066 0.0045 0.0039 0.0060 0.0043 0.0054 0.0052 0.0023 0.0025 0.0034
v 0.0000 0.0000 0.0000 0.0013 0.0019 0.0055 0.0033 0.0042 0.0063 0.0049 0.0038 0.0054
Zn 0.0027 0.0056 0.0061 0.0053 0.0097 0.0025 0.0027 0.0062 0.0026 0.0031 0.0006 0.0025
Cu 0.0019 0.0072 0.0083 0.0042 0.0083 0.0032 0.0006 0.0043 0.0023 0.0038 0.0049 0.0011
Ni 0.0017 0.0036 0.0031 0.0026 0.0024 0.0012 0.0012 0.0022 0.0012 0.0021 0.0026 0.0018
Pb 0.0012 0.0012 0.0009 0.0010 0.0011 0.0011 0.0014 0.0012 0.0015 0.0010 0.0010 0.0011
Rb 0.0010 0.0010 0.0015 0.0019 0.0022 0.0007 0.0040 0.0102 0.0060 0.0005 0.0004 0.0005
Sr 0.0374 0.0818 0.0554 0.0357 0.0354 0.0108 0.0156 0.0392 0.0240 0.0404 0.0358 0.0290
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and for each size across the four RCA samples. Tests were
performed at a significance level of 5% (o= 0.05), with tests
returning a p-value of less than or equal to 0.05 considered
statistically significant (shaded in Table 5). The test results
(output) obtained from Minitab software are presented in
Dey*® and in the project final report.'®

ANOVA test results revealed that for each particle size
within each sample, the majority of the elements are statis-
tically significant, indicating that the PHXRF results were
affected by particle sizes for major and trace elements. A few
elements were insignificant, indicating that the results were
not affected by particle size, at least for the samples used in
this analysis. ANOVA tests performed across samples of the
same particle size revealed that many of the elements were
statistically significant, indicating that the results were often
affected by the source concrete of the samples obtained. It
is noted that results differed for each source, with NC CT]1
having 13 of 18 elements significant, NC_AP1 having 10
of 18 elements significant, NC HW1 having nine of 18
elements significant, and NC_CT2 having only six of 18
elements significant.

To understand the effects of particle size on PHXRF results,
RMSD values were computed for each element present in
the sample. The RMSD was calculated by determining the
sample standard deviation of the difference between the
whole-rock analysis results and PHXRF measurements.
Figures 3(a) and (b) show the relationship between the
particle size and the RMSD values for NC CT1, which
exhibited results that could be considered typical of the
other three samples (results shown along with other statistics

in Dey?® and Hu et al.'®) As can be observed in Fig. 3, the
RMSD values for Si (NC_API, NC CT1, and NC HW1)
and the Ca (NC_CT2) were high and in the unacceptable
range (far greater than 1), whereas the rest of the elements
were reasonable. One reason for this could be the fact that
these elements were the primary elements present in each
sample. The difference could be attributed to the fact that
whole-rock analysis measures a pulverized sample from the
whole RCA specimens, while PHXRF measures to a certain
depth from the surface that could be influenced by the loca-
tion of the aggregate particles in RCA.

Most of the trace elements showed RMSD values less than
1, indicating that the measured values for trace elements are
close to the whole-rock analysis values and that the data is
concentrated around the line of best fit. Contrary to what
was observed in a similar analysis of soils,'!” the RMSD
values for RCA samples did not decrease with a decrease
in particle size. This could be attributed to RCA’s heteroge-
neous composition due to the presence of adhered mortar and
other contaminants, whereas the sample under consideration
in the literature review was soil that had a more homogenous
composition. Therefore, based on the RMSD values, it can
be concluded that the particle size may not have a significant
impact on the elemental concentrations of the majority of
the elements for the samples tested in this research study
using PHXRF.

Development of models to predict RMC using PHXRF
To predict the RMC of RCA from the PHXRF data,
models were developed using the stepwise regression

Table 5—ANOVA tests for 4.75 mm (No. 4), 1.70 mm (No. 12), and 300 pm (No. 50) RCA samples

Across RCA sources Across particle sizes
Major/ p-value p-value
trace elements NC_AP1 NC _CT1 NC HWI1 NC _CT2 4.75 mm 1.70 mm 300 um
Si 0.001 0.000 0.189 0.000 0.000 0.000 0.000
Ca 0.233 0.008 0.311 0.535 0.000 0.000 0.000
Al 0.000 0.182 0.005 — — 0.000 0.000
Fe 0.034 0.000 0.054 0.333 0.000 0.000 0.000
K 0.236 0.171 0.000 0.090 0.000 0.000 0.000
Ti 0.010 0.000 0.007 0.032 0.000 0.000 0.000
S 0.928 0.471 0.226 0.000 0.000 0.000 0.000
P 0.169 0.007 0.023 — 0.381 0.025 0.008
Mn 0.864 0.013 0.562 0.092 0.004 0.001 0.000
Ba 0.212 0.005 0.276 — — 0.027 0.002
Cr 0.007 0.012 0.020 0.001 0.000 0.000 0.000
\% — 0.058 0.075 0.064 — — —
Zn 0.000 0.000 0.000 0.023 0.018 0.000 0.000
Cu 0.000 0.000 0.000 0.073 0.055 0.001 0.000
Ni 0.007 0.000 0.002 0.078 0.000 0.000 0.000
Pb 0.020 0.788 0.248 0.830 0.063 0.683 0.001
Rb 0.058 0.003 0.000 0.834 0.000 0.000 0.000
Sr 0.000 0.000 0.000 0.007 0.000 0.000 0.000
Note: “— indicates that no p-value was computed; RMSD and COVgysp could not be determined because element weight percent was 0.
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Fig. 3—Major and trace element RMSD of RCA from NC_CTI.

Table 6—Regression equations for 4.75 mm (No. 4), 1.70 mm (No. 12), and 300 pm (No. 50)

Particle size Model to predict mortar content R?
4.75 mm (No. 4) RCA mortar content (weight %) = 54.52 + 3787 x V — 16,911 x Pb 0.999
1.70 mm (No. 12) RCA mortar content (weight %) = 189.97 — 524.0 x P — 124,820 x Pb 0.998
300 um (No. 50) RCA mortar content (weight %) = 78.66 — 6588 x Cr 0.958
Table 7—Assessment of RMC prediction models for each particle size fraction
4.75 mm (No. 4) size 1.70 mm (No. 12) size 300 um (No. 50) size
RCA sample Measured RMC | Predicted RMC | % Diff. | Measured RMC | Predicted RMC | % Diff. | Measured RMC | Predicted RMC | % Diff.
NC_API 33.7 339 —0.66 33.7 334 1.02 33.7 355 -5.18
NC_CTI 41.9 41.6 0.62 41.9 42.1 —0.55 41.9 39.3 6.27
NC_HWI 43.9 43.8 0.25 43.9 443 -0.88 439 44.6 -1.57
NC_CT2 55.8 55.9 -0.24 55.8 55.5 0.52 55.8 56.0 -0.32

method. Both forward selection and backward elimination
approaches were used to build a best-fitted combination of
the independent and dependent variables. During each step,
the least significant variables were removed and the most
significant ones were added to the model. Variables were
added and deleted from the model based on the selected
alpha-to-enter and alpha-to-remove values (0.15 was used
for both alpha values). The software systematically adds
and removes the variables based on the p-values of the vari-
ables at each step. Models were developed for particle sizes
4.75 mm (No. 4), 1.70 mm (No. 12), and 300 um (No. 50)
(Table 6) with supporting data published in Dey>® and the
project final report.'®

The laboratory-measured RMC was compared to the
RMC predicted based on PHXRF data, and the models
for all three particle sizes were fairly strong predictors of
the mortar content (Table 7). However, the model for the
4.75 mm (No. 4) size fraction provided the closest predic-
tion. Somewhat greater differences exist between measured
and predicted values for the 300 um (No. 50) and the
4.75 mm (No. 4) and 1.70 mm (No. 12) models. This greater
difference could be attributed to the changes in proportion
of mortar and aggregate components, which vary by particle
size. With the increase in the nominal size of RCA, the
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adhered mortar fraction tends to decrease.? The result is also
confirmed by Mamirov et al.? It is noted that two models
included Pb, which was not detectable using the whole-rock
analysis procedure. Users of this approach could choose to
limit the variables included in the regression to those obtain-
able in the reference samples through whole-rock analysis.

Using PHXRF to predict mortar content—
expanded data set and evaluation of models

After demonstrating that models could be developed
to predict mortar content, the research team desired to
improve the model with, and validate the effectiveness of
the developed model with, an expanded data set. To do so,
PHXRF data for the 4.75 mm (No. 4) size fraction of the
five additional RCA sources TX CTI1, IA_ CT1, NE HW1,
NE HW2, and NE CT2 (shown in Table 8) was combined
with the 4.75 mm (No. 4) particle size PHXRF data from the
four NC sources (Table 4) to produce an expanded data set.
Note that in Table 8, similar to Table 4, elements that were
present at levels below the detection levels of the instrument
(or were detected at 0.0000%) were removed from the table
to aid in clarity. Improved models were developed to predict
laboratory-measured RMC from the PHXRF data using
the stepwise regression method described previously. To
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accomplish this, PHXRF data for three of the five additional
RCA sources (IA_ CT1, NE HW2, and NE CT2) were
added to the data for NC_CT1, NC HWI1, NC_ HW2, and
NC_API and used to train the models. PHXRF data for two
of the five additional RCA sources (TX CT1 and NE HW1)
were not used to train the models and instead were used to
evaluate the models.

Minitab software’s stepwise regression tool was used to
build the regression model equation with the best predictor
variables for the mortar content, with variables added and
deleted from the model based on the selected alpha-to-enter
and alpha-to-remove values of 0.15. The improved model to
predict mortar content using PHXRF data from the 4.75 mm
(No. 4) particle size of seven sources is shown in Eq. (2).
The R? value for this equation was 0.999.

RMC (weight %) = 77.687 — 12.683 x Ba — 5805.13 x
Cr—520.77 x U +29.49 x Sr — 52606 x Sn )

As shown in Table 7, preliminary models for predicting
mortar content using the four NC RCA sources of three
different sizes included the elements of V, Pb, Cr, and P. Of
note, the improved model using No. 4 PHXRF data from
seven sources again included Cr, along with other trace
elements, including Ba, U, Sr, and Sn. The R? of the prelimi-
nary 4.75 mm (No. 4) model was 0.999, while the improved
model R? was also 0.999. The variance inflation factor (VIF)
for each of the five predictor variables was lower than 10,
indicating an acceptably low degree of multicollinearity.
A review of the stepwise regression outputs indicated that
models with four predictor variables (Cr, U, Sn, and Ba) and
three predictor variables (Cr, U, and Sn) would also be suit-
able for use, with R? values for these models being 0.995 and
0.973, respectively.'®

The improved model was evaluated using the 4.75 mm
(No. 4) PHXRF data from TX CT1 and NE HW1, which
was not used in model development, with the percent differ-
ence between the laboratory-measured RMC and predicted
RMC shown in Table 9. The improved model, which uses a
broad range of RCA samples, appears to provide a reason-
able prediction for both a low-RMC RCA (TX CTI1) and
an RCA with a very high RMC (NE_HW1). This additional
analysis reaffirmed that the PHXRF could be used to predict
the mortar content of RCA, using the elemental concen-
trations of trace elements, often heavy metals, as predictor
variables. It also illustrated how the approach could be used
by practitioners developing and assessing their own models
using locally available RCA sources.

Stepwise regression resulted in the selection of trace
elements, often heavy metals, as the strongest predictors
of mortar content. Depending on the RCA, these elements
could be present in the paste only due to their relatively
higher presence in cement and fly ash, or may be present in
very low quantities in the aggregate alone. From the PHXRF
data obtained for aggregate only>? as part of this work, it
was observed that these metals were actually present in low
concentrations in the aggregates, which made them good
predictors. On the other hand, major elements such as Ca,
Si, Fe, and Al, which were initially thought to be strong
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Table 8—Average element concentrations in
weight percent from PHXRF for 4.75 mm (No. 4)
size of five additional RCA samples

Element TX_CTI1 | IA_CT1 | NE_HWI1 | NE_HW2 | NE_CT2
Si 24394 | 2.2996 5.3198 2.3845 3.8575
Ca 7.8630 | 6.9057 3.3849 7.2596 3.4007
Al 0.0292 | 0.0143 0.0825 0.0000 0.2568
Fe 0.5345 | 0.6695 0.2352 0.4746 0.4520
Na 0.0000 | 0.0000 0.0000 0.0000 0.0000
K 0.0610 | 0.0994 0.2807 0.1539 0.4813
Ti 0.1307 | 0.4140 0.2416 0.4081 0.2927
S 0.8788 | 0.5161 0.5397 0.4063 0.5283
P 0.0002 | 0.0000 0.0000 0.0000 0.0000
Mn 0.0185 | 0.0193 0.0205 0.0187 0.0198
Ba 2.4785 | 0.1702 0.1325 0.1710 0.1192
Cr 0.0000 | 0.0000 0.0000 0.0000 0.0000
\% 0.0000 | 0.0000 0.0000 0.0000 0.0000
Zn 0.0027 | 0.0057 0.0010 0.0013 0.0045
Cu 0.0019 | 0.0035 0.0004 0.0026 0.0013
Ni 0.0017 | 0.0029 0.0021 0.0027 0.0020
Pb 0.0012 | 0.0014 0.0011 0.0012 0.0012
Rb 0.0010 | 0.0022 0.0089 0.0037 0.0123
Sr 0.0374 | 0.0321 0.0244 0.0495 0.0235

Table 9—Assessment of improved RMC prediction
model for 4.75 mm (No. 4) size

RCA sample | Measured RMC | Predicted RMC | % Difference
TX CT1 34.86 34.54 -0.32
NE HW1 63.77 70.99 7.23

potential predictors of mortar content, were not identified
as predictor variables, likely due to the fact that they were
present in both the aggregate and the cement paste in signif-
icant quantities.

One barrier to the use of RCA in unbound uses is the
potential for heavy metals from the RCA to leach into waters
flowing around/over the RCA .34l Although this approach
appears to provide a readily implementable method to
predict the mortar content of RCA, it may call attention to a
negative aspect of RCA, which could also be a detractor to
its use. It is noted, however, that many state transportation
agencies allow RCA as unbound base, where it is commonly
used. In these unbound applications, metals in leachate have
not been found to be problematic in most situations.?

Prediction of chemical composition of RCA using
PHXRF data

Because the PHXRF only detects material to a certain depth
(ranging from 0.000001 to 0.4 cm [3.9 x 1077 to 0.16 in.])
depending on the element, for the mudrock/ceramic calibra-
tion file used, it was not anticipated that the weight percent
value reported by the PHXRF would be directly comparable
to the weight percent value determined through whole-rock
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analysis, where the sample is pulverized and more extensive
testing is performed on the full volume of the sample. There-
fore, a simple linear regression analysis was performed
to develop models capable of predicting the laboratory-
measured chemical composition using the PXHRF data. A
particle-size-based simple regression model for each element
was created to estimate the relationship between the whole-
rock analysis values and the PHXRF values from the four
RCA samples. For each particle size and each major and trace
element, the laboratory-measured content (x-axis) versus
PHXRF-measured content (y-axis) was plotted. A trend line
with an R? value was produced for each plot. All regression
models are presented in Dey,*® and a summary is provided
in this paper. In Table 10, the R? value for the particle sizes
4.75 mm (No. 4), 1.70 mm (No. 12), and 300 um (No. 50)
for each element have been indicated with text and table
styling, where shaded values represent stronger models (R?
above 0.70), underlined values represent less strong models
(with R? between 0.40 and 0.69), and italicized values repre-
sent weak models (R? lower than 0.40).

Based on the R? values, particle sizes 4.75 mm (No. 4) (14
elements out of 27) and 1.70 mm (No. 12) (13 elements out
of 27) show a strong relationship between the whole-rock
analysis and PHXRF results for major and trace elements.
Elements including Si, Ca, K, V, Th, and Rb showed excep-
tional R? values, implying that they were more predictable
compared to the other elements. Overall, stronger models
tended to be observed for elements present in greater
amounts (higher weight percent) than trace elements. This
improved predictability could be attributed to the fact

Table 10—R? values for models predicting major
and trace elements

R? value
Element 4.75 mm (No. 4) | 1.70 mm (No. 12) | 300 um (No. 50)

Si 0.885 0.972 0.748
Ca 0.971 0.922 0.968
Al 0.576 0.858 0.783
Fe 0.728 0.268 0.075
K 0.908 0.975 0.938
Ti 0.869 0.461 0.261
S 0.813 0.634 0.472
Mn 0.730 0.978 0.642
Ba 0.500 0.614 0.052
Cr 0.542 0.225 0.247
A% 0.880 0.948 0.827
Zn 0.105 0.782 0.221
Cu 0.000 0.620 0.879
Ni 0.002 0.946 0.849
Pb 0.364 0.024 0.768
Rb 0.990 0.978 0.874
Sr 0.181 0.907 0.635

Note: Shaded values represent stronger models (R? above 0.70); underlined values
represent less strong models (with R? between 0.40 and 0.69); italicized values repre-
sent weak values (R lower than 0.40).
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that the relative quantities of these elements present in
the samples were significant. It is worth noting that major
elements commonly exist in cement paste, particularly Si,
Ca, and Al, all exhibit high R? in all three sizes. Whole-rock
analysis is a fairly costly laboratory test, and in this work,
only one analysis was run per RCA sample, which likely
limited the findings. Developing a reference sample for each
size of RCA, as well as testing additional samples of RCA,
would likely give more accurate results. In practice, a user
could allocate sufficient resources to perform whole-rock
analysis on a suitably broad range of locally available RCA
to expand the reference values and provide additional confi-
dence in the regression models for elements of interest.

Recommendation for particle size for PHXRF analysis

The 4.75 mm (No. 4) size exhibited the strongest model
used to predict the laboratory-measured RMC. Although
results were more variable in the elemental analysis, there
was not a significant improvement in predictions between
the 4.75 mm (No. 4) and 1.70 mm (No. 12) particle size,
and the 300 pm (No. 50) size had the least strong correla-
tions of the three particle sizes tested. Regression analysis
indicated that the PHXRF results show reasonable accuracy
for most of the major and trace elements detected and quan-
tified by the PHXRF using the 4.75 mm (No. 4) size. There-
fore, to simplify a recommended test method, the 4.75 mm
(No. 4) size is suggested for future use of the PHXRF to
analyze RCA because it shows reasonable accuracy for the
elements under consideration. It should be noted that use of
the 4.75 mm (No. 4) size would provide an advantage over
the smaller sizes because the 4.75 mm (No. 4) size is typi-
cally present in both the coarse RCA and fine RCA produced
from a given source concrete.

Recommended procedure for PHXRF analysis

1. Sampling: Care should be taken during sampling to
ensure that representative RCA material is selected from
the stockpile. ASTM D75/D75M-19*? can be followed for
guidance.

2. Physical characterization tests: Characterize RCA
samples using sieve analysis (ASTM C136/C136M-19%),
density, relative density (specific gravity), absorption
(ASTM C127-15%), and bulk density and voids in aggre-
gates (ASTM C29/C29M-17a%*).

3. Determination of RMC

(a) Apparatus: Standard sieves (25.0 mm [1 in.], 19.0 mm
[0.75 in.], 12.5 mm [0.5 in.], 9.5 mm [0.375 in.], and
4.75 mm [No. 4]), a furnace capable of heating to 650°C
(1200°F), and a jar mill with cylindrical alumina grinding
media of size 20.6 x 20.6 mm (0.8125 x 0.8125 in.).

(b) A representative sample of coarse RCA weighing 500 g
(1.1 Ib), retained on the 4.75 mm (No. 4) sieve and above,
shall be prepared after removal of any visible contaminants
from the sample. The RMC of the bulk sample of RCA
should be determined using the thermal shock method as
described in Mamirov et al.?> to separate the mortar and
aggregate and calculate the RMC percent.

4. Whole-rock analysis
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(a) Whole-rock analysis should be performed on reference
samples representative of the types of RCA expected to be
analyzed in future work. To prepare the reference sample,
the mortar and aggregate separated through the thermal
shock method should be used.

(b) Once separated, each reference sample should be
developed as a composite sample using the computed RMC
from the thermal shock method. The weight distribution of
the reference sample should be: X% of total weight of the
sample plus (100-X)% of total weight of the sample, where
X is the mortar content and 100-X is the aggregate content.

(¢) Use the whole-rock analysis technique to obtain
measurements of major and trace elements present in the
sample.

5. PHXRF sample preparation and testing procedure

(a) Apparatus: PHXRF and supporting software, vacuum
pump, desktop stand, sample cups, polyethylene tere-
phthalate film, and computer.

(b) A representative sample weighing 10 kg shall be sieved
through selected sieves. The portion of the sample retained
on sieve sizes of interest should be set aside for PHXRF
analysis. Samples shall be placed in cups that have a depth of
at least 10 mm (0.40 in.). Secure the sample into the cup with
polyethylene terephthalate film and mark the film into four
quadrants. Place the cup on the nose of the PHXRF device
per the manufacturer’s instructions.

(c) Select an appropriate PHXRF manufacturer’s cali-
bration file capable of detecting and quantifying elements
present in concrete aggregates. If an appropriate calibration
file is unavailable, develop one by preparing a fresh refer-
ence sample or augment an existing calibration file by adding
additional reference samples relevant to the existing file.

(d) The scanning duration should be as per the calibra-
tion file provided by the manufacturer. Use a vacuum for
elemental analysis if recommended by the manufacturer.

(e) For each sample, take three measurements for each
quadrant and calculate the average of 12 readings for each
element concentration.

6. Statistical analysis (Note: This step should be performed
if multiple sizes are being evaluated for use. If a single size
fraction is selected for use, this step can be omitted.)

(a) Using the measurements from PHXRF and whole-
rock analysis, perform an ANOVA test to test statistical
significance between the particle sizes of the same sample
and across samples of the same size. Compute parameters
including standard deviation, COV, RMSD, and COVyysp
to evaluate the accuracy and precision of measurements.

(b) Plot the RMSD versus size graph for the trace elements
to observe a trend between both the parameters. The particle
size with the lowest RMSD will be the most efficient size.

(¢) To make an accurate comparison, use regression
analysis and create a size-based regression model for each
element of all the samples tested with whole-rock analysis
values and PHXRF values. Observe the R? values for each
size. An R? value closer to 1 suggests a stronger correla-
tion between the whole-rock analysis and PHXRF results,
thereby showing higher accuracy. Based on the R? values for
the major (Si, Ca, Al, Fe) and trace elements (such as heavy
metals), select the best particle size and use the regression
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equation for that particle size to compute the predicted
values for all elements.

7. Residual mortar content

(a) Perform a stepwise regression analysis to develop
models that predict the RMC. Use the RMC computed from
the thermal shock method as the response variable and the
major and trace elements as the predictor variables. Input
the values of variables in the model equation to obtain
the predicted values of mortar for each size. Users of this
approach could choose to limit the variables included in
the regression to those obtainable in the reference samples
through whole-rock analysis. If multiple particle sizes are
being tested, compare the percentage difference between the
values obtained from experiments and the predicted ones to
determine the best predictor based on size.

8. Chemical composition

(a) Use linear regression analysis to develop models to
predict the chemical composition of the samples. For each
particle size, plot the laboratory-measured value from the
whole-rock analysis on the x-axis versus measured element
content through PHXRF on the y-axis. Plot a best-fit curve
that can be used to predict the laboratory-measured chemical
composition from the PHXRF measured element content.
The R? value can be used to assess each model. Stronger
models will have higher R? values. Testing of additional
RCA samples through whole-rock analysis and PHXRF
could be performed to improve the models.

CONCLUSIONS

The portable handheld X-ray fluorescence (PHXRF)
device shows strong potential for use for the chemical char-
acterization of recycled concrete aggregates (RCAs), as well
as for estimating the residual mortar content (RMC). As a
rapid, easy-to-use technology, PHXRF can aid in the quality
assurance (QA) and quality control (QC) requirements for
qualifying an RCA source for use in concrete. The ability
to rapidly determine the RMC and chemical composition of
RCA should allow practitioners to better predict the perfor-
mance of RCA in bound and unbound applications, poten-
tially increasing its use.

The recommended test method developed as part of this
research could serve as the basis for use by a technical
procedure for agencies, contractors, and other users inter-
ested in this type of characterization of RCA. Additional
research, broadening the range of RCAs tested and equip-
ment used, would be needed to help develop this into an
American Association of State Highway and Transpor-
tation Officials (AASHTO) or ASTM International stan-
dard. However, using the approaches described, prac-
titioners should be able to develop efficient models for
use with their own RCA sources and PHXRF equipment.
The method may be most useful if a database of PHXRF
measurements (laboratory-measured RMC and chem-
ical composition) for a range of locally sourced reference
RCAs is established by the user, supporting the develop-
ment of locally calibrated models. In lieu of a manufacturer-
provided calibration file for the PHXRF, an improved cali-
bration file could be developed, capturing a broader range
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of elements from high to low concentrations, especially for
critical elements present in RCA.

Models for both the 4.75 mm (No. 4) and 1.70 mm
(No. 12) size showed reasonable R? values for major and
trace element composition. However, because the models
used to predict RMC suggested the 4.75 mm (No. 4 size) to
be the most appropriate, it is the size recommended for this
test as well, primarily to save time by performing character-
ization testing on a single particle size. Use of the 4.75 mm
(No. 4) particle size should allow testing of both fine and
coarse RCA samples because this particle size is often
present in both gradations. However, testing of other sources
of RCA to develop locally calibrated models may suggest
another particle size is more suitable.

Several heavy metals were the strongest predictor vari-
ables for RMC due to their relatively higher presence in
cement paste, as compared to aggregate. Although these
elements supported teh development of strong models, they
are also negatively linked to human health effects, and their
use may bring unwanted attention to RCA as a material
containing these substances.
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Long-Term Creep and Shrinkage of Alkali-Activated
Concrete Incorporating Fly Ash and Rice Husk Ash
by S. Fernando, C. Gunasekara, D. W. Law, M. C. M. Nasvi, S. Setunge, and R. Dissanayake

The creep and drying shrinkage of two alkali-activated concretes
produced with low-calcium fly ash and rice husk ash (RHA) were
investigated over a period of 1 year. The compressive strength of
100% low-calcium fly ash (100NFA) concrete and the concrete
having 10% RHA replacement (10RHA) decreased from 49.8 to
37.7 MPa (7.22 to 5.47 ksi) and 30.2 to 18.3 MPa (4.38 to 2.65 ksi),
respectively, between 28 and 365 days. The imbalance in the disso-
lution rate of the raw materials in the blended system (10RHA)
could negatively influence the strength properties, which leads to
poor matrix integrity and a highly porous structure when compared
with 100NFA. The presence of the micro-aggregates due to the
block polymerization provides the effect of increasing the aggre-
gate content in the 100NFA concrete compared with the 10RHA
concrete, which is hypothesized as one of the reasons creep and
shrinkage properties deteriorated in 10RHA.

Keywords: alkali-activated concrete; creep; drying shrinkage; fly ash;
microstructure; rice husk ash (RHA).

INTRODUCTION

Portland cement (PC) is the most widely used construction
material, with global PC production recorded at 4.4 billion
metric tonnes in 2022! and predicted to rise in the future. The
production of PC is an energy-intensive process that emits
large amounts of greenhouse gases (GHGs), mainly carbon
dioxide (CO,). PC production accounts for 4% of human-
made global warming and contributes between 5 and 7% of
global anthropogenic CO, emissions.* The development
of concrete solely using waste by-products is a promising
technique to address the issues that arise with traditional PC
production. Alkali-activated binders have been found to be
mechanically efficient and an eco-friendly concrete using
waste by-products such as fly ash, slag cement, rice husk
ash (RHA), and metakaolin. The GHG emissions of alkali-
activated binders have been reported to be comparatively
lower compared to PC concrete.* Furthermore, the use of
waste for concrete production leads to the conservation of
landfills and storage lagoons and converts a waste product
into a useful by-product.’ Alkali-activation technology
involves the chemical reaction between aluminosilicate
species with an alkaline activator to form amorphous to
semicrystalline polymer structures.®’

Low-calcium Class F fly ash is a widely used
aluminosilicate-rich by-product for alkali-activated concrete.
RHA is an agricultural waste product, rich in silica, which
contributes to numerous environmental and health issues.®
Low-calcium fly ash and RHA are considered waste industrial
and agricultural by-products, respectively, that can be used in
alkali-activated concrete as a precursor material.” Hence, the
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production of alkali-activated binders using fly ash and RHA
will have added benefits in terms of environmental impacts
by conserving landfills and water sources. The major chal-
lenge in adopting alkali-activated concrete as a construc-
tion material is the variability of source materials (that is,
fly ash from different sources), leading to variability in its
engineering properties.'® To date, limited research has been
conducted to investigate the long-term creep and shrinkage
behavior of low-calcium fly ash alkali-activated binders. A
study by Wallah'' showed that heat-cured Australian-based
low-calcium fly ash alkali-activated concrete undergoes low
creep, which is 50% less than the creep usually observed for
traditional PC concrete. Creep varied from 15 to 29 pe for
compressive strengths ranging between 67 and 40 MPa (9.72
and 5.80 ksi). Furthermore, heat-cured specimens displayed
lower values for shrinkage, with only 100 pe after 3 months.
Hardjito et al.'? reported that the specific creep (creep strain
normalized by creep stress) of alkali-activated concrete
decreased as the compressive strength increased. In addition,
a 45% lower basic creep coefficient (the ratio between creep
strain and elastic strain) was found by Sagoe-Crentsil et al.'3
for 100% fly ash alkali-activated concrete when compared
with an equivalent PC concrete. Gunasekara et al.’> noted
similar creep behavior for two 100% fly ash alkali-activated
concretes (Gladstone and Port Augusta, Australia; creep
coefficients ranging between 1.8 and 2.0) compared to PC
concrete (creep coefficient of approximately 3). However,
alkali-activated concrete prepared using another fly ash type
(Tarong, Australia) showed a very high creep strain (approx-
imately 1900 pe) and drying shrinkage (615 pe) compared to
both PC (475 pe drying shrinkage) and the other two fly ash
concretes (approximately 700 pe creep and 175 to 190 pe
drying shrinkage). Thus, significant variation in creep and
shrinkage behavior is observed between alkali-activated
fly ash and PC as well as between different types of alkali-
activated materials.

Hence, a clear understanding of the influence of different
source materials on long-term creep and shrinkage behavior
in alkali-activated concrete is required to enable their
use as a construction material for structural elements. To
address this, the present study investigated the creep and
drying shrinkage of alkali-activated concrete incorporating
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Table 1—Chemical composition of low-calcium fly ash and RHA

Chemical composition, %

Source material SiO, Al,O4 Fe, 05 CaO P,0Os TiO, MgO K,O SO; MnO Na,O
Fly ash 45.1 33.22 3.33 9.26 1.3 2.08 2.27 0.74 0.56 0.06 1.07
RHA 91.55 0.42 0.47 1.25 1.43 0.04 1.28 2.87 0.21 0.23 0

low-calcium fly ash and RHA. A detailed microscopic and
pore structure analysis was conducted to investigate the
factors influencing the creep and shrinkage behavior for a
period of up to 1 year.

RESEARCH SIGNIFICANCE

Alkali-activated concrete incorporating low-calcium fly
ash and RHA is potentially beneficial in terms of environ-
mental impacts. However, the long-term effect of adding
RHA in alkali-activated fly ash concrete has not been exten-
sively studied. To date, research conducted to investigate the
long-term creep and shrinkage of the blended low-calcium
fly ash-RHA alkali-activated concretes is still limited. The
present research addresses this gap in knowledge by inves-
tigating the creep and shrinkage of blended fly ash-RHA
alkali-activated concrete together with the compressive
strength development for up to 1 year. Hence, the research
data presented herein will be extremely useful to compre-
hend the long-term behavior of structural members made
with this concrete.

METHODOLOGY
Materials

Low-calcium (Class F) fly ash conforming to Australian
standard AS 3582.1-1998!* was obtained from the Lakvi-
jaya Coal Power Plant, Sri Lanka, while RHA was obtained
from a local rice mill in Sri Lanka. The chemical composi-
tion of the fly ash and RHA source materials was determined
by X-ray fluorescence (XRF) analysis, and the results are
summarized in Table 1. The RHA was ground into fine parti-
cles and sieved to attain particles 75 um and below. Although
previous literature!>!'® has reported that the particle size of
the material should have at least 80% below 45 um to obtain
optimum strength, a 75 pm limit was used to address practical
difficulties in the grinding process with respect to industry
application. The particle-size distribution of selected source
materials was determined by a laser-diffraction particle-size
analyzer, using the wet (hydro) laser-diffraction technique
with water as a dispersant. The Brunauer-Emmett-Teller
(BET) method under high-vacuum conditions was used for
specific surface area analysis. Nitrogen was used as a cold
bath (77.15 K). The results are summarized in Table 2.

A combination of 15 M sodium hydroxide (NaOH) and
sodium silicate (Na,Si0;) was used as the alkaline activator.
The sodium silicate solution consisted of 14.7% Na,0,
29.4% Si0,, and 55.9% H,0 by mass. The coarse aggre-
gate was in the saturated surface-dry condition, while the
fine aggregate was in a dried condition. The fine aggregate
was river sand in the uncrushed form with a specific gravity
of 2.5 and a fineness modulus of 2.75. Two grain sizes of
crushed granite coarse aggregate were used: 7 mm aggregate
with a 2.55 specific gravity and 1.63% water absorption, and
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Table 2—Physical properties of low-calcium
fly ash and RHA

Fly ash RHA
x=5 11.9 8.4
x=10 23.7 16.2
Particle x=20 40.1 32.6

passing, %, at

x pm sieve x=45 62.6 67.6
x=175 74.1 91.0
x=90 71.5 96.8

BET surface area, m*/kg 1495.1 4091.0
Specific gravity 2.12 1.95

Note: 1 m*kg = 4.88 ft*/Ib.

10 mm aggregate with a 2.60 specific gravity and 0.76%
water absorption.

Mixture design

Alkali-activated concrete with fly ash (100NFA) was
developed based on the optimization of the activator modules
(AM) (Si0,/Na,O in alkaline activator) of the mixture. An
optimum AM for 100NFA was obtained to be 1.375 based
on 28-day compressive strength data for 00NFA concrete.!”
Hence, an AM of 1.375 was adopted for blended fly ash-RHA
concrete (10RHA); this corresponds to 10% RHA replace-
ment with fly ash. The absolute volume method was used
to calculate the components of each material in the mixture
design. The water-to-solid ratio was kept at 0.37, while the
total aggregate in the concrete mixture was kept at 64% of
the entire mixture by volume for both concretes. The mass
of the water was considered as the sum of the mass of the
water contained in sodium silicate, sodium hydroxide, and
added water. The mass of the solid was considered as the
sum of the binder (fly ash or RHA), the mass of the solid in
sodium silicate, and sodium hydroxide. Table 3 summarizes
the mixture proportions for 100NFA and 10RHA concrete.

Mixing, casting, and curing

The mixing of concrete was conducted using a 120 L
capacity concrete mixer. The dry materials, fly ash, RHA
(in the 10RHA mixture), and fine and coarse aggregate
were mixed continuously for 5 minutes. The activator and
water were added to the dry mixture and mixed for another
8 minutes until the mixture was well combined. The concrete
was placed into the mold and vibrated using a vibrating table
for 1 minute to remove air bubbles. All samples were kept at
room temperature for 1 day and cured in an oven for 24 hours
at 80°C in accordance with previous research in optimizing
the mixture design and curing regime. Research has shown
that heat curing is required to enhance the reactivity to
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Table 3—Mixture proportions for fly ash and RHA alkali-activated concrete

Combined aggregates Sodium Sodium
Mixture Fly ash RHA 43% sand 19% 7 mm 38% 10 mm Water silicate hydroxide w/b
100NFA 411 0 691 305 611 7 289 64 0.37
10RHA 369.9 41.1 691 305 611 7 289 64 0.37

Note: w/b is water-binder ratio; 1 kg/m® = 0.0624 1b/ft}; 1 mm = 0.0393 in.

achieve higher compressive strength.>!®!° Specimens were
removed from the oven and left to cool to room temperature
before demolding. Samples were kept at room temperature
until being tested.

Testing

The compressive strength test was performed by a
universal testing machine with a loading rate of 20 MPa/min
(2.901 ksi/min) according to AS 1012.9:2014.%° The creep
test was performed in compliance with the Australian stan-
dard AS 1012.16-1996.%! Strain gauges were attached on two
opposite sides on the surface of six cylinders (28-day cured)
from each mixture. Specimens were loaded with a load
equivalent to 40% of the 28-day mean compressive strength
using the load cell. The load was maintained throughout the
365-day period, the strain gauge readings were monitored
every 6 hours, and the data were extracted weekly. Three
loaded test specimens and the three control specimens
(non-loaded) were monitored. The long-term readings of the
two gauges fixed to each of the three cylinders loaded on the
creep rig and the unloaded control cylinders were recorded
throughout the 365-day period. The average of the two
gauge readings of each cylinder was employed for the creep
calculations. The average long-term strain was obtained by
subtracting the mean strain of the control (unloaded) spec-
imens, which corresponds to the drying shrinkage of the
specimens, from the average strain of the loaded cylinders.
To obtain the creep strain, the instant strain value (initial
reading), which corresponds to the initial elastic strain
due to the loading, was deducted from each strain value to
obtain the long-term creep strain. The loading arrangement
of the creep tests is illustrated in Fig. 1. Shrinkage testing
was carried out in accordance with AS 1012.13:2015%
after 7 days of curing. Length change measurements were
recorded continuously using a horizontal comparator at
I-week intervals for 365 days. The specimens were kept in
a controlled environment chamber at a temperature of 23 +
1°C and relative humidity of 50%.

Microstructure development was evaluated using scan-
ning electron microscopy (SEM) imaging employing a back-
scattered electron detector with 15 eV energy. To determine
the chemical composition of the alkali-activated binder,
energy-dispersive X-ray spectroscopy (EDS) analysis
was performed using nanoanalysis software. Specimens
were cut into a size of 4 mm in height and 10 mm in diam-
eter using a diamond saw and embedded into epoxy resin.
All the samples were carbon coated to avoid charge buildup
during the test and mounted on the SEM sample stage with
conductive double-sided carbon tape. An X-ray micro-com-
puted tomography (micro-CT) scanner was used to examine
the pore structure of the alkali-activated concrete samples. A
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Dummy specimen

Load Cell

Fig. I—Loading arrangement for creep test.

10 x 10 x 10 mm specimen was scanned at 12 mm resolution
at 90 kV, and 720 images were recorded during a complete
rotation.

RESULTS

Compressive strength development

Table 4 shows the compressive strength and creep strength
of the 100NFA and 10RHA concretes for up to 1 year. The
compressive strength of the I00NFA and 10RHA concretes
decreased from 49.8 to 37.7 MPa (7.22 to 5.41 ksi) and 30.2
to 18.3 MPa (4.38 to 2.65 ksi), respectively, between 28
and 365 days. The 100NFA displayed the highest compres-
sive strength at all ages when compared to the 10RHA.
Reductions in strength of 39% (19.6 MPa [2.84 ksi]), 49%
(19.5 MPa [2.83 ksi]), and 52% (19.4 MPa [2.81 ksi]) were
observed for 10RHA at 28, 180, and 365 days, respectively,
compared with 100NFA. This indicates that the addition of
RHA negatively affects the compressive strength develop-
ment of the I00NFA concrete. In 100NFA, a 20% strength
reduction (9.8 MPa [1.42 ksi]) was observed between 28
and 180 days, while a 6% reduction in compressive strength
was noted (2.3 MPa [0.33 ksi]) from 180 to 365 days.
The 10RHA alkali-activated concrete demonstrated a
similar trend to 100NFA for long-term strength behavior.
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Table 4—Compressive strength of 100NFA and 10RHA concrete

Stump flow, Compressive strength, MPa Creep strength”, MPa Strength increment
Type mm 28 days 180 days 365 days 365 days Strength, MPa Percentage, %
100NFA 530 498+25 40.0 +3.7 37.7+1.9 340+ 1.4 -3.7 -9.8
10RHA 456 30.2+2.1 20.5+4.0 183+3.3 159+2.0 —4.6 —-13.1
“Compressive strength test conducted on specimens subjected to creep test for 1 year.
Note: 1 MPa = 0.145 ksi.
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Fig. 2—Experimental creep strain and total load-induced strain of 100NFA and 10RHA alkali-activated concretes.

Approximately a 32% and 11% reduction (9.7 and 2.2 MPa
[1.41 and 0.32 ksi]) was observed for 28 to 180 days and
180 to 365 days, respectively. The compressive strength of
the specimens subjected to long-term creep loading was also
tested at 365 days. The recorded creep compressive strength
for the 100NFA and 10RHA concretes were 34.0 and
15.9 MPa (4.93 and 2.31 ksi), respectively. This correlated
to a 9.8% and 13.1% strength reduction compared to the
365-day compressive strength of the unloaded 100NFA and
10RHA specimens.

Long-term creep

Long-term creep is a critical parameter for the durability
and long-time serviceability of concrete structures. Creep
is defined as the time-dependent increase in strain under
sustained stress for a given material.”> The deformation of
concrete due to creep is a complex phenomenon, which is
influenced by many factors, including the mixture design,
environmental conditions (that is, temperature and relative
humidity), load conditions, and the size of the structure or
member.>* At the application of a load, the instantaneous
strain includes the elastic strain and some creep strain. The
experimental creep strain (g.,) is calculated (Eq. (1)) as
the increase in strain above the initial elastic strain under
sustained loading, minus shrinkage strains over the same
time period.

Eec(t) = €be(r) — €es — Ess(r) (1)
where, at any time ¢ after loading, €., is the experimental
creep strain; €., is the measured creep strain; &, is the
instantaneous elastic strain upon loading; and g, is the
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shrinkage strain over time. Figure 2 illustrates the measured
creep strain and total load-induced strain variation of the
100NFA and 10RHA concretes.

According to the creep strain curves, the I0RHA concrete
has a higher gradient than 100NFA. This indicates a higher
rate of creep development over the period. The 100NFA
concrete specimens showed a creep strain of 2139 um, while
the 10RHA specimens had a creep strain of 2713 pm at
365 days. In the 100NFA concrete, the rate of creep increase
is considerably reduced after 14 days, while in the I0RHA
concrete, a similar reduction was observed after 65 days, as
shown in Fig. 2. Furthermore, the total load-induced strain
reached 2651 and 3333 pe in the 100NFA and 10RHA
concretes at 365 days, respectively. The results show that the
creep data fluctuated slightly over the period of sustained
loading. This might be due to the variations in the relative
humidity of the laboratory where the creep test rig was
housed.?

The creep coefficient is the ratio of the time-dependent
basic creep strain to that of the instantaneous elastic strain.
The instantaneous elastic strain is the strain measured imme-
diately following the application of the sustained load. The
creep coefficient is calculated using Eq. (2),%° based on the
experimental creep strain, and compared with the existing
models (that is, AS 3600:2018%” in Eq. (3), CEB-FIP?® in
Eq. (4), and ACI 209.2R-08% in Eq. (5)), as shown in Fig. 3.

Scc(t9 tO)

o(t10) =~ @)

where @(z, 1) is the creep coefficient at a given time ¢ (days);
to is the initial age at first loading; €..(#, #y) is the creep strain
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Fig. 3—Creep coefficient of 100NFA and 10RHA alkali-activated concretes.

of concrete as a function of time; and &, is the instantaneous
elastic strain at the initial loading time.

Qe = K2K3K4K5K6(Pccb (3)

where @, is the creep coefficient; ¢, is the basic creep coef-
ficient; and K,, K3, K4, K5, and K are specific coefficients
that depend on the time and thickness of the member, the age
of concrete and time of loading, the environment, a modi-
fication factor for high-strength concrete, and account for
nonlinear creep, respectively.

oti) = s o, )
O(1, 1) = PoPc(t — to) (%)

where d and o are constants for a given member shape/size;
¢, is the ultimate creep coefficient; ¢, is the notional creep
coefficient; and B, is the coefficient to describe the develop-
ment of creep with time.

After being subjected to continuous loading for 365 days,
the calculated creep coefficient values were 4.2 and 4.4 for
the 100NFA and 10RHA concretes. The creep coefficient at
365 days is higher than the creep coefficient value calculated
based on the standards (as shown in Fig. 3).

It is noted that 100NFA has higher creep coefficients in
the first 50 days when compared with ACI 209.2R-08%
and lower values than predicted by CEB-FIP.?® Beyond
206 days, the creep coefficient of the 100NFA concrete was
greater than the values predicted by AS 3600.?” The 10RHA
concrete showed a considerably higher creep coefficient
than 100NFA up to 365 days. The creep coefficient values
were below the CEB-FIP?® model for up to 14 days. Beyond
52 days, 10RHA displayed a higher creep coefficient, which
remains above the values predicted by AS 3600.2” Hence,
both AS 360077 and CEB-FIP?® could be conservatively used
to predict creep of 100NFA up to 206 and 50 days, respec-
tively, while AS 3600%” could only be used to accurately
predict the creep coefficient over a short-term period for the
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10RHA concrete (52 days). Overall, both the CEB-FIP?®
model (from 14 to 365 days) and ACI 209.2R-08% (up to
365 days) underestimate the creep of 10RHA concrete.

The specific creep is defined as the creep strain per unit
stress, which is used to compare the creep variation of
different concrete types. The specific creep data for the
100NFA and 10RHA test specimens are shown in Fig. 4.
The 100NFA concrete showed lower specific creep values
compared to the 10RHA concrete up to 365 days. The
365-day specific creep values of the 100NFA and 10RHA
concretes were 91.1 and 42.9 pe/MPa. Overall, the specific
creep of the 100NFA and 10RHA specimens increased as
the compressive strength decreased, which correlates well
with PC-based concrete.’® Similar observations have been
reported for a number of Class F fly ash alkali-activated
concretes. 1213

Drying shrinkage

Drying shrinkage refers to the contraction of hardened
concrete due to the loss of capillary water.>! This generally
leads to cracking (due to an increase in tensile stress), dura-
bility problems are generally increased, and it is one of the
potentially most deleterious properties of concrete.’! Drying
shrinkage is associated with the ambient conditions and the
material proportions of the concrete mixture.* In the present
study, prism specimens from both the 100NFA and 10RHA
concrete mixtures were investigated based on length change
after 7 days.

The variation in average drying shrinkage of the I00NFA
and 10RHA alkali-activated concretes and predicted drying
shrinkage based on standard models??° are illustrated in
Fig. Sup to 365 days. The age “zero” in Fig. 5 indicates 7-day
aged concrete specimens at which time the initial measure-
ments were taken. During the initial 7 days, the alkali-
activated specimens were kept at 50% relative humidity
and 23 + 2°C temperature. The drying shrinkage during this
period is reported to be minimal and is denoted as zero.

The 10RHA alkali-activated concrete has higher shrinkage
strain compared to the 100NFA alkali-activated concrete,
with the early shrinkage strain of the 10RHA concrete spec-
imens showing a rapid increment. The observed drying
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Fig. 5—Drying shrinkage of alkali-activated concrete—experimental versus standard drying shrinkage.

shrinkage values of the 100NFA and 10RHA concretes at
365 days are 181 and 264 pe. These are significantly lower
than the maximum permitted value for concrete recom-
mended by the AS 3600 standard in Australia?’ and the
CEB-FIP model,”® as shown in Fig. 5. Furthermore, the
values obtained for 100NFA and 10RHA are much lower
compared to the values of 400 to 450 pe observed by Hard-
jito et al.?* for heat-cured fly ash-based geopolymer concrete
after 1 year. Gunasekara et al.® observed drying shrinkage of
175 and 190 pe for low-calcium fly ash (obtained from the
Gladstone and Port Augusta Power Stations, respectively)
geopolymer concretes at 365 days, which are considerably
lower than the reported values for 10RHA and similar to the
100NFA alkali-activated concrete.

The drying shrinkage increased up to 105 days for both
concretes. The average change in shrinkage values between
7 and 105 days of the 100NFA and 10RHA was of the order
of 183 and 253 pe, respectively. A higher rate of increment
was noted in 10RHA when compared with 100NFA. A
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slight reduction was observed in both concretes from 105
to 126 days. Beyond 126 days, the overall drying shrinkage
for concrete slightly increased until 365 days. However, a
further small peak was observed at 189 and 203 days in the
100NFA and 10RHA concretes.

DISCUSSION

The process of polymerization takes place when reactive
aluminosilicates are rapidly dissolved and free [SiO4]- and
[AlO,]-tetrahedral units are released into the solution. Under
highly alkaline conditions, a three-dimensional polymeric
aluminosilicate gel network is formed, which governs the
performance of alkali-activated concrete. Water provides
the medium for the dissolution of aluminosilicates and the
transfer of ions, hydrolysis of AI*" and Si*" compounds, and
polycondensation of aluminate and silicate hydroxyl species.
Hence, the absorption of water will result in reduced solva-
tion of aluminosilicate species during the dissolution stage.
The higher unburnt carbon content (~6%) in RHA absorbs
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Fig. 6—Highly porous microstructure observed in 10RHA concrete at 28 days.

the available water and activator solution. Due to the higher
surface area of the RHA particles compared with fly ash
particles, more water molecules are absorbed by the surface
of the RHA particles. This is supported by the flowability of
both concretes (refer to Table 4), where 10RHA (456 mm) is
14% lower than 100NFA (530 mm). The lower liquid content
in I0RHA leads to difficulties obtaining uniform mixing and
compaction but also less activator availability within the
mixture. In turn, this could hinder the dissolution of alumi-
nosilicate species during the dissolution stage, inhibiting the
gelation of the alkali-activation process. This is consistent
with the lower compressive strength values displayed by
10RHA. The rate of dissolution of the alumina and silica
species is crucial in controlling the synthesis process of
alkali activation and development of the aluminosilicate gel
matrix. The availability of aluminum in the binder material
and a high initial dissolution rate of silicate are identified
to accelerate the conversion of aluminosilicate materials to
alkali-activated binders.’>* The addition of RHA leads to
a lower quantity of fly ash, 10% by weight, in the concrete
mixture. As RHA does not contain substantial alumina,
the quantity of aluminum in 10RHA is lower compared to
100NFA. Furthermore, the dissolution rate of RHA is much
higher than that of fly ash.3 Therefore, it is hypothesized
that the imbalance in the dissolution rate of the raw materials
in the blended system (1I0RHA) could negatively influence
the strength properties, which leads to poor matrix integrity
and a highly porous structure when compared with I00NFA,
as shown in Fig. 6. Therefore, a negative synergistic effect
of blended RHA and fly ash is hypothesized as contributing
to the strength reduction observed.

The Si/Al ratio increased with the substitution of RHA into
the fly ash alkali-activated concrete as the addition of RHA
effectively replaces aluminum with silicon. The aluminum
is directly connected to the kinetics of gel formation.' It
has been reported that the addition of excess reactive silica
leads to a reduction in the rate of the reaction in an alka-
li-activated gel binder,*>** such that in high-concentration
silica, solidification takes place prior to the completion of
the reaction process. The Si/Al ratio shows a reduction from
28 to 365 days, as illustrated in Fig. 7. This indicates the
formation of a gel matrix with the incorporation of alumina
into the silicate backbone; thus, ongoing alkali activation
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occurs in the period from 28 to 365 days. Therefore, it can be
inferred that the increase in the Si/Al ratio in 10RHA is one
of the factors contributing to the lower strengths achieved
compared to 100NFA.

It is interesting to note that beyond 28 days, compres-
sive strength declined at both 180 and 365 days despite the
evidence of ongoing gel formation from the change in the Si/
Al ratio data. It is hypothesized that this could be the result
of the degradation of the matrix due to crack propagation.
The SEM images obtained for the 100NFA and 10RHA
specimens for 28 and 365 days are illustrated in Fig. 7. The
images show that the inclusion of RHA resulted in a looser
structure with wider cracks compared to 100NFA. Overall,
the I0RHA microstructure had a nonhomogeneous, loosely
packed gel matrix with higher porosity at 28 days, while a
relatively less porous structure was observed at early age in
100NFA at 28 days. At 365 days, increased crack propaga-
tion and efflorescence are evident in the 10RHA concrete,
as shown in Fig. 8. Needle-type efflorescence products are
identified in the SEM images and EDS spectrum (princi-
pally sodium) (Fig. 8(c), (f), and (g)). A similar finding was
reported in Temuujin and van Riessen.*® Formation of efflo-
rescence has a negative influence on strength development.
The 100NFA concrete showed a lower intensity of efflores-
cence products (Fig. 8(c)), while IORHA displayed a higher
intensity of efflorescence products (Fig. 8(f)). The addition
of RHA tended to increase the formation of efflorescence.
It is hypothesized that the widening of cracks and further
propagation of microcracks (which were initiated during
the heat curing) were due to the formation of efflorescence
products in the period from 28 to 365 days. The formation
of efflorescence products within the pores/voids creates
internal stresses, which widen and propagate the cracks. The
combined effect of this crack propagation, efflorescence,
and the more loosely packed structure in 10RHA correlates
with the lower strength and higher creep strain noted when
compared to the l00NFA concrete.

The interfacial transition zone (ITZ) is one of the primary
factors that influence the creep and shrinkage behavior of
concrete. The ITZ is formed by the interconnection between
the binder gel matrix and aggregate, which are consid-
ered heterogeneous and nonuniform matter.’> The ITZ is
likely to be the weakest link within the microstructure of
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the concrete due to its high heterogeneity.’” A strong bond
between alkali-activated paste and aggregate enhances the
strength properties within the concrete matrix. Hence, the
tendency of failure by cracking will depend on the strength
of the ITZ. Figure 8 illustrates the ITZ of the 100NFA and
10RHA alkali-activated concretes at 28 and 365 days. The
100NFA concrete appears to have a stronger ITZ compared
to 10RHA throughout the period. The broader ITZ, which
contained cracks, observed in the 10RHA contributes to
the higher creep compared to the 100NFA concrete, which
displays a more compact and smaller ITZ. The SEM images
show cracks propagated toward the aggregate near the ITZ
at 365 days (Fig. 8(b) and (e)). Efflorescence products are
observed adjacent to the ITZ in both concretes (with a
greater quantity in the 10RHA concrete) (Fig. 8(c) and (f)).
These efflorescence products are hypothesized as acceler-
ating the propagation of cracks near the ITZ over time. This
crack propagation has a highly detrimental impact on the
ITZ, contributing to the reduced strength properties in the
long-term specimens (365 days) for both concretes. This is

74

attributed as the reason for the lower creep strength for both
alkali-activated concretes at 365 days.

The total porosity (open and closed porosity) of the
100NFA and 10RHA alkali-activated concretes are calcu-
lated based on the images obtained from micro-CT
analysis. Specific software was applied for further analysis
of the micro-CT data: NRecon software for reconstructing
projection images to form cross-section images, and CTAn
software for characterizing the porous internal structures of
specimens, either open or closed pores. The total porosity of
100NFA was 3.2%, 2.2%, and 2.8% at 28, 180, and 365 days,
respectively, while the similar values for IORHA were 5.3%,
3.4%, and 2.6%.

Figure 9 illustrates the percentage of macropore volume
distribution for 100NFA and 10RHA. The 10RHA contained
larger pores throughout (pore diameter of more than 1000
pum). These were more pronounced at 28 days when compared
with 180 and 365 days and when compared with 100NFA.
This is due to the formation of efflorescence products over
time in the larger pores, which resulted in a reduction in the
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number of larger pores at 180 and 365 days in the IORHA
concrete.

The aggregate content in concrete has a direct impact on
the creep behavior of concrete: creep strain decreases with
higher aggregate content.>® However, it has been found that
the creep strains of fly ash-based alkali-activated concrete
may exhibit block polymerization and lead to favorable creep
behavior when compared with traditional PC concrete.*
Silicon and aluminum atoms in the precursor materials (that
is, fly ash) are not entirely dissolved in the alkaline medium,
as alumina-silica species are mainly leached from the disso-
lution of the amorphous phase rather than the crystalline
phases.® In addition, the alkali-fly ash reaction takes place
primarily at the particle-liquid interface.** Hence, the inte-
rior of the atoms is not completely dissolved and remains
stable. This can act as micro-aggregates in the alkali-
activated system, and as such, increase the aggregate content.
The replacement with RHA will reduce the fly ash content
in the mixture and hence will reduce the quantity of micro-
aggregates. This is hypothesized as one of the reasons for
the increased creep in the I0RHA alkali-activated concrete.

Alkali-activated concrete has a similar mechanism to PC
for drying shrinkage, that is, an increase in negative pressure
in the capillary network of cement/gel paste. The stresses
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developed lead to a contraction of concrete.*! During heat
curing of alkali-activated specimens, the condensation reac-
tion accelerates moisture loss from the capillary pores. This
has been attributed as the cause of the lower shrinkage strain
for alkali-activated concrete when compared with the values
generally obtained for PC concrete.*' Furthermore, during
the heat curing of alkali-activated concrete, most of the water
released during the chemical reaction is lost through evap-
oration. Therefore, only a small amount of water remains
contained in the micropores of the hardened alkali-activated
concrete.”® This is attributed as also contributing to the
lower drying shrinkage observed in alkali-activated concrete
(100NFA and 10RHA) compared to PC concrete.

Overall, the 10RHA concrete displayed higher creep
strain and drying shrinkage when compared with 100NFA.
The major factor that determines the creep and shrinkage
behavior in the 100NFA and 10RHA alkali-activated
concretes is crack propagation due to the formation of efflo-
rescence products.

The reported creep and shrinkage values for I00NFA and
10RHA are significantly higher (more than double) than
some of the values reported for low-calcium fly ash alkali-
activated concrete reported in the literature.>!*?> However,
a similar value to the creep coefficient of 100NFA has been
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Fig. 9—Pore volume distribution of: (a) 100NFA; and (b) 10RHA alkali-activated concretes.

reported in the literature for 100% low-calcium fly ash alkali-
activated concrete (Tarong Power Station, Australia), which
is approximately 4.0 at 365 days.> This indicates that the
long-term creep and shrinkage of each alkali-activated
concrete should be evaluated to ensure that the creep and
shrinkage behavior falls within the required conditions to
use as a construction material.

CONCLUSIONS

The present study investigates the long-term creep and
shrinkage properties of blended low-calcium fly ash-rice
husk ash (RHA) (that is, 10RHA corresponds to 10% RHA
replacement with fly ash) alkali-activated concrete for a
period of up to 1 year. The following conclusions can be
made from the experimental results:

1. The addition of 10% RHA to low-calcium fly ash alka-
li-activated concrete increases the creep strain and rate of
creep development over time. The 100% low-calcium fly ash
alkali-activated concrete (100NFA) showed a creep strain of
2139 um, while 10RHA had a creep strain of 2713 um at
365 days.

2. The negative synergistic effect due to the imbalance
in the dissolution rate of the raw materials in the blended
system in 10RHA negatively influences the strength proper-
ties, which leads to poor matrix integrity and a highly porous
structure when compared with 100NFA.

3. The major influencing factor that determines the creep
and shrinkage behavior in the 100NFA and 10RHA alkali-
activated concretes is the effect of crack propagation due to
the formation of efflorescence production.

4. The combined effect of crack propagation, efflorescence,
and the more loosely packed structure in 10RHA correlates
with the lower strength and high creep strain noted when
compared to I00NFA.

5. The presence of the micro-aggregates due to the block
polymerization provides the effect of increasing the aggre-
gate content in the 100NFA concrete compared with the
10RHA concrete, which is hypothesized as one of the reasons
the creep and shrinkage properties declined in I0RHA.

6. The observed drying shrinkage values of the 100NFA
and 10RHA concretes are lower than the maximum permitted
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value for concrete recommended by the AS 3600 standard in
Australia and the CEB-FIP model. The values predicted by
these standards overestimate the drying shrinkage of both
the 100NFA and 10RHA alkali-activated concretes.
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Self-Healing Efficiency of Concretes through Permeability

to Chlorides

by C. F. Holimann, L. Zucchetti, D. C. C. Dal Molin, and A. B. Masuero

Self-healing is a process by which concrete is able to recover its
properties after the appearance of cracks, which can improve
mechanical properties and durability and reduce the permea-
bility of concrete. Self-healing materials can be incorporated into
concrete to contribute to crack closure. This study aims to eval-
uate the influence of crystalline admixtures and silica fume on the
self-healing of concrete cracks. The rapid chloride penetration test
was performed on cracked and uncracked samples, from which it
was possible to estimate the service life of concretes. The concretes
were characterized by tests of compressive strength and water
absorption by capillarity. The use of crystalline admixtures did not
have a negative influence on concrete properties, but did not favor
the chloride penetration resistance. The concrete with silica fume
showed the lowest charge passed and highest values of estimated
service life.

Keywords: chloride penetration resistance; crystalline admixture (CA);
self-healing; service life prediction; silica fume.

INTRODUCTION

The low tensile strength of concrete makes the material
susceptible to cracking. Structures are designed with steel
bars to resist tensile strength, which helps to avoid crack
formation. However, in most cases, the reinforcement
is not able to completely prevent the crack opening, only
restricting the crack width.!

In this context, the concept of self-healing emerges, a
process by which concrete is able to recover its properties
after the appearance of cracks. Crack closure through self-
healing can improve mechanical properties and durability
and reduce the permeability of concrete. >

Self-healing materials can be incorporated into the concrete
to contribute to crack closure.* Crystalline admixtures (CAs)
have been studied for this purpose, being evaluated mainly
through microscopy techniques and image analysis.>!? In
the presence of water, these admixtures react according to
Eq. (1) to form calcium silicate hydrates (C-S-H) and/or
pore-blocking precipitates in the existing microcracks and
capillaries.®!3

3Ca0O-SiO, + MR, + H,O — Ca,Si,O,R-(H,0), +
M,CaR,-(H,0),
()
(Calcium silicate + crystalline promoter + water —
modified calcium silicate hydrate +
pore-blocking precipitate)
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Silica fume can also contribute to the self-healing of cracks
due to the pozzolanic reaction, which consumes Ca(OH),
and produces C-S-H.!%13

The rapid chloride penetration test (RCPT), specified by
ASTM C1202-19,'¢ is a method used in several studies,
mainly to evaluate the durability of concrete.!”!® Nonethe-
less, its application can also be interesting to assess the self-
healing of concrete, to verify if the crack closure was enough
to prevent the ingression of aggressive agents. Therefore, this
study aims to evaluate the influence of CAs (two different
commercial brands) and silica fume on the self-healing of
cracks through the RCPT.

RESEARCH SIGNIFICANCE

Cracking is the most common pathological manifestation
in concrete structures, which facilitates the ingress of aggres-
sive agents such as chloride ions. Self-healing provided by
the use of CAs and silica fume may be an option to prevent
the deterioration of structures by cracking.

Most of the research on self-healing uses microscopy and
image analysis techniques to assess crack closure. In this
paper, the recovery of cracked concretes in relation to their
chloride penetration resistance was evaluated. To achieve
this objective, cracked and uncracked concrete specimens
were tested by the RCPT, seeking to evaluate the self-healing
of cracks and thus estimate the service life.

EXPERIMENTAL INVESTIGATION

Materials and mixture proportions

The cement used was portland cement composed with
filler (CP II-F 40), conforming to ABNT NBR 11578/1991,%
equivalent to Type Il cement of ASTM C150/C150M-20.2!
The cement used was obtained before the replacement of
ABNT NBR 11578%; therefore, its chemical composition is
as specified by this standard. The chemical composition of
the cement, the CAs (CA1l and CA2), and the silica fume
(SF) used were determined by X-ray fluorescence (XRF)
analysis (Table 1). CA1 and CA2 were also characterized
by X-ray diffraction (XRD) (Fig. 1) and laser granulometric
analysis (Fig. 2). The characterization of the aggregates is
presented in Table 2, and the particle-size distribution is
presented in Fig. 3. A high-range water-reducing admixture
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(HRWRA) was employed to achieve the desired workability
(220 £ 20 mm). Potable water was used for the concrete
casting.

Four different concretes were investigated in this study:
two concretes with CAs from different brands (1% of the
cement weight) (CCA1 and CCA2), a concrete with the addi-
tion of silica fume (5% of the cement weight) (CSF), and a
control concrete without admixtures (Fig. 4). The composi-
tion of all concretes was 1:1.37:2.18 by mass (cement:fine
aggregate:coarse aggregate), with CAs and silica fume being

Table 1—Chemical composition of raw materials

Chemical compositions, %

Cement CAl CA2 SF
SiO, 12.78 8.94 12.64 88.35
AlLO; 3.77 2.67 2.95 1.72
Fe,04 4.13 2.24 2.50 0.10
CaO 66.48 64.07 58.45 0.68
MgO 1.46 0.55 5.54 4.30
K,0 1.19 0.56 1.04 0.91
Cl — 0.15 0.09 0.23
TiO, — 0.19 0.18 —
MnO — 0.06 0.06 0.05
SrO — 0.28 0.24 —
P,0s — — — 0.57
SO, 6.84 2.44 343 0.13
;‘:;lgg 5.20 17.81 12.87 291

Note: CALl is crystalline admixture 1; CA2 is crystalline admixture 2; SF is
silica fume.

used as an addition and not as a replacement for cement. The
water-cement ratio (w/c) of 0.40 was fixed for all concretes.
Table 3 shows the composition of the concretes.

The concretes’ slump and specific mass were determined
according to ABNT NBR NM 67:1998% and ABNT NBR
9833:2008,* respectively. The properties of fresh concretes
are shown in Table 4.

Cylindrical specimens (100 x 200 mm) were molded for
the tests of compressive strength and water absorption by
capillarity, and cylindrical specimens (95 x 190 mm) were
molded for the RCPT, which are smaller in diameter due
to the limited size of the test equipment. All specimens
were compacted on a vibrating table. The specimens were
demolded after 24 hours and placed in a humidity chamber
(25°C and 95% relative humidity [RH]).

Compressive strength

The compressive strength test was performed according
to ABNT NBR 5739:2018.2* Three cylindrical specimens
(100 x 200 mm) cured in a humidity chamber were tested
at the ages of 3 and 28 days to determine the compressive
strength of each concrete.

Water absorption by capillarity

The water absorption by capillarity was determined
according to ABNT NBR 9779:2012.% Four cylindrical
specimens (100 x 200 mm) cured in a humidity chamber
were tested at the age of 28 days. Before the test, the spec-
imens were oven-dried at 100°C for 3 days. The specimens
were placed in a container with a 5 mm layer of water, and
their weights were determined at the beginning of the test
and after 3, 6, 24, 48, and 72 hours. The water absorption in
each test time is the ratio between the mass of water absorbed
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Fig. I—XRD analysis of crystalline admixtures.
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Fig. 3—Particle-size distribution: (a) fine aggregate; and (b) coarse aggregate.

Table 2—Characterization of coarse and
fine aggregates

Fine aggregate Coarse aggregate
Fineness modulus 1.89 6.10
Maximum size, mm 2.36 12.50
Specific gravity, g/em? 2.54 3.01
Water absorption, % 1.30 1.20

since the beginning of the test and the cross-sectional area
of the test sample.

Rapid chloride penetration test (RCPT)

The RCPT was carried out according to ASTM C1202!° to
evaluate the charge passed in cracked and uncracked spec-
imens. Cylindrical specimens (95 x 190 mm) were cured
in a humidity chamber for 3 days. This age was chosen for
the crack opening because, in real situations, it is common
for concrete to crack at early ages and, as there is a greater
amount of anhydrous cement in the cementitious matrix, the

ACI Materials Journal/September 2023

process of autogenous self-healing is favored. Each spec-
imen was sawn into four slices, using the central slices of
the specimens, with a thickness of 50 = 3 mm each (Fig. 5).

After sawing, the crack opening was carried out by the
splitting tensile strength test.?® A constant loading of 0.45 +
0.15 MPa/s was applied to the specimens, being automati-
cally stopped when there was a load drop that indicated the
rupture and visual crack opening. A patent-pending rupture
apparatus was used to prevent the specimen from breaking
completely (Fig. 6). The surface crack widths were measured
by optical microscopy, on the face where the crack was visu-
ally thicker, to select the cracks with a thickness less than
0.4 mm in its entire length.

The specimens were exposed to wetting-and-drying
cycles with 2 days of immersion in potable water that was
changed each cycle and 12 days of drying, with the wetting-
and-drying periods having the same duration as used by
Cappellesso et al.?’ and Ziegler et al.?® The wetting-and-
drying cycles were defined to simulate common situations
of concrete structures in contact with water, with the immer-
sion periods simulating wet days and the drying period
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Fig. 4—Fxperimental program.

Original
specimen

Fig. 5—Specimens cutting procedure.

Table 3—Concrete mixture design

Concrete Curing condition Existence of cracks Test performed
humidity chamber .
{ :7 25°C uncracked samples SUpIORPS el it bout
%ogg‘;l 05% RH E> E> water absorption by capillarity
CCA2
wet/dry cycles
CSF C‘j 2 days immersion E:> u:?;:?;d I lises |:> rapid chloride penetration test
12 days drying -

Material Control | CCAl CCA2 CSF
Cement, kg/m? 485.76 | 487.96 | 493.24 | 467.26
Water, kg/m? 19430 | 195.18 | 197.30 | 186.91
HRWRA, L/m? 0.40 0.58 0.72 0.72
Coarse aggregate, kg/m? 1060.90 | 1065.70 | 1077.24 | 1020.50
Fine aggregate, kg/m? 663.55 | 666.55 | 673.77 | 638.28
Crystalline admixture, kg/m? — 4.88 4.93 —
Silica fume, kg/m? — — — 23.36
wlc 0.40 0.40 0.40 0.40
wib 0.40 0.40 0.40 0.38

Table 4—Fresh concrete properties

Concrete Slump, mm Specific mass, kg/m3
Control 200 2404.52
CCALl 200 2420.26
CCA2 200 2446.49
CSF 200 2336.32

simulating a hot and dry period. The RCPT was carried out
at two ages, after two and six wetting-and-drying cycles,
corresponding to 28 and 91 days, respectively. At each age,
three cracked and three uncracked samples were tested.
After the defined curing periods, the samples were epoxy-
coated to isolate the concrete from the external environ-
ment (Fig. 7). The next day, the vacuum saturation proce-
dure was performed as specified by ASTM C1202,'® so the
chloride-ion penetration process would not occur by absorp-
tion. This procedure consists of placing the specimens in the
vacuum desiccator, with both end faces of the specimens
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53 Extraction of
.y test specimens

Fig. 6—Crack opening procedure.

exposed. A vacuum pump was connected to the desiccator
for 2 hours to remove all the air present in the pores of the
concrete. Then, the desiccator was sealed, and the samples
remained submerged in deionized water for another 18 +
2 hours.

The specimens were coupled between two cells using
a polyurethane adhesive. One of the cells was filled with
0.3N sodium hydroxide (NaOH) solution and the other with
3% sodium chloride (NaCl) solution. Each pair of cells

ACI Materials Journal/September 2023



Table 5—Compressive strength and water absorption by capillarity of concretes

Compressive strength, MPa Water absorption by capillarity after
3 days 28 days 72 hours of testing, g/cm?
Concrete Average Standard deviation Average Standard deviation Average Standard deviation
Control 29,7 1.5 349 3.6 0.76 0.05
CCAl 34,1 0.2 40.3 1.8 0.71 0.10
CCA2 35,7 1.0 45.7 1.2 0.54 0.03
CSF 30,3 1.7 44.8 22 0.48 0.04

was individually connected to a multimeter, all of which
were connected to a power supply capable of holding the
voltage constant at 60 V between the cells. The electrical
current passing through each specimen was recorded every
30 minutes using the multimeter, for 6 hours. The charge
passed was calculated from the results of current versus time
according to ASTM C1202'¢ (Eq. (2))

0 =900(ly + 2650+ 2Is0 + ... 21300 + 2330 + [360)  (2)

where Q is the charge passed (coulombs); [ is the current
(amperes) immediately after the voltage is applied; and 7, is
the current (amperes) at # minutes after the voltage is applied.

Service life prediction

To estimate the service life from the RCPT, the model
proposed by Berke and Hicks?® was used, which is not
standardized; however, it was adopted in other studies.’%-3
From the charge passed measured in the RCPT, the model
uses Eq. (3) to estimate the chloride diffusion coefficient in
concrete. This coefficient characterizes the concrete’s resis-
tance to the passage of chlorides and is used to assess the
durability of the material in relation to reinforcement depas-
sivation by chlorides?®3!

Cu=0.0103 x 10°80Q°%4 3)

where C,, is the chloride apparent diffusion coefficient
(cm?/s); and Q is the total charge passed (coulombs) obtained
in the RCPT.

Equations (4) and (5), developed from Fick’s second law,
allow the service life to be estimated. The proposal enables
a correlation between the concrete cover and the time to
initiate corrosion. Because the proposed method is based on
Fick’s second law, it represents a more realistic situation for
the passage of chloride ions through concrete, as it considers
non-steady-state diffusion, which means that the flow is
dependent on both time and penetration depth, unlike Fick’s
first law, which assumes that ion flow is constant®*3*

Pg = 2(z)\Dt “4)
erfz) = 1—%%50" ()

where P, is the chloride penetration depth in which the chlo-
ride concentration reached a critical point for depassivation
of reinforcement (cm); D is the chloride apparent diffusion
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Fig. 7—Coating of specimens with epoxy.

coefficient (cm?/year); ¢ is the service life (years); erf(z) is
the Gaussian error function; C¢; is the chloride concentration
limit for depassivation of reinforcement by chloride attack
over the P¢; depth and time ¢ (defined as 0.4%3!-3); Cy is the
initial chloride concentration inside the concrete component
(considered as 0%); and C; is the chloride concentration in
the surface of the concrete component, admitted as constant
(fixed at 0.63%, value used for concrete with w/c less than
0.48, 1., above 35 MPa, and exposed to salt spray>°).

EXPERIMENTAL RESULTS AND DISCUSSION
Compressive strength

The compressive strength test was performed at 3 days
(age of crack opening) and at 28 days (Table 5). As expected,
all concretes showed an increase in compressive strength
from the age of 3 to 28 days. The concrete that showed the
greatest increase in compressive strength between the test
ages was the concrete with silica fume (CSF), being 48%
higher at 28 days compared to 3 days, which probably
occurred due to the filler effect and pozzolanic reaction of
the silica fume.?’

The concretes with CAs (CCA1 and CCA2) showed
compressive strength higher than the control concrete
for both test ages. The increase in compressive strength
provided by the use of these admixtures may have occurred
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due to their reaction, which contributes to the increase in the
density of C-S-H in the matrix.®

Some authors who incorporated CAs into concrete also
found superior compressive strength when compared to
control concrete,> 3% while others observed similar compres-
sive strength values with and without the use of these admix-
tures.3!3? Therefore, CAs do not have a negative influence
over the compressive strength.

At the age of 3 days, the CSF and control concrete showed
similar results for compressive strength, while at the age of
28 days, the compressive strength of CSF was 28% higher
than the compressive strength of the control concrete. Thus,
the addition of silica fume influenced the compressive
strength only at 28 days, because the pozzolanic reaction has
more influence at a later age of the concrete and was not
significant at the age of 3 days. Furthermore, the fine parti-
cles of the silica fume contribute to a higher packing density
(filler effect) and a consequent increase in the compressive
strength of the concrete.'®3® It should also be noted that
although the w/c of concretes are equal, the water-binder
ratio (w/b) of concrete with silica fume is 0.38, while that of
the reference concrete is 0.40.

Water absorption by capillarity

The results of water absorption by capillarity over the
duration of the test are shown in Fig. 8. To facilitate the
comparison between the concretes, only the results obtained
after 72 hours of testing were considered (Table 5).

0,80
>~
= H
E % 0,60
B o
2 20,40
—g_% ..gf] ©  Control
% E 0,20 g[i ¢ CCAl
= s n] s CCA2
0,00 =
0 24 48 72

Time (h)
Fig. 8—Water absorption by capillarity of concretes.

Table 6—Chloride-ion penetrability at 28 and 91 days

The concretes that showed less water absorption by
capillarity were CSF and CCA2. The control concrete was
the one with the highest water absorption by capillarity
after 72 hours of testing, the value being very close to that
obtained for the CCAL.

In general, the water absorption by capillarity was lower
in concretes with higher compressive strength, a fact that
may be related to the capacity of the admixtures to fill the
capillary pores of the concrete, thus contributing to both
properties.

CAs have the ability to fill the capillary pores of the cemen-
titious matrix, making the concrete less permeable, which
may have contributed to the reduction in water absorption in
the concretes with the admixtures in relation to the control
concrete. 340

Cappellesso et al.?® observed the greater efficiency of silica
fume in reducing water absorption compared to CAs and the
control concrete, as in the present work. The incorporation
of silica fume contributes to a denser microstructure, which
reduces the permeability of the cementitious matrix.*!

Rapid chloride penetration test (RCPT)

The RCPT results obtained at 28 and 91 days for the
concretes are shown in Table 6. To verify the significance
of the use of CAs and silica fume, the age, and the presence
of cracks in the concrete, an analysis of variance (ANOVA)
was carried out (Table 7). Then, the multiple comparisons
were performed by Fisher’s least significant difference
(LSD) test to verify which results belong to the same homo-
geneous group (Fig. 9).

In all combinations of concrete type and the presence of
cracks, there was a decrease in the charge passed at 91 days
compared to 28 days. This result was expected because
the chloride penetration resistance in concrete increases
with age, due to the continuity of cement hydration reac-
tions.>¥74243 The uncracked CSF showed the greatest reduc-
tion in the charge passed between the ages of 28 and 91 days
(47%), which possibly occurred because of the pozzolanic
reaction provided by the addition of silica fume, which
occurs over time.

In the case of CSF and the control concrete, the results of
charge passed obtained for the cracked concretes at 91 days
were similar to those obtained for the uncracked concretes at

28 days 91 days
Average charge Average charge
Concrete passed, coulombs Chloride-ion penetrability'® passed, coulombs Chloride-ion penetrability'®
Control 3982.70 Moderate 2987.31 Moderate
CCAl 4630.48 High 2984.79 Moderate
Cracked
CCA2 4277.07 High 2712.19 Moderate
CSF 2522.89 Moderate 1600.61 Low
Control 3218.74 Moderate 2470.06 Moderate
CCAl 3739.20 Moderate 2259.05 Moderate
Uncracked
CCA2 3748.08 Moderate 2319.61 Moderate
CSF 1673.57 Low 891.56 Very low
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Table 7—Analysis of variance (ANOVA) for charge passed results obtained in RCPT

Effect SS DF MS F )4 Sig.
Concrete 23,537,329 3 7,845,776 124.340 0.000000 S
Crack 5,423,357 1 5,423,357 85.949 0.000000 S
Age 17,163,374 1 17,163,374 272.005 0.000000 S
Concrete crack 227,158 3 75,719 1.200 0.325507 N
Concrete age 1,344,681 3 448,227 7.104 0.000865 S
Crack age 88,990 1 88,990 1.410 0.243744 N
Concrete crack age 5923 3 1974 0.031 0.992409 N
Error 2,019,183 32 63,099 — — —

Note: SS is sum of squares; DF is degrees of freedom (n — 1); MS is mean squares; F is calculated value of F; p is significance level (p < 5% denotes a significant effect); S is

significant effect; N is nonsignificant effect.
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Horizontal bars indicate the concretes in the same homogeneous group.

Fig. 9—Homogenous groups by Fishers LSD test for charge passed results obtained in RCPT.

28 days. This indicates that cracked concrete can achieve the
same chloride penetration resistance as uncracked concrete,
as long as it has a longer curing time.

Comparing cracked and uncracked concretes, the exis-
tence of cracking allowed greater charge passed in the tested
specimens, which probably occurred due to the fact that the
cracks act as a preferential path for the ingression of aggres-
sive agents into the concrete.**” However, this result indi-
cates that the cracks were not completely closed until the age
of 91 days, because their presence had an influence on the
charge passed. Only in the case of CCA2, there was no statis-
tically significant difference between cracked and uncracked
concrete at the age of 91 days. Even so, the reduction in the
charge passed at 91 days shows that the self-healing prob-
ably occurred internally.

CSF showed the lowest charge passed under all condi-
tions analyzed. At the age of 28 days, the use of silica fume
provided a reduction of 37% and 48%, respectively, for
cracked and uncracked concrete, in relation to the control
concrete. At 91 days, this reduction was 46% for cracked
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concrete and 63% for uncracked concrete. The greater
reduction in charge passed at later ages can be attributed to
the pozzolanic reaction due to the use of silica fume, which
occurs over time.?’

One of the main advantages of using pozzolanic mate-
rials in concrete is the increase in its durability because the
reduced capillary porosity of the cement paste with their
addition makes the ingress of aggressive agents into the
concrete difficult, which justifies the lower charge passed
values obtained for CSF.*® The results obtained in the water
absorption by capillarity tests corroborate this statement,
because less permeable concretes generally have higher
durability.*

The use of CAs did not contribute to preventing the
ingress of chloride ions into the tested concretes. For cracked
concretes, at the age of 28 days, CCAl showed a charge
passed 16% higher than the control concrete, while the
charge passed in CCA2 was similar to the control concrete.
For uncracked concretes, a 16% higher charge passed was
observed in both CCA1 and CCA2 compared to the control
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Fig. 10—Service life prediction after 28 and 91 curing days.

concrete. At the age of 91 days, the charge passed in CCA1,
CCAZ2, and the control concrete was similar, for both cracked
and uncracked concretes.

Although it was expected that the use of CAs would
provide greater chloride penetration resistance than the
control concrete, the results obtained may be due to the
adopted wetting-and-drying cycle, which lasted 14 days, but
only 2 days were of water immersion. However, contact with
humidity is necessary for the CA to react.!" Possibly, the
wetting-and-drying cycles adopted did not provide enough
moisture time for the reactions of CAs to occur; thus, they
did not contribute to the chloride penetration resistance.

Ziegler et al?® adopted cycles with the wetting-and-
drying periods having the same duration as in this study. The
authors also verified that the short wetting period the speci-
mens were exposed to impaired the crack closure. However,
the concretes were in direct contact with water during the
diffusion test carried out for a long period, which may have
positively influenced the reduction in the passage of chloride
ions, due to the continuous hydration reaction of the CAs
with the water in the test. Borg et al.® verified that the crack
closure occurs in samples submerged in seawater and can be
more efficient than in distilled water. Helene et al.>! obtained
lower values of charge passed for the concrete with CA, and
the specimens were cured in a moist chamber until the test
age, which may have favored the results obtained.

The selection of the samples considering only the superfi-
cial crack width may have contributed to a greater variation
in the RCPT results. The internal morphology of the cracks
influences the occurrence of self-healing because the zones
with smaller crack widths might be more suitable to start the
precipitation of crack-healing products.®

Service life prediction

The service life of a reinforced concrete structure, with
respect to the corrosion of reinforcement in marine environ-
ments, corresponds to the time to initiate the reinforcement
depassivation by chlorides. To estimate the service life, a
4 cm reinforcement depth was adopted, recommended by
ABNT NBR 6118:2014%° for the class of environmental
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Concrete/Age

CSF Control CCA1 CCA2 CSF

91 days

aggressiveness III (strong aggressiveness, marine envi-
ronment, and great risk of deterioration of the structure),
considering beams and columns. Figure 10 shows the esti-
mated service life for all conditions analyzed.

The service life was estimated from the results of charge
passed; therefore, the results are equivalent, that is, a concrete
that presents higher chloride penetration resistance also has
a longer estimated service life. Therefore, the concretes with
the highest charge passed had a higher chloride diffusion
coefficient and, consequently, a shorter estimated service
life.

In general, the concretes presented a very low estimated
service life, except for the CSF. Helene et al.’! obtained
an estimated service life of approximately 20 years for the
uncracked concretes, with the RCPT performed at the age
of 28 days, a result superior to that obtained in this study.
However, Helene et al.3! used slag-blended cement, sulfate
resistant (CP I11-40 RS), which contributes to the reduction
in porosity and the increase in durability of the concrete.
In this research, the cement used, CP II-F 40, may have
impaired the results, as it has only filler addition, a material
that has no chemical action and therefore reduces the binder
content, consequently increasing the w/b. The main crack-
sealing process promoted by the cement used is the leaching
of calcium hydroxide, with the consequent formation of
CaCOs, which can impoverish the matrix by the release of
Ca(OH), crystals.>!

In the same way as in the RCPT, CCA1 and CCA2 showed
a similar or inferior result of service life when compared to
the control concrete. Even when the service life was similar
between CCA2 and the control concrete, the result was
not satisfactory because the CAs were incorporated into
the concrete with the function of contributing to the crack
closure and, consequently, increasing the service life of the
concretes.

CSF had the longest estimated service life, as was already
expected because the use of silica fume provided the lowest
charge-passed values in the RCPT. At the age of 28 days,
the increase provided was 47% and 73%, respectively, for
cracked and uncracked concrete, compared to the control
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concrete. At 91 days, the increase was 69% and 135% for
cracked and uncracked concrete, respectively. The addition
of silica fume to the concrete contributed to the increase in
its durability due to the reduction in the capillary porosity
of the cement paste and in the aggregate-cement paste tran-
sition zone, which makes it difficult for aggressive agents to
enter the concrete.*®

It is important to note that the service life prediction
presented is only valid in the following conditions: rein-
forced concrete is at the beginning of its service life (initia-
tion period); the fastest aggressive agent is the ingression of
chloride ions, disregarding the others; concrete is subjected
to salt spray or immersion in water contaminated with chlo-
ride ions, and no other accidental external factors would
affect the properties of the concrete cover.3!32

CONCLUSIONS

This study aimed to evaluate the influence of the use of
crystalline admixtures (CAs) and silica fume on the self-
healing of concrete, with the focus being the rapid chlo-
ride penetration test (RCPT). To characterize the different
concretes, compressive strength and water absorption by
capillarity tests were performed. The conclusions of this
study are as follows:

1. The use of CAs did not impair the compressive strength
and water absorption by capillarity of the concrete, while the
concrete with the addition of silica fume showed the best
results for these properties.

2. The incorporation of CAs did not contribute to the
increase in chloride penetration resistance for either cracked
or uncracked concretes in relation to the control concrete.

3. The concrete with silica fume showed the best results,
reducing the charge passed up to 63% at the age of 91 days
for uncracked concrete compared to uncracked control
concrete, which led to an increase of 135% in the estimated
service life for this concrete.

4. Subjecting concrete to a greater number of wetting-
and-drying cycles improved its resistance to chloride
penetration, regardless of whether the concrete was cracked
or uncracked.

5. The cracks were not completely healed until the age of
91 days because the charge passed in the cracked concretes
was higher in relation to the uncracked concretes.
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Pertinent Surface Moisture of Concrete for Water Ingress

Assessment
by Uwazuruonye Raphael Nnodim

This study clarifies the effects of moisture (expressed as percentage
saturation degree of permeable pore voids, PSD) on water ingress
properties of concrete and establishes a region where PSD
does not affect the quantitative water absorption. Experimental
measurements and finite element model (FEM) simulation results
for ordinary portland cement (OPC) concretes preconditioned to
equilibrium moisture formed plateaus between 21 and 58% PSD.
Non-continuous finer capillary pores (¢10 nm [3.937 x 107 mil,
thou] to ¢100 nm [3.937 x 107 mil, thou]) constitute the empty
pores within the plateau region before tests. Water sorptivity of
OPC and slag cement concrete blocks at several degrees of surface
moisture with internal moisture gradients validate the existence
of the plateau within the PSD range. Measuring short-term water
absorption within this plateau region eliminates the effects of initial
surface moisture content on the measured properties and evaluates
the continuity and connectivity of pores, which is the major indi-
cator of the durability of concrete.

Keywords: durability; permeability; pore size distribution; transport properties.

INTRODUCTION

To what degree the cover zone of concrete resists moisture
ingress is of paramount importance regarding durability of
in-place concrete structures. Notwithstanding that there is
no universally accepted quantifier for the general durability
performance of concrete, the resistance to water ingress is
arguably one of the greatest quantifiers in durability design
and assessment of concrete structures against the ingress
of deleterious materials as well as the initiation of concrete
deterioration.'! Regardless of the deterioration mechanism,
water is needed to initiate almost all deterioration processes
of concrete structures. Even the deteriorations that are
inherent in the materials require water to begin.?>

Many durability test standards such as ASTM C1585,*
BS 1881 Part 207,> and JSCE-G 582° appropriately consider
and evaluate the resistance to water ingress. Nonetheless,
the quality of concrete in actual structures always differs
from the design assumptions due to several effects resulting
from concreting works; therefore, durability assessment of
in-service concrete structures is important. The aforemen-
tioned test standards require drying concrete to a sufficiently
steady weight and cannot be applied in-place. Resistance to
water absorption has not been appropriately considered in
the durability assessment of in-place concrete structures due
to the ambiguous effects of moisture conditions. Moreover,
covercrete, which is the channel for water infiltration, is also
the most affected part by concreting works and is always
different from the inner concrete.>"$

Surface water absorption largely depends on the action of
the capillary pores resulting from the pore diameters, pore
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continuity/connectivity, tortuosity, and the degree of satura-
tion. Furthermore, surface tension and viscosity, which are
influenced by factors such as temperature, contribute a great
deal to water permeability.!" Short-term water penetration
depth of concrete has an approximately linear relationship
with the square root of immersion time.'> However, this
is for concrete that is dried to a steady weight, seemingly
unable to experience further moisture loss. In the literature,
it is difficult to find an appropriate initial saturation degree
of the pore system for effective evaluation of resistance
to water ingress of in-place concrete structures. Also, the
coupled influence of capillary pore size distribution and
saturation degree on moisture transfer has not been clarified.
In an investigation of the relationship among the perme-
ation rate of water into concrete, mixture design, curing, and
degree of drying, Sakai et al.'* propounded a simple equation
to evaluate the water absorption in concrete. The equation
assumed that water-binder ratio (w/b), curing, and degree of
drying are dominant in water absorption. “As long as the
amount of aggregate and mineral admixture are common,
the sorptivity of concrete can be evaluated with the w/b,
curing, and the degree of drying,”'? indicating an assump-
tion of a linear relation. Parrott!* showed that sorptivity was
linearly correlated with the amount of water loss by drying.
Maruyama'® indicated the influence of dried C-S-H on water
absorption. The C-S-H is said to shrink on drying and swells
on water absorption and its amount may considerably affect
sorptivity. This might not be far from the finding that during
water uptake in relatively dry concrete, water redistributes to
smaller pores and at the same time results in more internal
swelling, which reduces the connectivity of the capillary
pore system, thereby lowering the water uptake.'? Using a
nuclear magnetic resonance (NMR) test, Rucker-Gramm
and Beddoe'? revealed that water in gel pores decisively
affected the transport of water in larger capillary pores.
Yokoyama et al.'® concluded that “water absorbency of
concrete slabs is affected by the quantity of pores with diam-
eters of approximately 1077 m (100 nm [3.937 x 10 mil,
thou]) and larger, while water content depends on the quan-
tity of pores with diameters of approximately 10® m (10
nm [3.937 x 10* mil, thou]) and smaller.” In a study of the
relationship between the degree of drying and oxygen diffu-
sion coefficient in hardened cement paste, results showed

ACI Materials Journal, V. 120, No. 5, September 2023.

MS No. M-2022-340.R1, doi: 10.14359/10.14359/51739018, received May 30,
2023, and reviewed under Institute publication policies. Copyright © 2023, American
Concrete Institute. All rights reserved, including the making of copies unless
permission is obtained from the copyright proprietors. Pertinent discussion including
author’s closure, if any, will be published ten months from this journal’s date if the
discussion is received within four months of the paper’s print publication.

89



that between 15 and 45% relative humidity (RH), RH had no
virtual effect on the oxygen diffusion coefficient (D~m?s).!”

Surface water absorption of in-place concrete is highly
affected by the moisture condition before the measurement
and specimen preconditioning influences sorptivity.'®!
Also, moisture content of in-place concrete is not uniform
and always exhibits moisture gradient. The effect of moisture
content on measured properties of concrete is the greatest
challenge and limitation for all the in-place measurement
devices>* such as Autoclam water/air permeability, double-
chamber air permeability, electrical resistivity, surface water
absorption test (SWAT), and so on. In this study, experimental
investigations and numerical simulations are conducted and
the surface moisture content is expressed as a percentage
saturation degree of permeable pore voids (PSD), which is
directly related to the volume of pore voids of the concrete.

RESEARCH SIGNIFICANCE

Many design methods evaluate the resistance of concrete
to water ingress, but none have been effective for in-place
concrete durability assessment due to the complex effects
of moisture conditions. The effects of initial moisture
contents on surface water absorption tests have been deeply
researched without any proposal of the appropriate initial
moisture contents for effective nondestructive assessment.
This is the first detailed study clarifying the effects of mois-
ture content on the resistance to surface water absorption for
in-place concrete with a proposal of an appropriate initial
surface moisture content that excludes the effect of moisture
contents on the measured properties.

EXPERIMENTAL INVESTIGATION
Materials
Table 1 summarizes the different types of concretes used in
this study, which were selected from among commonly used

concretes in Japan. Prismatic concrete specimens with 300 x
300 mm (11.811 x 11.811 in.) area and 150 mm (5.91 in.)
thickness were prepared with ordinary portland cement
(OPC) and slag cement (JIS Type B slag cement). The
concrete specimens were prepared in two sets and were kept
in a controlled room condition of 20°C (68°F) and 60% RH
after curing until the absorption test preparation time. The
first set is composed of three concrete types and is marked
“ in Table 1, while the second set is composed of eight
concrete types. The names of the specimens were coded
to portray cement type, water-cement ratio (w/c), and type
of curing. The curing conditions applied were 7D: 7 days
sealed in mold, 10D: 10 days sealed in mold, and 10W: 1 day
sealed in mold + 9 days in water after removing the mold.
The procedure for fabricating the concrete test specimens
in the laboratory followed the ASTM C192/C192M-02 stan-
dard practice. The concrete specimens were rodded with
tamping rods while the molds were made of nonabsorbent
smooth wooden form. All tests were conducted on the form-
work finished surface of the concrete specimens.

Experimental methods

Preconditioning of moisture condition—To investigate the
effects of saturation degree of pore voids on the resistance to
water ingress, concrete cores of ¢100 mm (¢3.94 in.) were
taken along the 150 mm (5.91 in.) thickness at the age of
510 days from selected prismatic specimens (marked with
“ in Table 1). The concrete needed a sufficient hydration
degree to eliminate the possibility of microstructural change
during preconditioning. The extracted cores were sliced,
and two specimens were provided with 45 mm height and
with the formwork-finished face (Fig. 1). To achieve mois-
ture equilibrium inside the specimens at several saturation
degrees of pore voids, the sliced specimens were precondi-
tioned in a controlled humidity chamber (40°C [104°F] and

Table 1I—Summary of concrete mixture proportions and curing conditions

Mixture composition, kg/m? Admixtures
Cement Aggregate
Name of specimen wlc, % sla, % Amount Type Fine Coarse Type® Dosage’ Curing
N40-7D* 40 45 400 N 777 950 Ad-AE 1.1875 7D
N50-7D# 50 47 320 N 841 948 Ad-AE 1.1985 7D
N60-7D* 60 48.5 267 N 890 945 Ad-AE 1.3 7D
N40-10D 40 45 400 N 776 948 Ad-AE 1.1025 10D
N50-10D 50 47 320 N 840 947 Ad-AE 1.0025 10D
N60-10D 60 48.5 267 N 890 945 Ad-AE 1.0025 10D
BB50-10D 50 47 320 BB 831 937 Ad-AE 1.025 10D
N40-10W 40 45 400 N 776 948 Ad-AE 1.1025 10W
N50-10W 50 47 320 N 840 947 Ad-AE 1.0025 10W
N60-10W 60 48.5 267 N 890 945 Ad-AE 1.0025 10W
BB50-10W 50 47 320 BB 831 937 Ad-AE 1.025 10W

“Admixture types: Ad is water-reducing admixture; AE is air-entraining agent.

fAdmixture dosage: percentage of admixtures to binder, weight-to-weight ratio.

*Specimens from which cores were taken and preconditioned to equilibrium moisture distribution.

Note: N is ordinary portland cement, BB is slag cement (JIS Type B slag cement).
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50% RH). The sealing materials and preconditioning steps

have previously been established by the author?® and can be

summarized as follows:

»  Saturating specimen by total immersion into water;

*  Sealing the lateral sides with vinyl electric insulation
tape;

*  Drying the specimen to obtain the desired weight;

*  Sealing the two faces of the specimen with a layer of
polythene sheet;

*  Returning the specimen to the controlled chamber to
attain moisture equilibrium; and

»  Storing the specimen in a different closed chamber to
allow natural heat loss until the specimen is cooled
down to approximately 20 to 25°C (68 to 77°F).

To investigate the sorptivity of concrete with moisture
gradient such as in in-place concrete structures, eight kinds
of prismatic specimens (without the “¥” mark in Table 1)
were provided without the preconditioning mentioned previ-
ously. During the placement of concrete, moisture sensors
were embedded (in pairs, 10 mm apart) at 5, 10, 20, 30, and
50 mm (0.197, 0.394, 0.787, 1.181, and 1.969 in.) depths
from the surface (Fig. 2) to monitor the moisture gradient

(1.772 in.)

(591in.) ®

Fig. 1—Extraction of test samples used in preconditioned
state.

M4 moisture sensors
(embedded in pairs
@10mm [0.394

300 mm
(11.8111n.)

in.]c/c)

300 mm

(11.811in.)

3D view

Formwork

in the specimens by attaching a moisture meter (electric
resistance type) to the sensors. A moisture sensor is a set of
stainless direct-current-type (¢ 4 mm [0.157 in.]) threaded
rods that are embedded in pairs into the concrete to serve
as the connecting electrodes to the moisture meter. It has an
effective area of 4 mm diameter. To eliminate cracks due to
the embedding of the moisture sensor in the very shallow
concrete cover of 5 mm (0.197 in.), the moisture sensor for
the 5 mm (0.197 in.) depth was embedded from the back
(Fig. 2). The output of the moisture meter is expressed in
moisture content or in “count values,” and the investigated
relationship between the two outputs is shown in Fig. 3. It
was previously confirmed that count values have an inverse
relationship with electric resistance.?!

To simulate many kinds of complicated internal moisture
distribution and surface moisture contents for concrete in
outdoor environments, at 90 days after the placement, the
second set of concrete blocks were exposed to 60, 80, and
99% RH for a varying number of days. Three same specimens
were provided for eight types of concretes shown in Table 1,
and three specimens were exposed to different RH to obtain
various kinds of moisture distribution. Measurements of
surface moisture content and surface water absorption were
conducted daily until 14 days from the exposure date using a
surface moisture meter and SWAT device, respectively.

Measurement of percentage saturation degree of pore
voids, PSD—PSD is measured using an electric resistance
moisture meter by pressing the device onto the concrete
surface; the results are expressed in count values. The
surface moisture tester has an built-in hard-rubber-type
sensor that measures when in contact with the surface of
concrete. The advantages of this surface moisture meter
over others is the ability to access both the pore water and
the pore connectivity during measurements and the capacity
to measure moisture content up to the depth of 5 mm from
the surface.?? Figure 4 shows the relationship between PSD
and count values measured with the surface moisture meter
in a documented preliminary investigation.’® The scatter
plot showed a strong positive correlation between PSD and

150 mm
(5.91 in.)
2] M4 moisture sensors
- (embedded in pairs
@10mm [0.394in ]
cle)
T !
| S0 :i
ot B R
140mm (5.51 in.
E E || T 571in.
= b S mm (0.197 in.)
=
[==] .
o Concrete
—
2D view

Fig. 2—Details of M4 moisture sensor locations in concrete blocks.
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moisture meter count values. The scatter plot was obtained
from many kinds of concretes preconditioned to equilibrium
internal moisture distribution.

Surface water absorption test procedure—For the samples
preconditioned to equilibrium moisture distribution, two
replicate samples (Fig. 5(a)) were tested by the SWAT to
investigate the resistance to water ingress. Similarly, for the
second set of concrete blocks without equilibrium moisture
preconditioning, the average result from four measurement
points (Fig. 5(b)) is used to obtain both the water sorptivity
and count values.

The resistance against water absorption is expressed as the
coefficient of surface water absorption, CSWA (mL/m?/s'?).
CSWA can be obtained from the slope of the approximate
linear regression between water absorption amount and the
square root of time. The author recently introduced the CSWA
index and confirmed its correlations with the JSCE-G 582
sorptivity test results.?®

SWAT (Appendix A) is a nondestructive device that eval-
uates the quality of covercrete in 10 minutes under natural
water suction.?»** SWAT is composed of a fully automatic

Moisture content in count
values
g
}

0 t f
0 3 6 9
Moisture content in %

Fig. 3—Relationship between count values and percentage
values of HI-800 moisture meter.

Lateral side sealed with vinyl
electric insulation tape

machine unit, an absorption cup (80 mm inner diameter
and 100 mm outer diameter) with a calibrated cylindrical
tube, water inlet and tap, a sensor, a framed vacuum pump
for fixing or fixing clamp for small specimens, and a water
container. The SWAT system does not require a constant
water head throughout the testing time and the time for
injecting water into the water absorption cup before test
is 10 seconds. SWAT has been proven to be effective in
detecting the influences of curing conditions, mixture
proportions, and the adverse effects of microcracks in cover-
crete quality within 10 to 20 mm (0.394 to 0.787 in.), which
is the most affected by concreting works.®**2¢ The rate of
surface water absorption at 10 minutes (where the time for
injecting water into the cup for measurement preparation is
10 seconds) measured by SWAT is termed pggo (mL/m?/s) and
the criterion for the conventional quality grading is shown in
Table A1 of Appendix A. CSWA has a good correlation with
Peoo-d Besides, good correlations have been demonstrated
between pgo and long-term water penetration depth,? as
well as the carbonation rate coefficient of concrete.?’

600 T
- 0%
500 + R®=0.8598 o
6 400 + ©0PC40-7D
£ - © OPC50-7D ® g
£ 300 £ ©0PC60-7D
= | © OPC60-1D
=] [
8“200 -
5 100
0 + T T R

0 20 40 60 80 100
Percentage saturation degree of permeable
pore voids (PSD)

Fig. 4—Relationship between PSD and HI-100 moisture
meter count values.
M4 moisture sensors

(embedded in pairs @10 mm
[0.394in.] c/c)

80mm (3.15in.)

(11.8111mn.)

(1,95 Formwork finished surface

2 gy, ) (measurement area)

3D view (a)

L 300 J A 300 mm
I? (11_31I]11E_) g N (11.811in)
3D view M4 moisture sensors 2D view
g9
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ale
L 300 mm J
I® (11.811m) |
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Fig. 5—Measurement of water sorptivity of concrete by SWAT device: (a) sample pre-conditioned to equilibrium moisture
distribution; and (b) concrete block with internal moisture gradient.
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NUMERICAL SIMULATION
Simulation tool—To investigate the effective pore diam-
eter available for water transport at different percentage
saturation degrees of pore voids, numerical simulation was
used. A commercial, multi-scale and thermo-hygro dynamics
analysis software, Durability of COncrete Model
(DuCOM),?% is used to model water absorption and is
thereafter applied in the porosity estimation and pore size
distribution of the samples preconditioned to equilibrium
moisture. DuCOM is capable of predicting the hydration of
cement and its densification by continuous hydration of the
unhydrated cement particles.?* The hydration of cement
particles and moisture transport are inherently coupled
during microstructure development and pore structure
formation.?’ DuCOM applies the computational prediction
of the pore structure of the matrix as a basis for moisture
transport computation. Each capillary and gel porosity

distribution, ¢.,(7) and ¢4 (7), is represented as

V=1 —exp(-Br), dV = Br exp(-Br) dinr (1)

where V' is the fractional pore volume of the distribution up
to pore radius r; and B is the peak distribution in a loga-
rithmic scale of the sole porosity distribution parameter.
The overall microstructure is represented as a bimodal
porosity distribution through the combination of the inner
and outer product contribution to the total porosity function

o(r) as
O(r) = 0L + dgi1 — exp(=Bgr)) + dep(1 — exp(=Br)) (2)

where B, and B, correspond, respectively, to the gel and
capillary porosity components.

Boundary conditions for water movement in DuCOM—
To establish effective modeling, appropriate meshing and
boundary conditions in numerical simulation are neces-
sary. In this research, at first, one-dimensional (1-D) domi-
nant water movement was simulated and validated by
experimental results for calibrating appropriate boundary
conditions. One-dimensional water sorptivity results from
cylindrical samples (¢100 x 200 mm) were used to deter-
mine appropriate boundary conditions for water move-
ment during absorption by simulation. The measurements
were conducted based on JSCE-G 582.° Twenty-five mm
(0.984 in.) surface zone from the bottom of the specimen
was removed and the final test sample was $100 mm x
175 mm ($3.937 x 8.890 in.). Second, three-dimensional
(3-D) water movement by SWAT—that is, the water
penetration depth at 10 minutes of absorption, which cannot
be measured experimentally—was simulated using the
established and validated meshing and boundary condi-
tions from the 1-D dominant water movement results. In
the DuCOM system, a magnification factor is applied (espe-
cially in short-time water movement) for the vapor transfer
coefficient. Based on the parametric investigations for the
surface water absorption, four times the magnification factor
of the vapor transfer coefficient for RH = 99.99% is selected
to account for the transference of condensed water from the
surface to the concrete.
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Fig. 6—Model of JSCE-G 582 test specimen.

Three types of concrete prepared with OPC and slag
cement (JIS Type B slag cement) were used. The amount
of water (kg/m® [Ib/ft’]) for mixing was kept constant at
160 kg/m* (9.988 Ib/ft’) for all the concrete types. Two
different w/c contents (40 and 50%) for the OPC concretes
were obtained by varying the amount of cement. The curing
type was sealing in the mold for 28 days. The specimens
were named N40-28D for OPC + 40% w/c, N50-28D for
OPC + 50% w/c, and BB50-28D for slag cement + 50% wic.
The concrete mixture proportions are:

* N40-28D - sand/aggregate ratio = 45%, cement =
400 kg/m® (24.971 1b/ft’), fine aggregate = 796 kg/m®
(49.693 1b/1t), coarse aggregate =973 kg/m? (60.742 Ib/ft3),
Ad is water-reducing admixture = 1.0, AE is air-en-
training agent = 0.0015 entrained air content 5.6%.

* NS50-28D — sand/aggregate ratio = 47%, cement =
320 kg/m® (19.977 1b/ft%), fine aggregate = 865 kg/m?
(54.01b/1t?), coarse aggregate =975 kg/m?3 (60.876 Ib/ft?),
Ad is water-reducing admixture = 1.0, AE is air-
entraining agent = 0.0015 entrained air content 4.9%.

*  BB50-28D — sand/aggregate ratio = 46.7%, cement =
320 kg/m® (19.977 1b/ft%), fine aggregate = 854 kg/m?
(53.313 Ib/ft’), coarse aggregate = 975 kg/m?
(60.867 1b/ft%), Ad is water-reducing admixture = 0.8,
AE is air-entraining agent = 0.0015 entrained air content
3.5%.

Sample preparations according to JSCE-G 582 started
60 days after casting. Details of the experimental steps,
conditions, test preparations, and results are documented by
the author.® Figure 6 shows the meshing details of the model.

COMPARISON OF SIMULATIONS AND
EXPERIMENTAL RESULTS
Water penetration depths at 5, 24, and 48 hours for
BB50-28D are shown in Fig. 7(a) through (c) while the
effectiveness of the boundary condition on the 5 hours of
water penetration depth is shown in Fig. 7(d). The penetra-
tion depth is determined as the first point where the differ-
ence in saturation degree of pore voids before and after water
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Fig. 8—Average depth of water penetration of concrete from experiment and numerical simulation: (a) N40-28D; (b) N50-28D;

and (c) BB50-28D.

absorption equals zero. As for experiments, moisture penetra-
tion depth is determined by spraying a color-differentiating
water detector that conforms to NDIS 3423 specifications.
The measured and simulated results for the three concrete
types (N40-28D, N50-28D, and BB50-28D) are compared
in Fig. 8(a) through (c). A high coefficient of determination,
R? = 0.9438 (Fig. 9), was obtained from the approximation
of the relationship between measured and simulated results
for water penetration depth by a linear function. This high
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correlation validates the simulation model for evaluating
water penetration depth in a 1-D dominant water movement.

The simulation model was applied to investigate the
3-D water ingress of the concrete samples (preconditioned
to uniform moisture distributions and measured at several
PSDs). The meshing was shown in Fig. 10 where 2 mm thick
meshes were used up to 10 mm from the surface in the depth
direction (z-direction) for a precise simulation of absorption
amount. Also, 2 mm thick mesh sizes in the y-direction were
made beyond the inner ¢80 mm circle (which represents the
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SWAT water cup) to evaluate the effect of 3-D water ingress.
For the experiments, CSWA is the slope from an approxi-
mate linear regression obtained by plotting the cumulative
water absorption per unit area against the square root of time
(in seconds), whereas CSWA in the numerical simulation is
deduced from the cumulative water absorption calculated by
considering all the output parameters (physically adsorbed
water, free water, and water fixed in hydrates) for moisture
transfer in the DuCOM tool.
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Fig. 10—Model of sample preconditioned to equilibrium
moisture distribution.
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RESULTS AND DISCUSSION
Influence of pore void saturation degree on water
absorption for concrete with uniform moisture
distribution

The effects of PSD on water sorptivity for the simulated
and measured values are shown in Fig. 11(a) and (b). A good
agreement is observed when values obtained from the simu-
lation model are compared to the experimental results. It is
seen that three regions are formed (indicated as A, B, and C)
as illustrated in Fig. 12. Similar trends were seen in regions A
and C. It was revealed that the water sorptivity obtained from
10 minutes of measurement exhibited a near-linear inverse
relationship with PSD for all the samples in the two regions.
From the experimental results, region A was between 0 and
20% PSD for all the concrete types, whereas region C was
46% PSD and above for N60-7D, 51% PSD and above for
N50-7D, and 59% PSD and above for N40-7D. According
to the increase in PSD, water sorptivity decreased in regions
A and C. On the other hand, from simulation results, while
all the concrete types revealed 0 to 20% PSD in region A,
region C for N40-7D was 51% PSD and above, and region C
for N50-7D and N60-7D was 54% PSD and above.

A different trend from regions A and C was observed
in region B. From the experimental results, between 21%
PSD and 45% PSD, PSD was seen to have almost no influ-
ence on water sorptivity for N60-7D. In the same way, the
plateau zone was observed between 21% PSD and 50% PSD
for N50-7D, and 21% PSD and 58% PSD for N40-7D. The
simulation results showed a plateau zone at 21% PSD to 50%
PSD for N40-7D, and 21% PSD to 53% PSD for N50-7D
and N60-7D. Experimental results revealed that the range of
region B (plateau zone) increases with a decrease in the w/c.
This means that the volume of pore diameters related to the
plateau region increases with a decrease in the w/c content,
indicating an increase as the quality of concrete improves.
The plateau region is caused by the discontinuity in the pore
connections that resulted from instant rapid absorption and
moisture redistribution during water absorption at region A.
The discontinuous pores require a longer time for the satura-
tion of pore voids. This is evident in Fig. 13, where the simu-
lation results of 6 hours of surface water absorption revealed
the disappearance of the plateau region. More discussion on
different water absorption mechanisms that resulted in the
three regions is in the subsection that follows.
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Fig. 11—Water sorptivity of concrete against PSD: (a) CSWA versus PSD, and (b) pgpy versus PSD.
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The estimated pore size distributions from numerical
simulations are shown in Fig. 14(a). Validations of the
pore size distributions obtained by the simulation tool were

Plateau region
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Fig. 12—Pattern diagram for relationship between sorp-
tivity and PSD.
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Fig. 13—Effect of long-term absorption on plateau region
for N40-7D concrete by numerical simulation.
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not conducted as many experimental validations for many
kinds of concrete have previously been documented by
researchers.?®33 The dominant pore diameters empty for
absorption and saturation during the 10 minutes of water
absorption in region B (plateau region) is the shaded areas
shown in Fig. 14(b), (c) and (d) for N40-7D, N50-7D, and
N60-7D, respectively. It revealed that for all concrete types
in this study, the maximum pore diameter corresponding to
the upper limit of the plateau region is equivalent to 10”7 m
(100 nm [3.937 x 107 mil, thou]). The range of dominant
pore diameters differs in the three regions; thus, different
water absorption mechanisms contributed to the pattern (A,
B, and C regions) in the relationship between water sorp-
tivity and PSD. In estimating the empty capillary pores
available for water uptake, the saturation is taken in the
order of the pore diameter starting from the smallest while
neglecting ink-bottle effects because the water absorption
measurements were conducted at the condition of equilib-
rium moisture distribution. It has been confirmed that at an
equilibrium moisture distribution state only the pores of
specific diameter and smaller diameter sizes are saturated;
thus, the effects of the ink-bottle neck on water absorption
are negligible.'?

Absorption mechanism for water movement in regions A
and C—In region A (predominately 0 to 20% PSD), which
could be seen as an extremely dry region, the pore system
is empty; thus, rapid surface water absorption occurs when
concrete is placed in contact with water. Because the bigger
gel pores are not filled, as water enters the large capillary
pores, instant-rapid-partial redistribution into the smaller
empty pores occurs allowing for an increase in internal
swelling that reduces the pore connectivity, lowering the
amount of absorption. This is similar to Rucker-Gramm
and Beddoe’s revelation on the influence of gel pore water
in the transport of water in much larger capillaries.'? For
this reason, surface water absorption in this region has a
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Fig. 14—Porosity estimation of pore size distribution for OPC concretes showing effective pore diameters for plateau regions
from simulation: (a) pore size distribution, (b) N40-7D; (c) N50-7D; and (d) N60-7D.
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near-linear inverse relationship with the saturation degree
of permeable pore voids until the critical pore diameters
that aid in the instant moisture redistribution are filled up.
The critical pore diameter is seemingly within 20% PSD
and below.*

Region C, which could be seen as a wet region, similarly
shows a water absorption relationship with PSD as a near-
linear inverse relation. In this region, only big capillary pores
that have sole water absorbency'® are empty. As absorption
proceeds, smaller pores are filled, reducing the volume of
the available empty pores for absorption.

Absorption mechanism for water movement in region
B (the plateau region)—Nearly zero influence of PSD on
water absorption is observed in this region; thus, a plateau
in the pattern diagram exists. Here, the critical pore diame-
ters that contribute to the instant-rapid-partial redistribution
of moisture have already been filled. The pore diameters in
this region do not directly contribute to water absorption.
Capillary water absorption in this region requires a longer
time (as shown in Fig. 13) for saturation of the pores due
to the presence of noncontinuous finer capillary pores, less
connectivity, and discontinuity in the pore system, together
with the tortuous property of concrete. Because SWAT is
measured only at 10 minutes, the saturation of the pores
could not be attained. As seen in Fig. 14(b) through (d), the
empty capillary pore diameters in this region are between
10 m (10 nm [3.937 x 10~ mil, thou]) and 10”7 m (100 nm
[3.937 x 107 mil, thou]). The pore diameters could have
strong relations with the threshold pore size by the mercury
intrusion porosimetry (MIP) test. When short-time water
absorption measurements such as SWAT are conducted in
this PSD region (plateau zone), it assesses the continuity and
connectivity of the pore systems, which is the major indi-
cator of the durability of concrete.

The threshold for the saturation degree of permeable pore
voids for effective evaluation of surface water absorption is
the plateau region because nearly zero effects of moisture
were observed and every concrete quality was distinct. Where
the quality of the mixture proportion of concrete is unknown,
the upper threshold PSD, which is the most important, could
be taken as “210 counts” of surface moisture meter equiva-
lent to 58% PSD. The general water absorption mechanism,
including the formation of the plateau, is represented in the
schematic diagram shown in Fig. 15.

Influence of pore void saturation degree on water
absorption for concrete with moisture gradient

In actual concrete structures, moisture condition inside
concrete is not uniform. In many cases, there is a moisture
gradient from the surface of concrete into the depth direc-
tion. Here, the effects of PSD with moisture gradient on
water absorption are investigated.

The effects of surface PSD on water sorptivity were inves-
tigated using concrete blocks with internal moisture gradi-
ents. Moisture distribution in the concrete blocks exposed to
60, 80, and 99% RH was measured with embedded sensors
at several depths. The count values by the moisture meter
(as explained in Fig. 3) are shown in Fig. 16. The N40, N50,
N60, and BB50 concretes are shown in Fig. 16(a), (b), (c),
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Fig. 15—Schematic diagram of water absorption mecha-
nism for formation of plateau zone.

and (d), respectively, which are typical to different internal
moisture gradients in real concrete structures.

Simultaneous measurements for surface PSD and water
sorptivity are conducted with the recordings of the internal
moisture gradient. The plotting of CSWA against moisture
meter count values is shown in Fig. 17. Figure 17(a) shows
the results for the 10D series of the concrete blocks, whereas
Fig. 17(b) is for the 10W series. In Fig. 17, hollow circles
represent surface PSD above the threshold whereas solid
circles represent surface PSD within the threshold (plateau
region) as per the upper threshold defined by 210 count
value of the moisture meter.

In general, the results strongly revealed that below
the 210 count value, surface PSD has almost no effect on
water sorptivity for in-place concrete. Clear, acceptable
grading and covercrete quality variations are seen among
the eight different concrete types. It revealed visible influ-
ences of cement type, w/b content, and curing conditions
on the plateau range, as well as the water sorptivity results.
For all the 10D series, a near-linear inverse relation is seen
above 210 count values. For some 10W series, the plateau
range extended beyond 210 count values, indicating better
quality of concrete with a larger volume of pores within 10
to 100 nm (3.937 x 10 to 3.937 x 10 mil, thou) diame-
ters. It confirmed the different ranges of the plateau region
observed in experiments for the preconditioned OPC
samples. Where information on the w/b and curing condi-
tion of in-place concrete is available, the upper threshold
PSD value could appropriately be adjusted and considered
before SWAT measurement. This validates the acceptability
of the proposed assessment method using an upper-threshold
PSD as the maximum surface moisture content for effective
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Fig. 16—Typical internal moisture distribution of concrete blocks exposed to different RH.
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durability assessment of in-place concrete structures when 1. The initial pore void saturation degree at the cover
measuring the resistance to water ingress. zone of concrete for effective evaluation of the resistance
to water absorption during durability assessment of in-place

CONCLUSIONS concrete structures was proposed based on the region where

This study investigated the effect of saturation degree in the degree of saturation has almost no effect on the measured
concrete pore voids on water sorptivity, with quantitative results. Ordinary portland cement (OPC) 40, 50, and 60%
and a clear correlation, showing the region where the degree water-cement ratio (w/c) concrete specimens precondi-
of saturation of pore voids has almost no effect on the water tioned to uniform moisture distribution showed almost
resistance measurement results by the surface water absorp- no effect of the saturation degree of permeable pore voids
tion test. The conclusions derived from this study can be (PSD) on coefficient of surface water absorption (CSWA)
summarized as follows: within a particular PSD region (plateau region) for both the

measured and simulated results. Moreover, the water sorp-
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tivity of OPC and BB concrete blocks with internal mois-
ture gradients confirmed the existence of the plateau region
within the same PSD region for various patterns of internal
moisture gradients.

2. When a short-term resistance to water absorption test
is conducted with an initial surface moisture content within
the plateau region, the measurement estimates the volume of
noncontinuous finer capillary pores and evaluates the conti-
nuity and connectivity of the pore system. Continuity and
connectivity of the pore system are known as the major indi-
cator of the durability of concrete. The effective pore diam-
eter relevant to the plateau zone is 10 to 100 nm (3.937 %
10 to 3.937 x 107 mil, thou). Measurement at this region
eliminates the effects of initial surface moisture content on
the measured properties.

3. To ensure the evaluation of resistance to water absorp-
tion at the noncontinuous finer capillary pore void satura-
tion degree, the upper threshold for initial surface moisture
content of concrete could be appropriately considered as
equivalent to the “210 counts” of the surface moisture meter.
This is the least value of the upper threshold and could be
applied when information about the in-place concrete struc-
ture (such as w/c content and curing condition) is unknown.
Where this information is available, the upper threshold may
be appropriately adjusted upwards.
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NOTATION
B = peak distribution in logarithmic scale of sole porosity distri-
bution parameter
B, = capillary porosity component
By = gel porosity component
CSWA = coefficient of surface water absorption
DuCOM = Durability of COncrete Model simulation tool
PSD = percentage saturation degree of permeable pore voids of
concrete
r = pore radius
SWAT = surface water absorption test
V = fractional pore volume of the distribution up to pore radius r
dcp = capillary porosity function
bgr = gel porosity function
oy = interlayer porosity function
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APPENDIX A
Figure Al shows the detailed geometry of the SWAT
device, while Table A1 shows the conventional grading of
covercrete quality by SWAT.

watertight rubber
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(b)

clamp

Fig. Al—Detailed geometry of SWAT device: (a) system, (b) details of absorption cup, and (c) detail of attachment onto small

specimen.

Table A1—Grading of covercrete quality by SWAT

Quality
Ordinary Poor

Water absorption rate at 10 minutes
(600 seconds) Good

0.25t0 0.50 | >0.50

Pooo, mL/m?/s <0.25
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Multi-Step Slotting Method for Evaluating In-Place Stress

in Concrete

by Zhao-Dong Xu, Yi Zhang, Jin-Bao Li, Xing-Huai Huang, and Ying-Qing Guo

The slotting method is a nondestructive detection method based on
the stress release principle to evaluate in-place stress in concrete.
By measuring the change in strain of the slotting area using a
strain gauge, the in-place stress within the concrete member can be
calculated by elastic theory. This paper proposes a multi-step slot-
ting method that combines experimental strain measurements with
numerical simulation results. For concrete specimens under unidi-
rectional stress, the effects of compressive stress, slotting spacing,
slotting length, and slotting depth on the degree of stress release
were analyzed using finite element analysis, and a normalized
fitting equation was proposed that can be quickly and accurately
applied in engineering detection. The excellent agreement between
the experimental results and the numerical simulation (fitted equa-
tion) results shows that the slotting method can facilitate the accu-
rate evaluation of the in-place stress in concrete, and the relative
error can be reduced to less than 10% when it is calculated using
the optimized multi-step experimental data.

Keywords: experimental study; in-place stress; numerical analysis; slotting
method; stress measurement.

INTRODUCTION

With the emergence of super high-rise buildings and large-
span bridge structures, the health monitoring and damage
identification of engineering structures have garnered signif-
icant attention among scholars in recent years.!? Throughout
the service life of concrete structures, various factors such
as stress decay, concrete creep, construction deviations, and
differential settlements contribute to stress changes within
these structures. Consequently, the theoretically calculated
stress often significantly deviates from the actual stress.
Therefore, accurate evaluation of in-place stress is of great
importance to ensure the safety and reliability of structures.
The measurement of in-place stress in existing concrete
structures has been a difficult problem. The inhomogeneity
and randomness of concrete materials, strain measurement
techniques, and other factors contribute to the large disper-
sion and errors of stress measurement results.

The stress release method was initially proposed for
measuring residual stress in steel members.> A hole is
drilled in the measurement area of the material so that the
stress around the hole is released and the change in strain
at the measured point before and after the stress release is
measured to calculate the residual stress.*>

Stress release methods can be divided into the hole-
drilling method (HDM), core-drilling method (CDM), and
slotting method according to the drilling or slotting format
employed. HDM is normally applied to the measurement
of metals,®? and the elastic modulus of the material can be
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accurately measured by coring, so CDM is more suitable
for stress measurement in concrete and rocks.!!* The core-
drilling machine used in CDM typically has a core diameter
ranging from 100 to 250 mm, which allows for practical
handling while meeting strain measurement requirements.
Both HDM and CDM have been extensively studied and
analyzed by scholars.!>!? The change in strain at the edge
of the hole before and after drilling is measured to calculate
the in-place stress in concrete. In recent decades, researchers
have conducted numerous studies on stress release methods
and gradually applied them to stress detection in concrete.?-28
The influence function based on surface displacements has
been applied to concrete structures.?®** While the theoretical
accuracy of these results was good, their practical applica-
tion was hindered by the extremely small magnitude of the
released displacements. In 2015, a nondestructive method
for identifying the uniaxial in-place stress in concrete
components for existing bridges using CDM based on influ-
ence functions was proposed.’’ An open-hole technique
for evaluating in-place stress was proposed using a three-
dimensional strain gauge wreath to measure the strain release
during core drilling, and the reliability of the technology was
evaluated through laboratory research.??

However, in CDM, it is not possible to measure the strain
information inside the hole due to the limitation of the core-
drilling machine. Additionally, the strain measurement
in the area outside the hole is unstable, and the change in
strain is dependent on the distance from the hole edge. The
measurement results are further disturbed when the distance
is too close, while the change in strain is minimal when the
distance is too far.’3 Therefore, researchers have proposed
an improved and innovative slotting method based on CDM,
which can be divided into the linear slotting method (hori-
zontal slot) and the square slotting method (square slot)
according to the shape of the slots. The slotting method
offers convenience in practical engineering applications and
resolves the issue of discontinuous strain information within
the coring area of CDM. In particular, the slotting method
causes less damage to the concrete structure when unidi-
rectional stress is involved. The slotting method is ideal for
measuring in-place stress in structures such as piers and pile
foundations with large unidirectional load-bearing capacity.
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Consequently, it effectively addresses the challenge of
quickly and efficiently evaluating concrete stresses in the
field of health monitoring research.>

This paper proposes a multi-step slotting method that
combines experimental strain measurements with numer-
ical simulation results. For concrete specimens under
unidirectional stress, the effects of compressive stress,
slotting spacing, slotting length, and slotting depth on the
degree of stress release were analyzed using finite element
analysis. According to the conclusion of numerical simula-
tion analysis, the influence of different slotting lengths was
reduced by controlling the aspect ratio of the slotting area.
Two main influencing factors of slotting spacing and slotting
depth were innovatively normalized into a fitting equation,
which can be used to quickly calculate the stress release rate
under different working conditions without complicated
modeling calculations in practical engineering applications.
Finally, the applicability and accuracy of the multi-step slot-
ting method were evaluated by experiment on concrete spec-
imens, and the relative error between the measured results
and the real results was 10 to 15%, which could be reduced
to below 10% by using the optimized multi-step experi-
mental data for calculation.

RESEARCH SIGNIFICANCE

Traditional measurement methods cannot be applied to
engineering measurement quickly and accurately. The strain
information in the hole cannot be output continuously in
CDM and the strain measurement in the area outside the
hole is unstable. The authors firmly believe that this compre-
hensive study on the multi-step slotting method represents
the first attempt of its kind and holds immense value for
concrete technology. The findings and insights have the
potential to significantly enhance the understanding of
in-place stress evaluation, thereby benefiting the broader
domain of concrete technology.

MULTI-STEP SLOTTING METHOD

Fundamental theory

The slotting method is a local damage detection method
used to evaluate in-place stress in concrete. The concrete
is elastically deformed during the slotting process as the
stress in the slotting area is gradually released. The strain
gauge is attached to the measurement points according to
in-place stress direction, and as slotting depth increases, the
strain gauge begins to measure the elastic strain released
by concrete. The in-place stress at the measurement point
is completely released when the slotting depth reaches a
certain defined value. The in-place stress can be calculated
from the stress-strain relationship in the elastic stage based
on the strain change measured by the strain gauge and the
modulus of elasticity of concrete.

Multi-step slotting method

First, it is important to define the relevant parameters in
the slotting method to facilitate subsequent analysis and
discussion. Dimension parameters such as slotting spacing
S, slotting length L, central measurement point, and aspect
ratio A of the slotting area are defined, as shown in Fig. 1.
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The aspect ratio A of the stress release area is the ratio of
slotted length L and slotted spacing S (L/S).
The stress release rate o, at slotting step 7 is calculated as

60— 06;, & & _ Ag |
o = o) - €0 ) ()

where o; is the stress release rate of slotting step i; oy is the
initial y-directional stress; o; is the y-directional stress at
slotting step i; g is the initial y-directional strain; ¢; is the
y-directional strain at slotting step 7; and Ag; is the difference
between the initial y-directional strain and the y-directional
strain at slotting step i.

The traditional measurement method involves slotting
concrete to a sufficient depth to fully release the stress at the
measurement point. However, the in-place stress measured
using this traditional method often exhibits a significant
error. The following reasons are analyzed to explain this
phenomenon: first, the zero-stress depth is closely related to
factors such as slotting shape, slotting spacing, and slotting
length. These factors are prone to change during the slotting
process, leading to variations in the zero-stress depth and
resulting in a large error. Second, it is difficult to precisely
control the slotting depth to just reach the zero-stress depth.
To address these limitations, this paper proposes a multi-step
slotting method that combines experimental strain measure-
ments with numerical simulation results. The in-place stress
can be calculated as

E n AS[
o = ﬁz a; (2)

1
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where o is the in-place stress; £ is the modulus of elasticity;
n is the number of slotting steps; o; is the stress release rate
of the numerical simulation at slotting step 7; and Ag; is the
difference between the initial strain and the strain of the
experiment at slotting step .

It is important to note that change in measured strain Ag;
can be measured in engineering detection. However, the true
values of the initial strain €y and the strain ¢; after each slot-
ting step on the concrete surface cannot be directly measured
(they can only be measured and analyzed in experimental
studies). In Eq. (2), the calculation of the in-place stress does
not involve the true values of the initial strain and the strain
after each slotting step, but rather focuses on the change in
measured strain without slotting and with slotting. There-
fore, the inability to measure the true values of strains on the
concrete surface during engineering detection does not affect
the calculation of in-place stress.

By setting a reasonable slotting step depth, the change in
strain at the measurement point under multiple step depths
can be measured, and the in-place stress can be calculated by
combining numerical simulation results. The multi-step slot-
ting method offers the significant advantage of not requiring
precise attention to the variation of the zero-stress depth.
Instead, it uses a rational analysis step and a suitable number
of analysis steps to minimize errors.

NUMERICAL ANALYSIS

Calculation model

To study the effects of various factors on stress release, the
finite element method was employed to conduct numerical
simulations on compressed members subjected to unidirec-
tional stress. A finite element model of concrete with dimen-
sions of 500 x 500 x 250 mm (19.69 x 19.69 x 9.84 in.) was
created in Abaqus/CAE. The model was analyzed using a
direct solver with static conditions and an implicit form of
integration. Because the multi-step slotting method involves
a progressive slotting process with incremental depths, indi-
vidual models were generated at each slotting depth: 0, 5,
10, 15, 20, 25, 30, 35, 40, 45, and 50 mm (0, 0.20, 0.39, 0.59,
0.79, 0.98, 1.18, 1.38, 1.58, 1.78, and 1.97 in.). The material
properties of the concrete were assumed to exhibit elastic
behavior, with a strength grade of C30, modulus of elasticity
0f 30,000 MPa (4,350,000 psi), and a Poisson’s ratio of 0.20
assigned to the model. The element type employed in the
model was an eight-node hexahedral linearly reduced inte-
gration element (C3D8R). The model was meshed using a
structured mesh with a global size of 10 x 10 mm (0.39 x
0.39 in.), with appropriate size reduction near the slotting
area. The load was uniformly applied from the top surface
as a pressure distribution, and all degrees of freedom at the
bottom of the model were constrained.

Effect of slotting length

The effect of the slotting length on the degree of stress
release was analyzed. For this purpose, a slotting spacing
of 100 mm (3.94 in.) was chosen, and eight different slot-
ting lengths were selected: 60, 80, 100, 120, 140, 160, 180,
and 200 mm (2.36, 3.15, 3.94, 4.72, 5.51, 6.30, 7.09, and
7.87 in.), corresponding to aspect ratios of 0.6, 0.8, 1.0, 1.2,
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Fig. 2—Variation of y-directional stress with slotting depth
at different slotting lengths. (Note: 1 MPa = 145 psi; I mm =
0.039 in.)

1.4, 1.6, 1.8, and 2.0, respectively. The y-directional stress
values at the central measurement point for different slotting
depths were calculated and presented in Fig. 2.

As the slotting depth increased, the y-directional stress
gradually decreased and eventually stabilized at a certain
value. The variation trend of y-directional stress with slot-
ting depth remained consistent across different aspect ratios,
but the degree of discrepancy varied among the working
conditions. The effect of aspect ratio can be analyzed in two
cases: A< 1and A> 1.

Aspect ratio A < 1 (slotted length L < slotted spacing
S)—The significant differences of y-directional stress were
observed among different aspect ratios at the same slot-
ting depth. Longer slotting lengths resulted in faster stress
release, and smaller slotting depths were required to achieve
complete stress release. When A = 0.6, the y-directional
stress at the central measurement point was not completely
released, regardless of the slotting depth.

Aspect ratio . > 1 (slotted length L > slotted spacing
S)—The minimal differences of y-directional stress were
observed among different aspect ratios at the same slot-
ting depth. The maximum difference of y-directional stress
among the five working conditions with A > 1 was observed
at the slotting depth of 50 mm (1.97 in.), and the ratio of
the maximum difference to the initial y-directional stress
was 6.30%. The average ratio of the maximum difference of
y-directional stress to the initial y-directional stress at each
slotting depth was 2.52%. Therefore, as long as the aspect
ratio is greater than 1 (A > 1), the error resulting from varia-
tions in slotting length caused by factors such as saw blade
shape or slotting disturbances is minimal, ensuring accurate
measurement results.

Effect of slotting spacing

The effect of the slotting spacing on the degree of stress
release was analyzed by selecting slotting spacings of 50,
60, 70, 80, 90, and 100 mm (1.97, 2.36, 2.76, 3.15, 3.54,
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Fig. 3—Variation of y-directional stress with slotting depth
at different slotting spacings. (Note: 1 MPa = 145 psi;
1 mm=0.039in.)

and 3.94 in.) for a total of six working conditions. To ensure
consistency and avoid the influence of different slotting
lengths on the results, an aspect ratio of 2 (L = 25) was
maintained for all six working conditions. The variation of
y-directional stress with slotting depth at different slotting
spacings is shown in Fig. 3.

As observed in Fig. 3, the variation trend of y-
directional stress with slotting depth remained consistent
across different slotting spacings. A longer slotting spacing
resulted in a slower release of stress, requiring a larger slot-
ting depth for complete stress release. During the slotting
process, the y-directional stress at the center measurement
point would undergo three stages. In the first stage, as the
slotting depth increased, the y-directional stress gradually
decreased until the stress was completely released and the
slotting depth reached the zero-stress depth, which was
first reached at the end of the first stage. The slotting depth
continued to increase and the stress release entered the
second stage. At this stage, the stress increased in the oppo-
site direction until it reached the maximum value (much
less than the initial y-directional stress). Finally, the third
stage was entered, and the y-directional stress gradually
approached 0 again from the reverse maximum. In practical
stress measurements, particular attention should be given to
the first stage of stress release.

Effect of initial stress

The effect of the initial stress on the degree of stress release
was analyzed. Figure 4 shows the variation of y-directional
stress with slotting depth at different initial stresses, and
Fig. 5 shows the results of the stress release rate. A slotting
spacing of 100 mm (3.94 in.), slotting length of 200 mm
(7.87 in.) with an aspect ratio of 2, and four initial stress
levels (2, 4, 6, and 8 MPa [290, 580, 870, and 1160 psi])
were considered for analysis.

In Fig. 4, the y-directional stress gradually decreased
from the initial value as the slotting depth increased.
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The y-directional stress of four working conditions was
completely released at a slotting depth of 32 mm (1.26 in.).
Beyond the point of stress release, as the slotting depth
continued to increase, the y-directional stress reversed and
increased in magnitude. Notably, the greater the initial
stress, the higher the maximum value of the reverse stress
observed. Figure 5 illustrates that the stress release rate
remained consistent at the same slotting depth across all four
compressive stress conditions. The magnitude of the stress
only influenced the initial y-directional stress value at the
measurement point and the stress release value at each step.
It had no impact on the stress release rate at each step or
the zero-stress depth. Consequently, the slotting method can
be widely used to detect the in-place stress in concrete. The
degree of stress release at different slotting depths is inde-
pendent of the magnitude of the current in-place stresses in
concrete.
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Normalized analysis of factors

In the previous analysis, factors such as slotting depth,
slotting length, slotting spacing, and initial stress were found
to affect the stress release rate in the slotting method. It was
observed that the magnitude of the initial stress does not
impact the stress release rate, and the influence of the slot-
ting length can be mitigated by ensuring that the aspect ratio
is greater than 1 (A > 1). Consequently, a normalized equa-
tion incorporating slotting depth and slotting spacing was
proposed to calculate the stress release rate, enabling quick
application for theoretical stress release rate calculation in
practical engineering detection. To account for the effect
of slotting spacing, the y-directional stress data at different
slotting depths in Fig. 3 were processed. Figure 6 illustrates
the variation of the stress release rate with the ratio of slot-
ting depth to slotting spacing.

The data points were primarily clustered around a single
curve, allowing for the calculation of stress release rates at
different slotting spacings and depths based on this curve. In
practical engineering applications and experiments, partic-
ular attention should be paid to the variation of stress release
rates in the first stage (from 0 to 1) due to limitations in slot-
ting depth and the use of long-scale strain gauges. For subse-
quent experiments, a large slotting spacing was employed
in conjunction with long-scale strain gauges. To ensure the
accuracy of the fitting equation, data points corresponding to
slotting depth to slotting spacing ratios ranging from 0.05 to
0.25 in Fig. 6 were selected for curve fitting. The resulting
fitted stress release rate curve is depicted in Fig. 7. The
fitting equation is

" -
—22.4736(%)3 T 12.8042(%)2 +14089(%) 00257 3)

Equation (3) has correlation coefficient R* = 0.9982; o is
the stress release rate; H is the slotting depth; and S is the
slotting spacing.
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Equation (3) is valid for any level of stress and concrete
grade provided that the applied load is within the elastic
range (linear variation of stress and strain).

EXPERIMENTAL STUDY
To evaluate the accuracy of the slotting method in
assessing in-place stress in real concrete structures, exper-
iments were conducted taking into account various slotting
depths and slotting spacings.

Preparation of concrete specimen

The experimental study was performed on plain
cement concrete members with a cross-sectional area of
500 x 250 mm (19.69 x 9.84 in.) and a length of 500 mm
(19.69 in.). The experimental study was limited to plain
cement concrete, while the effect of reinforcement remains a
part of future studies.

To ensure quality control and consistency in the experi-
mental study, concrete specimens of strength class C30 were
prepared using concrete supplied by a commercial concrete
company. The specimens were cured under natural condi-
tions, and standard test blocks were prepared to measure the
physical properties of the concrete. The test block method is
used in experimental study to detect the grade of concrete. In
engineering detection, the concrete grade can be determined
through various methods, including consulting available
information, using the rebound method, or conducting core
drilling, depending on the specific circumstances. Table 1
shows the physical properties of concrete. The age of the
concrete at slotting from the date of casting was 195 days
(Specimens 1 and 2) and 196 days (Specimens 3, 4, and 5). A
total of six concrete specimens were prepared for the exper-
imental study, with one specimen initially used for a pretest
to verify the accuracy of the experimental setup and instru-
mentation. The remaining five specimens were used for the
formal experiments.

Experimental setup

Figure 8 illustrates the experimental setup used in the
study. An electro-hydraulic servo pressure tester with a
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Table 1—Physical properties of concrete

Numerical, Modulus of elasticity, Numerical,
Number Compressive strength, MPa | Average, MPa MPa Number MPa Average, MPa MPa
S-1 30.8 S-4 29,500
S-2 31.1 30.6 30 S-5 30,200 30,233 30,000
S-3 29.9 S-6 31,000
Note: 1 MPa = 145 psi.
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Fig. 8—FExperimental setup.

maximum load capacity of 2000 kN (449.62 kip) was
employed to apply the load. The digital control system was
used to regulate the pressure tester, enabling precise control
of the applied load to reach the desired value and maintain it
at different loading speeds. The real-time load values were
displayed on the control system screen, ensuring accurate
monitoring of the applied load during the experiments.
Figures 9 and 10 show the vibrating wire surface strain
gauge system used to measure the changes in concrete strain
within the slotting area. To ensure reliable measurements,
the concrete surface was thoroughly cleaned and polished
before attaching the strain gauge using epoxy resin adhe-
sive. Clamp supports were installed at both edges of the
strain gauge to facilitate accurate attachment to the concrete
surface. Experiments were performed after a minimum
drying period of 24 hours to ensure the firm attachment of
the strain gauge. A reading instrument was connected to the
strain gauge through a cable, allowing real-time monitoring
of the gauge’s frequency. The strain calculation equation is

e = A(ff - f3) “)

where ¢ is the measured strain; A4 is the calibration factor;
fo is the initial frequency; and f; is the measured frequency.

Experimental conditions and procedures

It is important to note that the slotting method is applicable
within the elastic working stage of concrete. When concrete
enters the plastic stage and undergoes plastic deformation,
the released strain measured through the slotting method
may be lower than the actual strain, leading to inaccurate
measurement of the concrete stress. The in-place stress of
actual structural concrete typically falls within the range
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Fig. 9—Strain gauge system.

of 0.4 to 0.5f.. It is crucial to consider variations between
experiments and actual situations, such as potential loading
eccentricity, uneven force distribution on specimens, and
the potential weakening of the specimen section due to the
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Fig. 10—Diagram of experimental conditions. (Note: 1 mm = 0.039 in.)

Table 2—Experimental conditions

Slotting spacing, | Slotting spacing, Stress,
Number mm mm Load, kN MPa
1 500 4
2 250 >250 750 6
3 1000 8
4 500 4
300 >300
5 750 6

Note: 1 mm = 0.039 in.; 1 kN = 0.2248 kip; 1 MPa = 145 psi.

slotting process. Therefore, it is advisable to avoid excessive
loading stress to ensure accurate measurements and account
for these factors.

Table 2 shows the specific working conditions of five spec-
imens in the experiments considering various slotting depths
and slotting spacings. Figure 11 demonstrates the effect of a
circular saw blade on a handheld cutter, with a corresponding
increase in slotting length as the slotting depth increases. The
effect of slotting length on results was minimized by ensuring
that the slotting lengths were greater than the corresponding
slotting spacings—that is, the aspect ratio A > 1.

The experimental procedures in this this study were
conducted as follows: the specimen was positioned on the
pressure tester, and the initial reading of the strain gauge was
recorded prior to the application of any load. Subsequently,
the load was gradually increased to the predetermined design
load at a rate of 5 kN/s (1.12 kip/s). Once the load reached
a stable state, the reading of the strain gauge was recorded.
To ensure result stability, a holding time of 10 minutes
was selected, during which the strain gauge reading was
recorded at intervals of 30 seconds. Upon completion of the
data recording phase, the designated area of the specimen
was slotted using a handheld cutter. The depth of each slot
was measured meticulously with a steel ruler to ensure that it
reached the desired target. Following stabilization, the strain
gauge reading was recorded within 10 minutes. This process
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was repeated for each subsequent slotting depth until a depth
of 50 mm (1.97 in.) was reached. The slotting depths in the
experiments were incrementally increased in five steps,
ranging from 0 to 50 mm (0 to 1.97 in.), with a step size of
10 mm (0.39 in.).

Results and error analysis

Figures 12 and 13 show the comparison of the stress
release rates of the experimental specimens at various slot-
ting depths with the results obtained from numerical simula-
tions, along with Eq. (3). The experimental results indicated
a gradual increase in the stress release rate as the slotting
depth increased. Moreover, for specimens with the same slot-
ting depth, a smaller slotting spacing was associated with a
lower stress release rate. The comparison of the stress release
rate among specimens subjected to different levels of initial
stress indicated that the magnitude of compressive stress did
not significantly impact the stress release rate. These experi-
mental results corroborated the validity of several conclusions
drawn from the earlier numerical simulation analysis.

Meanwhile, it can be observed from Fig. 12 and 13 that
the experimental results generally exhibited higher values
compared to the numerical simulation results. This discrep-
ancy can be attributed to the length of the strain gauge used
in the experiment, which was 100 mm (3.94 in.), whereas
the stress release rate calculated by the numerical simula-
tion was only determined at the central measurement point.
To explore the impact of strain gauge length, a preliminary
analysis was conducted using numerical simulation. It was
found that when the strain gauge length was approximately
one-third of the slotted spacing, the average strain within
the length of the strain gauge slightly exceeded the strain at
the central measurement point, although the difference was
small. For the purposes of this paper, the data obtained from
the central measurement point was used for subsequent anal-
ysis. As the effect of strain gauge length will be a focal point
in future studies, numerical simulation can be employed to
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Fig. 11—Schematic diagram of slotting process.

extract the strain values of each node within the length of the
strain gauge. The average strain can then be calculated using
the method of integrating over the standard distance length.

The discrepancy between the numerical simulation results
obtained by modeling the experimental conditions and the
results derived from Eq. (3) for the corresponding experi-
mental conditions was found to be minimal. This proves
the applicability and reasonableness of the fitting equation,
which can be easily and quickly applied in engineering
detection. The difference between experimental results and
numerical simulation results was the focus of attention.
Although the trend of the stress release rate obtained from
both experiments and numerical simulations was consistent,
there still existed a certain degree of difference. To quantify
the magnitude of this difference, a relative error factor K was
defined. The error factor could not be simply expressed in
terms of the difference between results, so it returned to the
derivation of the equation of in-place stress
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where o is in-place stress; £ is the modulus of elasticity;
is the number of slotting steps; a; is stress release rate of the
numerical simulation at slotting step i; o is the stress release
rate of the experiment at slotting step i7; € is the initial strain
at the measurement point; and Ag; is the difference between
the initial strain and the strain of the experiment at slotting
step i.

In theory, the in-place stress ¢ = Ego, so the equation of
total relative error K can be obtained as

(6)

where K is the total relative error; and £; is the relative error
at slotting step 1.

Table 3 shows the relative errors of experimental data
with numerical simulation and Eq. (3). It is evident that the
relative error exhibited significant variations at different
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Table 3—Error factor

Numerical Fitting equation
Number k ky ks ks ks K ky ka ks ky ks K
1 0.318 0.206 0.197 0.087 0.032 0.168 0.387 0.068 0.161 0.075 0.065 0.151
2 0.195 0.04 0.177 0.036 0.085 0.107 0.276 0.079 0.140 0.023 0.119 0.127
3 0.145 0.199 0.082 0.059 0.131 0.123 0.232 0.062 0.049 0.073 0.167 0.117
4 0.215 0.306 0.154 0.051 0.062 0.158 0.279 0.073 0.062 0.068 0.079 0.112
5 0.35 0.162 0.016 0.015 0.1069 0.130 0.403 0.045 0.065 0.003 0.127 0.129

slotting depths. The error was larger for small depths (10 mm
[0.39 in.]). This can be attributed to factors such as the large
size of the specimen, shallow slotting depth, and limited
stress release, which resulted in minimal strain changes and
subsequently smaller measurement outcomes. As the slot-
ting depth increased, the relative error decreased. Notably, at
depths of 20 and 30 mm (0.79 and 1.18 in.), where the strain
exhibited substantial changes, the error was relatively small.
However, when the slotting depth was 50 mm (1.97 in.), the
relative error became large. It is because the depth of the
slotting is large, and the weakening of the cross section is
too great.

The relative errors observed in the experiments for the
five specimens were predominantly within the range of
10 to 15%. These errors fall within an acceptable range
and further validate the applicability and accuracy of the
multi-step slotting method for concrete stress measurement.
Notably, the relative error was reduced to 9.4% when using
data from slotting depths ranging from 20 to 40 mm (0.79 to
1.58 in.), which significantly improved the accuracy of the
results. Follow-up studies and engineering measurements
can improve the accuracy of results by using the experi-
mental data from appropriate slotting depths.

CONCLUSIONS

The average relative error of 13.2% for all specimen
experiments described in Table 3 was reduced to 9.4% when
data from appropriate slotting depths was used, indicating
the effective use of the multi-step slotting method for eval-
uating in-place stress in concrete. The main conclusions can
be drawn as follows:

1. The excellent consistency between experimental results
and numerical simulations (or fitting equation results)
demonstrates that the multi-step slotting method can be
conveniently and accurately employed to evaluate the
in-place stress in concrete structures.

2. The slotting method effectively addresses the limitation
of discontinuous strain information in the hole of the core-
drilling method (CDM). When stress is released, the stress
change in the slotting area is more sensitive and accurate
than that in the area outside the slot, and the measurement
results are stable.

3. The finite element method is used to analyze the rele-
vant factors affecting the degree of stress release of the slot-
ting method. The main influencing factors are normalized
and incorporated into a fitting equation, enabling rapid and
precise calculation of the stress release rate under different
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working conditions without the need for complex modeling
calculations.

4. According to the multi-step slotting method combined
with numerical simulation (or fitting equation), the calcula-
tion equation of in-place stress is proposed. By employing
multi-step slotting and optimizing the selection of data inter-
vals, measurement errors can be minimized.
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This study examines the influence of fine aggregates on early-age
mortar pore solution chemistry and electrical resistivity. Specifi-
cally, this paper considers the potential adsorption of Na* and K*
on the aggregate. Ten aggregates from various locations in the
United States were used in this study. It was shown that fine aggre-
gates can adsorb Na® and K* ions, which can change the ionic
concentration of the pore solution and increase the pore solution
resistivity. The resistivity is also influenced by the absorbed water
in the aggregate, which dilutes the pore solution. A test method-
ology was proposed to characterize the aggregate adsorption of
Na* and K* from the pore solution. The alkali adsorption was
quantified by developing adsorption isotherms for each aggregate.
Using the adsorption isotherms, the concentrations of Na™ and K*
adsorbed on aggregates in mortars were estimated.

Keywords: adsorption isotherms; alkali adsorption; fine aggregates; fresh
mortar; pore solution; resistivity.

INTRODUCTION

Resistivity testing of concrete has been gaining popu-
larity as a quality control/quality assurance (QC/QA) tool.
ASTM International and the American Association of State
Highway and Transportation Officials (AASHTO) provide
standardized procedures (ASTM C1876-19,! AASHTO TP
119-22,> AASHTO T 358-21,> and AASHTO R 101-22%) for
determining the resistivity of hardened concrete cylinders.
While the electrical resistivity of hardened concrete has been
used as a surrogate transport measurement,’® a number of
studies”!® have examined the use of electrical properties
as a potential QA/QC tool. For example, the resistivity of
fresh paste has been studied as a potential indicator of the
water-cementitious materials ratio (w/cm) and supplemen-
tary cementitious material (SCM) content.'%!21415 Addition-
ally, variations in electrical responses due to added water
or admixture volumes have also been investigated in fresh
mixtures.”!"1° Also, there are ongoing efforts to develop
fast, effective, and practical field measurement techniques
for the determination of the bulk and pore solution resistivity
of fresh mixtures.!”>*

The electrical resistivity can be described by using the
modified parallel law? as described in Eq. (1).

1

1 1 1 1
Pe = md)p-sﬁps-" md)cmﬁcm + 5

pagg¢aggBagg + mairﬁair
(1)

where p, is the resistivity of the mortar or concrete; p; is the
resistivity of phase i; ¢, is the volume fraction of phase i;
and Py, is the connectivity parameter of phase i. As shown
in Eq. (1), each phase of concrete (that is, pore solution [ps],
cementitious materials [cm], aggregate [agg], and air) impacts
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the electrical resistivity of the system based on their volume
fraction. Phases other than pore solution have significantly
higher resistivity, by several orders of magnitude than that
of pore solution, which has a resistivity in the range of 1 to
100 ohm-cm. For example, concrete aggregates typically have
a resistance in the order of 10* to 10® ohm-cm?®; therefore,
aggregates are typically assumed to be electrically insulating,
with the exception of conductive aggregates that contain
metals and connected pores.'” Similarly, the vapor phase and
cementitious binder have typical resistivities of 10!° ohm-cm
and 107 ohm-cm, respectively.?” Thus, it can be assumed that
the ratios of pore solution resistivity to resistivity of cemen-
titious material, aggregate, and air approach zero and can be
ignored. Therefore, Eq. (1) can be simplified to Eq. (2).

1 1
E = p—mq)psBps (2)

While aggregates do not contribute significantly to elec-
trical conduction, they may still have indirect effects on
the electrical properties of fresh concrete. It is well estab-
lished that aggregates may dilute the pore solution system as
their absorbed water dilutes the pore solution,?®?° and some
aggregates, especially the ones containing feldspar, may
release alkalies into the pore solution over time.3** Both
processes can influence the pore solution composition and
pore solution resistivity.

Several past studies have focused on studying the effect of
different aggregates, aggregate contents, and the interfacial
transition zone (ITZ) on the resistivity of hardened mortar
or concrete (based on the assumption of nonconductive and
non-alkali-silica-reactive aggregate).?2%2%3540  However,
limited work*!' has been done comparing paste and mortar or
concrete pore solution in terms of their chemistry and resis-
tivity in light of the potential aggregate alkali adsorption.
Therefore, the need exists to determine the role of aggre-
gates in comparing paste and mortar pore solutions’ compo-
sition and resistivity.

While the dilution of the pore solution due to absorbed water
and alkali release from the aggregates may affect the resis-
tivity of the pore solution, the aggregates could also adsorb
any ions from the surrounding pore solution.*>* There is
evidence from several studies from other fields such as chem-
istry and geosciences showing that particles containing quartz
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could adsorb alkali and alkaline-earth cations.**” Adsorption
of alkali cations such as Na* and K™ from concrete pore solu-
tion by aggregates would reduce the pH of the pore solution
and increase the pore solution resistivity. The effect of alka-
li-cation adsorption by aggregates on concrete pore solution
properties has not been studied in depth.

This study investigates the effect of different fine aggre-
gates on the pore solution composition and resistivity of
fresh mortars, specifically relating to aggregate porosity and
potential surface adsorption of alkali cations from pore solu-
tions. This study presents a practical method to characterize
aggregates that alter fresh mortar pore solution resistivity.

RESEARCH SIGNIFICANCE

The electrical properties of concrete are increasingly
being used in the QC/QA of concrete. The assumption that
the aggregates are inert, while often appropriate, may not
always be true. As such, the aggregates may impact the elec-
trical resistivity of the pore solution in concrete or mortar,
causing it to differ from the paste. This study presents a
method to quantify the ion adsorption behavior of aggre-
gates. This can then be used to quantify the effect of the
aggregate on the pore solution chemistry and resistivity. The
proposed methods will lead to a more reliable interpretation
of the pore solution resistivity and may be useful for quanti-
fying the formation factor.

MATERIALS AND MIXTURES
Materials

Ten fine aggregates that meet ASTM C33/C33M-18%
were studied. The fine aggregate properties such as fineness
modulus (FM), absorption capacity (AC), and saturated-
surface-dry (SSD) specific gravity (SG) are summarized in
Table 1.

For the mortar experiments, an ASTM C150/C150M-22%
Type I ordinary portland cement (OPC) was used in this
study®’; Table 2 lists the chemical composition of this OPC.
The SG and the Blaine fineness were 3.15 and 420 m%kg,
respectively. The water used in all mixtures was ASTM
D1193-06°! Type II deionized (DI) water.

Mortar mixtures

Mortar mixtures were made with all the aggregates in the
study. The mixtures were prepared to have a w/cm of 0.45.
Fine aggregates at the SSD condition were used for mortar
mixing. Approximately 247.0 ¢cm® of fine aggregate was
used for each mortar mixture. A cement paste volume to fine
aggregate volume ratio of 0.93 was used for all the mixtures.
The mortars were mixed for approximately 30 minutes from
the initial contact of cement with water and then transferred
to plastic cylinders with dimensions of 7.6 (diameter) x
15.2 cm (length) for bulk electrical resistivity measurements.

Simulated pore solution

A simulated pore solution (SPS) was prepared for testing
the dilution and surface adsorption effects on the solution
resistivity. Table 3 shows the chemical composition of the
prepared SPS.
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Table 1i—Summary of fine aggregates properties
used in this study

Specific

Origin of fine Fineness Absorption gravity

aggregate Sample ID | modulus capacity, % (SSD)
Western Oregon A-1 2.96 3.6 2.59
Southern Oregon A-2 2.78 3.8 2.57
Florida A-3 2.76 0.6 2.64
Cglelrf‘(ﬁlla A4 331 L1 265
Ciiﬁrria A-S 351 058 2.55
Idaho A-6 2.62 2.5 2.59
Minnesota A-7 2.75 1.0 2.65
Indiana A-8 2.41 1.3 2.66
Kansas A-9 2.78 0.6 2.63
North Carolina A-10 2.83 0.5 2.64

Table 2—Chemical composition of OPC

Cement oxides and LOI Percent by mass, %

Silicon dioxide (SiO,) 19.9
Aluminum oxide (Al,03) 4.6
Ferric oxide (Fe,03) 32
Calcium oxide (CaO) 62.0
Magnesium oxide (MgO) 3.8
Sulfur trioxide (SO;) 2.8
Alkalies (Na,O + 0.658K,0) 0.57
LOI 1.6

Bogue phase composition

Phase Percent by mass, %
Tricalcium silicate (C5S) 57.0
Dicalcium silicate (C,S) 14.0
Tricalcium aluminate (C;A) 7.0
Tetracalcium aluminoferrite (C4AF) 10.0

Note: LOI is loss on ignition.

Table 3—Composition of simulated pore solution

Label NaOH KOH Ca(OH),
SPS 0.19M 0.19M 0.10 M

Sodium and potassium hydroxide solutions

Three different concentrations of NaOH and KOH solu-
tions were prepared for the alkali-cation adsorption isotherm
tests. The purity of chemicals used was 95% and 98% for
NaOH and KOH, respectively. The solutions were prepared
using DI water. Table 4 summarizes the molar concentra-
tions measured using an X-ray fluorescence (XRF) spec-
trometer, the pH, and the resistivity of NaOH and KOH
solutions prepared in the study.
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Fig. I—Bulk electrical resistivity setup (not to scale).

METHODS

Mortar bulk electrical resistivity

The bulk resistivity was measured for fresh mortar
samples using an advanced nondestructive laboratory tool
that was connected to two embedded electrodes, as shown
in Fig. 1. The measurements were performed using a 7.6 cm
(diameter) x 15.2 cm (length) plastic cylinder filled with
fresh mortar or cement paste with two 4 mm diameter stain-
less steel electrodes spaced at a distance of 35 mm in the
vertical direction. The measurements were taken 30 minutes
after the water and cement were mixed.

The geometry factor of the assembly was found using
Eq. (3) using two solutions of known conductivity (41 and
84 mS/cm).

Rsr
Gr = por A3)

where Gy is the geometry factor; Rgr is the resistance of
the solution; and pgr is the resistivity of the solution. The
geometry factor of the assembly was 41.6 m™'.

Two samples per mixture were prepared for the resistivity
measurement and the average of the values is reported. After
measuring the resistivity of the mortar mixtures, the pore
solution resistivity was found by using a centrifuge to extract
the pore solution from the fresh mortar.?* The extracted pore
solution was decanted and placed into vials to use for the
resistivity and ion concentration measurements.

Solution resistivity and chemical composition

The resistivity of each solution was measured with a three-
pole platinum conductivity electrode for an electrochemistry
benchtop meter, as shown in Fig. 2. Before every experiment
in this study, the conductivity electrode was calibrated using
a single 25 mS/cm (40 ohm-cm) buffer solution as per the
manufacturer’s recommendation.

A benchtop energy-dispersive XRF spectrometer was used
to analyze the chemical composition of each solution. A
description of the calibration technique used for this particular
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Table 4—Measured composition, pH, and
resistivity of solutions used for adsorption
isotherm tests

Resistivity,
Label Cna, mmol/L | Cg-, mmol/L pH ohm-cm

DI water 0.9 0.4 874 | 13.4x 103
50 mM NaOH 37.1 0.3 12.46 78.7
100 mM NaOH 79.6 0.4 12.66 41.5
200 mM NaOH 170.2 0.4 12.81 21.0
100 mM KOH 1.0 85.2 12.81 41.8
200 mM KOH 7.9 169.4 13.08 20.8
400 mM KOH 42 334.4 13.39 11.3

Fig. 2—Flectrochemistry benchtop meter with pH probe
(left); and resistivity probe testing specimen (right).

device can be found in the literature.’? Solutions were filtered
using a 45 pm filter syringe prior to XRF testing.

Simulated pore solution tests

The SSD aggregates were exposed to the SPS (the compo-
sition is shown in Table 3) to determine the effect of aggre-
gate moisture (dilution) and surface adsorption of alkali on
solution resistivity. Approximately 20 cm® of fine aggregate
at the SSD condition was measured into sealed 50 mL centri-
fuge tubes for testing. Approximately 15 mL of the SPS was
added to each centrifuge tube containing the sample, and the
tubes were shaken by hand for 1 minute to ensure all aggre-
gate particles were exposed to the SPS. The samples were
then tested 30 minutes after the initial fine aggregate contact
with the solution.

To extract the solution, the test specimens in the 50 mL
centrifuge tubes were inserted into a centrifuge and spun at
4000 revolutions per minute (rpm) for 2 minutes. The solution
was then decanted from the top of the centrifuge tubes and
placed into smaller 10 mL centrifuge tubes for the resistivity.
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Effect of dilution by aggregate moisture on solution resis-
tivity—The water contained in the pores of an aggregate at
SSD will come to equilibrium with the pore solution in a
concrete and dilute the ionic concentration of the pore solu-
tion system.>® To determine the corrected concentration and
resistivity of the SPS, resistivity-ion concentration rela-
tionships from Snyder et al. were used.> The relationship
between ionic concentrations and the resistivity of the solu-
tion is represented by Eq. (4).

1
Pps = Zi:cizi}\'i C))

where p,, is the resistivity of the pore solution; C; represents
the molar concentration of each ion i; z; is the number of
valence electrons for each ion; and A; is the equivalent
conductivity of each ion. The equivalent conductivity is
simplified by Eq. (5)*

A

M ETr Gy

©)

where A" represents the equivalent conductivity of the ionic
species at infinite dilution; G, is the conductivity coefficient;
and I, is the ionic strength of the solution. The values of A’
and G, can be found in Table 5.3 The ionic strength, /), can
be calculated with Eq. (6)**

Iy = 3327C, (©)

To create a function of these variables that relate the change
in conductivity of the alkali solution in terms of water added
to the system by aggregate water content, a dilution term can
be introduced, as shown in Eq. (7),* which quantifies the
change in ion concentration due to the addition of DI water
to the system

G
Cian = 7VAW’ (7)

1+
Vos

where C;,; represents the new ionic concentration after
the dilution due to the fine aggregate water content; V,
represents the volume of added water due to the fine aggre-
gate water content; and Vg represents the original volume of
alkali solution, which was kept constant throughout testing.
The resulting function for the resistivity p,; can be obtained
by merging Eq. (4) to (7), and is shown as Eq. (8).

1 o z! C,’Zl’ ] )\';
Pair & Vg 1 Cx+Cy,+Cout Ce
T L g ‘
! Vos 1+G’\/2

VAW
4 2
P Vs

®)
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Table 5—Equivalent conductivity at infinite
dilution (1) and conductivity coefficient (G)
at 25°C

Tonic species Z\”, em?S/mol G, mol/L 1?2
OH 198.0 0.353
K* 73.5 0.548
Na* 50.1 0.733
ClI 76.4 0.548
Ca®" 59.0 0.771
S0,* 79.0 0.877

To obtain the dilute resistivity, the concentrations of
ions in the SPSs can be substituted in Eq. (8), where V, is
calculated by multiplying the mass of fine aggregate in each
sample by the water content as tested. The resulting resistiv-
ities are reported as the predicted resistivity of the SPS.

Effect of aggregate surface area on solution resistivity—
The impact of the surface area of the aggregate on solu-
tion resistivity was studied using the A-1 aggregate source.
Oven-dry A-1 aggregate was sieved using No. 4, 8, 16, 30,
50, and 100 sieves (including a pan). Each sieved fraction
was prepared using DI water to reach the SSD condition for
the testing. The same absorption and SG were assumed for
every gradation. To estimate the surface area of each grada-
tion, the particles were assumed to be spherical and have
a normal distribution of particle size on every sieve. The
average radius was used to solve for the number of particles
in each sieve gradation using Eq. (9)

)

where V is the total volume of the particles (20 cm?) in each
gradation; and 7, is the average radius of the particles. The
number of particles (n) was then used in Eq. (10) to estimate
the total surface area of each gradation tested

A = n(4nr?) (10)
where 4 is the total surface area of the particles.

Alkali-adsorption isotherm tests

Each of the 10 aggregates was exposed to DI water,
50 mM NaOH, 100 mM NaOH, 200 mM NaOH, 100 mM
KOH, 200 mM KOH, and 400 mM KOH solutions. The
selected concentration ranges of NaOH and KOH solu-
tions for the adsorption tests were based on pore solution
concentrations at 30 minutes of several OPC pastes reported
in Vollpracht et al.>> Aggregates at the SSD condition were
used in the test. SSD aggregates of 20 cm® volume were
exposed to 18.6 cm? of testing solution in a 50 mL centrifuge
tube for 30 minutes. The mentioned volumes of SSD aggre-
gate and solution were chosen to maintain the solution-to-
aggregate volume ratio of 0.93, which is the same as the
cement paste-to-aggregate volume ratio in the mortar
mixtures to maintain the same exposure of mortar pore
solution to the aggregates. After adding both aggregate
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and solution to the tubes, they were shaken by hand for
1 minute to ensure all aggregate particles were exposed to
the prepared solutions. After every 15 minutes from the start
of the aggregate exposure to the solution, the centrifuge
tubes were shaken by hand for 30 seconds. Two replicates
were prepared for each aggregate-solution combination.
After 30 minutes of exposure, the centrifuge tubes were then
placed in a centrifuge and spun at 4000 rpm for 2 minutes.
The separated solution in the centrifuge tube was decanted
into 10 mL vials for further measurements of resistivity and
ionic composition.

The concentration of ions in the solutions after dilution
from the SSD aggregate’s moisture can be calculated using
Eq. (7). Therefore, the initial ion concentration of solutions
would be as shown in Eq. (11).

(11)

_ Ci, sol
Ci,initial - (AC
1
T

1 m) Vg SG
Vsol

where C; ;. 1S the concentration of ions in the alkali test
solution after dilution from the aggregate moisture (mmol/L);
Ci 50 1s the concentration of ions in the prepared alkali test
solution (mmol/L); V., is the volume of SSD aggregates;
and V,,, is the volume of test solution. The concentration of
alkali cations adsorbed per gram of aggregate was calculated
using Eq. (12)

_ (Ci, initial ~ Ci,ﬁrwl) Vool
Ci,ads - Vagg - SG (12)

where C; 4 1s the concentration of ions adsorbed per gram
of aggregate (mol/g of aggregate); and C, 4,y is the concen-
tration of ions in the alkali test solution after 30 minutes of
aggregates exposure to the alkali test solution (mmol/L). To
determine the correlation between the adsorbed ions and
the concentration of ions in the test solution, the Langmuir
isotherm was used, as shown in Eq. (13).

C _ QoKLCi,initial (13)
fads 1+ KLCi,initial

where K; is the Langmuir constant; and Q, is the theoretical

adsorption capacity.

RESULTS AND DISCUSSION

Influence of aggregates on fresh mortar
bulk resistivity

To determine the effect of aggregates on fresh mortar bulk
resistivity, cement paste bulk resistivity was determined,
and it was measured to be 60.7 ohm-cm. As the volume ratio
of fine aggregate to cement paste was kept constant for all
the mortars, the Maxwell effective medium model?*>¢ was
used to find the expected bulk resistivity of the mortar using
Eq. (14).

Pr 2
Pn =3, (14)
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Table 6—Summary of mortar resistivity
measurements

Mortar sample ID Bulk resistivity p,,, ohm-cm
A-1 339.4
A-2 267.5
A-3 148.1
A-4 178.6
A-5 160.9
A-6 183.9
A7 167.5
A-8 153.3
A-9 155.8
A-10 176.3

where p,, is the bulk resistivity of the mortar; p, is the bulk
resistivity of the cement paste; and v, is the volume fraction
of paste in the mortar. The volume fraction of paste in the
mortar was calculated to be 0.482. Therefore, the calculated
bulk resistivity of the mortar was found to be 158.5 ohm-cm.
Table 6 shows the measured bulk resistivities of the mortars
with all the fine aggregates.

The measured bulk resistivities of the mortars varied
from 148.1 to 339.4 ohm-cm, whereas the expected mortar
bulk resistivity when the aggregates are considered inert
was 158.5 ohm-cm. The mortars with A-1 and A-2 aggre-
gates had the highest influence in terms of an increase in
bulk resistivity among all the aggregates. To investigate the
overall increase in measured bulk resistivity of mortars, the
mortar pore solutions were examined.

Influence of aggregates on fresh mortar pore
solution chemistry and resistivity

Aggregates A-1 to A-10 were tested in mortars at equal
volumes from which pore solution was extracted, and its
resistivity was measured. Table 7 shows the measured pore
solution resistivities and Na* and K" concentrations in the
pore solutions of the mortars.

Cement paste pore solution 30 minutes after mixing was
composed of 15.2 mM Na' and 155.5 mM K", and it had a
resistivity of 25.0 ohm-cm. Mortars prepared with an inert
and dry aggregate are expected to have similar paste pore
solution composition to cement paste (prepared with the
same w/cm as mortar). However, mortar pore solutions were
observed to have a wide range of Na* and K* concentrations,
as shown in Table 7. It was observed that Na* concentration
in mortar pore solutions varied from 9.9 to 25.8 mM, and
K" concentration in mortar pore solutions varied from 29.3
to 146.0 mM with different aggregates. It is hypothesized
that the difference in the alkali-cation concentrations of the
mortar pore solutions compared to cement paste pore solu-
tion is mainly attributed to dilution from aggregate moisture
and adsorption of ions on the aggregates.

The measured mortar pore solution resistivities ranged
from 25.9 to 61.3 ohm-cm, implying a higher pore solution
resistivity that ranged from 4 (A-3) to 145% (A-1) more than
the expected value of 25.0 ohm-cm. Apart from A-3, every
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Table 7—Measured resistivity and Na* and K*
concentrations of mortar pore solutions

Sample ID Pps> Ohm-cm Cna', mmol/L Cx+, mmol/L
Cement paste 25.0 15.2 155.5
A-1 61.3 11.3 29.3
A-2 58.9 9.9 47.7
A-3 259 24.0 146.0
A-4 323 14.5 110.6
A-5 33.2 20.1 120.1
A-6 32.1 14.8 115.2
A-7 34.7 16.5 122.0
A-8 32.6 15.0 118.9
A-9 31.6 15.6 130.6
A-10 29.1 25.8 138.8

aggregate increased the pore solution resistivity by more
than 10%. The mortars with A-1 and A-2 aggregates had the
lowest Na" and K" ions in the pore solution and the highest
pore solution resistivities among the tested mortars. The
mortar with A-3 aggregate had a pore solution resistivity
closer to the expected value of 25 ohm-cm.

Effect of aggregate moisture (dilution) on
solution resistivity

Moisture in aggregate pores dilutes the ion concentration
of the pore solution proportional to their absorption capacity.
Equation (8) calculates the resistivity of the pore solution
due to this added water. Figure 3 illustrates the resistivity
computed from Eq. (8) as a function of the absorption
capacity of the SSD aggregates when the SPS was used.

As shown in Fig. 3, depending on the volume of aggre-
gate, the absorption capacity can affect the resistivity of a
pore solution if the absorbed water is not taken into account.
It was determined that an SSD aggregate with an absorp-
tion capacity of 2.3% exposed to SPS increases its resistivity
by 10% due to the dilution effect. Similarly, when an SSD
aggregate with an absorption capacity of 4.7% is exposed
to SPS, moisture from the aggregate increases the solution
resistivity by 20%.

To give an example of the effect of dilution on concrete
pore solution, an aggregate with an absorption capacity of
just 0.9% in a concrete mixture with a w/em of 0.35 and 70%
aggregate by volume will impact the pore solution resistivity
by 10%. Similarly, a mixture of the same characteristics
containing an aggregate with 2.5% absorption will increase
pore solution resistivity by 25%. These changes to resistivity
can be even larger when lightweight aggregates are used, as
they can have absorption capacities of 15% or greater.’’ A
lightweight aggregate with an absorption capacity of 20% will
impact the resistivity by 137%. A correction for the dilution
by the moisture in the aggregate must be taken into consid-
eration, especially when examining early-age pore solutions.

Table 8 shows the Na and K ion concentrations in mortar
pore solutions calculated from paste ion concentrations
after accounting for the dilution effect using Eq. (11). By
comparing Tables 7 and 8, it was observed that even after
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Fig. 3—Calculated resistivity of simulated pore solution
(considering dilution effect) after testing with SSD aggre-
gates with different absorption capacities.

Table 8—Calculated Na* and K* concentrations
of mortar pore solutions after accounting for
dilution effect, and remaining difference in ion
concentrations from measured values

Remaining difference
Sample from measurement
ID | Cngr, mmol/L | Ck+, mmol/L | ACyy-, mmol/L | ACk:, mmol/L

A-1 11.49 117.53 0.19 88.23
A-2 11.36 116.19 1.46 68.49
A-3 14.41 147.41 -9.59 1.41
A-4 13.81 141.24 —0.69 30.64
A-5 14.20 145.23 -5.9 25.13
A-6 12.41 127.01 —2.39 11.81
A-7 13.92 142.42 -2.58 20.42
A-8 13.57 138.86 -1.43 19.96
A-9 14.41 147.44 -1.19 16.84
A-10 14.54 148.70 -11.26 9.9

accounting for the dilution effect, the calculated ion concen-
trations of the mortar pore solutions do not match the
measured ion concentrations of the mortars. For example,
the remaining difference in K ion concentration of mortar
pore solution between the measured and calculated values
(after accounting for the dilution effect) ranged from
1.4 mmol/L (A-3) to 88.2 mmol/L (A-1), or 0.9% to 56.7%
of the measured value, respectively.

Effect of aggregate surface area on
solution resistivity

Figure 4 shows the change in the resistivity of the SPS
due to a change in the estimated surface area of A-1. It was
observed that the surface area of the particles exposed to
SPS was proportional to the measured resistivity of the solu-
tion. When the surface area of 20 cm® of A-1 was 3.4 m?,
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the resistivity of the pore solution increased by 56%. When
the same volume of A-1 had a surface area of 53.5 m?, the
resistivity increased by 147%. The results showed that
the increase in mortar pore solution resistivity was not a
phenomenon of a certain fraction of A-1 aggregate, and the
increase in resistivity was clearly correlated to an increase in
surface area, suggesting that there was a surface adsorption
effect. Figure 4 also shows the estimated resistivity (in open
circles) after accounting for dilution from the aggregate
moisture. It was observed that for A-1 aggregate, surface
alkali adsorption was a dominating effect compared to the
dilution effect in terms of an increase in solution resistivity.
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Fig. 4—Measured resistivity of simulated pore solution
exposed to different gradations of A-1. Maximum difference
between two resistivity measurements of sample was found
to be 0.46 ohm-cm; therefore, average values are reported.
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Alkali-adsorption isotherms

Figures 5 and 6 show the adsorption isotherms of Na*
and K*, respectively, for all the aggregates tested using their
gradation as received. Estimated alkali adsorption in the
mortars was also plotted in Fig. 5 and 6 to compare with
the predicted alkali adsorption from the isotherm tests. The
aggregates were observed to release a small concentration
of alkalies when tested in DI water for 30 minutes, and this
baseline was accounted for in the isotherms.

It was observed that all aggregates followed the Langmuir
adsorption behavior for Na* and K*. Similar surface adsorp-
tion behavior was observed for Na* and K. Table 9 lists the
Langmuir isotherm coefficients, O, and K}, for Na and K ions.
For the majority of the aggregates, K ions had higher theoret-
ical adsorption capacity (Q,) than Na ions; however, it was
observed that the theoretical adsorption capacity differed for
Na and K with some aggregates. This suggests that preferences
for the adsorption of Na or K may be different between aggre-
gates, but the different ranges of [Na] and [K] tested make
it difficult to make a direct comparison. It was observed that
A-1 and A-2 had the highest theoretical adsorption capacity
for both Na and K ions, whereas A-3 had the least theoretical
adsorption capacity for the ions among the tested aggregates.

From Fig. 5 and 6, it was observed that the adsorption
isotherms predicted the adsorbed ion concentrations in
mortars reasonably well. Table 10 shows the comparison
of estimated ions adsorbed on aggregate in mortars and
predicted ions adsorbed on aggregate in mortars using the
adsorption isotherms.

It was observed that isotherms predicted Na™ adsorption
with less than 4 mol/(g of sand) difference and K* adsorp-
tion with less than 6 mol/(g of sand) difference from the
adsorbed ion concentration in mortar tests. Because of the
low concentration of Na* in the fresh pore solution, a reliable
comparison to the isotherm predictions could not be made.
Table 11 shows the effect of K™ adsorption on resistivity. The
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Fig. 6—Adsorption isotherms of K* for all aggregates.

Table 9—Langmuir isotherm coefficients for Na
and K ions

Na® K"
Q,, mol/g of Q,, mol/g of
Sample sand K sand K;
A-1 33.20 1.42 x 1072 42.00 1.05 x 1072
A-2 44.90 9.02 x 1073 54.10 6.69 x 1073
A-3 2.99 3.01 x 107 1.98 1.82 x 1072
A-4 6.74 233 %1072 1.04 1.27 x 102
A-5 6.30 1.85 % 1072 3.72 491 %1072
A-6 9.08 1.40 x 1072 3.73 2.09 x 1072
A-7 7.44 4.62 %1072 8.25 3.98 x 1072
A-8 9.55 1.53 x 1072 9.78 8.12 x 1072
A-9 8.47 1.25x 1072 11.20 4.84 x 1072
A-10 791 2.63 x 1072 7.52 1.22 x 107

isotherms were able to predict the mortar pore solution resis-
tivity within +£18% for nine out of 10 aggregates tested.

The possible adsorption of Ca*? in pore solution on aggre-
gates was not considered as its concentration at 30 minutes
in pore solution is expected to be lower than Na*.5 In addi-
tion, Ca*? has lower ion conductivity than Na*,’* and there-
fore any adsorption of Ca*? is expected to have a negligible
effect on the solution resistivity.

CONCLUSIONS

This paper discussed the influence of fine aggregates on
early-age mortar pore solution chemistry and the electrical
resistivity of the pore solution. Specifically, two effects
of fine aggregates on pore solution in fresh mortar were
discussed: pore solution dilution from aggregate moisture
and surface adsorption of Na* and K* on aggregates. Due to
both dilution and surface adsorption effects, the mortar pore
solution resistivity increased by 4 to 145% depending on the
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aggregate. A-1 and A-2 aggregates had the most influence on
the pore solution by increasing the pore solution resistivity
by 145 and 136%, respectively, and they also had the highest
influence on the bulk resistivity of mortar.

A simple experimental approach was proposed to char-
acterize the aggregate surface adsorption of Na' and K*
from the surrounding pore solution. The proposed approach
involved determining the alkali-adsorption isotherms when
the aggregates are exposed to varying concentrations of
NaOH and KOH solutions. The developed Langmuir adsorp-
tion isotherms were used to estimate the Na and K ions
adsorption on aggregates. The concentrations of alkalies
adsorbed on aggregates in mortars were predicted reason-
ably well using the isotherms. Adsorption concentration of
Na and K ions above 4 mol/g of sand resulted in an increase
in the mortar pore solution resistivity of 20%. Therefore, it
is recommended to use the developed test methodology to
identify aggregates that influence fresh mortar pore solution
chemistry and correct for the change in alkali concentration
due to dilution and alkali-adsorption effects.
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Table 10—Comparison of estimated ions adsorbed on aggregates in mortar test and predicted ions
adsorbed on aggregate in mortar from adsorption isotherms

Na* adsorbed, mol/g of sand K* adsorbed, mol/g of sand
Sample Mortar test Isotherm prediction Difference Mortar test Isotherm prediction Difference
A-1 2.14 5.92 3.78 26.83 26.04 —0.80
A-2 1.67 5.41 3.74 23.13 27.57 4.45
A-3 -1.31 0.06 1.36 2.13 0.09 —2.03
A-4 -0.77 1.76 2.54 7.63 6.88 —-0.75
A-5 —0.51 1.38 1.89 7.69 3.29 —4.40
A-6 0.62 1.59 0.97 8.71 2.85 —5.86
A-7 0.34 3.07 2.72 7.04 7.10 0.06
A-8 1.06 1.95 0.89 7.58 2.73 —4.84
A-9 0.80 1.35 0.55 5.28 4.83 —0.45
A-10 -1.43 2.26 3.70 3.56 4.92 1.36

Table 11—Comparison of calculated mortar
pore solution resistivity and solution resistivity
predicted from adsorption isotherm considering
only K* and OH" ions in pore solution

Mortar extraction, | Isotherm prediction,

Sample ohm-cm ohm-cm Difference, %
A-1 135.1 119.0 12
A-2 84.0 144.9 72
A-3 29.2 27.4 6
A-4 35.0 34.0 3
A-5 35.0 30.2 14
A-6 36.4 29.8 18
A-7 345 345 0
A-8 353 29.9 16
A-9 32.4 31.8 2
A-10 30.5 31.9 5
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