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(57) ABSTRACT 
Hydraulic cements, such as Portland cements and other 
cements that include substantial quantities of tricalcium sili-
cate (C3S), dicalcium silicate (C25), tricalcium aluminate 
(C3A), and/or tetracalcalcium alumino-ferrite (C4AF), are 
particle size optimized to have increased reactivity compared 
to cements of similar chemistry and/or decreased water 
demand compared to cements of similar fineness. Increasing 
hydraulic cement reactivity increases early strength develop-
ment and release of reactive calcium hydroxide, both of 
which enhance SCM replacement and 1-28 day strengths 
compared to blends of conventional Portland cement and one 
or more SCMs, such as coal ash, slag or natural pozzolan. 
Decreasing the water demand can improve strength by 
decreasing the water-to-cement ratio for a given workability. 
The narrow PSD cements are well suited for making blended 
cements, including binary, ternary and quaternary blends. 
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Figure 7E 

Figure 7F 



Roman Cement vs III Blends (65:35) 

 

12000 

11000 

10000 

9000 

8000 

7000 

6000 

5000 

4000 

3000 	 
0 

                

               

--• 

                 

                 

                 

                 

                 

                 

    

-x

--

- 

     

. • ' 

      

                

                

     

. • ' 

           

c7) 

                

                 

 

• X 

              

                 

                 

                 

   

4 	8 	12 	16 

Days 
20 

 

24 28 

Type III/F FA 
- -0- - RC cem9/C FA 
—A— RC cem10/F FA 
— X— RC cem9/F FA 
• • X • • RC cem7/F FA 

100% Ultra Fine Cement vs 100% (w/c = 0.35) (est) 

_--I 
-.- 

---- 
__---- 

_-- I 

-- 1----------11K---  

i 

12000 

11000 

10000 

9000 

8000 

7000 

6000 

5000 

4000 
4 	8 	12 	16 

Days 

100% OPC 
• 100% cem9 

20 
	

24 
	

28 

U.S. Patent 	Apr. 9, 2013 	Sheet 12 of 12 
	

US 8,414,700 B2 

Figure 7G 

Figure 7H 



US 8,414,700 B2 
1 

NARROW PSD HYDRAULIC CEMENT, 
CEMENT-SCM BLENDS, AND METHODS 

FOR MAKING SAME 

CROSS REFERENCE TO RELATED 
APPLICATION 

This application claims the benefit of U.S. Provisional 
Application No. 61/365,064, filed Jul. 16, 2010, U.S. Provi-
sional Application No. 61/413,966, filed Nov. 15, 2010, and 
U.S. Provisional Application No. 61/450,596, filed Mar. 8, 
2011. The disclosures of the foregoing applications are incor-
porated herein in their entirety. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The invention is generally in the field of hydraulic cements 

used in the manufacture of concrete, such as Portland-type 
cements. 2. Relevant Technology 

In modern concrete, Supplementary Cementing Materials 
(SCMs), such as fly ash, slag, natural pozzolans, and lime-
stone, are sometimes used to replace a portion of Portland 
cement. SCMs can yield improved concrete with higher dura-
bility, lower chloride permeability, reduced creep, increased 
resistance to chemical attack, lower cost, and reduced envi-
ronmental impact. Fly ash and other pozzolans react with 
excess calcium hydroxide released during hydration of Port-
land cement but can retard strength development. 

Portland cement is the most expensive component of con-
crete and contributes an estimated 5-7% of all manmade CO2. 
There is a long-felt, but unmet need to reduce Portland cement 
consumption. There are academic conferences dedicated to 
the concept of replacing Portland cement with SCMs. Despite 
an oversupply of low cost SCMs, the industry has failed to 
overcome technical hurdles to more effectively utilizing such 
materials. The failure, after decades of research and discus-
sion, to fully utilize readily available and less expensive waste 
SCMs to reduce Portland cement consumption, even though 
doing so would reduce cost and benefit the environment, 
means that conventional practices for utilizing SCMs are 
inadequate. Hundreds of millions of tons of excess waste 
SCMs such as fly ash continue to be discarded into the envi-
ronment worldwide each year at a cost to the producer and 
even greater cost to the environment. 

In general, cement manufacturers deliberately produce 
cement having a broad particle size distribution (PSD) to 
create better packing between the cement particles, decrease 
interparticulate spacing, increase cement paste density and 
strength, improve flowability, and reduce autogenous shrink-
age. 

BRIEF SUMMARY OF DISCLOSED 
EMBODIMENTS 

Hydraulic cements, such as Portland cements, that hydrate 
when mixed with water, are particle size optimized to have 
increased reactivity and/or decreased water demand com-
pared to hydraulic cements of similar chemistry and fineness. 
Increasing hydraulic cement reactivity increases early 
strength development and release of reactive calcium hydrox-
ide, both of which enhance SCM replacement and 1-28 day 
strengths compared to traditional blends of Portland cement 
and SCMs. Decreasing the water demand improves workabil-
ity at a given water-to-cement ratio, reducing the need for 
water reducers and other chemical admixtures, improving set 
time, and reducing shrinkage. 

2 
Improved reactivity and/or reduced water demand are 

achieved by designing hydraulic cement to have a relatively 
narrow PSD compared to conventional Portland cements 
(e.g., Types I-V), particularly when the cement is part of a 

5 cement-SCM blend having complementary-sized SCM par-
ticles that broaden the PSD of the overall blend compared to 
the cement fraction by itself. Narrowing the PSD of hydraulic 
cement is contrary to the conventional practice of maintaining 
a broad PSD. It also different than merely shifting the PSD 

io curve to the left (e.g., to form Type III cement). In some cases, 
it may be desirable to not only reduce the d90 compared to 
OPC but maintain a similar d10 or even raise the dl 0 to reduce 
the quantity of ultrafine cement particles (e.g., below 1-5 [tin), 
which increase water demand without providing a corre-

15 sponding strength benefit and/or which can be beneficially 
augmented or replaced with ultrafine SCM particles (e.g., 
slower reacting or non-reactive SCM particles that can fill 
void spaces, reduce interstitial pore volume, improve water 
transport, and improve workability instead of dissolving 

20 immediately or shortly after adding water). 
In one embodiment, the PSD of the disclosed hydraulic 

cements can be defined by the lower and upper PSD "end-
points" d10 and d90. The hydraulic cement can also be 
defined by the spread or difference between d90 and d10 

25 ("d90-d10"). In another embodiment, the PSD of the cement 
particles can be defined by the upper and lower endpoint ratio 
d90/d10. In yet another embodiment, the PSD can be defined 
by the lower median range of d10 to d50. In still another 
embodiment, the PSD can be defined by the lower median 

30 ratio d50/d10. In another embodiment, the PSD can be 
defined by the upper median range of d50 to d90. In yet 
another embodiment, the PSD can be defined by the upper 
median ratio d90/d50 of the cement particles. The PSD can 
also be defined by any combination of the foregoing and/or 

35 using similar methods. 
The narrow PSD cements can have a chemistry that further 

increases reactivity and their ability to be mixed and substi-
tuted with SCMs and/or fillers while maintaining high early 
strength. To further increase reactivity, it may be desirable to 

40 increase the amount of the more highly reactive constituents 
of cement, such as tricalcium silicate (C,S) and/or tricalcium 
aluminate (C3A). Increasing the initial heat of hydration by 
including faster reacting species can increase SCM substitu-
tion levels while maintaining early strength development. 

45 Clinker minerals may be amended with or replaced by mag-
nesium silicate cement, which reduces CO2  footprint through 
reduced production energy and/or partial CO2  sequestration. 

In some cases, narrow PSD hydraulic cements within the 
scope of the disclosure can be engineered to be so reactive as 

so to require some level of SCM replacement due to excessive 
heat of hydration, water demand, and/or autogenous shrink-
age. Such cements create synergy when replaced with sub-
stantial quantities of slower reacting SCMs by their greater 
ability to maintain acceptable set times and early strength and 

55 promote SCM reactivity, while the SCM can reduce the net 
heat of hydration, water demand, and/or autogenous shrink-
age to normal or acceptable levels. 

Hydraulic cements within the disclosure can be used for 
any desired purpose but are especially useful for increasing 

60 SCM replacement while maintaining similar early strength 
and/or water demand as 100% cement (e.g., binary blends, 
ternary blends, and quaternary blends having broader PSDs 
than the cement fraction by itself). An example binary blend 
includes a cement fraction having a d10 and d90 as disclosed 

65 herein and an SCM fraction that contributes more coarse 
particles above the d90 of the cement fraction and/or blend 
than the cement fraction itself. The SCM fraction may also 
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contribute fine particles between the d10 and d90 of the 
cement fraction and/or ultrafine particles below the dl 0 of the 
cement fraction. The SCM fraction may contain one or more 
pozzolans and/or one or more ground SCM fillers, such as 
micronized limestone or quartz. 

An example ternary blend includes a cement fraction that 
provides fine particles having a d10 and d90 as disclosed 
herein, a first SCM fraction, at least a portion of which con-
tributes ultrafine particles below the d10 of the cement frac-
tion, and a second SCM fraction, at least a portion of which 
contributes coarse particles above the d90 of the cement frac-
tion. In one variation, the first SCM fraction may comprise a 
reactive SCM and the second SCM fraction may comprise the 
same or different reactive SCM. In another variation, the first 
and/or second SCM fraction may include a non-reactive SCM 
(or filler). Replacing at least a portion of ultrafine hydraulic 
cement particles with ultrafine SCM particles increases work-
ability and reduces water demand, particularly when they 
remain in particulate form during mixing and placement of 
concrete instead of dissolving during mixing and prior to 
placement, as typically occurs with ultrafine hydraulic 
cement particles. 

An example quaternary blend includes a cement fraction 
that provides fine particles having a d10 and d90 as disclosed 
herein, a first reactive and/or non-reactive SCM fraction that 
contributes ultrafine particles below the d10 of the cement 
fraction, a second reactive SCM fraction that contributes 
coarse particles above the d90 of the cement fraction, and a 
third nonreactive SCM (or filler) fraction that contributes 
coarse particles above the d90 of the cement fraction. 

A beneficial use of highly reactive hydraulic cements is to 
increase the use of certain forms of coal ash, such as bottom 
ash and some types of fly ash, and other SCMs, such as 
metallurgical slag, that may be classified as "hazardous" or 
even "toxic" when unencapsulated (e.g., when used as road 
base, filler, or cement kiln feed or dumped into landfills or wet 
settling ponds). By encapsulating and sequestering hazardous 
or toxic metals or other elements within a rigid, largely water-
proof cementitious matrix, the highly reactive hydraulic 
cements can effectively "dispose" of high amounts of such 
SCMS while beneficially utilizing their cementing proper-
ties. 

The highly reactive narrow PSD cements disclosed herein 
can also be used with less reactive SCMs, including some 
types of fly ash, bottom ash and other materials that have 
insufficient reactivity to qualify under ASTM C-311 and/or 
which do not qualify under ASTM C-618, and non-reactive 
SCM fillers. 

These and other advantages and features of the invention 
will become more fully apparent from the following descrip-
tion and appended claims, or may be learned by the practice 
of the invention as set forth hereinafter. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1A is a schematic flow diagram of an example method 
of manufacturing hydraulic cement having a desired PSD; 

FIG. 1B is a schematic flow diagram of an example method 
of manufacturing cement-SCM blends; 

FIG. 2 schematically depicts an example classification and 
milling system for manufacturing cement-SCM blends; 

FIGS. 3A-3C schematically illustrate example one-sepa-
rator milling and separation systems for manufacturing 
hydraulic cement having a desired PSD; 

FIGS. 4A-4C schematically illustrate example two-sepa-
rator milling and separation systems for manufacturing 
hydraulic cement having a desired PSD; 

4 
FIGS. 5A-5E schematically illustrate example three-sepa-

rator milling and separation systems for manufacturing 
hydraulic cement having a desired PSD; 

FIGS. 6A-6E schematically illustrate example four-sepa-
5 rator milling and separation systems for manufacturing 

hydraulic cement having a desired PSD; 
FIGS. 7A-7F are graphs comparing compressive strengths 

of various cement-fly ash blends with control 100% Portland 
cement; 

10 	FIG. 7G is a graph comparing the compressive strengths of 
65:35 cement-fly ash blends that include narrow PSD Port-
land cements and a 65:35 cement-fly ash blend that includes 
a Type III Portland cement; and 

FIG. 7H is an illustrative graph comparing the compressive 
5 strength curve of Ordinary Portland Cement (OPC) with a 

hypothetical strength curve of a narrow PSD cement. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

20 

I. Introduction 
The terms "hydraulic cement" and "cement", as used 

herein, include Portland cement and similar materials that 
contain one or more of the four clinker materials: C3S (trical-

25 cium silicate), C25 (dicalcium silicate), C3A (tricalcium alu-
minate), and C4AF (tetracalcium aluminoferrite). Hydraulic 
cement can also include ground granulated blast-furnace slag 
(GGBFS) and other slags having a relatively high CaO con-
tent (which may also qualify as SCMs), white cement, cal-

30 cium aluminate cement, high-alumina cement, magnesium 
silicate cement, magnesium oxychloride cement, oil well 
cements (e.g., Type VI, VII and VIII), and combinations of 
these and other similar materials. 

The term "SCM", as used herein, shall refer to materials 
35 commonly understood in the industry to constitute materials 

that can replace a portion of Portland cement in concrete, 
either in blended cements or added by the end user when 
making concrete or other cementitious material. Examples 
include highly reactive materials (e.g., GGBFS), moderately 

40 reactive materials (e.g., Class C fly ash, steel slag, silica 
fume), lower reactive materials (e.g., Class F fly ash and 
metastable forms of CaCO3), and non-reactive materials 
(e.g., ground limestone, ground quartz, and precipitated 
CaCO3). 

45 	Hydraulic cements can be optimized to have increased 
reactivity and/or decreased water demand compared to 
cement of similar chemistry and fineness. They are especially 
useful for manufacturing cement-SCM blends which include 
one or more SCM materials that provide particles that are 

so coarser, and optionally also finer, than the hydraulic cement 
fraction. In this way, the PSDs of the hydraulic cement and 
SCM fractions can complement each other and yield a blend 
having a PSD that is broader than the PSD of the cement 
fraction alone. 

55 	Increased hydraulic cement reactivity increases early 
strength development and release of reactive calcium hydrox-
ide, which promote SCM replacement and can increase 1-28 
day strengths compared to conventional Portland cement-
SCM blends. Decreased water demand improves workability, 

60 reducing the need for water reducers and other chemical 
admixtures, and can reduce shrinkage. 

In general, providing hydraulic cement with a d90 less than 
the d90 of hydraulic cement of similar chemistry increases 
overall reactivity by increasing the preponderance of smaller, 

65 more reactive cement particles (e.g., because of higher sur-
face area). It also reduces the amount of unreacted (or wasted) 
cement that typically exists in fully hardened concrete. We 
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6 
have discovered, however, that simply grinding cement clin- 	defined by the lower median range of d10 to d50. In still 
ker more finely to lower the d90 (as is commonly done to 	another embodiment, the PSD can be defined by the lower 
produce Type III cement from Type I, II or V clinker) without 	median ratio d50/d10 of the cement particles. In another 
also controlling the d10 to narrow the PSD can create exces- 	embodiment, the PSD can be defined by the upper median 
sive quantities of "ultrafine particles" (e.g., below about 1-3 5 range of d50 to d90. In yet another embodiment, the PSD can 
microns), which can increase water demand and shrinkage 

	
be defined by the upper median ratio d90/d50 of the cement 

without a providing a corresponding strength benefit. We 	particles. The PSD of hydraulic cements can also be defined 
have now discovered that narrowing the PSD of hydraulic 

	
by more than one of these methodologies and/or other meth- 

cement by decreasing the d90 without proportionally lower- 	odologies that can be derived therefrom. Once the principles 
ing the d10 yields hydraulic cement that provides higher 10 of manufacturing narrow PSD hydraulic cements as disclosed 
reactivity without proportionally increasing water demand 

	
herein are understood, one of skill in the art can construct 

and shrinkage. 	 other methodologies for defining the PSD in order to increase 
Hydraulic cements having increased reactivity and/or 	reactivity and/or decrease water demand compared to con- 

decreased water demand compared to hydraulic cements of 
	

ventional Portland cements. 
similar chemistry and/or fineness can be used for any desired 15 	In order to ensure that the hydraulic cement has a PSD 
purpose. In one embodiment, hydraulic cements within the 	within the desired parameters, care should be taken to accu- 
scope of the disclosure are well-suited for making blended 

	
rately determine particle size. The particle size of perfectly 

cements and/or cementitious mixes having relatively high 
	

spherical particles can be measured by diameter. While fly 
SCM content. Blending a narrow PSD hydraulic cement with 

	
ash is generally spherical owing to how it is formed, other 

one or more SCMs that provide a substantial quantity of 20 SCMs and Portland cement can be non spherical (e.g., when 
coarse particles above the d90 of the cement and/or a substan- 	ground from larger particles). For these, the "particle size" 
tial quantity of ultrafine particles below the d10 of the cement 	can be determined according to accepted methods for deter- 
can yield blended cement having a wider PSD (e.g., a Fuller 	mining the particle sizes of ground or otherwise non spherical 
distribution typical of OPC) and concrete having a wider 	materials. Particle size can be measured by any acceptable 
distribution of binder particle sizes compared to the narrow 25 method and/or methods that are yet to be developed. 
PSD cement by itself. Depending on the PSD of the SCM 

	
Examples include sieving, optical or electron microscope 

fraction, it may be practicable to simply blend one or more 	analysis, laser and/or x-ray diffraction, sedimentation, elu- 
SCMs without modification with a narrow PSD cement 

	
triation, microscope counting, Coulter counter, and Dynamic 

within the scope of the invention. 	 Light Scattering. 
Cement-SCM blends made using the disclosed hydraulic 30 A. Defining PSD By Lower and Upper Endpoints D10 and 

cements can provide higher 1-28 day strengths compared to 
	

D90 
similarly proportioned "site blends" of Portland cement and 

	
In a first embodiment, the dl 0 and d90 define the lower and 

SCM commonly prepared by concrete manufacturers. Inven- 	upper "endpoints" of the PSD, although by definition about 
tive cement-SCM blends can also provide higher 1-28 day 

	
10% of particles have a particle size less than the d10 and 

strengths compared to similarly proportioned blended 35 about 10% of particles have a particle size greater than the 
cements as conventionally made by cement manufacturers 

	
d90. In general, reactivity and fineness (e.g., Blaine) of the 

(e.g., by intergrinding cement clinker and SCM or simply 	cement increase as the d90 decreases and water demand and 
blending ordinary Portland cement and SCM). In addition, 	fineness decrease as the d10 increases, all things being equal. 
such blended cements can have lower water demand com- 	The upper endpoint d90 can be selected to provide a 
pared to conventional interground blended cements, which 40 desired reactivity and/or fineness in conjunction with or inde- 
often have substantially higher fineness compared to both 

	
pendent of the lower endpoint d10. The d90 of hydraulic 

ordinary Portland cement and non interground blends of Port- 	cements within the disclosure will generally be less than the 
land cement and pozzolan and/or limestone. 	 d90 of Types I, II and V cement as defined by ASTM C-150 

Cement-SCM blends can be made at a grinding/blending 	and can be less than the d90 of Type III cement within the 
facility, which may include grinding and classification appa-  45 meaning of ASTM C-150. According to several embodi- 
ratus for the cement, optional classification and/or grinding 	ments, the d90 can be equal to or less than about 30 pm, 25 
apparatus for the SCM, and mixing apparatus to form cement- 	pm, 22.5 pm, 20µm, 17µm, 14.5 pm, 13 [tin, 12.5 [tin, 11 pm, 
SCM blends for sale to a concrete company. Alternatively, 	10 [tin, 9 pm, 8 pm, or 7.5 [tin. The d90 can be as low as about 
hydraulic cements according to the invention can be manu- 	5 pm, 6 [tin, 7 pm, 8 [tin, 9 pm or 10 pm. 
factured and sent to a dedicated blending facility for blending so 	The lower endpoint d10 can be selected to provide a 
with SCM to yield cement-SCM blends and optionally with 

	
desired water demand and/or fineness in conjunction with or 

aggregates to yield dry concrete or mortar blends. In still 
	

independent of the upper size endpoint d90. The d10 of 
another embodiment, hydraulic cements according to the 

	
hydraulic cements within the disclosure will generally be 

invention can be manufactured and sent to a concrete manu- 	equal to or greater than 0.685 [tin, can be greater than the d10 
facturing facility where they are blended on site with one or 55 of Type III cement within the meaning of ASTM C-150, and 
more SCMs, aggregates, water, and appropriate admixtures to 	can be greater than the d10 of Types I, II and V cement as 
yield a desired concrete or mortar composition. 	 defined by ASTM C-150. According to several embodiments 
II. Example Particle Size Ranges of Hydraulic Cement 	of the invention, the d10 can be equal to or greater than about 

Improved reactivity and/or reduced water demand are pro- 	0.65 pm, 0.70 pm, 0.75 pm, 0.85 [tin, 1.0 pm, 1.15 pm, 1.3 [tin, 
vided by narrow PSD hydraulic cements (e.g., Portland 60 1.5 pm, 1.75 [tin, 2 pm, 2.5 pm, 3 pm, 4 pm, or 5 pm. The d10 
cements and other hydraulic cements that include substantial 

	
limit can be as high as about 5 pm, 6 pm, 7 [tin, or 8 [tin. 

quantities of C,S, C25 and/or C3A). In one embodiment, the 
	

In order to provide cement having a PSD that is narrower 
PSD of the cement can be defined by the lower and upper 	than a comparative conventional hydraulic cement (e.g., 
range "endpoints" d10 and d90, which can also define the 

	
Types I-V Portland cement as defined by ASTM C150), the 

spread (d90-d10). In another embodiment, the PSD can be 65 d90 of the cement can be less than, and the d10 can be greater 
defined by the upper and lower endpoint ratio d90/d10 of the 	than, the respective d90 and d10 of the conventional hydraulic 
cement particles. In yet another embodiment, the PSD can be 	cement. By way of example, a coarser hydraulic cement 
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within the disclosure can have a d90 that is less than, and a d10 

	
According to several embodiments, the d50 can be less than 

that is greater than, the respective d90 and d10 of a coarse 	or equal to about 16 µm,14 µm,12 pm, 10µm, 9 pm, 8 pm, 7.5 
Type I/II Portland cement having a d90 of 49.868 pm and a 	pm, 6.75 [tin, 6 pm, 5.5 pm, 5 pm, 4.75 pm, 4.5 pm, 4.25 pm, 
d10 of 1.85 [tin. In another example, a hydraulic cement of 

	
4 pm, or 3.75 pm. 

medium fineness can have a d90 that is less than, and a d10 5 	The lower endpoint dl 0 of the lower median range can be 
that is greater than, the respective d90 and dl 0 of a Type II/V 

	
selected to provide a desired water demand and/or fineness in 

Portland cement having a d90 of 32.912 pm and a d10 of 
	

conjunction with or independent of either the d50 or d90. The 
1.245 pm. In yet another example, a hydraulic cement of 

	
d10 of hydraulic cements within the disclosure will generally 

higher fineness can have a d90 that is less than, and a d10 that 
	

be equal to or greater than 0.685 pm and can be greater than 
is greater than, the respective d90 and d10 of a finely ground 10 the d10 of Type III cement within the meaning of ASTM 
Type III Portland cement having a d90 of 17.441 pm and a d10 

	
C-150. According to several embodiments, the d10 can be 

of 0.975 pm. 	 equal to or greater than about 0.65 pm, 0.70 [tin, 0.75 pm, 0.85 
The d90 and d10 can also define the spread (d90-d10) of the 	pm, 1.0 [tin, 1.15µm, 1.3 p.m, 1.5 [tm, 1.75 pm, 2 p.m, 2.5 [tm, 

hydraulic cement. By way of example, depending on the d90 
	

3 pm, 4 [tin, or 5 pm. The d10 can be as high as about 5 pm, 6 
and d10 of the cement, the spread can be less than about 30 15 p.m, 7 pm, or 8 pm. 
pm, 25 pm, 22.5 [tin, 20 µm,18 µm,16 pm, 14, [tin, 13, pm, 12 

	
In order to provide cement having a PSD that is narrower 

pm, 11 pm, or 10 pm. The spread may depend on processing 	than a comparative conventional hydraulic cement (e.g., 
equipment limitations. 	 Types I-V Portland cement as defined by ASTM C150), the 

B. Defining PSD by Upper and Lower Endpoint Ratio 
	

d50 of the cement can be less than, and the d10 can be greater 
D90/D10 
	

20 than, the respective d50 and d10 of the conventional hydraulic 
In a second embodiment, the ratio of upper and lower 	cement. For example, a coarser hydraulic cement within the 

particle size endpoints d90/d10 can define cement having a 
	

disclosure can have a d50 that is significantly less than, and a 
desired reactivity and/or fineness. The ratio d90/d10 of dis- 	d10 that is significantly greater than, the respective d50 and 
closed cements will generally be less than the ratio d90/d10 of 

	
d10 of a coarse Type I/II Portland cement having a d50 of 

Types I, II and V cement as defined by ASTM C-150, and can 25 17.78 pm and a d10 of 1.85 pm. In another example, a hydrau- 
be less than the ratio d90/d10 of Type III cement within the 

	
lic cement of medium fineness can have a d50 that is signifi- 

meaning of ASTM C-150. According to several embodi- 	cantly less than, and a d10 that is significantly greater than, 
ments, the ratio d90/d10 can be less than or equal to about 25, 	the respective d50 and d10 of a Type II/V Portland cement 
22.5, 20, 17.5, 16, 14.5, 13, 11.5, 10, 9, 8, 7, 6, 5, 4.5, 4, 3.5, 	having a d50 of 11.237 [tin and a d10 of 1.245 pm. In yet 
3, 2.5 or 2. 	 30 another example, a hydraulic cement of higher fineness can 

By way of example, the coarse Type I/II cement mentioned 
	

have a d50 that is significantly less than, and a d10 that is 
above had a d90/d10 of 26.96, and the finer Type II/V cement 	significantly greater than, the respective d50 and d10 of a 
had a d90/d10 of 26.44. A d90/d10 of less than 25 defines 

	
finely ground Type III Portland cement having a d50 of 6.768 

cement having a narrower PSD than these cements. In another 	pm and a d10 of 0.975 pm. 
example, a Type I cement having a d90 of 36.495 and a d10 of 35 D. Defining PSD by Lower Median Ratio D50/D10 
1.551 had a d90/d10 of 23.53. A d90/d10 of less than 22.5 

	
In a fourth embodiment, the lower median particle size 

defines cement having a narrower PSD than this cement. In 	ratio d50/d10 can define cement having a desired reactivity 
yet another example, the finely ground Type III cement men- 	and/or fineness. The ratio d50/d10 of cements within the 
tioned above had a d90/d10 of 17.89. A d90/d10 of less than 

	
disclosure will generally be less than the ratio d50/d10 of 

17 defines cement having a narrower PSD than this cement. 40 Types I, II and V cement as defined by ASTM C-150, and can 
It will be appreciated that defining the PSD by the ratio of 

	
be less than the ratio d50/d10 of Type III cement within the 

d90/d10 is not limited by any particular d90 or d10 or range of 
	

meaning of ASTM C-150. According to several embodi- 
particle sizes. For example, a first hypothetical cement having 	ments, the ratio d50/d10 can be less than or equal to 8.5, 7.5, 
a d90 of 15 pm and a d10 of 3 [tin has a d90/d10 of 5 and 

	
6.85, 6.4, 6.1, 5.75, 5.5, 5.25, 5, 4.8, 4.6, 4.4, 4.2, 4, 3.8, 3.6, 

spread (d90-d10) of 12 pm. By comparison, a second hypo-  45 3.4, 3.25, 3.1, 3, 2.75, 2.5, 2.25, 2 or 1.75. 
thetical cement having a d90 of 28 pm and a d10 of 7 pm has 

	
For example, the coarse Type I/II cement mentioned above 

a d90/d10 of 4 and a spread (d90-d10) of 21 pm. While the 
	

had a d50/d10 of 9.6, and the Type II/V cement had a d50/d10 
spread of the second hypothetical cement is greater, the d90/ 

	
of 9.02. A d50/d10 of less than 8.5 would define cement 

d10 is smaller compared to the first hypothetical cement. 	having a narrower PSD compared to these cements. In 
Thus, the second hypothetical cement has a narrower PSD so another example, the Type I cement mentioned above had a 
compared to the first hypothetical cement as defined by d90/ 

	
d50/d10 of 7.64. A d50/d10 of less than 7.5 would define 

d10. 	 cement having a narrower PSD compared to this cement. In 
C. Defining PSD by Lower Median Range D10 to D50 

	
yet another example, the Type III cement mentioned above 

In a third embodiment, the dl 0 and d50 can define the PSD 
	

had a d50/d10 of 6.94. A d50/d10 of less than 6.85 would 
of hydraulic cement particles. By definition, about 10% of the 55 define cement having a narrower PSD compared to this 
cement particles have a particle size less than the d10, and 

	
cement. 

about 50% of the cement particles have a particle size greater 
	

E. Defining PSD by Upper Median Range D50 to D90 
than the d50. In general, reactivity and fineness (e.g., Blaine) 

	
In a fifth embodiment, the d50 and d90 can be utilized to 

of the hydraulic cement increase as the d50 decreases and 
	

define the upper median range of the cement particles. By 
water demand and fineness decrease as the d10 increases, all 60 definition about 50% of the cement particles have a particle 
things being equal. 	 size less than the d50, and about 10% of the cement particles 

The upper endpoint d50 of the lower median range can be 
	

have a particle size greater than the d90. In general, the 
selected to provide a desired reactivity and/or fineness in 	reactivity and fineness (e.g., Blaine) of the hydraulic cement 
conjunction with or independent of either the d10 or d90. The 

	
increase as the d50 decreases, and water demand and fineness 

d50 of cements within the disclosure will generally be less 65 decrease as the d90 increases, all things being equal. 
than the d50 of Types I, II and V cement as defined by ASTM 

	
The lower endpoint d50 of the upper median range can be 

C-150, and can also be less than the d50 of Type III cement. 	selected to provide a desired reactivity, water demand and/or 
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fineness in conjunction with or independent of either the d90 

	
decrease water demand, particularly where the ultrafine SCM 

or d10. The d50 of hydraulic cements according to the inven- 	particles do not dissolve during mixing and prior to placement 
tion will generally be less than the d50 of Types I, II and V 

	
of concrete, as typically occurs with hydraulic cements such 

cement as defined by ASTM C-150, and may also be less than 	as Portland cement. SCM particles also contribute to long- 
the d50 of Type III cement within the meaning of ASTM 5 term strength development. In this way, the hydraulic cement 
C-150. According to several embodiments, the d50 can be 	and SCM fractions are put to their highest respective uses. 
less than or equal to 16µm, 14µm, 12µm, 10µm, 8µm, 6.75 

	
This is referred to herein as "particle-size-optimized blended 

nm, 5.5 nm, 5 nm, 4.75 nm, 4.5 nm, 4.25 nm, 4 nm, or 3.75 nm 	cement." 
and/or greater than or equal to 2.25 nm, 2.5 nm, 2.75 nm, 3 

	
In general, and in contrast to conventional Portland cement 

nm, 3.25 nm, 3.5 nm, 4 nm, 4.5 nm, 5 nm, 5.75 nm, 6.5 nm, 8 io and cement-SCM blends, the Portland cement fraction of 
nm, 10 nm or 12 nm. 	 cement-SCM blends disclosed herein does not utilize a nor- 

The upper endpoint d90 of the upper median range can be 	mal distribution of cement particles but rather narrower PSD 
selected to provide a desired reactivity, water demand and/or 	of Portland cement blended with complementary-sized SCM 
fineness in conjunction with or independent of either the d10 

	
particles. In essentially all embodiments, all or a substantial 

or d50. The d90 of hydraulic cements according to the inven-  15 portion of the larger particles (e.g., above 10-25 comprise 
tion will generally be less than the d90 of Types I, II and V 

	
SCM particles. In some embodiments, all or a substantial 

Portland cement as defined by ASTM C150 and can also be 	portion of the ultrafine particles of the blend (e.g., below 1-5 
less than the d50 of Type III cement. According to several 

	
nm) comprise SCM particles. 

embodiments, the d90 can be less than or equal to 30 nm, 25 
	

In example embodiments of blended cements, the d85, 
nm, 22.5 nm, 20 nm, 17 nm, 14.5 nm, 13 nm, 12.5 nm, 11 nm, 20 d90, d95 or d99 of the hydraulic cement particles may be less 
10 nm, 9 nm, 8 nm, or 7.5 nm. The lower d90 limit can be 	than about 25 nm, 22.5 nm, 20µm, 17.5 nm, 15µm, 12.5 nm, 
about 5 nm, 6 nm, 7 nm, 8 nm, 9 nm or 10 nm. 	 10 nm, 7.5 nm, or 5 nm. In one embodiment, the dl, d5, d10, 

F. Defining PSD by Upper Median Ratio D90/D50 
	

d15, or d20 of the hydraulic cement may be greater than about 
According to another embodiment, the upper median par- 	1 nm, 1.25 nm, 1.5 nm, 1.75µm, 2µm, 2.25µm, 2.5 nm, 3µm, 

ticle size ratio d90/d50 can define cement having a desired 25 3.5 nm, 4 nm, 4.5 nm, or 5 nm. While cement-SCM blends can 
reactivity and/or fineness. Depending on how the grinding 	utilize a hydraulic fraction with a PSD similar to Type III 
and/or classification processes are carried out, the ratio d90/ 

	
cement, the PSD can be narrower than the PSD of Type III 

d50 of hydraulic cements according to the invention can be 	cement (e.g., by having a higher d10 and/or lower d90). 
similar to or greater than the ratio d90/d50 of Types I, II and 

	
Reducing the amount of ultrafine cement particles below 

V cement as defined by ASTM C150, and can be greater than 30 about 1 nm, 1.5 nm, 2 nm, 2.5 nm or 3 nm compared to many 
the ratio d90/d50 of Type III cement within the meaning of 

	
Type III cements reduces water demand, reduces the risk of 

ASTM C150. According to several embodiments of the 
	

flash setting, decreases grinding costs, and can result in 
invention, the ratio d90/d50 can be in a range of about 1.25 to 

	
higher ultimate strength. Reducing the amount of coarse 

5, about 1.4 to 4.5, about 1.75 to about 4.25, about 2.5 to 4, 	cement particles above about 10 nm, 12.5 nm, 15 nm, 17.5 
about 2.6 to 3.85, about 2.7 to 3.7, about 2.8 to 3.6, about 2.9 35 nm, or 20 nm compared to many Type III cements reduces the 
to 3.5, or about 3 to 3.4. 	 amount of cement that remains unhydrated after 28 days. 

By way of example, the coarse Type I/II cement mentioned 
	

In one embodiment, the PSD of a coarse SCM fraction in 
above had a d90/d50 of 2.805, and the relatively finer Type 

	
blended cements can be similar to that of larger particle 

II/V cement had a d90/d50 of 2.929. A d90/d50 greater than 3 
	

fractions found in OPC (e.g., 10-45 nm). According to one 
would define cement having a broader upper median ratio of 40 embodiment, the d20, d15, d10, d5 or dl of the coarse SCM 
particle sizes compared to these cements. In another example, 	fraction is at least about 5 nm, 7.5 µm,10 µm,12.5 µm,15 nm, 
the Type I cement mentioned above had a d90/d50 of 3.081. A 

	
17.5 nm, 20 nm, 22.5 nm, or 25 nm. The coarse SCM fraction 

d90/d50 greater than 3.1 would define cement having a 	can also have a desired distribution in which the d80, d85, 
broader upper median ratio of particle sizes compared to this 

	
d90, d95, or d99 is less than about 120 nm, 100 nm, 80 nm, 60 

cement. In yet another example, the Type III cement men-  45 nm, 50 nm, Or 45 nm. 
tioned above had a d90/d50 of 2.577. A d90/d50 greater than 

	
An ultrafine SCM fraction with a d85, d90, d95 or d99 less 

2.6 would define cement having a broader upper median ratio 	than about 5 nm, 4.5 pm, 4 nm, 3.5 nm, 3 nm, 2.5 nm, or 2 nm 
of particle sizes compared to this cement. Alternatively, the 

	
(e.g., with particles spanning about 0.1-3 nm) may be desir- 

d90/d50 of the inventive hydraulic narrow PSD cements can 	able to help disperse the finer cement particles, increase flu- 
be less than those of commercial cements. 	 50 idity, and increase strength. Fine SCM particles (e.g., about 
III. Example Blends Made Using the Disclosed Cements 

	
3-15 nm) may be included so long as they increase strength 

Hydraulic cements within the disclosure can be used for 
	

development without unduly increasing water demand 
any desired purpose but are especially useful for increasing 

	
Example binary blends include a hydraulic cement fraction 

SCM replacement while maintaining similar early strength 
	

having a relatively narrow PSD (e.g., d10—about 1-3 nm and 
and/or water demand as 100% cement. By way of example, 55 d90—about 10-20 nm) and an SCM fraction that contributes 
narrow PSD hydraulic cements can be used to make binary 	more coarse particles above the d90 of the hydraulic cement 
blends, ternary blends, and quaternary blends, which will 

	
fraction and/or the blend than the cement fraction. The SCM 

typically have a broader PSD than the cement fraction by 
	

fraction may also contribute fine particles between the d10 
itself. Blends made using narrow PSD cements can unlock 

	
and d90 of the hydraulic cement fraction and/or ultrafine 

more of the early binding ability of the cement fraction by 60 particles below the d10 of the hydraulic cement fraction. By 
utilizing finer, more reactive particles that become substan- 	way of example, the SCM fraction may contain one or more 
tially or fully hydrated in the short term (e.g., 1 day, 3 days, 7 

	
reactive SCMs (e.g., pozzolan) and/or one or more ground 

days, or 28 days). Rapid hardening or flash setting of the 
	

SCM fillers, such as micronized limestone or quartz. 
cement fraction is controlled and water demand reduced by 

	
Example ternary blends include a coarse SCM fraction, a 

utilizing SCM particles that disperse and separate the hydrau-  65 fine hydraulic cement (e.g., Portland cement) fraction, and an 
lic cement particles. Replacing at least a portion of ultrafine 	ultrafine SCM fraction. The PSD of the entire ternary blend or 
cement particles with ultrafine SCM particles can further 	the combined coarse SCM and fine hydraulic cement frac- 
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tions can be similar to those described above relative to binary 	cement fraction (e.g., >about 10-20 [tm), which may be 
blends. The ultrafine SCM fraction may have a PSD where the 	coarser than the section reactive SCM fraction to further 
d85, d90, d95, or d99 is less than about 5 [nu, 4.5 [an, 4 [nu, 	reduce water demand. 
3.5 [an, 3 [nu, 2.5 [nu, 2 [nu, 1.5 [nu, or 1 [an. In one embodi- 	Example cement-SCM blends include at least about 10%, 
ment, the ultrafine SCM fraction can be a comminuted frac-  5 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 60%, 65%, or 
tion obtained from classifying an SCM to yield an interme- 	70% SCM by weight and less than about 90%, 80%, 75%, 
diate fine fraction and a coarse fraction and then comminuting 

	
70%, 65%, 60%, 55%, 50%, 45%, 40%, 35%, or 30% hydrau- 

at least a portion of the fine fraction to obtain the ultrafine 
	

lic cement by weight. In example blends, the volume percent 
PSD. Very coarse SCM particles (e.g., above 45 [nu, 50 [nu, 	of SCM in the cement-SCM blend can be in a range from 
60 [an, 80 [nu, 100 [an, or 120 [nu) can be comminuted to 10 about 10-80%, 10-60%, 10-45%, 15-40%, or 20-35%. 
form less coarse SCM particles having increased reactivity. 	In some embodiments, it has been found that having more 

In one aspect, an example ternary blend can include a 
	

Portland cement than SCM can be useful for matching the 
hydraulic cement fraction that provides relatively fine par- 	strength development of ordinary Portland cement. This can 
ticles having a d10 and d90 as disclosed herein (e.g., 	be advantageous where a general purpose ("plug and play") 
d10-about 0.75-5 [nu or 1-3 [nu and d90=about 7.5-22.5 [nu 15 blended cement is desired to substitute for OPC. Alterna- 
or 10-20 [nu), a first SCM fraction, at least a portion of which 

	
tively, the combined amount of Portland cement and highly 

contributes ultrafine particles below the dl 0 of the hydraulic 	reactive SCM (e.g., GGBFS) can exceed the amount of a less 
cement fraction (e.g., <about 0.75-5 [nu or 1-3 [nu), and a 	reactive pozzolan (e.g., fly ash) and/or combined amount of 
second SCM fraction, at least a portion of which contributes 

	
less reactive pozzolan and non-reactive filler. Plug and play 

coarse particles above the d90 of the hydraulic cement frac-  20 blended cements make it possible for single-silo concrete 
tion (e.g., >about 7.5-22.5 [nu or 10-20 [nu). According to one 	producers that currently cannot produce concrete with SCMs 
embodiment, the first SCM fraction may comprise a reactive 	to, for the first time, manufacture concrete having significant 
SCM, such as a pozzolan or a slag having cementitious prop- 	to high quantities of SCMs. In other cases, it may be desirable 
erties (e.g., GGBFS), which can help disperse and reduce 	to provide a cement-SCM blend having higher strength than 
flocculation of the finer cement particles and/or contribute to 25 an equivalent volume of OPC in order to reduce the binder 
early strength development. According to another embodi- 	content in concrete and/or permit users to blend in additional 
ment, the second SCM fraction may comprise the same or 

	
SCMs and/or fine aggregate filler and/or increase the water- 

different reactive SCM, which can help reduce the surface 	to-cement ratio as desired while maintaining desired or 
area and water demand of the blended cement and contribute 	acceptable early strength. Multiple blended cements with 
to long-term strength development. Alternatively, at least a 30 different SCM contents can be provided to multi-silo produc- 
portion of the first and/or second SCM fractions may com- 	ers to provide additional choices and/or ability to produce 
prise a non-reactive SCM (or inert filler), such as limestone or 	additional blends by proportioning two or more different 
quartz, which can help reduce surface area and water demand 

	
blended cements as desired. 

and/or provide nucleation sites that promote earlier and more 
	

It will be appreciated that, all things being equal, applica- 
orderly formation of hydration products to assist in early 35 tions that involve high temperatures, such as thick slab con- 
strength development. 	 crete that creates high internal heat of hydration and oil well 

In another aspect, example ternary blends can include: 1) a 	cementing that involves high subterranean temperatures, may 
coarse fraction (e.g., particles above about 10-20 [nu) that 

	
benefit from even higher SCM replacement levels in order to 

mostly comprise SCM (e.g., pozzolan, slag and/or filler) par- 	mitigate and therefore moderate the natively high reactivity 
ticles, 2) a fine fraction (e.g., particles ranging from about 1-3 40 of the hydraulic cement fraction. 
[nu at the lower end to about 10-20 [nu at the upper end) that 

	
Example cement-SCM blends can include a distribution of 

mostly comprise hydraulic cement particles, and 3) an 	particles spread across a wide range of particle sizes (e.g., 
ultrafine fraction (e.g., particles below about 1-3 [nu) that at 	over a range of about 0.1-120 [tin, or about 0.1-100 pm, or 
least partially or mostly comprise SCM. By way of example, 	about 0.1-80 pm, or about 0.1-60 pm, or about 0.1-45 pm). 
the particle size of ultrafine pozzolan or other SCM particles 45 According to one embodiment, the cement-SCM blend may 
in one illustrative example can span from about 0.1-5 [nu 

	
have a PSD that approximates the PSD of OPC (e.g., to 

(e.g., 0.1-3 [nu), a substantial majority (e.g., 70% or more) of 
	

approximate a Fuller distribution). 
the hydraulic cement fraction can span from about 3-20 [nu 

	
In one embodiment, at least about 50%, 65%, 75%, 85%, 

(e.g., 2-15 [nu), and the particle size of coarse pozzolan par- 	90%, or 95% of the "coarse" particles in example blended 
ticles can span from about 10-80 [an (e.g., 15-60 [nu). An so cements (e.g., the combined SCM and hydraulic cement par- 
optional fine pozzolan or other SCM fraction can substan- 	ticles larger than about 25 [tin, 22.5 pm, 20 [tin, 17.5 pm, 15 
tially overlap or span the PSD of the hydraulic cement but will 

	
pm, 12.5 pm, 10µm, 7.5 [tin, or 5 pm) comprise SCM and less 

typically contribute fewer particles over this range. In some 	than about 50%, 35%, 25%, 15%, 10%, or 5% comprise 
cases, the pozzolan or other SCM fraction in a "ternary blend" 

	
hydraulic cement. At least about 50%, 65%, 75%, 85%, 90%, 

of pozzolan and hydraulic cement can have a PSD similar or 55 or 95% of the "fine" particles in example blended cements 
identical to that of ordinary fly ash. 	 (e.g., the combined SCM and hydraulic cement particles 

An example quaternary blend includes a hydraulic cement 
	

between about 1-25 pm, 2-20 [tin, or 3-15 [tin) may comprise 
fraction that provides fine particles having a d10 and d90 as 

	
hydraulic cement, and less than about 50%, 35%, 25%, 15%, 

disclosed herein (e.g., d10-about 1-5 or about 1-3 [an and 
	

10%, or 5% may comprise SCM. At least about 30%, 40%, 
d90=about 7.5-22.5 [nu or 10-20 [nu), a first SCM fraction 60 50%, 65%, 75%, 85%, 90%, or 95% of the "ultrafine" par- 
(reactive and/or nonreactive) that contributes ultrafine par- 	ticles in example blended cements (e.g., the combined SCM 
ticles below the d10 of the hydraulic cement fraction (e.g., 	and hydraulic cement particles less than about 5 pm, 4.5 pm, 
<about 1-5 pm or about 1-3 [tm), a second reactive SCM 

	
4 pm, 3.5 pm, 3 [tin, 2.5 pm, 2 [tin, 1.5 pm, or 1 pm) may 

fraction that contributes coarse particles above the d90 of the 	comprise SCM and less than about 70%, 60%, 50%, 35%, 
hydraulic cement fraction (e.g., >about 7.5-22.5 [tin or 10-20 65 25%, 15%, 10%, or 5% may comprise hydraulic cement. 
pm), and a third nonreactive SCM (or inert filler) fraction that 

	
In one embodiment, a coarse SCM fraction can have an 

contributes coarse particles above the d90 of the hydraulic 	average particle size (e.g., as exemplified by the d50) that 
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exceeds the average particle size (e.g., d50) of the hydraulic 	about 650 m2/kg, or at least about 700 m2/kg, or at least about 

	

cement fraction. In general, the average particle size (e.g., 	800 m2/kg, or at least about 900 m2/kg, or at least about 1000 

	

d50) of the coarse SCM fraction is in a range of about 1.25 
	

m2/kg. Conversely, the surface area of the coarse SCM frac- 

	

times to about 25 times the average particle size (e.g., d50) of 
	

tion can be less than about 600 m2/kg, or less than about 550 
the hydraulic cement fraction, or about 1.5 times to about 20 5 m2/kg, or less than about 500 m2/kg, or less than about 475 

	

times, or about 1.75 times to about 15 times, or about 2 times 	m2/kg, or less than about 450 m2/kg, or less than about 

	

to about 10 times the average particle size of the hydraulic 
	

425 2/kg, or less than about 400 m2/kg, or less than about 375 

	

cement fraction. Similarly, the surface area or Blaine fineness 	m2/kg, or less than about 350 m2/kg. 

	

of the hydraulic cement fraction may be about 1.25 times to 
	

Example cement-SCM blends can have a surface area (e.g., 
about 25 times that of the coarse SCM fraction, or about 1.5 10 as estimated from the PSD or performing a Blaine test) and/or 

	

times to about 20 times, or about 1.75 times to about 15 times, 	PSD (e.g., as described by the Rosin-Rammler-Sperling- 

	

or about 2 times to about 10 times the surface area or Blaine 
	

Bennet distribution) that approximates that of OPC (e.g., a 
fineness of the coarse SCM fraction. 	 Fuller distribution). In this way, cement-SCM blends can 

	

In the case of a ternary blend containing an ultrafine SCM 
	

behave similar to OPC in terms of water demand, rheology, 
fraction, the surface area or Blaine fineness of the hydraulic 15 and strength development. Example cement-SCM blends can 

	

cement fraction will be less than that of the ultrafine SCM 
	

have an overall surface area of about 250-750 m2/kg, or about 

	

fraction. According to one embodiment, an ultrafine SCM 
	

280-700 m2/kg, or about 300-650 m2/kg, or about 325-600 

	

fraction can have an average particle size (e.g., as exemplified 
	

m2/kg, or about 350-550 m2/kg. 

	

by the d50) that is less than the average particle size (e.g., d50) 
	

Example cement-SCM blends can substitute for OPC in 
of the hydraulic cement fraction. In general, the average par-  20 conventional concrete, including Types I, II, III, IV and V 

	

ticle size (e.g., d50) of the hydraulic cement fraction is in a 	cements. They can have set times and other performance 

	

range of about 1.25 times to about 25 times the average 	characteristics that fall within the ranges of ASTM C-150 in 

	

particle size (e.g., d50) of the ultrafine SCM fraction, or about 	order to serve as a substitute for Type I, Type II, Type III, Type 

	

1.5 times to about 20 times, or about 1.75 times to about 15 
	

IV or Type V cement in the ready mix industry. The initial set 
times, or about 2 times to about 10 times the average particle 25 time can be in a range of about 30-500 minutes, or about 

	

size of the ultrafine SCM fraction. Similarly, the surface area 
	

45-400 minutes, or about 60-350 minutes, or about 90-250 

	

or Blaine fineness of the ultrafine SCM fraction may be about 	minutes. They can also substitute for conventional oil well 

	

1.25 times to about 25 times that of the hydraulic cement 	cements, including Types VI, VII and VIII. 

	

fraction, or about 1.5 times to about 20 times, or about 1.75 
	

Example cement-SCM blends can include inert fillers such 
times to about 15 times, or about 2 times to about 10 times the 30 as ground stone, rock and other geologic materials (e.g., 

	

surface area or Blaine fineness of the hydraulic cement frac- 	ground granite, ground sand, ground bauxite, ground lime- 
tion. 	 stone, ground silica, ground alumina, and ground quartz). The 

	

The hydraulic cement and SCM particles that make up 	terms "inert filler" and "nonreactive SCM" refer to materials 

	

cement-SCM blends can overlap, although different PSD 
	

that do not have cementitious or even pozzolanic properties. 
fractions of the overall PSD will generally contain predomi-  35 According to one embodiment, the inert filler may include 

	

nant quantities of one type of material compared to materials 	coarser particles (e.g., about 20-300, 25-200, or 30-100 nm). 

	

that predominate in other PSD fractions. By way of example, 	A. Hydraulic Cement 

	

coarse and/or ultrafine SCM fractions may contain some 
	

Ordinary Portland cement (OPC) (Types I-V) and oil well 

	

quantity of fine particles that overlap those of the hydraulic 	cement (Types VI-VIII) are typically manufactured by grind- 
cement fraction. The amount of particle size overlap will 40 ing cement clinker into a fine powder, typically so as to 

	

generally depend on the d50 and PSD spread of the different 
	

include a range of particle sizes that span from about 0.1-45 

	

materials. The amount of overlap of any given fraction rela- 	nm for OPC. In contrast to site blends of OPC and SCM, 

	

tive to another fraction can be at least about 1%, 2.5%, 5%, 	example cement-SCM blends do not contain a "normal" or 

	

10%, 15%, 20%, 25%, 35% or 50% but will generally not 	conventional PSD of Portland cement but rather a narrower 
exceed about 75%. 	 45 distribution. All or a substantial portion of the "coarse" 

	

Nevertheless, the coarse SCM fraction will have a d50 that 
	

hydraulic cement particles are removed, reground into finer 

	

exceeds the d50 of the fine hydraulic cement fraction, and the 	particles, and replaced with SCM particles. Replacing the 

	

ultra fine SCM fraction will have a d50 that is less than the d50 
	

coarse hydraulic cement particles with SCM particles reduces 

	

of the fine hydraulic cement fraction. According to one 	cost, CO2  output, and deleterious effects caused by including 
embodiment, the ratio d50/d50 of the fine hydraulic cement so too much cement (e.g., creep, shrinkage, alkali-silica reac- 

	

fraction to the ultrafine SCM fraction can be at least about 1.5, 	tion, carbonation, and decreased durability). In some cases, 

	

2, 2.5, 3, 3.5, 4, 4.5, 5, 6, 7, 8, 9 or 10. Similarly, the ratio 	narrow PSD cements within the disclosure may not work well 

	

d50/d50 of the coarse SCM fraction to the fine hydraulic 
	

by themselves but require blending with one or more SCMs to 

	

cement fraction can be at least about 1.5, 1.75, 2, 2.25, 2.5, 	perform properly. 
2.75, 3, 3.25, 3.5, 3.75, 4, 4.5 or 5. 	 55 	When making cement-SCM blends, it may be desirable to 

	

The difference between the d50 of the fine hydraulic 
	

increase the amount of tricalcium silicate and/or tricalcium 

	

cement fraction and the d50 of the ultrafine SCM fraction can 	aluminate compared to OPC in order to increase early 

	

be at least about 3 nm, 4 nm, 5 nm, 6 nm, 7 nm, 8 nm, 9 nm, 	strength development and/or provide a desired heat of hydra- 

	

10µm, 11 nm, or 12 nm but will generally be less than 18 nm. 	tion and/or provide additional free lime that can react with the 
The difference between the d50 of the coarse SCM fraction 60 SCM. These can increase SCM substitution levels. For 

	

and the d50 of the ultrafine hydraulic cement fraction can be 	example, the tricalcium silicate content can be greater than 

	

at least about 5µm, 6µm, 8µm, 10µm, 12µm, 15µm, 20 nm, 	about 50%, 57%, 60%, 62.5%, or 65%. The increased trical- 

	

25 nm or 30 nm but will generally be less than about 50 nm. 	cium silicate content of the cement fraction can offset a dearth 

	

According to one embodiment, the surface area of the 	or lack of calcium silicates in the pozzolan fraction. When 
hydraulic cement fraction (or combined fine cement and 65 increasing the d90 and/or d10 of the hydraulic cement to 

	

ultrafine SCM fractions) can be at least about 500 m2/kg, or at 	reduce water demand and/or autogenous shrinkage it may be 

	

least about 550 m2/kg, or at least about 600 m2/kg, or least 
	

desirable to offset early strength loss by increasing the trical- 
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cium silicate content to about 65% or greater, about 70% or 	tides in the ultrafine fraction can increase strength and reduce 
greater, or even about 75% or greater. Excessive reactivity of 

	
water demand by beneficially filling capillary pore spaces 

such materials can be offset by an increase in SCM replace- 	between the fine cement particles, which increases paste den- 
ment to create a desired net reactivity of the blend. 	 sity. Reactive ultrafine SCM particles also contribute to 

In addition to or instead of increasing the tricalcium silicate 5 cement gel formation. Non-reactive ultrafine SCM particles 
content, the tricalcium aluminate content can be greater than 	such as limestone can provide nucleation sites for formation 
5%, or greater than about 7.5%, or greater than about 10%, or 	of cement hydration products. In one example, the coarse 
even greater than about 12.5%, particularly where it is desired 

	
SCM can be lower cost fly ash and the ultrafine SCM can be 

to increase the d90 and/or d10 of the hydraulic cement to 
	

higher reactive GGBFS and/or silica fume to maximize their 
reduce water demand and/or autogenous shrinkage. In the 10 respective benefits. In another example, the coarse SCM can 
case where the d90 and/or d10 and not the chemistry is that 

	
be higher reactive GGBFS that continues to hydrate over time 

main driving force for increased reactivity, the tricalcium 	and the ultrafine SCM can be silica fume and/or finely ground 
aluminate can be in a range of 5.25% to about 11.75%, or 

	
fly ash. 

about 5.5% to about 11.5%, or about 6% to about 11.25, or 
	

Pozzolans with more uniform surfaces (e.g., spherical or 
about 7% to about 11%. The increased tricalcium aluminate 15 spheroidal) may be desirable to reduce water demand. Fly ash 
content of the cement fraction can offset a dearth or lack of 

	
is generally spherical in shape. Examples of spheroidal or 

calcium aluminates in the SCM fraction. The optimum quan- 	globular pozzolans are disclosed in U.S. Publication No. 
tity of tricalcium aluminate provided by the hydraulic cement 

	
2010/0243771 to Mckee, which is incorporated by reference. 

may depend on the amount of calcium aluminates provided 
	

Examples of reactive and non-reactive forms of precipitated 
by the SCM. For example, class C fly ash, some slags and 20 CaCO3  formed by reacting CO2  from flue gas and calcium 
other SCMs can contribute greater quantities of calcium alu- 	and/or magnesium ions in sea water are disclosed in U.S. 
minates compared to class F fly ash. 	 Publication No. 2009/0020044 to Constantz et al., which is 

An appropriate quantity of sulfate can be included based on 
	

incorporated by reference. 
the total calcium aluminates in the cement-SCM blend to 

	
It may be desirable to alter the chemistry of the SCM by 

provide the proper sulfate balance (e.g., for proper hydration 25 amending the feed material with components that provide a 
and/or reduction in delayed ettringite formation, or sulfate 

	
desired SCM chemistry. For example, it can be desirable to 

attack). On the other hand, research suggests that aluminate 
	

inject materials into a coal burner, such as clays, ores, lime- 
contributed by tetracalcium aluminoferrate can mitigate 	stone, lime or other materials to yield coal ash having a 
against sulfate attack. 	 chemistry that provides desired benefits, such as increased 

B. SCMs 	 30 reactivity, strength development, cement compatibility, inter- 
Pozzolans and other reactive SCMs are materials that con- 	action with chemical admixtures, and the like. Slag and other 

tain constituents which will combine with free lime at ordi- 	byproduct SCMs can be modified by adding beneficial mate- 
nary or elevated temperatures in the presence of water to form 	rials to a blast furnace or other high temperature process. 
stable insoluble CSH compounds possessing cementing 

	
Various SCMs can be used in combination to provide 

properties. Natural pozzolans can include materials of volca-  35 desired benefits. For example, class F fly ash is typically 
nic origin, but include diatomaceous earths and trass. Ground 

	
effective in reducing sulfate attack and ASR while class C fly 

limestone, ground quartz, other ground filler materials, and 
	

ash can provide higher early strength because of higher cal- 
precipitated CaCO3  may be considered to be "SCMs" to the 	cium content. However, some class F fly ashes can have 
extent they can promote formation of hydration products or 	excessively high carbon or other deleterious components and/ 
otherwise increase strength (e.g., by reducing the water-to-  40 or fail the C-618 reactivity standard, and some class C fly 
cement ratio required to give a desired workability). Artificial 

	
ashes may not properly mitigate sulfate attack and/or ASR. 

pozzolans are mainly products obtained by heat treatment of 
	

However, blending the two together can provide the best 
natural materials such as clay, shale and certain siliceous 	qualities and mitigate the weaknesses of both. One study 
rocks, pulverized fuel ash, biomass ash (e.g., rice husk ash, 	showed that a blend of class F and C fly ash had greater 
sugar cane ash, and the like), Class F and Class C fly ash, 45 reactivity than either the class F or C ahs by itself, which 
bottom ash, slag, GGBFS, steel slag, silica fume, ground 

	
suggests a synergistic interaction. 

glass, and metakaolin. GGBFS, other types of slag, and Class 
	

Certain coal ashes, such as bottom ash and some fly ashes, 
C fly ash can have varying levels of self-cementing properties 	metallurgical slags, and other SCMs may contain relatively 
and can sometimes function as a hydraulic cement notwith- 	high quantities of metals, arsenic or other potentially toxic or 
standing their quality as SCMs. 	 so hazardous materials. In general, such materials are less toxic 

The PSD of a given SCM can be selected to maximize a 	or hazardous when encapsulated and sequestered within 
desired benefit, including cost and performance. Because 

	
hardened cementitious materials compared to simply being 

coarse Portland cement particles do not fully hydrate and 
	

discarded into the environment in unencapsulated form (e.g., 
include sacrificial cores that mainly perform as expensive 	as road base, in landfills, dry storage mounds or wet ponds, or 
filler, one function of a coarse SCM is to replace more expen-  55 used as feed materials in cement kilns). Maximizing the quan- 
sive and more environmentally taxing coarse Portland cement 

	
tity of such materials in cement blends can help in environ- 

particles with less expensive and more environmentally 	mental remediation while also synergistically utilizing ben- 
friendly SCM particles in order to provide a desired particle 	eficial cementing properties in order to reduce the amount of 
gradation and packing. Where the coarse SCM includes both 

	
hydraulic cement required to manufacture a given volume of 

reactive and non-reactive materials, it may be beneficial for 60 concrete, mortar or oil well cement. Encapsulating SCMs that 
the reactive SCM to be less coarse to increase reactivity and 

	
contain hazardous or toxic metals or other elements within a 

the nonreactive SCM to be coarser to further reduce cost. 	rigid, largely water-proof cementitious matrix can effectively 
Ultrafine SCM particles can also beneficially supplement 

	
"dispose" of such materials while beneficially utilizing their 

and/or replace ultrafine Portland cement particles found in 	cementing properties. Discarded glass that may be an envi- 
OPC. Because even reactive SCM particles are typically less 65 ronmental nuisance and/or take up landfill space can be 
reactive than Portland cement particles and do not dissolve as 	ground and beneficially used as SCM to replace a portion of 
readily, providing less reactive and/or non-reactive SMC par- 	the hydraulic cement. 
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In the case where a particularly toxic or hazardous SCM 
cannot be used in above-ground construction or exposed con-
crete, it can, for example, be beneficially used in SCM-filled 
oil well cement that is pumped below the ground surface, 
often hundreds or even thousands of feet below ground level. 
Subterraneous sequestration of toxic or hazardous SCMs in a 
solid, encapsulated form would greatly benefit the environ-
ment while synergistically promoting their use as a cement 
substitute, which further benefits the environment by reduc-
ing CO2  emissions and fossil fuel usage. Gas well cementing 
and deep sea oil well cementing can provide similar benefits. 
In addition, high temperatures associated with subterranean 
oil and gas well cementing can further activate slower react-
ing SCMs, thereby increasing beneficial use of SCMs, includ-
ing potentially hazardous or toxic SCMs and/or less reactive 
SCMs that may be insufficiently reactive to be useful in ready 
mix concrete. It will be understood that accelerating the reac-
tivity of an SCM can accelerate the rate of encapsulation and 
sequestration of metals or other toxic elements in the SCM. It 
also makes possible the use of less reactive SCMs, such as 
pozzolans that are insufficiently reactive to qualify under 
ASTM C-311 and/or which do not qualify under ASTM 
C-618. 

Sequestration of potentially labile metals in blended 
cements can be enhanced by including materials that can 
adsorb and sequester free metals. Examples of adsorbents 
include, but are not limited to, silica and alumina, which are 
often found in abundance in pozzolans and silica sand. Puri-
fied silica, alumina, and pozzolans (e.g., natural pozzolans) 
that contain silica and/or alumina and are deficient in labile 
metals can be added if needed to adsorb labial metals that can 
diffuse from certain SCMs. 
IV. Methods and Apparatus for Manufacturing Hydraulic 
Cement and Cement-SCM Blends 

Example methods for manufacturing hydraulic cement 
include comminuting cement clinker to have a desired par-
ticle size distribution. Comminuting and properly recombin-
ing the entire mass of clinker to produce the final cement 
stream substantially maintains the same chemistry in the final 
product as in the original clinker. Simply separating out 
ultrafine and/or coarse particles from commercial Portland 
cement can significantly alter the cement chemistry of the 
recovered fraction because clinker minerals are often not 
evenly distributed throughout the entire particle size range. 
One or more online particle size analyzers can continuously 
monitor particle size. A control module running computer 
executable instructions can be configured to receive a series 
of readings from the online detector(s) and control one or 
more components of the grinding and separation system to 
achieve a desired PSD of hydraulic cement particles. 

Any method for obtaining hydraulic cement having a 
desired particle size distribution and/or fineness can be used. 
In some cases, existing grinding and separation systems used 
to produce conventional Portland cement can be modified to 
produce narrow PSD cements as disclosed herein, such as 
through the use of higher efficiency separation techniques 
than are currently employed and/or by cutting at a lower d90 
to yield a finished product with a desired d90 (e.g., between 
about 10-25 pm) without undesirably producing too many 
ultra fine particles below about 1-3 pm). In some cases, ret-
rofitting an existing cement plant may be as simple as retun-
ing one or more existing high throughput separators (e.g., 
manufactured by FLSmidth, which is located in the U.S., 
Denmark, Germany and India) and/or adding one or more 
high efficiency classifiers (e.g., manufactured by Netzsch, 
which is located in Germany) to make steeper cuts (e.g., at a 
desired d90). 

18 
In general, the energy used to grind or comminute a particle 

stream can increase exponentially as the particles become 
smaller, at least when using roll mills, ball bills and other 
conventional mechanical grinding systems currently used in 

5 the cement industry. Conventional roll mills and ball mills can 
efficiently grind clinker nodules to yield a relatively coarse 
particle stream (e.g., with a d10 of 25-50 pm and a d90 of 
50-250 [im). However, energy requirements increase expo-
nentially when the particles are ground to a typical d90 of 
30-45 pm for general purpose cements. Reducing the d90 
further to between 10-25 pm without system modification and 
by essentially shifting the entire PSD curve to the left could 
increase grinding costs by as much as 100-500%, which may 

15 
be cost prohibitive and reduce cost savings and environmental 
benefits flowing from SCM replacement of Portland cement. 
Accordingly, another aspect of the disclosed technology is the 
ability to comminute clinker to form narrow PSD Portland 
cements while keeping grinding costs and energy consump-

20 tion within an acceptable level compared to conventional 
grinding to make OPC. Depending on the efficiencies of 
grinding and separating particle streams, the cost can be the 
same or lower than the typical cost of comminuting clinker to 
form OPC. 

25 	One strategy for reducing cost is through high efficiency 
separation and removal of fine particles (i.e., dedusting) using 
a high efficiency classifier from an initial coarse particle 
stream produced by a high throughput cyclonic separator or 
air classifier and then comminuting the dedusted coarse par- 

30 tides. In this way, energy is not wasted regrinding already fine 
particles. Dedusting may be performed using high efficiency 
separators, such as those manufactured by Netzsch-Condux 
Mahltechnik GmbH, located in Hanau, Germany. It may also 
be accomplished using a series of less efficient but higher 

35 throughput classifiers to dedust multiple times to ensure sub-
stantial removal of the fine particles prior to regrinding the 
coarse particles. 

Another strategy for reducing cost is to use equipment that 
is especially suited for comminuting relatively coarse par-

40 tides into finer particles with narrow PSD. These include jet 
mills, ultrasonic fracturing mills, high pressure roll presses, 
fine grinding ball mills, dry bead mills, and even mills that 
may not be commonly used to grind Portland cement. While 
rod mills and ball mills can be very efficient in grinding 

45 clinker nodules to a relative coarse powder, non-traditional 
mills such as jet mills, dry bead mills, ultrasonic fracturing 
mills, can be as efficient, and in some cases more efficient, in 
comminuting an already ground powder into a finer powder 
having a desired narrow PSD. Fine grinding roll presses can 

so also be used to controllably and inexpensively regrind a 
removed coarse fraction to yield the desired d90. 

FIG. 1A is a flow chart illustrating an example method 100 
for manufacturing hydraulic cement having a desired (e.g., 
narrow) PSD from clinker. The clinker can be a conventional 

55 clinker used to make Types I, II, III, IV or V Portland cement 
or a Type VI, VII or VIII oil well cement. 

In a first act 102, cement clinker is ground into initially 
ground cement having an initial fineness and/or PSD. This 
can be accomplished using grinding apparatus such as, for 

60 example, one or more rod mills, roller mills and/or ball mills. 
A rod mill, such as a high pressure grinding roll, can be used 
to grind clinker to in intermediate ground cement having a 
relatively coarse particle distribution, and a ball mill can 
thereafter be used to produce cement having a finer particle 

65 distribution. The desired fineness and/or PSD of the initial 
cement may be selected based on subsequent classification 
and regrinding processes. The d10 of the initial ground 
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cement will advantageously be as high or higher than the 
desired d10 of the final hydraulic cement product. 

In a second act 104, the initial ground cement can be 
processed using one or more air classifiers to yield a plurality 
of classified cement fractions having different PSDs, includ-
ing at least one finer fraction that may be collected without 
further modification and at least one coarser fraction that is 
reground (See FIGS. 2, 3A-3B, 4A-4C, 5A-5E and 6A-6E 
illustrating example configurations). A first classification 
process can be calibrated to yield a finer cement fraction 
having a desired d90, which may be equal to, approximate, or 
be within a specified deviation of the desired d90 of the final 
cement product. The finer cement fraction will typically have 
a lower d10 than the d10 of the initial ground cement by virtue 
of removing the coarser particles. The coarser fraction can 
optionally be dedusted one or more additional times to further 
remove remaining fine particles and yield a coarse cement 
that is better suited for subsequent milling without forming an 
excessive quantity of ultrafine cement particles. The fines 
produced by dedusting can be blended with the fine classified 
material by feeding it back into an initial high throughput 
separator. 

In a third act 106, one or more coarse fractions produced by 
classification 104 are milled using an appropriate milling 
apparatus, such as a rod mill, fine grinding roll press, ball mill, 
impact ball mill, hammer mill, jet mill, dry bead mill, ultra-
sonic comminuting mill, or other mill designed to mill cement 
particles and yield one or more reground cement fractions 
having a desired d90 without producing an undesired quantity 
of ultrafine particles. 

Optionally, a reground or milled cement intermediate can 
be classified one or more times by optional classifying act 108 
to yield one or more additional fine cement fractions having a 
desired d90 and d10 and a coarser cement fraction that can be 
reground. The regrinding 106 and optional regrinding can be 
performed by the same or different grinding apparatus used 
for the initial grinding 102. If milling 106 is performed 
together with initial grinding 102, optional classifying 108 
will typically be performed together or in parallel with initial 
classifying 104. 

It may be desirable to employ one or more grinding-clas-
sification circuits that continuously grind, classify, and 
regrind (See FIGS. 2, 3A-3B, 4A-4C, 5A-5E and 6A-6E). In 
an example grinding-classification circuit, a clinker and/or 
coarse cement material is ground using one or more grinding 
apparatus (e.g., a single grinder, serial grinders and/or parallel 
grinders) to yield an intermediate cement material that is 
more finely ground than the initial feed material. The inter-
mediate cement material is continuously fed from the grinder 
to one or more classifiers (e.g., a single classifier, serial clas-
sifiers and/or parallel classifiers) that produce one or more 
fine classified fractions and one or more coarse fractions. The 
one or more coarse fractions are continuously fed back into 
the grinding apparatus. In the case where the grinding appa-
ratus includes a series of grinders that grind progressively 
finer cement feed materials, it may be advantageous to feed 
the one or more coarse classified fractions into the one or 
more dedicated fine grinding apparatus that receive feed 
cement having similar particle size distribution(s). 

In yet another embodiment, a continuous operation can be 
achieved by operating a regrinding mill in parallel with a first 
grinder and one or more classifiers. Ground cement from the 
first grinder can be classified to produce a first fine product 
and a coarse fraction. At least a portion of the coarse fraction 
is reground in parallel in the regrinding mill to produce a 
second fine product that is thereafter mixed with the first fine 

20 
product. Sulfate (e.g., as gypsum) may be added in the first 
grinder and/or the regrinding mill. 

In one embodiment the coarse classified fraction may be 
reclassified in a second classification step. In this embodi-

5 ment, the top (i.e., coarser fraction) of the coarse fraction can 
be recirculated to a first grinder and the bottom (i.e., finer 
fraction) of the coarse fraction can be delivered to a regrind-
ing mill. In one embodiment, a particle size analyzer (option-
ally in conjunction with a computing device) monitors the 

10 particle size distribution of the first fine product and the 
second fine product and modifies the grinding mill and/or the 
regrinding mill and/or the one or more classifiers to provide a 
mixed cement product with a desired fineness and/or PSD. 

The d9Os of the fine classified and reground fine fractions 
15 can be the same as the d90 of the final hydraulic cement 

product. Alternatively, one or more of the fine fractions can 
have a d90 that is less than the d90 of the final hydraulic 
cement product and one or more of the other fine fractions can 
have a d90 that is greater than the d90 of the final hydraulic 

20 cement product. The d9Os may depend on the relative quan-
tities of first fractions to be blended together. 

The reground fraction(s) may have a d10 that is less than, 
equals, or exceeds the desired d10 of the final cement product. 
Whether the d10 of the reground fraction(s) will have a d10 

25 that is less than, equal to, or exceeds the d10 of the final 
product may depend on the relationship of the dl 0 of the 
classified fine fraction(s) and the reground fraction(s) to the 
desired d10 of the final cement product. In some cases, the 
d10 of the classified fine fraction(s) can be balanced with the 

30 d10 of the reground fractions(s) to yield a blended final 
cement product that has the desired d10. 

In a fourth act 110, one or more classified fine fractions can 
be blended with one or more reground coarse fractions to 
yield one or more cement products having a desired d90 and 

35 d10. Such blending can occur using one or more high 
throughput cyclonic separators and/or air classifiers. As dis-
cussed above, the desired PSDs can be defined or selected 
based on any other criteria, including the alternative ways of 
defining the range of particle sizes set forth above, instead of 

40 or in addition to defining it by the d90 and d10. Blending can 
be performed by dedicated dry blending apparatus and/or one 
or more classifiers described above and/or illustrated in the 
Figures. 

In an optional fifth act 112, the final cement product can be 
45 used to manufacture a desired cementitious product, such as 

premixed dry concrete or mortar. Alternatively, the cement 
product can be used to make freshly mixed cementitious 
products, such as ready mix concrete or oil well cement, that 
includes water and optionally one or more admixtures. Suit-

s() able admixtures may include, for example, water reducers 
(high range, mid range or low range), plasticizers, dispers-
ants, set accelerators, retardants, hydration stabilizers, and 
water binding agents. One or more pozzolans can be added to 
the freshly mixed cementitious product. The term "freshly 

55 mixed" refers to a cementitious composition that includes 
hydraulic cement and water but has not yet reached initial set 
and can be formed and shaped into a desired structure or 
article of manufacture without damaging the cementitious 
material. 

60 	Alternatively, as shown in FIG. 1B, particularly step 112', 
the dry hydraulic cement material can be blended in dry form 
with an SCM to form a dry cement-SCM blend that can be 
stored and/or shipped in dry form and used as desired. 

Examples of useful manufacturing methods and apparatus 
65 that may be adapted for use in making hydraulic cements 

having a narrow particle size distribution within the scope of 
the invention are illustrated in FIGS. 2, 3A-3B, 4A-4C, 



US 8,414,700 B2 
21 
	

22 
5A-5E and 6A-6E and also set forth in U.S. Pat. No. 7,799, 	In system 320 of FIG. 3B, clinker stream 322 and coarse 
128, U.S. Provisional Application No. 61/305,423, filed Feb. 	mill 324 produce ground particle stream 326, which is fed 
17, 2010, and U.S. Provisional Application No. 61/324,741, 	into air classifier 328 to produce a coarse dedusted stream 
filed Apr. 15, 2010, which are incorporated by reference and 

	
332. Coarse stream is reground in fine mill 334 to form fine 

which describe useful manufacturing methods and apparatus 5 reground stream 336, which is returned to classifier 328. 
that may be adapted for use in making cement-SCM blends 

	
Classifier 328 combines streams 326 and 336 and removes a 

described herein using the disclosed hydraulic cement com- 	hydraulic cement product 330 a desired narrow PSD from 
positions. 	 coarse dedusted stream 332. In this schemata, the air classifier 

FIG. 2 illustrates an example grinding, classification and 
	

328 provides dual combining and classification functions, 
blending system 200 for forming blended cement from 10 which eliminates the need for a separate apparatus to recom- 
streams of finer cement and coarser SCM. A SCM from silo 

	
bine ground and reground particle streams 326, 336. 

202 is processed by classifier 204 in order to remove the 
	

System 340 of FIG. 3C includes coarse mill 344, which 
coarsest particles (e.g., above about 45-80 pm), which are 	receives and grinds clinker stream 342 to form coarse ground 
ground in grinder 206 in a circuit indicated by the arrows 	stream 346, and air classifier 348, which, together with the 
between classifier 204 and grinder 206. The modified coarse 15 coarse mill 344, forms a coarse milling circuit in which more 
SCM stream is delivered to mixer 210 to form blended 

	
coarse classified stream 342 is recycled to coarse mill 344. 

cement. An initially ground hydraulic cement from silo 214 is 
	

Less coarse classified stream 350 is reground in fine mill 354 
processed by classifier 216 to remove coarse particles above 

	
(e.g., a jet mill with internal classifier or roll press) to form a 

a desired d90 (e.g., 10-20 pm), which are reground in grinder 
	

hydraulic cement product 330 a desired narrow PSD. An 
218 in a circuit indicated by the arrows between classifier 216 20 advantage of a jet mill with internal classifier is that it can be 
and grinder 218. The modified fine hydraulic cement stream 	adjusted to only regrind particles above a specified size in 
is delivered to mixer 210 for mixing with the modified coarse 	order to reduce the d90 and narrow the PSD. Newly devel- 
SCM to form blended cement. The blended cement product is 	oped roll presses can inexpensively regrind partially ground 
stored in silo 212 and used to manufacture a cementitious 	particles to reduce the d90 and narrow the PSD. 
product. 	 25 	FIGS. 4A-4C illustrate two-separator milling systems for 

We note that it may be necessary to modify the apparatus 	producing cement having a narrow PSD. Providing additional 
and methods disclosed in U.S. Pat. No. 7,799,128 to yield 

	
separators can increase grinding efficiency and/or increases 

hydraulic cement compositions having a higher d10 (e.g., 	the steepness of the PSD curve of the cement product (e.g. 
such as by grinding more coarsely and/or classifying in a 	relative to the d10 and/or d90). They can also narrow the PSD 
different way to reduce the amount of ultrafine cement par-  30 by separating out fines and only regrinding a remaining 
ticles that may otherwise be produced). To raise the dl 0 of the 

	
dedusted coarse fraction. In one embodiment, a first separator 

cement product it may be desirable to remove (e.g., dedust) 
	

can be a high throughput separator and a second separator can 
some or all of the ultrafine particles below a certain particle 

	
be a high efficiency separator. 

size to produce a product having a desired PSD even if the 
	

System 400 of FIG. 4A processes clinker stream 402 in a 
grinding/classification apparatus are not capable of being 35 coarse milling circuit involving coarse mill 404, ground par- 
modified or refined to yield cement having the desired d10. 	ticle stream 406, first separator 408a, and recycled coarse 
The removed cement fines can be reused in a variety of 

	
stream 412a to form intermediate particle stream 410. Second 

applications, such as grout, Type III cement, or other products 	separator 408b (e.g., high efficiency air classifier) receives 
in which ultrafine cement particles are desirable and valuable, 	and processes stream 410 into fine reclassified stream 415 and 
or they can be used as a cement kiln feed material and 40 coarse dedusted stream 412b, which is reground in fine mill 
recycled back into clinker. 	 414 to form a fine reground stream 416, which is combined 

In the case of ternary and quaternary blends that include 	with fine reclassified stream 415 using known methods (e.g., 
both coarse and ultrafine SCM particles, methods and appa- 	mixing silo, not shown) to yield cement material 418 having 
ratus similar to those used to form the fine cement fraction can 	a desired narrow PSD. Grinding efficiencies are increased by 
be adapted to form coarse and ultrafine SCM fractions. 45 using dedicated coarse and fine grinding mills that more 
Accordingly, the apparatus and methods illustrated in and 

	
efficiently grind their respective feed materials and also dedi- 

described relative to FIGS. 2, 3A-3B, 4A-4C, 5A-5E, and 
	

cated coarse and fine classifiers 408a and 408b that separates 
6A-6E can be adapted to form coarse and ultrafine SCM 

	
at least a portion of finer particles from coarser particles 

fractions. In addition, apparatus shown in these figures are 
	

before they are reground. 
illustrative and not limiting. They do not foreclose adding so 	System 420 of FIG. 4B processes clinker stream 422, 
another component, subtracting a component, reconfiguring 	ground particle stream 426, and coarse stream 432 with 
a component, or reroute a particle stream among and between 	coarse mill 404 and first separator 408a in a coarse milling 
any components. Unless stated otherwise, similar compo- 	circuit as above to form intermediate stream 430. Stream 430 
nents in a figure can operate in similar fashion as in another 

	
is processed by fine mill 434 to produce fine reground stream 

but may provide specialize functionality, whether explicit or 55 436. Second separator 428b (e.g., high efficiency air classi- 
implicit in the description, for a given configuration. 	fier) receives stream 436 and separates it into cement material 

FIGS. 3A-3C illustrate one-separator milling and separa- 	438 having a desired narrow PSD and coarse dedusted stream 
tion systems for producing cement having a narrow PSD. In 

	
432b, which is recycled back into fine mill 434 in a continu- 

system 300 of FIG. 3A, clinker stream 302 (nodules or par- 	ous fine milling circuit. Grinding efficiencies are increased by 
tially ground) is milled in coarse mill 304 to produce a 60 using dedicated coarse and fine milling circuits with dedi- 
coarsely ground particle stream 306. Separator 308 (e.g., air 	cated mills and separators that more efficiently process their 
classifier) receives particle stream 306 and separates it into 	respective streams. Coarse milling circuit can be operated 
fine classified stream 310 and coarse dedusted stream 312, 	using existing methods to form a particle stream having a 
which is reground in fine mill 314 to form fine reground 

	
PSD corresponding to conventional cement or a coarser par- 

stream 316. Fine streams 310 and 316 are combined using 65 tide stream to increase throughput and decrease initial grind- 
known methods to yield a hydraulic cement product 318 

	
ing cost. The fine milling circuit can be an add-on to an 

having a desired narrow PSD as described herein. 	 existing milling system at a cement plant. 
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System 440 of FIG. 4C produces intermediate stream 450 

	
receives and combines fine reclassified stream 570b and fine 

in a coarse milling circuit involving clinker stream 442, 	reground stream 576 and separates the combined material to 
coarse mill 444, ground stream 446, first separator 448a, and 

	
yield cement material 578 having a desired narrow PSD and 

coarse stream 452a. Particle stream 450 is formed into 	coarse reground and dedusted stream 552c, which is returned 
cement product 458 having a desired narrow PSD by a fine 5 to fine mill 574. Second and third separators 568b, 568c and 
milling circuit involving second separator 448b, coarse 

	
fine mill 574 form a fine milling circuit. Intermediate stream 

dedusted stream 452b, fine mill 454, and fine reground stream 
	

570a is dedusted twice before being reground. 
456. Separator 448b yields product 458 and also combines 

	
System 580 of FIG. 5E produces particle stream 590a in a 

streams 450 and 456. 	 coarse milling circuit involving clinker stream 582, coarse 
FIGS. 5A-5E illustrate three-separator milling systems for io mill 584, ground stream 586, first separator 588a, and coarse 

producing cement having a narrow PSD. Providing three 	stream 592a. Second separator 588b processes stream 590a 
separators further increases grinding efficiency and steepness 

	
into first coarse dedusted stream 592b, which is reprocessed 

of the PSD curve of the cement product through increased 
	

into fine stream 590c by a fine grinding circuit involving third 
intermediate separation of fine and coarse particles between 	separator 588c, second coarse dedusted stream 592c, fine mill 
regrinding operations to ensure that coarse particle streams 15 594, and fine reground stream 596. Second separator 588b 
substantially free of fine particles are reground. By way of 

	
combines fine reground stream 590c and stream 590a and 

example, the first one or two separators can be high through- 	yields final cement material 598 having a desired narrow PSD 
put separators and the last one or two separators can be high 

	
and first coarse dedusted stream 552b. Intermediate stream 

efficiency separators. The last one or two separators and fine 
	

590a is dedusted twice before regrinding, and fine reground 
mill can be added onto an existing milling system of a cement 20 stream 596 is reclassified twice before contributing to cement 
plant. 	 product 598. 

System 500 of FIG. 5A produces stream 510a in a coarse 
	

FIGS. 6A-6E illustrate four-separator milling systems for 
milling circuit involving clinker stream 502, coarse mill 504, 	producing cement having a narrow PSD. Providing four sepa- 
ground stream 506, first separator 508a, and coarse stream 	rators can maximize grinding efficiency and steepness of the 
512a. Second separator 508b processes particle stream 510a 25 PSD curve of the cement product by maximizing separation 
into fine reclassified stream 510b and coarse dedusted stream 	of fine and coarse particles between regrinding operations to 
512b, which is reprocessed by a fine milling circuit involving 	ensure that only coarse particle streams substantially free of 
third separator 508c, coarse stream 512c, fine mill 514, and 

	
fine particles are reground. 

fine reground stream 516. The fine milling circuit yields fine 
	

System 600 of FIG. 6A produces particle stream 610a in 
reground and reclassified stream 510c, which is combined 30 coarse milling circuit involving clinker stream 602, coarse 
with stream 510a using known methods to yield cement mate- 	mill 604, ground stream 606, first separator 608a, and coarse 
rial 518 having a desired narrow PSD. In this embodiment, 	stream 612a. Second separator 608b produces first fine 
stream 510a is dedusted twice before being reground in fine 	reclassified stream 610b and first coarse dedusted stream 
mill 514, which minimizes production of ultrafine particles 

	
612b from stream 610a, and third separator 608c processes 

and narrows the spread between the d10 and d90. 	35 first coarse dedusted stream 612b into second fine reclassified 
System 520 of FIG. 5B produces particle stream 530a in a 	stream 610c and second coarse dedusted stream 612c. Stream 

coarse milling circuit involving clinker stream 522, coarse 
	

612c is reprocessed into fine stream 612d by a fine milling 
mill 524, ground stream 526, first separator 528a, and coarse 	circuit involving fourth separator 608d, course reground and 
stream 532a. Second separator 528b processes stream 530a to 

	
dedusted stream 612d, and fine mill 614. Streams 610a, 610c 

produce fine reclassified stream 530b and coarse dedusted 40 and 610d are combined using known methods to yield cement 
stream 532b, which is fed into fine mill 534 to form reground 

	
618 having a desired narrow PSD. 

fine stream 536. Third separator 528c receives and separates 
	

System 620 of FIG. 6B processes clinker stream 622 in a 
fine reground stream 536 into a fine reground and reclassified 

	
coarse milling circuit involving coarse mill 624, ground 

stream 530c, which is combined with fine reclassified stream 	stream 626, first separator 628a, and coarse stream 632a to 
530b using known methods to yield a cement material 538 45 yield first stream 630a. Stream 630a is processed by second 
having a desired narrow PSD, and a coarse reground and 

	
separator 628b to form first dedusted stream 632b, which is 

dedusted stream 532c, which is recycled back into fine mill 
	

processed by third separator 608c to yield second coarse 
534 in a fine grinding circuit. 	 dedusted stream 632c and reclassified stream 630c, which is 

System 540 of FIG. 5C produces particle stream 550a in a 	returned to second separator 628b. Second separator 628b 
coarse milling circuit involving clinker stream 542, coarse so combines reclassified stream 630c and first stream 630a to 
mill 544, ground stream 546, first separator 548a, and coarse 	yield first fine reprocessed stream 630b. Second coarse 
stream 552a. Second separator 548b processes stream 550a to 

	
dedusted stream 632c is reprocessed into second reprocessed 

produce coarse dedusted stream 552b, which is processed 
	

stream 630d by a fine milling circuit involving fine mill 634, 
into fine reground stream 550c by a fine milling circuit involv- 	fine reground stream 636, fourth separator 628d, and course 
ing fine mill 554, fine reground stream 556, and third separa-  55 reground and dedusted stream 632d. First and second fine 
tor 548c. Fine reground stream 550c is returned to second 

	
reprocessed streams 630b and 630d are combined using 

separator 548b, which combines it with stream 550a and 
	

known methods to yield cement material 638 having a desired 
separates the combined streams to yield final cement material 

	
narrow PSD. 

558 having a desired narrow PSD and coarse dedusted stream 
	

System 640 of FIG. 6C is similar to system 620 except that 
552b. 	 60 reprocessed stream 650d is returned to second classifier 648b 

System 560 of FIG. 5D produces particle stream 570a in a 	and combined with streams 650a and 650c to form cement 
coarse milling circuit involving clinker stream 562, coarse 	material 658 having a desired narrow PSD. This eliminates 
mill 564, ground stream 566, first separator 568a, and coarse 	the need for a separate mixing apparatus to form the final 
stream 572a. Stream 570a is dedusted by second separator 	cement product. 
568b to produce fine reclassified stream 570b and coarse 65 	System 660 of FIG. 6D is similar to system 640 except that 
dedusted stream 572b, which is reground by fine mill 574 to 	only coarse dedusted stream 672d from fourth separator 668d 
produce fine reground stream 576. Third separator 568c 

	
is reprocessed by fine mill 674, and coarse dedusted stream 
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672c from third separator 668c is fed into fourth separator 
668d rather than being reprocessed by fine mill 674. In this 
embodiment, intermediate stream 670a is dedusted three 
times by second, third and fourth separators 668b, 668c, 668d 
before being reground in fine mill 674, and reprocessed 
stream 676 is reclassified three times by second, third and 
fourth separators 668b, 668c, 668d before contributing to 
cement product 678. 

System 680 of FIG. 6E initially grinds clinker stream 662 
in roll mill 681 to produce ground stream 683, which is 
processed into first milled stream 690a by a first milling 
circuit involving first mill 684a, first milled particle stream 
686a, first classifier 688a, and first coarse dedusted stream 
692a. First milled stream 690a is processed by second clas-
sifier 688b to produce first finished stream 690b. Coarse 
stream 692b from second classifier 688b is reprocessed by a 
second milling circuit involving second mill 684b, second 
milled particle stream 686c, third classifier 688c, coarse 
stream 692c, fourth classifier 688d, and coarse stream 692d. 
Second finished stream 690c and third finished stream 690d 
are combined with first finished stream 690b in blending silo 
695 for form a cement product having a desired narrow PSD. 
First and second milled streams 686a, 686b are dedusted 
twice before being reprocessed by second mill 684b. 
V. Cementitious Compositions 

Narrow PSD cements can be used to make cement-SCM 
blends, concrete, mortar, grout, molding compositions, and 
other cementitious compositions. "Concrete" typically 
includes a cement binder and aggregate, such as fine and 
coarse aggregates. "Mortar" typically includes cement, sand, 
and lime. "Oil well cement" is blended and pumped into a 
well bore in a continuous process and must be capable of 
being pumped through relatively narrow injection tubes and 
spaces between a well bore and casing. "Grout" is used to fill 
in spaces such as cracks or crevices in concrete structures, 
spaces between structural objects, and spaces between tiles. 
"Molding compositions" are used to mold or cast objects, 
such as pots, posts, fountains, ornamental stone, and the like. 

Cementitious compositions may include hydraulic cement 
(e.g., Portland cement), SCMs (e.g., fly ash, slag, natural 
pozzolan, or limestone), water, and aggregate (e.g., sand and/ 
or rock), and admixtures, such as accelerating agents, retard-
ing agents, plasticizers, water reducers, water binders, and the 
like, and fillers. 

Cement-SCM blends and other cementitious compositions 
can be dry blended prior to adding water, or they may be 
prepared in situ within a freshly mixed cementitious compo-
sition that includes water. Cement-SCM blends can benefit 
the environment by reducing the carbon footprint of concrete, 
mortar, oil well cement and other cementitious compositions. 
They can also encapsulate and sequester metals and other 
potentially hazardous materials found in some SCMs 
VI. Examples 

The following examples illustrate embodiments of the 
invention that have actually been prepared or which were 
derived from actual mix designs. Examples in the past tense 
involve the manufacture and use of narrow PSD hydraulic 
cements according to the invention and cement-SCM blends 
that use such hydraulic cements. Examples in the present 
tense are hypothetical in nature but illustrative of embodi-
ments within the scope of the invention. 

Examples 1-20 

Examples 1-20 describe the strength results of mortar cube 
testing performed by the National Institute of Standards and 
Technology (NIST) according to ASTM C-109, but modified 

26 
so that the w/c ratio of the 100% control cement mix was 0.35. 
The same volume of water used in the control mix was used in 
the blended cement mixes, sometimes with a high range water 
reducer (HRWR) to maintain flow. 

5 	Comparative Examples 1 and 2 employed a commercially 
available Type I/II (ASTM C-150) cement to provide a refer-
ence control. Comparative Example 2 also employed a com-
mercially available Class F fly ash (ASTM C-618) without 
modification to provide a reference control blend. According 

10 to its manufacturer, the cement had a Blaine fineness of 376 
m2/kg and a potential Bogue phase composition of 57% C35, 
15% C25, 7% C3A, and 10% C4AF by mass. Its measured 
density was 3200 kg/m3±10 kg/m3  (ASTM C-188). Accord-
ing to its manufacturer, the Class F fly ash contained major 

15 oxides of 52.9% SiO2, 26.4% A1203, 8.5% Fe2O3, and 2.1% 
CaO by mass, with measured strength activity indices 
(ASTM C-311/ASTM C-618) of 88% and 92% at 7 days and 
28 days, respectively. Its density was reported as 2300 kg/m3  
by the manufacturer. Examples 3-19 employed narrow PSD 

20 cements obtained by modifying the Type I/II cement used in 
Examples 1 and 2, as described below. Examples 3-18 
employed coarse Class F fly ashes obtained by modifying the 
fly ash used in Example 2, as described below. Example 19 
employed a commercially available Class C fly ash without 

25 modification. Comparative Example 20 employed one of the 
coarse fly ashes and a commercially available Type III cement 
with a density of 3250 kg/m3  and a Blaine fineness of 613 
m2/kg to provide another control reference. 

Three variables were selected as candidates for influencing 
30 the optimization of properties of cement/fly ash blends: 

cement PSD, fly ash PSD, and fly ash volumetric proportion 
percentage. Via classification of the Type I/II cement into fine 
and coarse fractions and regrinding the coarse fractions, four 
narrow PSD cements with target d90 values of 7.5 nm, 10 nm, 

35 15 nm, and 20 nm were obtained from the RSG test facility in 
Sylacauga, Ala. RSG classifier model ACS-005 was used to 
initially produce fine fractions having a target d90 and course 
fractions. The course fractions were reground using RSG 
grinder model ufg-15 using 6 mm chrome steel grinding 

40 media to produce a reground fraction having a d90 similar to 
the target d90. RSG employed a MICRTRAC PSD analyzer 
to determine the PSDs of the fine and reground materials 
during processing. 

The four narrow PSD Portland cements used in Examples 
45 3-19 were made by recombining at NIST each of the four fine 

classified fractions with its corresponding reground fraction. 
The recombined narrow PSD cements were designated as 
cements 7 through 10, respectively. The d90 values of the four 
narrow PSD cements were independently measured at NIST 

so using a Malvern laser diffraction particle size analyzer and 
isopropyl alcohol as solvent and were nominally 9 nm (ce-
ment 10), 11 nm (cement 9), 12 nm (cement 8), and 24 nm 
(cement 7). The d90 the original cement (designated as 
cement 6) was determined by NIST to be 36 nm. 

55 	The four modified Class F fly ashes used in Examples 3-18 
and 20 had target d10 values of 5 nm, 10 nm, 15 nm, and 20 
nm and were designated as fly ashes (FA) 2 through 5, respec-
tively. They were prepared by classifying at RSG the control 
class F fly ash in two steps using RSG classifier model ACS- 

60 005. In a preliminary step, the entirety of the fly ash was 
pre-classified to remove substantially all of the coarse par-
ticles above about 60 nm. Thereafter, four different samples 
of the pre-classified fly ash were dedusted to remove fines 
four different ways to yield modified fly ashes having a target 

65 d10. As determined at RSG using a MICRTRAC PSD ana-
lyzer, fly ash 2 had a dl 0 of 5.6 nm; fly ash 3 had a d10 of 10.1 
nm; fly ash 4 had a d10 of 15.2 nm; and fly ash 5 had a d10 of 
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The d10, d50 and d90 of cements 6-10, as determined by 
NIST, and also their derived ratios d90/10, d50/d10 and d90/ 
d50, are set forth below in Table 1. Also included for com-
parison purposes are the d10, d50 and d90 (as provided by 

5 NIST) and their corresponding ratios d90/10, d50/d10 and 
d90/d50 for three commercially available Portland cements 
made by Lehigh (i.e., a coarse Type I/II, a fine Type II/V, and 
a very fine Type III) and a less fine Type III Portland made by 
Mitsubishi. 

27 
19.3 pm. The unclassified and non dedusted class F ash in 
unaltered form (designated as fly ash 1) had a d10 of 4.227 
pm. The dl 0 values for the four modified fly ashes were 
independently measured at NIST using a Malvern laser dif-
fraction particle size analyzer and isopropyl alcohol as sol-
vent and were nominally 4 pm (FA 2), 11 pm (FA 3), 13 pm 
(FA 4), and 15 pm (FA 5) in comparison to 2.7 pm for the 
original fly ash (FA 1). One purpose of dedusting was to 
provide four different fly ashes that could be blended with the 
four narrow PSD Portland cements in an attempt to yield 10 
cement-pozzolan blends having an overall fineness and PSD 
that approximated the fineness and PSD of OPC. It was 
hypothesized that approximating the fineness and PSD of 
OPC might yield a cement-pozzolan blend having similar 
water demand as OPC. Another purpose was to determine if 15 
and how the use of dedusted fly ash might affect strength 
development when blended with narrow PSD cements. 

The four levels for the fly ash volume percentages were set 
at 20%, 35%, 50%, and 65%. Since three variables with four 
levels implies 64 runs for a complete factorial experiment, the 
number of experimental runs was reduced to 16 by NIST by 
applying design of experiment principles to create a frac-
tional factorial experimental design. In addition to these six-
teen mortar mixtures (Examples 3-18), four additional mix-
tures were investigated: 1) a control mixture produced with 25 
the original cement (cement 6) (two replicates prepared) (Ex-
amples lA and 1B), 2) a 50:50 volumetric blend of the origi-
nal cement and original fly ash (FA1) as a reference point for 
the performance of an existing HVFA blend (Example 2), 3) 
a mixture containing 35% of an unprocessed (no grinding or 
subsequent classification) Class C fly ash with 65% of the 
cement 9 with a d90 of 11 pm to investigate the influence of fly 
ash class on early and later age performance and water 
demand (Example 19), and 4) a mixture with a Type III 
cement and 35% of the 4 pm Class F fly ash to provide a 
reference point (Example 20). 

TABLE 1 

Cement 	d10 	d50 	d90 d90/d10 d50/d10 d90/d50 

23.53 7.64 3.08 
22.25 5.98 3.72 
15.77 4.62 3.41 
14.39 4.36 3.30 
12.59 4.46 2.82 
26.96 9.61 2.80 
26.44 9.02 2.93 
17.89 6.94 2.58 
21.28 7.57 2.81 

6 	1.551 11.844 36.495 
7 	1.091 6.524 24.277 
8 	0.768 3.555 12.113 
9 	0.751 3.271 10.81 

10 	0.685 	3.055 	8.621 
Type FIT 	1.85 	17.78 	49.868 
Type HIV 	1.245 	11.237 32.912 

20 	Type III 	0.975 	6.768 17.441 
Type III 	1.16 	8.782 24.69 

The types and volumetric percentages of cement and fly 
ash used in Examples 1-20 are set forth in Table 2 below. 
Replacement of cement with fly ash was performed on a 
volumetric basic to account for differences in the specific 
gravities of cement and fly ash. In some cases a high range 
water reducer (HRWR) was added to maintain adequate flow 

30  without changing the volume of added water. The amounts of 
HRWR, if any, are set forth in Table 2 and expressed in terms 
of weight percent of total binder (e.g., 1% means 1 lb. per 100 
lbs. of total binder). The 1-day, 3-day, 7-day, 28-day, 91-day, 
and 182-day compressive strengths (MPa and psi) of mortar 

35 cubes measured according to ASTM C-109 by NIST for 
Examples 1-20 are also set forth in Table 2. 

TABLE 2 

HRWR 1-day 
oz/100 oz (MPa) 

Example Mix (%) 	cem 	(psi) 	3-day 	7-day 28-day 91-day 182-day 

	

1 	C6 100 	0.0 	36.7 	54.4 	63.6 	80.3 	84.7 	86.0 
5320 7900 9220 11640 12280 12470 

1 repeat C6 100 	0.0 	36.3 	55.1 	62.7 	79.4 	87.9 	92.6 
5260 7990 9090 11510 12750 13430 

	

2 	C6 50 
	

0.0 	13.6 	21.3 	29.3 	49.1 	70.6 	79.5 
Fl 50 
	

1980 	3090 	4250 	7120 	10240 	11520 

	

3 	C765 
	

0.0 	27.4 	39.7 	51.8 	69.7 	79.2 	90.9 
F4 35 
	

3980 	5780 	7380 	10100 	11480 	13170 

	

4 	C7 50 
	

0.0 	15.9 	24.8 	31.7 	46.8 	58.7 	66.3 
F5 50 
	

2300 	3600 	4780 	6790 	8520 	9620 

	

5 	C8 65 
	

0.367 	37.9 	48.0 	59.3 	65.6 	77.1 	81.8 
F5 35 
	

5500 	6960 	8600 	9510 	11180 	11860 

	

6 	C9 50 
	

0.283 	22.7 	31.8 	38.3 	47.0 	56.2 	65.1 
F3 50 
	

3300 	4620 	5550 	6820 	8160 	9450 

	

7 	C10 35 
	

0.0 	11.7 	15.9 	19.2 	26.0 	33.0 	41.8 
F5 65 
	

1700 	2310 	2780 	3770 	4790 	6060 

	

8 	C9 65 
	

0.483 	39.0 	50.9 
F2 35 
	

5660 	7380 

	

9 	C10 80 
	

1.00 	66.1 	76.3 
F2 20 
	

9590 	11070 

	

10 	C10 65 
	

0.667 	44.6 	53.4 	64.8 	72.4 	80.6 	83.3 
F3 35 
	

6460 	7750 	9400 	10500 	11690 	12080 

	

11 	C8 35 
	

0.0 	10.2 	14.7 	18.8 	27.3 	38.1 	49.4 
F3 65 
	

1480 	2130 	2720 	3960 	5530 	7160 

	

12 	C10 50 
	

0.05 	25.2 	33.7 	40.7 	49.4 	57.6 	63.3 
F4 50 
	

3650 	4880 	5910 	7170 	8360 	9190 

	

13 	C7 80 
	

0.05 	36.7 	50.8 	63.5 	78.1 	89.8 	91.8 
F3 20 
	

5320 	7360 	9220 	11330 	13020 	13310 

	

14 	C8 80 
	

0.80 	53.6 	68.5 	80.1 	89.7 	93.9 	99.6 
F4 20 
	

7770 	9940 	11620 	13010 	13620 	14440 

58.3 70.0 82.9 88.9 
8460 10150 12030 12890 

85.9 102 107 105 
12460 14740 15510 15250 
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TABLE 2-continued 

HRWR 1-day 
oz/100 oz (MPa) 

Example Mix (%) 
	

cem 	(psi) 	3-day 	7-day 28-day 91-day 182-day 

15 	C7 35 	0.0 	8.4 	14.6 	18.3 	30.5 	47.7 	57.0 
F2 65 	 1210 	2110 	2660 	4430 	6910 	8270 

16 	C8 50 	0.05 	22.3 	32.1 	40.1 	51.6 	64.9 	71.6 
F2 50 	 3240 	4660 	5810 	7480 	9410 	10390 

17 	C9 80 	1.00 	54.5 	66.7 	78.4 	92.9 	94.3 	96.2 
F5 20 	 7910 	9680 	11370 	13470 	13680 	13960 

18 	C9 35 	0.0 	10.2 	14.8 	19.1 	25.7 	35.7 	46.2 
F4 65 	 1480 	2150 	2770 	3730 	5180 	6710 

19 	C9 65 	0.667 	38.8 	51.4 	61.4 	79.6 	85.9 	90.9 
F1135 	 5620 7460 8910 11540 12450 13180 

20 	C-Ill 65 	0.480 	31.8 	45.6 	49.6 	66.3 	77.6 	84.2 
F2 35 	 4611 	6620 	7197 	9620 	11260 	12207 

30 

Comparative 1-28 day strengths of mortar compositions 
made using cements 7 through 10 compared to mortar made 
using the 100% control cement were plotted and are graphi-
cally illustrated in FIGS. 7A-7F. 

FIG. 7A is a chart comparing the 1-28 day strengths of 
80:20 and 65:35 cement-fly ash blends made using cement 7 
(Examples 3 and 13) with the 1-28 day strength of the 100% 
control cement (Example 1). 

FIG. 7B is a chart comparing the 1-28 day strengths of 
80:20 and 65:35 cement-fly ash blends made using cement 8 
(Examples 5 and 14) with the 1-28 day strength of the 100% 
control cement (Example 1). 

FIG. 7C is a chart comparing the 1-28 day strengths of 
80:20 and 65:35 cement-fly ash blends made using cement 9 
(Examples 8 and 17) with the 1-28 day strength of the 100% 
control cement (Example 1). 

FIG. 7D is a chart comparing the 1-28 day strengths of 
80:20 and 65:35 cement-fly ash blends made using cement 10 
(Examples 9 and 10) with the 1-28 day strength of the 100% 
control cement (Example 1). 

FIG. 7E is a chart comparing the 1-28 day strength of a 
65:35 cement-fly ash blend made using cement 9 and class C 
fly ash (Example 19) with the 1-28 day strengths of the 100% 
control cement (Example 1) and the 65:35 cement-fly ash 
blend of Example 8. 

FIG. 7F is a chart comparing the 1-28 day strength of the 
80:20 cement-fly ash blend made using cement 7 (Example 
3), the 65:35 cement-fly ash blend made using cement 9 and 
class C fly ash (Example 19), and the 100% control cement 
(Example 1). The 80:20 and 65:35 blends of Examples 3 and 
19 have strength development curves that essentially match 
the strength development curve of the 100% control cement 
(Example 1). They demonstrate that cement-pozzolan blends 
made using narrow PSD cements can be substituted for 100% 
cement (w/c=0.35) at different substitution levels and with no 
significant change in strength development across 1-28 days. 
The cement-fly ash blends of Examples 3 and 19 are therefore 
"plug and play" relative to the 100% control cement at 
w/c=0.35 and demonstrate that cement-pozzolan blends 
made using narrow PSD cements as disclosed herein can 
theoretically be used as general purpose cement in place of 
100% OPC. 

FIG. 7G is a graph comparing the 1-28 day strength of 
various 65:35 cement-fly ash blends that include narrow PSD 
cements (Examples 3, 8, 10 and 19) and a 65:35 cement-fly 
ash blend that includes a Type III Portland cement (Example 
20). All four 65:35 cement-fly ash blends made using the 
narrow PSD cements had greater strengths at 7 and 28 days, 

and 3 out of four had greater strengths at 1, 3, 7 and 28 days, 
compared to the 65:35 cement-fly ash blend made using Type 

20 III Portland cement. 
As was predicted, water demand increased with increasing 

fineness of the overall cement-pozzolan blend, which was 
mainly a function of the concentration and fineness of the 
cement fraction but was also reduced somewhat by increasing 

25 the d10 of the fly ash fraction. The amount of HRWR required 
for a mixture correlates with water demand. Higher early 
strength as well as higher later strength generally correlated 
well with a lower d90 of the cement fraction. There was some 
correlation between higher later strength and a decrease in the 

30 d10 of the fly ash fraction. 
The foregoing data support the hypothesis that narrowing 

the PSD of the hydraulic cement fraction by lowering the d90 
without correspondingly decreasing the d10 should increase 
the early and later strengths of cement-pozzolan blends com-

35 pared to site blends of similar fly ash replacement levels while 
maintaining water demand at a commercially and technologi-
cally feasible level. Carefully controlling the initial grinding 
and subsequent classification and regrinding processes to 
further raise the d10 of the narrow PSD hydraulic cement is 

40 predicted to further reduce water demand while maintaining 
desired early and later strengths as a result of the relatively 
low d90 and/or d90/10 compared to conventional Portland 
cements. It is hypothesized that relatively high strength devel-
opment and low water demand in Portland cement-SCM 

45 blends can provided by maximizing the percentage of fine 
Portland cement particles (e.g., between about 2-25 pm, or 
3-15 pm) while minimizing the percentage of ultrafine par-
ticles (e.g., below about 1-3 pm) and coarse particles (e.g., 
greater than about 15-20 pm) and replacing the coarse and 

50 optionally the ultrafine Portland cement particles with SCM. 
Ultrafine Portland cement particles appear to increase water 
demand without providing a corresponding increase in 
strength development in cement-SCM blends. If an ultrafine 
fraction is desired to complete particle grading, it will advan-

55 tageously comprise one or more SCMs as described herein. 
Moreover, minimizing or reducing the quantity of ultrafine 

Portland cement particles by raising the d10 has the addi-
tional benefit of permitting use of a higher quantity of 
ultrafine SCM particles, which can beneficially fill in pore 

60 spaces, provide increased pozzolanic reactivity, and increase 
short- and long-term strengths. Blending a narrow PSD 
hydraulic cement having a relatively low d90 (e.g., between 
about 5-20 [tin) and a relatively high d10 (e.g., between about 
1-3 pm) with one or more SCMs that provide substantial 

65 quantities of coarse particles (e.g., above about 15 pm), some 
quantity of fine particles (e.g., about 2-15 pm), and also 
ultrafine particles (e.g., below about 2 pm) can effectively 
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provide or approximate a ternary blend in which SCM domi-
nates the ultrafine fraction, Portland cement dominates the 
fine fraction, and SCM dominates the coarse fraction. 

Different types of SCMs can be used in binary, ternary and 
quaternary blends proposed herein. For example, a more reac-
tive SCM such as GGBFS or higher reactive class C fly ash 
can provide the coarse pozzolan fraction and a slower react-
ing SCM such as class F fly ash, slower reacting class C fly 
ash, or natural pozzolan can provide the ultrafine fraction. 
Grinding slower reacting SCMs more finely increases their 
reactivity, thereby offsetting their lower reactive nature. Pro-
viding faster reacting SCMs as coarser particles slows their 
reaction to moderate the increased reactivity of the narrow 
PSD hydraulic cement, decreases water demand because of 
decreased fineness, and increases long-term strength of the 
cement-pozzolan blend. Nevertheless, it is within the scope of 
the disclosure to include faster reacting and/or non-reactive 
SCMs in the ultrafine fraction and slower reactive and/or 
non-reactive SCMs in the coarse fraction. 

Cement-SCM blends made using narrow PSD hydraulic 
cements and blended with SCM without intergrinding had 
superior normalized relative strengths relative to its corre-
sponding control, particularly at 28 days, as compared to a 
commercially available interground cement-fly ash material 
(INTERCEM) compared to its corresponding control, as pub-
lished by Lehigh, and an estimated 100% cement control 
(which was estimated by adding 10% to the published 1-28 
day strengths of the 90:10 control). This is a surprising and 
unexpected result. Intergrinding Portland cement and SCM is 
standard practice and can provide uniformity in fineness 
using a circuit grinding process. However, because Portland 
cement and SCMs are typically of different hardness, they can 
grind at different rates to yield blends in which the PSDs of 
the 

Portland cement and SCM fractions are not equivalent. Fly 
ash is softer and is typically ground more finely than Portland 
cement when the two are interground. Differences in hardness 
and grinding rates can yield unintended and/or changing 
PSDs of the different interground fractions from batch to 
batch, producing unpredictable results. 

FIG. 7H is an illustrative graph comparing the compressive 
strength curve of OPC with an estimated hypothetical 
strength curve of 100% of narrow PSD cement by itself in the 
absence of SCM replacement. As illustrate, the 100% narrow 
PSD cement of this hypothetical example has greater 1- and 
3-day strengths and smaller 7- and 28-day strengths com-
pared to 100% OPC. This graph illustrates that some narrow 
PSD cements may perform more like OPC if blended with 
SCM. 

Examples 21-65 

Examples 21-65 provide examples of narrow PSD cements 
within the scope of the disclosure. For these examples, a 
clinker suitable for making Type I/II Portland cement is 
coarsely ground to yield an initial ground cement, which is 
classified to yield a classified fine fraction having a d10 and 
d90 and a coarse fraction. The coarse fraction is reground 
(and optionally classified) to yield a reground fraction having 
a dl 0 and/or d90 similar to and/or which complement those of 
the classified fine fraction so that, when the classified fine 
fraction and reground fraction are combined, the resulting 
cement product has a d10, d50 and d90 and ratios d90/d10, 
d50/d10 and d90/d50 as in Examples 21-65 set forth in Table 
1. All particle sizes are in (pm) unless otherwise specified. 

It is predicted that the hydraulic cement compositions of 
Examples 21-65 can be blended with one or more SCMs at a 

32 
given replacement level to yield a cement-SCM blend having 
higher early strengths compared to blends of Type I/II Port-
land cement and the same SCM and at the same replacement 
level. Decreasing the ratio of d90/10 while maintaining a 

5 given d90 reduces water demand. Decreasing the ratios d90/ 
d10 and d50/d10 while maintaining a given d10 increases 
strength. The effect of changing the ratio d90/d50 is largely 
dependent on the other variables given above. 

TABLE 3 

Example d10 d50 d90 d90/d10 d50/d10 D90/d50 

21 2.000 15.00 30.0 15.0 7.50 2.00 
22 3.000 15.00 27.5 9.17 5.00 1.83 
23 4.000 15.00 25.0 6.25 3.75 1.67 
24 5.000 15.00 22.5 4.50 3.00 1.50 
25 6.000 15.00 20.0 3.33 2.50 1.33 
26 1.333 9.998 30.0 22.5 7.50 3.00 
27 1.250 8.563 25.0 20.0 6.85 2.92 
28 1.143 7.316 20.0 17.5 6.40 2.74 
29 3.000 6.000 17.0 5.67 2.00 2.83 
30 2.500 7.500 16.0 6.40 3.00 2.13 
31 2.000 6.000 15.0 7.50 3.00 2.50 
32 1.154 5.655 15.0 13.0 4.90 2.65 
33 0.857 4.971 15.0 17.5 5.80 3.02 
34 1.750 5.250 14.5 8.29 3.00 2.76 
35 1.500 5.000 14.0 9.33 3.33 2.80 
36 1.300 4.550 13.5 10.4 3.50 2.98 
37 1.150 4.600 13.0 11.3 4.00 2.83 
38 0.781 4.764 12.5 16.0 6.10 2.62 
39 0.862 4.167 12.5 14.5 4.83 3.00 
40 0.962 4.000 12.5 13.0 4.16 3.13 
41 1.043 4.150 12.0 11.5 3.98 2.89 
42 1.000 4.175 11.5 11.5 4.175 2.75 
43 1.100 4.050 11.0 10.0 3.68 2.72 
44 0.750 3.220 10.75 14.3 4.29 3.34 
45 0.827 3.410 10.75 13.0 4.12 3.15 
46 0.792 3.750 10.5 13.25 4.73 2.80 
47 0.788 3.500 10.25 13.0 4.44 2.93 
48 1.000 3.333 10.0 10.0 3.33 3.00 
49 0.869 3.350 10.0 11.5 3.86 2.99 
50 0.769 3.285 10.0 13.0 4.27 3.06 
51 0.847 3.300 9.75 11.5 3.90 2.95 
52 1.188 3.450 9.50 8.00 2.90 2.75 
53 1.028 3.421 9.25 9.00 3.33 2.70 
54 0.875 3.360 8.75 10.0 3.84 2.60 
55 0.850 3.000 8.50 10.0 3.53 2.83 
56 0.750 3.000 8.25 11.0 4.00 2.75 
57 0.800 2.950 8.00 10.0 3.69 2.71 
58 0.969 3.100 7.75 8.00 3.20 2.50 
59 0.833 2.885 7.50 9 3.46 2.60 
60 0.685 2.736 7.25 10.6 3.99 2.65 
61 0.650 2.672 7.00 10.77 4.11 2.62 
62 0.750 2.586 6.75 9 3.45 2.61 
63 0.813 2.590 6.50 8 3.19 2.51 
64 0.694 2.480 6.25 9 3.57 2.52 
65 0.750 2.400 6.00 8 3.20 2.50 

50 
The present invention may be embodied in other specific 

forms without departing from its spirit or essential character-
istics. The described embodiments are to be considered in all 
respects only as illustrative and not restrictive. The scope of 

55 the invention is, therefore, indicated by the appended claims 
rather than by the foregoing description. All changes which 
come within the meaning and range of equivalency of the 
claims are to be embraced within their scope. 

60 	What is claimed is: 
1. A narrow PSD hydraulic cement composition compris-

ing: 
a plurality of hydraulic cement particles that, when mixed 

with water, react to form a cementitious binder com- 
65 prised of at least one of calcium silicate hydrates, cal-

cium aluminum hydrates, magnesium silicate hydrates, 
or magnesium aluminum hydrates, 
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the hydraulic cement particles having a particle size 	selected from the group of silica fume, GGBFS, slag, coal 

	

distribution (PSD) defined by a lower endpoint d10, a 	ash, natural pozzolan, metakaoline, limestone, ground glass, 

	

median particle size d50, an upper endpoint d90, and 
	

and precipitated CaCO3. 
a ratio d90/d10, 	 14. A cement-SCM composition as in claim 11, wherein 

wherein the upper endpoint d90 of the PSD of the 5 the first and second SCM fractions comprise different types of 

	

hydraulic cement particles is in a range of 11 pm to 30 
	

SCM materials. 

	

pm, the median particle size d50 is equal to or greater 
	

15. A cement-SCM composition as in claim 11, wherein 

	

than 5 pm, and the lower endpoint d10 of the PSD of 
	

the first and second SCM fractions comprise the same type of 

	

the hydraulic cement particles is equal to or greater 
	

SCM material. 
than 2 pm, 	 10 	16. A cement-SCM composition as in claim 11, wherein 

	

wherein the d90 and dl 0 are selected so that the ratio 	the narrow PSD hydraulic cement fraction comprises Port- 
d90/d10 is less than or equal to 14.5. 	 land cement. 

2. A narrow PSD hydraulic cement composition as in claim 
	

17. A cement-SCM composition as in claim 11, wherein 

	

1, wherein the hydraulic cement particles have a d10 equal to 	the first SCM fraction comprises a reactive SCM and wherein 
or greater than 3 pm, a d90 in a range of 12.5 pm to 30 pm, and 15 the second SCM fraction comprises a reactive SCM. 
a ratio d90/d10 less than or equal to 10. 	 18. A cement-SCM composition as in claim 17, wherein at 

3. A narrow PSD hydraulic cement composition as in claim 
	

least one of the first or second SCM fractions further com- 

	

1, wherein the hydraulic cement particles have a d50 greater 	prises a non-reactive SCM. 
than or equal to 5.75 pm. 	 19. A cement-SCM composition as in claim 11, wherein 

4. A narrow PSD hydraulic cement composition as in claim 20 the narrow PSD hydraulic cement fraction has d50 greater 

	

1, wherein the hydraulic cement particles have a d90 in a 	than or equal to 5.75 pm, the first SCM fraction has a d10 of 
range of 14.5 to 30 pm. 	 at least about 7.5 pm and a d90 less than about 120µm, and the 

5. A narrow PSD hydraulic cement composition as in claim 	second SCM fraction has a d85 less than about 5 pm. 

	

1, wherein the hydraulic cement particles have a d90/d10 less 
	

20. A cement-SCM composition as in claim 11, wherein: 
than or equal to 7. 	 25 	at least about 65% of combined SCM and hydraulic cement 

6. A narrow PSD hydraulic cement composition as in claim 	particles larger than about 25 pm comprise SCM and less 

	

1, wherein the hydraulic cement particles have a d90/d10 less 	than about 35% comprise hydraulic cement, 
than or equal to 11.5. 	 at least about 65% of the combined SCM and hydraulic 

7. A narrow PSD hydraulic cement composition as in claim 	cement particles between about 3-25 pm comprise 
1, wherein the hydraulic cement particles have a d90/d10 less 30 	hydraulic cement and less than about 35% comprise 
than or equal to 8. 	 SCM, and 

8. A narrow PSD hydraulic cement composition as in claim 	at least about 30% of the combined SCM and hydraulic 

	

1, wherein the hydraulic cement particles consist essentially 	cement particles less than about 3 pm comprise SCM 

	

of Portland cement, hydraulic cement having a tricalcium 	and less than about 70% comprise hydraulic cement. 
silicate content of at least about 50% by weight, and/or mag-  35 	21. A cement-SCM composition as in claim 11, wherein: 
nesium silicate cement. 	 the d50 of the first SCM fraction is about 1.25 times to 

9. A narrow PSD hydraulic cement composition as in claim 	about 25 times greater than the d50 of the narrow PSD 

	

1, further comprising one more types of supplementary 
	

hydraulic cement fraction, and 

	

cementitious materials (SCM) particles that are different 
	

the d50 of the narrow PSD hydraulic cement fraction is 
from and blended with the hydraulic cement particles. 	40 	about 1.25 times to about 25 times greater than the d50 

10. A narrow PSD hydraulic cement composition as in 	of the second SCM fraction. 

	

claim 9, the one or more types of SCM particles including a 
	

22. A cement-SCM composition as in claim 11, wherein: 

	

first SCM fraction having a d50 greater than the d50 of the 	the narrow PSD hydraulic cement fraction has a Blaine 

	

hydraulic cement particles and a second SCM fraction having 
	

fineness that is about 1.25 times to about 25 times greater 
a d50 less than the d50 of the hydraulic cement particles. 	45 	than a Blaine fineness of the first SCM fraction, and 

11. A cement-SCM composition comprising: 	 the second SCM fraction has a Blaine fineness that is about 

	

a narrow PSD hydraulic cement fraction comprising a nar- 	1.25 times to about 25 times greater than a Blaine fine- 
row PSD cement composition according to claim 1; 	 ness of the narrow PSD hydraulic cement fraction. 

	

a first supplementary cementitious material (SCM) frac- 	23. A cement-SCM composition as in claim 11, wherein 
tion that provides coarse SCM particles having a d50 so the PSD of the narrow PSD hydraulic cement fraction and the 

	

greater than the d50 of the hydraulic cement particles so 
	

PSD of the first SCM fraction and/or the PSD of the second 

	

that a majority of particles in the cement-SCM compo- 	SCM fraction overlap by an amount of at least about 10% and 

	

sition above the d90 of the hydraulic cement particles 
	

less than about 75%. 
comprise the coarse SCM particles; and 

	
24. A cement-SCM composition as in claim 11, wherein: 

	

a second supplementary cementitious material (SCM) 55 	the cement-SCM composition has a ratio d50/d50 of the 

	

fraction that provides ultrafine SCM particles having a 	narrow PSD hydraulic cement fraction to the second 

	

d50 less than the d50 of the hydraulic cement particles so 
	

SCM fraction of at least about 2, and 

	

that a majority of particles in the cement-SCM compo- 	the cement-SCM composition has a ratio d50/d50 of the 

	

sition below the d10 of the hydraulic cement particles 
	

first SCM fraction to the narrow PSD hydraulic cement 
comprise the ultrafine SCM particles. 	 60 	fraction of at least about 2. 

12. A cement-SCM composition as in claim 11, wherein 
	

25. A cement-SCM composition as in claim 11, wherein: 

	

the first SCM fraction comprises one or more SCMs selected 
	

the difference between the d50 of the narrow PSD hydrau- 

	

from the group of GGBFS, slag, coal ash, natural pozzolan, 	lic cement fraction and the d50 of the second SCM 

	

metakaoline, limestone, quartz, ground glass, ground filler 
	

fraction is at least about 5 pm, and 
materials, and precipitated CaCO3. 	 65 	the difference between the d50 of the first SCM fraction 

13. A cement-SCM composition as in claim 11, wherein 	and the d50 of the narrow PSD hydraulic cement fraction 

	

the second SCM fraction comprises one or more SCMs 
	

is at least about 10 pm. 



US 8,414,700 B2 
35 

26. A blended oil well cement comprising: 
a narrow PSD hydraulic cement fraction comprising a nar-

row PSD cement composition according to claim 1; and 
an SCM fraction having insufficient reactivity to qualify 

under ASTM C-311 or ASTM C-618 and/or which con-
tains a quantity of toxic metals or other toxic elements so 
as to qualify as a hazardous or toxic material that cannot 
be added to a general purpose blended cement under 
ASTM C-595 or ready mix concrete in a quantity that 
exceeds 10% of the combined Portland and SCM frac-
tions. 

27. A blended oil well cement as in claim 26, wherein the 
narrow PSD hydraulic cement fraction comprises Portland 
cement or other ground clinker having a tricalcium silicate 
content of at least about 50% by weight. 

28. A method of manufacturing the narrow PSD hydraulic 
cement composition according to claim 1, the method com-
prising: 

obtaining cement clinker comprising one or more cement 
minerals that, when mixed with water, react to form a 
cementitious binder; 

initially comminuting the cement clinker to produce an 
initially ground cement material; 

separating the initially ground cement material into a 
coarse cement fraction and a first fine cement fraction; 

further comminuting the coarse cement fraction to yield a 
second fine cement fraction and combining the first fine 
cement fraction with the second fine cement fraction. 

29. A method as in claim 28, wherein at least one of initially 
comminuting or further comminuting is performed by a ball 
mill, grinding roll, vertical roller mill, or horizontal roller 
mill. 

30. A narrow PSD hydraulic cement composition compris-
ing: 

a plurality of hydraulic cement-forming particles that, 
when mixed with water and subjected to a high pH 
aqueous solution produced by at least one of an alkaline 
earth metal oxide, alkaline earth metal hydroxide, alkali 
metal oxide, or alkali metal hydroxide, release reactive 

36 
silicate and/or aluminate ions into the high pH aqueous 
solution that react to form a cementitious binder com-
prised of precipitated reaction products of the reactive 
silicate and/or aluminate ions, 

5 	the hydraulic cement-forming particles having a particle 
size distribution (PSD) defined by a lower endpoint dl 0, 
a median particle size d50, an upper endpoint d90, and a 
ratio d90/d10, 
wherein the upper endpoint d90 of the PSD of the 

10 	 hydraulic cement-forming particles is in a range of 
12.5 pm to 30 pm, the median particle size d50 is 
equal to or greater than 6.5 pm, and the lower endpoint 
d10 of the PSD of the hydraulic cement-forming par-
ticles is equal to or greater than 3 pm, 

15 	wherein the ratio d90/d10 is less than or equal to 10. 
31. A narrow PSD hydraulic cement composition as in 

claim 30, wherein the hydraulic cement-forming particles 
comprise Portland cement and/or ground granulated blast 
furnace slag. 

20 	32. A narrow PSD hydraulic cement composition compris- 
ing: 

a plurality of hydraulic cement particles that, when mixed 
with water, react to form a cementitious binder com-
prised of at least one of calcium silicate hydrates, cal- 

25 	cium aluminum hydrates, magnesium silicate hydrates, 
or magnesium aluminum hydrates, 

the hydraulic cement particles having a particle size distri-
bution (PSD) defined by a lower endpoint d10, a median 
particle size d50, an upper endpoint d90, and a ratio 

30 	d90/d10, 
wherein the upper endpoint d90 of the PSD of the 

hydraulic cement particles is in a range of 17 pm to 30 
pm, the median particle size d50 is equal to or greater 
than 6.5 pm, and the lower endpoint d10 of the PSD of 

35 	 the hydraulic cement particles is equal to or greater 
than 2.5 pm, 

wherein the d90 and dl 0 are selected so that the ratio 
d90/d10 is less than or equal to 12. 


