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While the majority of commercial ordinary portland cement (OPC) is ground using a ball mill or a vertical
roller mill, other industries have shown that jet mill grinding can be an alternative approach for grinding
materials. This paper investigates the potential application of jet mill grinding for two systems. The first
system is a blend of OPC and 15% limestone, and the second system is a blend of OPC and 40% fly ash. It
was observed that when jet mill grinding is used, the average particle size of the powders is decreased to
approximately 4 um or less with a narrower particle size distribution than that achieved using ball mill-
ing. In addition to evaluating the size and shape of the particles obtained from the jet mill grinding pro-
cess, this paper focuses on evaluating, using isothermal calorimetry, the effect these changes in particle
size and distribution have on the extent and rate of hydration as well as their effect on the compressive
strength of cement pastes or mortars.

This study also investigated differences between inter-grinding and blending separately ground mate-
rials to form an OPC/limestone mixture. Both inter-ground and separately ground OPC/limestone mortars
demonstrated an accelerated hydration at early ages accompanied by an increase in early age strength.
This appears to be primarily due to the increased surface area of the finer particles that provides more
available surface for the hydration reaction. The inter-grinding appeared to be more effective than grind-
ing the materials separately because an improved graded particle size distribution was obtained. The
inter-ground OPC/limestone mixture shows accelerated initial hydration at water to powder ratios (w/
p, where powder = cement + limestone) of 0.50 and 0.35 when compared with the samples before grind-
ing. At the lower w/p of 0.35, the OPC/limestone mixture appears much more efficient. In the OPC/fly ash
mixture, jet mill grinding also accelerates the rate of hydration and strength development.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

the particle gradation and shape change dependent on the specific
milling procedure. Research described in this paper examines the

Several different techniques are available to control the fineness
of cement-based materials. These include a series of non-destruc-
tive approaches (i.e., sieving [1-3], air classifying [2], or mag-
netic-extraction [3] methods) as well as destructive approaches
(i.e., mechanical grinding methods [3-12]). The cement industry
typically uses ball-mill grinding as the preferred method to reduce
the size of clinker in cement manufacturing [3-9]. Vertical roller
mill grinding [13] is being increasingly used. Roller milling [14]
and airflow milling [15] have also been used to grind cements with
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use of an alternative milling method, jet mill grinding, and in partic-
ular, the effects that changes in particle size and distribution result-
ing from jet mill grinding have on the extent and rate of hydration.

Jet mill grinding works by using multiple air jets or air streams
to accelerate cement (or fly ash and limestone) particles from a
very low velocity to the sonic velocity range. As collisions occur
between cement and/or supplementary cement particles, the ce-
ment and any supplementary cementitious materials are ground.
Jet mill grinding has been used in other industries as a method
to modulate the particle size distribution [16-24]. When the jet
mill is compared to the ball mill, the jet mill is able to grind mate-
rials to a smaller particle size (1-10 pm) with a narrower particle
size distribution [5]. The fluidity of jet mill ground cement/lime-
stone mixture and shape of cement particles have been examined
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[5], and it was found that after jet mill grinding, the fluidity of
OPC/limestone pastes increased. The jet mill ground particles
showed similar dimensions in orthogonal directions. Furthermore,
when ball milling is used, the final product may be contaminated
with fragments of the ball-milling media that are ground off or
broken off during the milling process. Phase transitions may also
occur in the material due to heat generated in the grinding pro-
cess. This can be avoided with jet milling because the material
being ground is itself the milling media, and minimal additional
heat will be generated during the process because of the cooling
effect of the jets [25]. The jet mill grinding process also has the
capability to produce blended powders since multiple streams of
material can be introduced into the jet mill simultaneously [26].

The potential for using jet-mill processing may be of particular
interest now due to the growing interest in reducing the clinker
content per ton of cement as a method to reduce CO, production.
Blended cements that incorporate mineral powders are being
increasingly developed due to their economic and environmental
protection benefits [3]. In addition to the benefit of reducing CO,
production, the use of cement/limestone or fly ash blends can im-
prove performance [27]. For example, finer fly ash may improve
mechanical properties and the hydration reaction without sacrific-
ing workability [1-3,6-9,27,28]. Limestone fines have also been
found to be effective in accelerating the rate of hydration or helping
to control viscosity for self-consolidating concrete [5,10-12,27,29-
31]. The jet milling approach may even open up the possibility of
using previously land-filled materials as supplemental materials
since regrinding may make these materials more chemically active.

2. Experimental methods

Research described in this paper focuses on measuring particle
size distributions obtained by jet mill grinding of two cement-
based mixtures: (1) OPC/limestone and (2) OPC/fly ash, and assess-
ing the impact of the particle size distribution on the rate of hydra-
tion (using isothermal calorimetry) and on compressive strength of
standard cylinder specimens. The following section describes how
the materials were prepared and tested.

2.1. Jet mill grinding

A jet mill works by using multiple air jets or air streams to
accelerate particles from low velocity to a very high velocity (so-
nic). Collisions between particles that are induced in this high-
velocity environment occur in the center of the chamber and cause
the grinding. An illustration of a typical particle path of a jet mill is
shown in Fig. 1a (adapted from Ref. [26]). The material is fed into
the milling device through a hopper at a constant rate set by the
operator. As the material is fed into the system, it passes through
the jet mill. The air streams accelerate the particles causing them
to collide with one another. The collision causes the particles to
fracture, and thereby to reduce their size. Unlike ball milling, there
is a reduced risk of contaminating the product with milling media
because the material itself is the milling media. The interior walls
of the chamber can also be lined with materials that are highly
resistant to abrasion to minimize powder contamination [26].

A Micron-Master Jet Pulverizer jet mill (0.61 m in diameter)was
used in this study to grind the materials as shown in Fig. 1a and b.
The materials to be ground were blended for 60 min in a
0.19 m? V-blender (this step is only conducted for blends). After
blending, approximately 45 kg of the pre-blended material was
transferred into the hopper for jet mill grinding. The feed rate
was set at 9.07 kg/h. The pressure of air feeds to the mill was
552 kPa. Once all of the material passed through the jet mill, the
materials were defined as having completed one-pass of grinding.

(b)

Fig. 1. (a) A conceptual illustration of a typical jet mill adapted from Ref. [26]. (b) A
picture of the jet mill used to grind materials.

In this study, a maximum of three passes through the jet mill were
performed to determine the appropriate grinding level for the OPC/
limestone mixtures.

2.2. Constituent materials

Two samples of blended cements were investigated. One sam-
ple consisted of a blend of ordinary portland cement (OPC1) and
a limestone powder. The second sample contained a different or-
dinary portland cement (OPC2) blended with Class C fly ash. The
chemical compositions of the materials are listed in Table 1. The
mineral compositions of the two cements were obtained from X-
ray diffraction and the Rietveld fitting method.

The mixture proportions for the two samples are shown in Ta-
bles 2 and 3. The following notations were used: (1) C, L, and F
were used to identify cement, limestone, and fly ash, respectively;
(2) G in front of C, F, and L denotes a material ground by jet mill
grinding; (3) the mass percentage of limestone or fly ash in each
mixture was noted after C, F, and L except for cement reference
(C); and (4) I and S denote whether the material was inter-ground
(I) or ground separately (S). The inter-ground materials were
blended and ground in the jet mill, whereas the separate-ground
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Table 1
Compositions of OPCs, limestone, and fly ash.

OPC1 (used OPC2 (used Limestone Fly ash

in cement/ in cement/fly

limestone ash mixture)

mixture)
CS (%)  69.17 55.52 CaCO5 (%) >99 SiOy (%)  38.71
CGS(%) 0 26.45 SiOy (%) 0.8 AlLO;3 (%) 19.15
CA (%) 472 4.47 Fe,05 (%)  6.49
C4AF (%) 18.86 8.05 Ca0 (%) 23.51

MgO (%)  5.29
SO; (%) 1.36
Na,0 (%) 164
K0 (%) 058
LOI (%) 0.30

Table 2
Mixture proportions used in cement/limestone mixture.

C C85/L15 GC85/L15 S-GC85/GL15 I-GC85/GL15
w/p 05 035 05 035 05 035 05 035 05 035
OPC1 (g) 100 100 85 85 85 85 85 85 85 85

Limestone (g) 0 0 15 15 15 15 15 15 15 15
Water (g) 50 35 50 35 50 35 50 35 50 35
Silica sand (g) 100 100 100 100 100 100 100 100 100 100

SP (g) 0O 09 0 09 0 09 O 0.9 0 0.9
Table 3
Proportions used in cement/fly ash mixture.

C C60/F40 GC60/F40 [-GC60/GF40

w/p 0.35 0.35 035 0.35

OPC2 (g) 100 60 60 60

Fly ash (g) 0 40 40 40

Water (g) 35 35 35 35

Silica sand (g) 100 100 100 100

materials were individually ground in jet mill and then blended
outside of the jet mill.

The OPC/limestone blends contained 15% (by mass) limestone
and were cast with water to powder ratio (w/p, herein
p = cement + limestone) of 0.50 and 0.35. Specimens with the high-
er w/p of 0.50 were cast with water and the powder material only,
while specimens with the lower w/p of 0.35also included polycar-
boxylate-based Type F high-range water reducing admixture, re-
ferred to as superplasticizer (SP). The OPC/fly ash blends
containing 40% (by mass) fly ash were designed for testing at a
w/p (herein p = cement + fly ash) of 0.35. In all the mortars, silica
sand (ASTM Graded, U.S. Silica Corp.) was used as fine aggregate
with a sand to powder ratio of 1:1 by mass.

2.3. Experimental methods

X-ray diffraction (XRD) characterization of powders was con-
ducted using a Bruker D8 instrument with a Cu Ko source at
40 kV and 40 mA. Scanning electron microscopy (SEM) of OPC/lime-
stone powders was performed using an FEI Quanta 3D with a field
emission gun working at 15 kV. Specimens were Pd-coated prior to
SEM observation to obtain a conductive surface. Particle size distri-
butions (PSDs) were measured by Coulter LS32 laser sizer (Beckman
Coulter Inc.) with a high reproducibility (<1%) [32]. Methanol was
used as a dispersant. The densities required for PSD calculation
were measured by a Micromeritics Accupyc 1330 pycnometer.

All mortars were prepared in a Hobart mixer following ASTM C
305. After casting, the specimens were prepared for testing.
Approximately 15 g of each sample was placed in a glass vial with
a temperature of 23 +0.1°C for isothermal calorimetry using a
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Fig. 2. (a) Particle size distribution and (b) corresponding mean particle diameter of
cement/limestone blends with particle size corresponding to 10% and 90%
cumulative volume after zero to three passes through jet mill grinding. The sample
labeled zero-pass refers to the one only blended by V-blender with no grinding.

TAM Air isothermal calorimeter with a stable baseline [33]. The
compressive strength was measured using an FX700 with cylindri-
cal specimens (approximately 50 mm diameter and 100 mm
height) in accordance with ASTM C-39. Each test reported consists
of the average of two specimens. All specimens were sealed until
the desired age of testing, which were 1, 3, and 7 days for the ce-
ment/limestone mixture and 1, 3, 7, and 28 days for the cement/
fly ash mixture.

3. Results and discussion
3.1. Jet mill grinding

The extent of grinding was controlled by the number of passes
the material made through the jet mill. Fig. 2a shows an example
PSD of an OPC/limestone blend as a function of the number of jet
mill passes. Fig. 2b and Table 4 shows the change in mean particle
diameter and size distribution. The distribution is represented here
as the difference between particle sizes corresponding to 10% and
90% cumulative volume limits, known here as the 80% limit.

Before grinding, the OPC/limestone mixture has a broad size
distribution with 10% smaller than 1.9 pm in diameter and 90%
smaller than 21.0 pum, i.e. with an 80% limit of 1.9-21.0 um and a
mean particle diameter of 8.3 um. The first pass through the jet
mill reduced the mean diameter to 4.7 pum with a reduction in
the 80% limit to 2.0-9.5 um. The second and third passes resulted
in finer grinding to mean sizes of 3.7 and 3.3 pum and further nar-
rowing of the 80% limit to 1.9-7.0 um and 1.7-6.3 pm, respec-
tively. The small changes in the mean particle diameter and
distribution between 2 and 3 jet mill passes led to the selection
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Table 4
Mean particle sizes and distribution over 0-3 passes through jet mill indicated by the
difference between particle size corresponding to 10% and 90% cumulative volume.

Passes Particle size Particle size Mean

through corresponding to 10% corresponding to 90% particle

jet mill cumulative volume (um) cumulative volume size (um)
(pm)

0 1.9 21.0 8.3

1 2.0 9.5 4.7

2 1.9 7.0 3.7

3 1.7 6.3 33

of 3 jet mill passes for cement/limestone blends. Similarly due to
small changes after 2 passes, 2 jet mill passes was used for ce-
ment/fly ash blends for the remaining experiments.

Typical shapes of the ground particles are shown in Fig. 3, dem-
onstrating the finer particles sizes, narrower particle size distribu-
tion, and irregular shapes of the jet milled OPC/limestone powders.
Similar grinding effects were observed in OPC/fly ash mixture, as
described in Section 3.3.2.

3.2. Series I - OPC/limestone blends

3.2.1. XRD characterization

The XRD spectrum of inter-ground [-GC85/GL15 mixture in
Fig. 4 is a combination of spectra from reference cement (C) and
limestone (L) before grinding, demonstrating that jet mill grinding
produces no discernible phase transitions.

3.2.2. Comparing inter-grinding and separate-grinding

Inter-grinding was compared with separate-grinding using the
GC85/GL15 specimens. The mean particle size of separately ground
cement and limestone S-GC85/GL15 was 2.9 um, slightly lower
than the mean particle size of the inter-ground material [-GC85/
GL15 which was 3.3 um. The particle size distributions of sepa-
rately ground portland cement (GC) and limestone (GL) are shown
in Fig. 5a for comparison.

When pastes were made using these materials, no significant
difference was observed in the extent of the hydration reaction
as indicated from the cumulative heat development (Fig. 5b) or
the rate of hydration as indicated from the rate of heat develop-
ment (Fig. 5¢). The inter-ground specimens were observed to have
an average 1-day strength that was 20% higher than specimens cast
from materials ground separately (even higher than the control ce-
ment) (Fig. 5d). The difference in strength is likely due either to the
preferential grinding of limestone resulting in smaller particles
that are better distributed as nucleation sites or to an improvement
in particle packing, as similar heat is released in both cases.

3.2.3. Effect of OPC/limestone binder in the w/p = 0.5 mixture

The influence of inter-grinding of the constituents in the OPC/
limestone mixture is shown in Fig. 6. The mean particle sizes of
C, C85/L15, and I-GC85/GL15 are 7.8, 8.3, and 3.3 um, respectively.
The un-ground C85/L15 has a slightly larger mean particle size
than C reference. After grinding, the mean particle size of I-GC85/
GL15 decreased to less than half of that of C and C85/L15. Since
limestone is softer than OPC, it is expected that limestone was
preferentially ground as compared with the OPC.

Fig. 3. SEM images of cement/limestone blends with zero to three passes grinding. (a) Zero-pass grinding. (b) One-pass. (¢) Two-pass. (d) Three-pass.
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The heat evolution rate and cumulative heat evolution were
evaluated as shown in Fig. 6b and c, respectively. The high initial
rate of heat release after the first several minutes is attributed to
wetting and a rapid dissolution, which contributes to a small per-
centage of the total heat evolved [34]. The following period charac-
terized by low heat evolution is considered an induction period
[35] which is followed by a large exothermal peak that is domi-
nated by the hydration of CsS and growth of C-S-H.

The replacement of 15% of the cement with limestone resulted
in a reduction in the maximum rate of heat evolution (i.e., the de-
crease of 19% at approximately 7 h as seen in Fig. 6b. This reduction
is due to dilution of the cement by the limestone. No appreciable
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Fig. 4. XRD patterns of fly ash (F), cement (C), and I-GC85/GL15 (inter-ground
cement and limestone mixture) powders. Markers indicate the peaks contributed
by the limestone in the mixtures although overlapping with the peaks of C
reference exists.
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acceleration of hydration was observed with coarse limestone
addition (the term ‘coarse limestone’ in this paper refers to the
as-received limestone without any grinding) presumably due to
the relatively large particle size, as indicated by the similar cumu-
lative heats of C and C85/L15 mortars in Fig. 6¢. After jet mill grind-
ing, [-GC85/GL15 showed a more rapid rate of reaction with a
maximum rate of heat evolution 0.0074 W/g of powder in Fig. 6b
and thus increased cumulative heat in Fig. 6¢c, indicating acceler-
ated hydration, although the induction period was slightly longer.
The inter-ground material also had a higher cumulative heat re-
lease, corresponding to around 14% more cement hydration at
7 days (as estimated from the degree of hydration based on heat
release).

The compressive strength of cement/limestone binder up to
7 days is shown in Fig. 7a. In Fig. 7b the strength was normalized
by dividing the strength of the specimen by the strength of the ref-
erence specimen cured to the same age [6]. Fig. 7 shows that when
coarse limestone is combined with OPC (C85/L15), the lowest
strength was observed. The addition of coarse limestone results
in a reduction of strength at 1 and 7 days by 12.8-19.2 MPa, that
is, a 47-62% strength ratio relative to C reference. This is believed
to be attributable to the dilution effect.

Inter-ground [-GC85/GL15 mortar displays higher 1-day
strength (29.2 MPa) than both C and C85/L15 mortars, with a
strength ratio of 121%. Afterwards, the strength of I-GC85/GL15
mortar was 60-75% less than the OPC reference mortar at 3 days
and 7 days. The inter-ground cement/limestone blends show rapid
early strength development due to the decreased particle size that
exposes more surface area of the cement for reaction and increases
limestone nucleation sites. The lower compressive strength mea-
sured after 3 days for I-GC85/GL15 may be attributable to a less
well-graded cement PSD [36]. Another hypothesis that at the rela-
tively higher w/p of 0.5, there was a large volume of water
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Fig. 5. Influence of inter-grinding and separate-grinding on the C85/L15 mixture. (a) Particle size distribution. (b) Cumulative heat evolution. (c) Rate of heat development.

(d) Compressive strength as comparing with that of C reference mortar.
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sufficient to hydrate a large proportion of the cement. To investi-
gate this potential benefits of using the limestone in a lower water
to cement ratio (w/c) system where enhanced cement hydration
could occur, additional testing was performed as described in the
following section [38].

3.2.4. Effect of water to powder ratio (w/p = 0.35)

To evaluate the potential benefit of using limestone in mixtures
with different w/c, specimens were prepared with a w/p of 0.35
(SP% = 0.9%). At a w/p of 0.35, the induction periods of blended ce-
ment mortars C85/L15, S-GC85/GL15, and I-GC85/GL15, were
shortened by 1.1, 2.3, and 7.8 h, respectively, relative to C reference
mortar as seen in Fig. 8a. After jet mill grinding, both S-GC85/GL15
and [-GC85/GL15 had faster rates of reaction shown as higher exo-
thermal peaks with maximum heights of 0.0065 and 0.0088 W/g of
powder, respectively, compared to about 0.0045 W/g of powder for
C reference mortar, and an even lower value of 0.0036 W/g of pow-
der for C85/L15 mortar. Accordingly, the cumulative heat of ground
materials also increased (Fig. 8b). Both the reduced induction

period and the improved heat evolution indicated the acceleration
of hydration by grinding, where inter-grinding performed better
than the separate-grinding process. Ground S-GC85/GL15 and I-
GC85/GL15 had increased surface area, exposing more surface area
to water to further enhance the hydration process relative to C ref-
erence. [-GC85/GL15 performed better than S-GC85/GL15 because
the better dispersed limestone particles by jet mill grinding en-
hance nucleation.

Compressive strengths of C, C85/L15, and separate-ground S-
GC85/GL15 were measured and are reported in Fig. 8c, and the nor-
malized compressive strengths are reported in Fig. 8d. Unfortu-
nately inter-ground I-GC85/GL15 displayed a rapid loss of
workability and could not be cast as cylinders for compression test
after the mixing stopped. However, the increased heat evolution of
[-GC85/GL15 compared with S-GC85/GL15 in Fig. 8a and b implies
the possibility of producing even higher very early strength for in-
ter-ground I-GC85/GL15 mortar. At a lower w/p of 0.35, a 1-day
compressive strength of 43.3 MPa was obtained from S-GC85/
GL15, a strength ratio of 166% with C reference mortar
(26.0 MPa). For longer curing time the trend reversed, with the
strength ratio reduced to 84% (45.5 MPa relative to 54.3 MPa of ref-
erence) at 3 days and 91% (59.1 MPa relative to 64.6 MPa of refer-
ence) at 7 days when the benefits from the accelerated hydration
cannot compensate for the dilution effect of the limestone
(Fig. 8c and d). The strength of C85/L15 was always below the va-
lue of C reference, with 94% of the C reference at 1 day, 88% at
3 days, and 91% at 7 days.

The strengths observed for cement/limestone blends in lower
w/p mixtures are higher than that observed in the higher w/p mix-
tures. This can be explained by a combination of two factors. First,
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the higher strength results from improved packing density due to a
better powder dispersion with the addition of SP [37]. Second, at
the lower w/p, e.g. 0.35, there is insufficient water in the pure ce-
ment mixture to enable the original cement to react to a very high
degree of hydration. This occurs since the system essentially ‘runs
out of water’. Thus part of the cement acts as inert filler. When a
limestone is used, a portion of the limestone replaces a portion
of the cement thereby enabling the cement in the low w/p lime-
stone mixture to hydrate to a greater extent [38].

3.3. Series I - cement/fly ash blends

3.3.1. XRD characterization

For inter-ground cement and fly ash, XRD results shown in Fig. 9
indicate that inter-grinding of this mixture is again only a physical
process, producing no discernible phase transitions.

3.3.2. Effect of cement/fly ash binder

The mean particle sizes of C, C60/F40, and I-GC60/GF40 are6.9,
12.5, and 4.7 um, respectively. The as-received fly ash has a larger
particle size than the cement reference and thus leads to a larger
mean particle size in the C60/F40 mixture with a wider distribution
as shown in Fig. 10a. After jet mill grinding, I-GC60/GF40 displays a
significantly narrower distribution. Therefore, jet mill grinding can
significantly decrease the mean particle size and distribution of ce-
ment/fly ash blends, similar to the cement/limestone blends results.

The induction period was prolonged and less heat was released
by replacing 40% of portland cement with fly ash due to the dilution
of cement with the more slowly reacting fly ash (Fig. 10b and c).
However, jet mill grinding partly compensated for this less reactive
material by accelerating the hydration rate. It is believed that this
occurs primarily due to the higher surface area for reaction [39].

The 28-day compressive strength is shown in Fig. 11a with the
normalized strength relative to C reference mortar in Fig. 11b. The
incorporation of supplementary fly ash (C60/F40) reduced the
strength of mortar specimens from 27.7 MPa to 12.5MPa at
1 day, which is about 45% of the reference cement specimen. After
jet mill grinding, the strength of [-GC60/GF40 was higher than the
un-ground material with a 1-day strength of 22.3 MPa (which is
81% of the C mortar reference specimen). Over the first 7 days,
the inter-ground I-GC60/GF40 mortar benefits in terms of strength
development relative to un-ground C60/F40 mortar although the
strength is still lower than that of C reference. However, the differ-
ence between blends and C reference mortar becomes smaller with
time.
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Fig. 9. XRD patterns of fly ash (F), cement (C), and I-GC60/GF40 (inter-ground
cement and fly ash mixture) powders. Markers indicate the peaks contributed by
the fly ash in the mixture.
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Fig. 10. Influence of grinding on fly ash and cement binder. (a) Particle size
distribution. (b) Rate of heat evolution. (c) Cumulative heat.

The 28-day strength of C60/F40 mortar (63.7 MPa) exceeded
that of the C reference mortar (55.4 MPa) presumably due to the
pozzolanic reactivity of the fly ash. At 28 days, the strength of
the [-GC60/GF40 mortar was 20% higher than the reference.
Fig. 11b shows that the strength ratio of C60/F40 increases from
45% at 1 day to 115% at 28 days, while I-GC60/GF40 shows a nor-
malized strength of 80% at the age of 1 day to 120% at 28 days,
implying the increased surface area and associated nucleation ef-
fects can improve the early hydration [1]. This indicates that
although one shortcoming of using higher volumes of fly ash is a
delay in setting and a reduction in early age strength gain, the in-
ter-grinding method may provide an approach to overcome this
delay in set and slow strength gain.

4. Conclusion

This study investigated the effect of jet mill grinding on OPC/
limestone and OPC/fly ash blends. Jet mill grinding produces irreg-
ular cementitious particles with an average particle size of
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Fig. 11. Compressive strength (a) and normalized data with error bar (b) of cement/
fly ash mortars in comparison with C reference mortar. The w/p used here is 0.35.

approximately 4 pm or less with a narrowed size distribution
range. XRD indicated that jet mill grinding is a physical process
only and results in no discernible phase transformations.

For OPC/limestone mixtures, inter-grinding and separate-grinding
were compared. The results imply that jet mill grinding produced
smaller particles that can accelerate early-age hydration reactions.
Jet mill ground materials displayed improved early age strength
development which is attributed to increases in surface area and
the number of nucleation sites. Inter-grinding appeared to be more
effective than combining separately ground materials; however, fur-
ther research is likely needed to explore these differences. When
investigating the OPC/limestone, the grinding effect was more pro-
nounced at lower w/p of 0.35 than at higher w/p of 0.50. This was
due to the fact that in the lower w/p mixtures, the replacement of ce-
ment by limestone allows the remaining cement to hydrate more
completely, resulting in a higher degree of hydration.

For the cement/fly ash mixture, jet mill grinding also acceler-
ated the rate of hydration. Finely ground blended I-GC60/GF40
mortar had greater surface area and was more reactive, thus result-
ing in the increase in hydration and higher compressive strength.
At the age of 28 days, the strength of GC60/GF40 even exceeded
that of the C reference mortar. This could overcome construction
concerns with slow strength development.

Overall, jet mill grinding was found to provide benefits in early
age hydration and compressive strength for both cement/lime-
stone and cement/fly ash mixtures. The grinding process also pro-
vides a new efficient approach for industrial application in adding
limestone and fly ash supplement materials to cement blends.

While this study has shown that jet mill grinding may have sig-
nificant benefits, additional studies on the economics and energy
efficiency of jet mill grinding are needed to assess its economic
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viability for commercial applications. Additional research would be
needed to investigate the influence of jet mill grinding and optimal
particle size distribution on rheological properties or volume
change.
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