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Herein, we report on the development of a cement comprising ground granulated blast furnace slag, soda
ash (sodium carbonate), and up to 68 wt.% granular limestone. Mixture Design of Experiment (DOE) was
utilized, with analysis of compressive strength, modulus of elasticity, hydraulic properties, cost, CO, pro-
duction, and energy consumption. Models were derived to understand the impact of mix design on per-

formance and for optimization. Successful formulations are hydraulic and cure at room temperature, with
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to 97%.

strengths as high as 41 MPa at 3 d and 65 MPa at 28 d. These formulations, compared to OPC, are com-
petitive in cost and performance and can reduce both CO, production and energy consumption by up

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The manufacture of one tonne of the Ordinary Portland Cement
(OPC) generates 900 kg of CO, and requires 1510 kW h of energy
[1]. While this is, on a unit weight basis, considerably less than
other options like steel or treated wood, the enormous volume of
cement produced (2.6 billion tons in 2007 [2]) is responsible for
approximately 5% of global anthropogenic CO, production.

As environmental sustainability becomes a greater priority,
solutions are being sought to reduce the CO, and energy burden
of cement without sacrificing economic viability. These include
emissions sequestration, concretes with lower OPC content, blends
of OPC with pozzolans, magnesia cements, alumino-silicate based
geopolymers, and more [3]. Efforts are also underway to measure
the environmental impact of OPC and its alternatives, for example
those introducing novel metrics such as binder intensity and CO,
intensity [4], and those performing life cycle analysis [5].

Due in part to its low energy and CO, burdens, the use of lime-
stone to replace OPC is an increasingly popular path [6,7]. Origi-
nally thought to be an inert filler, recent research has shown, to
varying extents, limestone to be chemically and physically active
in hydraulic cement [8]. Current standards allow a replacement,
of up to 5wt.% OPC in the US (ASTM C150-04) and up to 35 wt.%
in Europe (EN-197-1-2000) [9]. Compared to the energy-intensive
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kiln-firing process of OPC, maximizing the use of limestone would
be desirable to minimize environmental impact.

Another approach to ecological cement is that of geopolymer or
alkali-activated cement (AAC), which generally use no OPC. Their
advantages over OPC may include: (i) drastically less CO, produc-
tion; (ii) longer life and better durability; (iii) better defense
against chemical attack (e.g. chlorides, sulfates); (iv) rapid strength
gain; (v) better performance in marine environments; and (v)
repurposing of industrial waste [3,10-17].

The present work was designed to combine the two above ap-
proaches to develop high-volume limestone AACs. Analysis was
conducted with respect to key characteristics of performance
(strength, modulus, hydraulic stability) and economy and ecology
(cost, CO, production, energy requirement). Design of Experiment
(DOE), a statistical method of designing and analyzing multi-vari-
able experiments, was used to extend earlier work [18-21]. Most
statistical investigations of AACs have used factorial DOE, with typ-
ical variables being raw material specifications (e.g. specific slag
surface areas), processing (e.g. curing temperature), categorical
factors (e.g. activator chemical), and certain chemical ratios (i.e.
amounts of activator) [22-27]. In contrast, this work relies on mix-
ture DOE, thus focusing on the roles and interactions of the system
components, and mixture optimization.

This study was intended not only to better understand the im-
pact of mix design on high volume limestone AAC performance,
but also to aid in the development of cements for markets in both
developed and developing countries. Four ingredients were used:
ground granulated blast furnace slag (GGBFS), granular limestone,
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sodium carbonate (Na,COs), and water. These ingredients were
chosen partially for their real-world practicality. For example, the
limestone used was a widely available consumer-grade, granular
limestone instead of lab-grade CaCOs;. Of common activators,
Na,COs is one of the most ubiquitous, inexpensive, and environ-
mentally benign. No admixtures or fibers were included and, hop-
ing to leverage the advantages of AACs, no OPC. The result is novel
high volume limestone AACs, which are competitive in perfor-
mance with OPC, some of which have a CO, and energy consump-
tion reductions approaching 100% instead of the more common
Portland Cement Association (PCA) goal of 10 % [28].

2. Material and methods
2.1. Experimental methods

As noted above, four raw materials were used. The first was slag
(GGBFS) (St. Lawrence Cement, Camden, NJ) with a Blaine fineness
of 498 m?/kg (as tested by the authors per ASTM C204-07 [29]). X-
ray Fluorescence (XRF) analysis of the GGBFS was carried out by
Arkema, Inc. in King of Prussia, PA (Table 1). Second is sodium car-
bonate, Na,COs (Brenntag Pacific, Inc., Santa Fe Springs, CA). Third
is granular limestone with a CaCOs; content of 89.3 wt.% and a
MgCO3 content of 10.7 wt.% (Oldcastle Stone Products, Atlanta,
GA). The cumulative particle size distribution of the latter is:
23%<75um, 48%<150um, 68%<300pum, 100% < 1000 pm.
Fourth, tap water.

A strict interpretation of ASTM C125-07 and ASTM (C219-07a
would, respectively, define the limestone used as a fine aggregate
and the mixture as a mortar [30,31]. However, since the granular
limestone in this case is chemically active [18,19], the material
could be used as a cement, as it meets the ASTM definition for
hydraulic cement, except for the limestone particle size. Neverthe-
less, henceforth it is labeled a hydraulic cement.

ASTM C192/C192M-07 guided the preparation of 2 in. x 4 in.
cement paste (not mortar or concrete) cylinders for compression
testing [32]. The four components were weighed, dry mixed, and
the water added. The mixture was then mixed by hand for approx-
imately 2 min. Each cylinder was half-filled and rodded in two lifts
then struck off with a trowel. The two curing conditions, both at
room temperature, were ASTM C192 standard 100% RH - hence-
forth referred to as moist cure - and submerged in a plain water
bath (without lime), where the water was changed every 24 h to
avoid possible equilibrium effects due to leaching.

Samples were stored in the molds for 24 h, covered by plastic
sheets, after which they were removed from the molds and placed
in their respective curing conditions until testing. The compressive
strength was measured according to ASTM C39/C39M-09a, using

unbonded rubber caps (ASTM C1231/1231M-10), on a load frame
(Instron 5800R, Norwood, MA) [33,34]. The strain was measured
using an extensometer and the modulus of elasticity calculated
according to ASTM C469-02 [35]. For each age, 3 or 28 d, and cur-
ing condition, three cylinders were tested for each DOE run, and six
for each validation run. The weight of each cylinder was measured
immediately after removal from the mold and immediately before
compression testing.

Cost, CO, production, and power consumption were calculated
for each run. The bulk costs of components were determined from
government and industry data, as listed in Table 2. The CO, pro-
duction and power consumption were calculated from studies of
cement production; details are provided in Appendix A. The costs,
CO, production, and energy consumption for each component are
listed in Table 2 [36-39].

2.2. Design of Experiment (DOE)

Prior to the DOE, initial one-factor-at-a-time (OFAT) experi-
ments were performed to establish the system boundaries (Table 2)
and to begin to understand the system’s trends. Boundaries were
intentionally wide to include unconventional ratios (e.g. up to
80 wt.% limestone), while still limited enough to provide sufficient
detail for modeling. The boundaries represent ratios of Na,CO;
spanning hydraulic stability to detrimental leaching; ratios of
water for spanning the limits of workability (very dry to very
wet), and GGBFS and limestone (with equal boundaries) to produce
strength in the range of OPC.

DOE experiment design and analysis was performed on Design-
Expert v7.1.5 (Stat-Ease Inc., Minneapolis, MN). A D-optimal mix-
ture design was used, with the four components for each run total-
ing a fixed weight of 6200 g. A special-cubic Scheffe model was
used for the design in order to include tertiary interactions, if
any were present. The design comprised 14 model points, 3 lack
of fit points, 3 replicates, and 2 additional center points, for a total
of 22 runs. In keeping with best practices of DOE, efforts were
made to minimize variance, such as keeping the operator, prepara-
tion and curing procedures, and test equipment as consistent as
possible for all runs.

To determine the model for each response, the model terms
were determined by stepwise selection (o in and out: 0.10). Trans-
formations were selected and outliers were removed, as appropri-
ate, to generate the model with the highest statistical significance,
determined by Analysis of Variance (ANOVA) and other diagnostic
tools such as Box Cox, Cook’s Distance, and Normal Plot of Residu-
als plots. Numerical optimization of variables and responses were
performed by assigning criteria to each response as desired. In or-
der to verify the accuracy of the models, three additional formulae

Table 1
Slag XRF (wt.%). One sample was analyzed; errors shown are typical relative accuracies for each element, as determined by calibration.
Ca0 Si0, Al,03 MgO SO3 TiO, Fe,03 Na,O0 MnO K,0
39.4+4.0 384+0.8 129+14 6.2+1.0 21+1.1 0.4+0.0 0.4+0.1 0.2+0.0 0.4+0.1 0.2+0.0
Table 2

Cost, CO, production, and DOE mixture boundaries. Calculations for CO, and energy are provided in Appendix A.

Material Cost/tonne CO, produced (kg/tonne) Energy consumed (kW h/tonne) DOE mixture boundaries
Constraints Resulting ranges, total wt.%
GGBFS $80.00 [36,37] 28.8 47.2 25-80% of total weight 25-56
Limestone $8.60 [38] 12.2 20.1 25-80% of total weight 25-56
Na,COs3 $105.00 [39] 110.8 3741 25-100% of slag + limestone 4-35
Water - - - 18-25% of dry components 15-20




Table 3

Formulations and responses. Formulations and responses are given for all 22 DOE runs. Confidence in the data in this table is presented as follows: mix design, cost, CO,: none, since this is theoretically derived (normalized to a batch
size of 1000 g), compressive strength and ASTM C469 chord modulus: (mean) + [(1 standard deviation of 3 samples) + (1.5% system accuracy measured by calibration)], A Weight: +1 standard deviation of 3 samples. Superscripts on run
letters indicate replicate groups. Blank entries indicate that data was either impossible to obtain (e.g. no modulus test was performed for samples with negligible strength) or insufficient for a reliable reading.

Run Point type Mix design (g) Cost CO, Energy Compressive strength (MPa) ASTM (469 chord modulus (GPa) A Weight (%)
($/ produced consumed
tonne) (kg/ (kW h/
tonne) tonne)
Moist curing Submerged curing Moist curing Submerged curing Moist curing Submerged curing
Slag Na,COs3 Limestone Water 3d 28d 3d 28d 3d 28d 3d 28d 3d 28d 3d 28d

A Axial check 4284 86.1 2974 188.1 $56.49 319 72.8 46.7+3.8 609+35 493+59 588+32 159+04 144+03 152+08 141+04 04+0.0 0.3+0.0 0.1+£0.0 05+0.0

blend
B  Vertex 250.0 381 5119 200.0 $35.50 22.6 46.3 174+08 306+1.1 169+05 31.2+08 9.8+1.0 - 83+0.6 88+0.6 02+0.0 03+0.0 0.0+0.0 04%0.0
C* Center edge 250.0 193.9 403.5 152.5 $51.72 402 110.0 243+21 382+22 17606 2601 13.8+0.7 - 72+10 - 1.8+0.2 03+0.0 -1.0+0.0 -3.6+0.1
D Center edge 381.0 169.0 250.0 200.0 $62.97 414 108.7 122+08 48.0+6.0 133+0.8 402+33 9.1+0.7 141+0.8 69%0.5 - 1.2+0.1 09+0.1 -04+0.0 -1.8+0.1
E  Center edge 250.0 169.0 381.0 200.0 $51.28 38.7 104.3 195+13 536+21 195+1.7 1.8+01 11.6+1.0 139209 9.8+1.3 - 13+0.1 030 -03%0.0 -3.9+03
F  Center edge 381.0 38.1 381.0 200.0 $47.19 253 50.8 268+1.0 439+49 294+19 416+43 147+05 12+0.7 9.8+13 11.2+09 0.5+0.0 0.7+0.1 05+00 0.9%0.1
G Vertex 557.1 404 250.0 152.5 $60.13 28.3 55.7 18.7+10.2 25.7+16.8 26.3+189 31.1£21.9 - - - - 23+13 26+1.7 24+17 25+1.7
H Center edge 403.5 404 4035 152.5 $47.19 253 50.8 35.6+10.7 57.7+34 33.1+4.1 51.2+7.7 142+16 149+09 152+03 140+1.2 05+0.2 0.6+0.0 0.0+0.0 0.6+0.1
I Vertex 250.0 152.5 40.4 557.1 $34.25 223 45.9 333+19 49.0+12 272+2.7 462+18 141+09 152+06 11.5+£02 13.9+03 - - - -
] Axial check 297.4 188.1 217.0 2974 $60.53 45.1 125.6 11.5+02 357+0.5 14.0+02 107+02 - - - - - - - -

blend
K  Axial check 297.4 188.1 86.1 4284 $44.98 292 68.5 29.8+2.0 525+34 201+15 343+18 135+1.0 13+0.7 - - - - - -

blend
L°  Center 3448 1763 134.1 3448 $54.18 35.7 90.0 20.0+3.5 51.2+94 17.0+22 37.6+10.0 12.8+09 13.7+0.6 8.6+09 10.8+1.1 1.6+0.3 1.0+£0.2 0.0+0.0 -0.7+0.2
M€ Center edge 403.5 1525 1939 250.0 $64.66 43.2 114.9 192+72 414+76 119+6.1 219+36 - - - - 24+09 32+06 1407 -02£0.0
N* Center edge 250.0 152.5 193.9 403.5 $51.72 40.2 110.0 179+63 406+12 185+6.2 3.0+0.5 109+24 123+0.5 10.7+0.7 - 1.6+0.6 1.2+0.0 03%0.1 -33%0.5
0 Vertex 250.0 152.5 347.5 250.0 $69.19 58.0 174.1 32.7+0.6 0+0 15.0£3.9 0+0 - - - - 23100 - -2.6+0.7 -
P¢ Center edge 403.5 1525 1939 250.0 $64.66 43.2 114.9 265+79 29.1+6.8 203+10.8 21.0+29 11.8+09 10.2+0.8 - - 20+06 1.5+03 -04+0.2 -22+03
Q Vertex 511.9 200.0 38.1 250.0 $58.88 28.0 55.2 358+23 522+57 289+36 522+1.1 13507 11.7+06 124+0.7 11.3+1.1 04+£0.0 0.9+0.1 0.6+0.1 13+0.0
R Vertex 250.0 200.0 300.0 250.0 $67.06 54.9 162.2 12.8+1.0 0+0 9.3+0.7 0+0 - - - - 09+0.1 - -29+02 -
sd Vertex 250.0 152.5 347.5 250.0 $69.19 58.0 174.1 25.6+7.6 0+0 13.1+42 0+0 - - - - 20+06 - -2.6+08 -
T°  Center 344.8 1763 134.1 344.8 $54.18 35.7 90.0 345+33 43.1+42 250%+6.0 40.0+25 135+1.1 11.4+04 94+32 91+02 1.0+0.1 09+0.1 -03+0.1 -1.1+0.1
U  Plane centroid 352.4 1525 142.7 3524 $54.52 36.2 91.9 383145 41.1+4.6 342+43 40.7+37 136+1.1 102+04 11.2+14 95+1.4 1.1+0.1 04+0.0 -0.2+0.0 -0.7+0.1
VP  Center 344.8 1763 134.1 344.8 $54.18 35.7 90.0 324+56 479+95 31.6+51 409+3.5 13.2+09 106+0.6 11.3+1.5 8.8+1.0 0.7+0.1 0.5+0.1 —-0.4+0.1 —-0.7+0.1

Minimum 11.5 0.0 9.3 0.0 9.1 10.2 6.9 8.8 0.2% 0.3% —2.9% -3.9%
Maximum  46.7 60.9 49.3 58.8 15.9 15.2 15.2 141 2.4% 3.2% 2.4% 2.5%

Mean 26.0 383 223 27.6 129 12.7 10.5 11.2 1.3% 1.0% -0.3% -0.8%

0€e
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were prepared, which were each optimized for different criteria.
These three model validation formulations were moist cured and
selected tests were performed.

3. Results
3.1. Direct observation

Formulae and responses for all DOE runs are provided in Table 3.
Compressive strengths ranged from 9.3+0.7 to 49.3+5.9 MPa
(1.35-7.15 ksi) at 3 d and from 0 to 60.9 + 3.5 MPa (0-8.83 ksi) at
28 d. The ASTM (469 chord modulus of elasticity (measured be-
tween points of 50 micro-strain and 40% of the ultimate strength)
ranged from 6.9 £ 0.5 to 15.9 + 0.4 GPa (1000-2300 ksi) at 3 d and
from 8.8 £ 0.6 to 15.2 + 0.6 GPa (1300-2200 ksi) at 28 d.

As shown in Fig. 1, the various responses exhibited several inde-
pendent trends. First, compressive strength and moduli correlate
well (Fig. 1a). Compressive strength is given focus throughout,
but the trends observed generally apply to the moduli as well. Sec-
ond, there is no apparent correlation between material cost and
strengths achieved (Fig. 1b), indicating that this system is one that
could be optimized for performance in various applications, with-
out necessarily increasing material cost. This would be unremark-
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able if material costs were comparable, but they vary by a factor of
~16, for example between limestone and Na,COs. Third, weight
loss during submerged curing, assumed to be from leaching of sol-
uble salts, correlates to low compressive strengths (Fig. 1c). Strong
differences between the two curing conditions were apparent in
some mix designs but not others. For example, one formula
achieved a 28 d compressive strength of 53.6+2.1 MPa when
moist cured, and 1.8 £ 0.1 MPa when cured submerged (Table 3,
Run E). Conversely, one formula was 20% stronger when sub-
merged instead of moist cured (Table 3, Run G). Fourth, weight loss
when submerged also correlates with amount of Na,COs (Fig. 1d).
That is, having excess Na,CO5 leads to weight loss, presumably due
to leaching, and hence to poor strengths.
Other observations include:

e Increased compressive strength correlates with an increased
proportion of GGBFS in the mix. Also apparent is that the higher
proportion of GGBFS has more pronounced benefits at 28 d and
for submerged curing than for 3 d or moist curing.

e Variations in strength are correlated to mass variations amongst
the cylinders of each batch (both according to the standard
deviations listed in Table 3). That is, high weight variations of
the as-produced cylinders resulted in high variations in their
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Fig. 1. Example mix and mechanical response correlations. Correlations (or lack thereof) between responses and/or mix components. See axis labels for the particular data set
used. (a) Strength vs. modulus; (b) strength vs. cost (no correlation); (c) strength vs. change in weight; and (d) amount of Na,CO5 in mix vs. change in weight.
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Table 4
Response models. Influence is marked as follows: major factors are indicated in green, moderate in yellow, and minor in blue.
Model Terms
A: C: D:
# Response Units Transform R’ Slag B: Water Soda Ash | Limestone AB AC AD BD BC ¢D ACD BCD
. -4.207 -9.862 3.355 1.418 5376 1.457
j | Comp.Str.3dMoist | MPa Sqrt. 0.53 x10° x10° x10° x10° X10° x10°
Comp. Str.3d MPs 1.070 8.877 2.794 1.149 -8.542
2 Submerged 4 Inv. Sqrt. 0.66 x10* x10° x10° x10* x10°®
. -2.902 1.265 -7.070 2.855 1312 -5.261
3 | Comp.Str.28dMoist | MPa Sqrt. 0.60 X10° X107 x10* X107 x10° | x10%
Comp. Str. 28 Day MP: 2452 8.832 -2.861 -3.116
4 Submerged 2 None 0.81 x10? x107 x10? x10?
] - ] 6.087 -6.328 7.120 3.006 3712
5 | Modulus3dMoist | GPa None 049 x10% x10° x10% x10% x10°
Modulus 3 d GPa 3.525 -1.726 -2.148 2.220
6 Submerged None 0.39 x10° x10? x10? x10°
) 1413 4.997 -4.581 1.139 4229 |T2201
7 | Modulus28d Moist | GPa None 0.84 x10” x107 x10° x107 x10° | x10°
Modulus 28 Day Gp -4.455 -1.575 1.035 3.065 7.913 9.454
8 Submerged e None 0.88 x10? x10" x10? x107 x10° x10°
Str. Ratio 3 d % 9.625 -1.154 -1.385 8.846 2.047
9 (Sub./Moist) ° Nat. Log 0.61 x10™ x10™* x10? x10* x10°
Str. Ratio 28 d ” 1238 -2.296 -3.256 1.145 1775 | -5355 | 1156 | 5770 | 3.923 [ 1449 | 2773
10 (Sub./Moist) ° None 0.98 x10"! x10™! x10™! x107 x10™ x10° x10™ x10™ x10° | x107 | x107
KEY: | Major | Moderate | Minor
Where only two levels are necessary,
major and moderate are used.
Table 5
Model validation with optimized formulae. For moist curing condition. Error given for model prediction with respect to empirical data.
Run % Error of model
Strength Modulus A Weight
3d 28d 3d 28d 3d 28d
V1 balanced, mod. flow -4.6 -43 3.7 -9.4 136.1 9.3
V2 balanced, high flow 6.4 -2.1 14.8 -15.9 46.1 ~206
V3 high strength -7.2 -15.5 10.6 -12.4 56.5 19.8

strengths. This mass variability is likely due to two related fac-
tors: workability of the cement (fluidity, adhesion, set time,
etc.) and how consistently the cylinders were packed.

o Successful formulae had up to 66 wt.% limestone (i.e. Run 1), far
exceeding current regulatory limits for limestone-OPC blends.

e Cost, CO, production, and embodied energy are significantly
less than for OPC. This is later improved upon through optimi-
zation (Section 3.3), and explained in more detail (Section 4).
Limiting the use of Na,COs is beneficial, since it is highest in
cost and CO, footprint (the latter by an order of magnitude with
respect to limestone and GGBFS).

3.2. DOE modeling and validation

Mathematical models were derived with the DOE software,
using the methods described above, and are reported in Table 4.
The units, transform applied, coefficients of determination, R? val-
ues, and coefficients for each of 12 responses are listed, so that the
models can be reconstructed with an understanding of the confi-
dence level in each. Coefficients are marked as to how strongly
they influence the model, as determined by the ‘pseudo’ coding
internal to the DOE model generation. The presence of binary
and tertiary terms indicate a high probability of interaction be-
tween those components. Responses 1-4 are the directly measured
compressive strengths for each combination of curing conditions:
moist or submerged and 3 d or 28 d. for a total of four responses.
Responses 5-8 are the same, but for the moduli. Responses 9 and
10 are the ratio of the submerged and moist compressive strengths
at 3d and 28 d, respectively. For example, a value of 120 would
indicate that the submerged sample was 20% stronger than the
moist cured sample. This response would thus indicate hydraulic
behavior, or lack thereof.

The models are constructed so that, provided the amount of
each component in grams within the boundaries of Table 2, the
predicted response is generated. Details and an example can be
found in Appendix B.

In Table 5, models are validated by comparing results for three
optimized formulae and the predicted responses (more on these
formulae in Section 3.3). Most responses agree well, except for
change in weight at 3 d. This is likely due to the relative sensitivity
of the test to factors that are challenging to control, such as the ex-
act amount of moisture lost from samples in the time between re-
moval from the curing condition and weighing, and the higher
variations at early ages in general.

3D response surfaces, such as shown in Fig. 2, were used to visu-
alize the models. Based on Fig. 2a, in order to ensure good hydraulic
behavior (defined here as the ratio of submerged to moist cure
strengths), the Na,CO3; must be at a low level and the GGBFS at a rel-
atively high level. A local maximum can be seen on this surface; for-
mulae on this apex would be best for hydraulic curing. Fig. 2b
provides a confirmation that a high amount of GGBFS, low water,
and moderate Na,COs are ideal for strength. It was observed, how-
ever, that for some low levels of water, the mixture was difficult to
work with and set rapidly. Further, excess Na,CO5 produces poor
hydraulic stability (Fig. 2a). Thus, these and other practical matters
must be considered when choosing a mix design.

3.3. Optimization

Finally, the response models were used to optimize the mix
design for desired responses. Table 6 shows the mix design and
responses for the three model validation formulae-referenced in
Table 5 — compared to OPC. Optimization for the two “balanced”
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Table 6

Optimized formulae, compared to OPC. Mix designs have been normalized to 1000 g. Confidence in the experimental data was calculated as for Table 3.

Formula Mix design (g) Cost ($/tonne) CO, produced (kg/tonne) Energy consumed (kW h/tonne) Strength (MPa)

Slag Na,CO; Limestone Water 3d 28d
Typical OPC - - - - $102.00° [2] 898 (Appendix A) 1510 (Appendix A) - 62-119 [40]
Balanced 1 (V1) 250 40 557 153 $34.30° 223 45.8 325+04 51.0+1.7
Balanced 2 (V2) 273 39 512 176 $36.80° 229 46.9 25.0+0.6 443+1.1
High strength (V3) 395 40 412 153 $46.50° 25.1 50.5 420+0.7 641%1.0

2 Retail cost.

b Prices for materials only, FOB production plant. For cost assumptions, see Table 2.

formulae (V1, V2) was as follows: equal weight assigned to maxi-
mizing strength at all ages and curing conditions, minimizing cost,
and having positive weight change (an indicator of hydraulic
behavior). The second balanced formula (V2) had a higher flow
than the first, measured qualitatively using a modified mini slump
test, and due primarily to having more water and less GGBFS in the
mix than formula V1. Optimization for high strength formulae (V3)
was the same as for V1, except that no criterion was established for
cost. This resulted in 28 d strength 4.5% higher than any of the ori-
ginal test runs, proof of the value of DOE and optimization. CO,
production was also considered for optimization, but this was
dependent almost entirely on the amount of Na,COs. The latter
was already at, or very near to, the minimum for the optimized
runs. For the boundaries used, it thus did not require separate con-
sideration [2,40].

4. Discussion

It is rare for the limestone proportion to reach the 35 wt.% limit
of current standards, and levels above that rarer still. Thus, the suc-
cess of formulae comprising up to 68 wt.% limestone (i.e. Table 6,
formula V3) is significant. A survey of the literature yielded only
two other investigations of greater than 35 wt.% limestone. The
first comprised up to 58 wt.% limestone along with OPC, GGBFS,
super-plasticizer, and polyvinyl alcohol fiber, with strengths up
to 38 MPa at 28 d [41]. The second comprised up to 60 wt.% lime-
stone along with gypsum, GGBFS, and steel slag, with strengths up
to 30 MPa at 28 days (18 MPa for 60% limestone) [42]. In compar-

ison, here, a 70% higher strength was achieved, with significantly
more limestone and no need for OPC, super-plasticizer, or fiber.

Comparisons can also be drawn between this and other AACs.
For example, Wang et al. achieved a 28 d strength of up to
36 MPa using Na,COs3 as the activator and up to 98 MPa (14.4 ksi)
using 2 M waterglass solution [27]. The strength for Na,COs3 activa-
tion is significantly lower than that reported here, and waterglass,
while stronger, is expensive and difficult to use in comparison to
the Na,COs. Hardjito et al. achieved a 7d strength of 82 MPa
(11.9 ksi) using a NaOH activated fly-ash cement, however, it re-
quired up to 100 h of curing at 60 °C [43]. NaOH is not as shelf-sta-
ble as Na,COs3 and curing at elevated temperatures is typically
either costly, impractical, or both. Oh et al. achieved a 28 d strength
of up to 50 MPa, but used NaOH or waterglass and cured at 80 °C
[44].

The present work uses a shelf-stable activator and does not re-
quire curing at elevated temperatures, making it more practical for
commercial use. Further, a patent claims the combination of cal-
cium carbonate and sodium carbonate each in the range of 20-
80 wt.%, plus up to 5 wt.% of other materials, but little data is avail-
able on it and tests performed by the authors showed those mix-
tures to have negligible strength [45]. It would appear that the
novel addition of GGBFS to that mixture, well above levels covered
in the patent, is necessary for success.

The use of DOE greatly benefitted the study and could help to
overcome a challenge common to AACs. OFAT testing may have
missed the ratio ranges for success. For example, seeing only Run
E (Table 3) may have led one to erroneously conclude that the sys-
tem is not hydraulically stable. Not only did the DOE reveal suc-
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Table 7
Comparison of CO, and energy burden of cements.

Cement CO, produced (kg/tonne) Energy consumed (kW h/tonne)
Value Reduction from OPC Value Reduction from OPC
OPC (Appendix A) 897 - 1510 -
OPC with CO, sequestration in cement kiln dust (CKD) [5] 837 7% 1510 0%
Blended Cement: 70% OPC, 30% GGBFS or fly ash 637 29% 1072 29%
High volume limestone AAC (V3, Table 6) 24.6 97% 50.5 97%

cessful ranges, but it allowed a number of observations to be made
that require an understanding of the interaction of factors, such as
those described in Sections 3.1 and 3.2. DOE also enabled optimi-
zation of strength, cost, and CO,, yielding for example a formula
4.5% stronger at 28 d than any of the DOE runs (formula V3, Ta-
ble 6). Further, variation in (often waste stream) raw materials is
a problem common to AACs [22], which DOE could help to over-
come. Models within, and between, studies could be developed
to account for variation, allowing for rapid product development,
customization, and robust quality control.

Further, the system presented here has clear ecological advan-
tages in comparison with competing systems (Table 7). Optimized
formula V3 (Table 6) uses 68 wt.% limestone and, compared to OPC,
reduces both the CO, and energy burden by 97% while remaining
competitive in performance. It also greatly surpasses the potential
ecological advantage of two other strategies: CO, sequestration
and blended cements. In fact, one businessperson familiar with
the work remarked that, because no further thermal processing
is required, we had developed “a way to make bread without an
oven.” Further, the materials used here are readily available, low
cost, and practical (e.g. low-grade granular limestone, shelf-stable).

Finally, cement is most commonly used in concrete, so that is
considered here as well. Comparing formula V3 (Table 6) directly
to OPC, CO, production and energy consumption are both reduced
by 97%. If this AAC were used for a typical ready-mix concrete mix-
ture at the same proportion as OPC (a possibility, as confirmed by
laboratory testing), the reduction in CO, production would be 93%
(Appendix A). Thus, even in practical use, the AACs presented here
would have a significant impact.

5. Conclusions

It has been shown that cements using only GGBFS, Na,COs,
water and up to 68 wt.% granular limestone can be cost- and per-
formance-competitive with OPC. Further, greenhouse gas produc-
tion and energy consumption are drastically reduced, the raw
materials are widely available, and the cement is shelf-stable,
hydraulically stable, and cures at room temperature. An optimized
formula producing ~25 kg CO,/tonne and requiring ~50 KWHs/
tonne, represents 97% reductions in both CO, and energy compared
to OPC, and 93% reductions for a typical concrete mix. Material
costs for optimized mixtures are ~$32-$45/tonne, so it could be
sold at a discount to OPC, primarily benefitting consumers, or sold
at a premium for its ecologically benign characteristics, primarily
benefitting producers. If used as a replacement for OPC in typical
concrete, formula V3 (Table 6) could save 40% on cost and 93%
on CO, and energy. The method used to reach these conclusions
is equally important, as there exist only certain mixture combina-
tions that yield desirable performances. DOE was employed for
systematic design, analysis, optimization, and robustness, while
requiring fewer runs than other methods such as OFAT.

Recommended future work includes measuring additional re-
sponses, application testing, reducing the Na,COs; boundaries,
and other further investigation of high volume limestone AACs.

An investigation by the authors into the chemical nature of the sys-
tem investigated here will be published separately.
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Appendix A. CO, production and energy consumption
calculations

Data for CO, production and energy consumption of OPC,
GGBEFS, and granular limestone was derived primarily from Worrell
et al’s 2001 Carbon Dioxide Emissions From The Global Cement
Industry [1]. To calculate the CO, from the electricity used in each
process step, the US average from the generation of electric power
was used: 0.61 kg CO,/kilowatt hour (kW h) [46]. The energy con-
sumed and CO, produced are thus (per tonne of OPC):

Process step kW h/tonne kg CO,/tonne
Crushing 0.9 0.5
Raw meal grinding 19.2 11.7
Clinker kiln: energy 1443.0 355.7
Clinker kiln: process - 500.0
Finish grinding 46.3 28.2
Blending 0.9 0.5
Total for OPC 1510.2 896.7

Blending was assumed to require as much energy as crushing.
The energy for all steps is in the form of electricity, except for clin-
ker kiln energy, which is thermal. The clinker kiln process CO, pro-
duction is due to the chemical reaction:

CaCO3; — Ca0 + CO,

For GGBFS it was assumed that only crushing and finish grind-
ing steps were performed, and that the energy required was equiv-
alent to the above. Similarly, for granular limestone it was assumed
that only crushing and raw meal (typically the grinding step before
the material would be fed into a kiln) grinding steps were per-
formed. Thus, the energy and CO, for these materials are:
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Material KW h/tonne kg CO2/tonne
GGBFS 472 28.8
Granular limestone 20.1 12.2

All energy and CO, associated with the pig iron process which
creates GGBFS was allocated to the iron, not the GGBFS, as GGBFS
is a waste product of iron making.

For soda ash (Na,COs), it was assumed that it was derived from
trona (Na,COs - NaHCOs3 - 2H,0), the most common procedure in
the United States. This requires that the mineral trona be mined,
or extracted from a brine lake, crushed, and calcined. Subsequent
processes include filtration, centrifugation, and drying. Calcination
temperature is on the order of 200 °C [47].

The chemical heat of decomposition for forming Na,CO3; from
trona is 66.0 kW h/tonne [48]. It was assumed that the CO, pro-
duced by this thermal energy is produced at the same rate as in ce-
ment production (0.25 kg/kW h) and the process steps requiring
electricity can be approximated as requiring electricity equivalent
to crushing and finish grinding. Thus, the values for Na,CO3 are:

Process step kW h/ kg CO2/
tonne tonne
Thermal 326.0 81.5
Electric (crush, centrifuge, dry, 48.1 293
etc.)
Total for Na,CO3 374.1 110.8

To calculate the CO, emitted from the production of concrete,
the CO, associated with each main component is estimated and
then a weighted average calculated for a typical mix. It was
assumed that coarse aggregate requires only crushing, and sand re-
quires crushing and raw meal grinding, both at the same levels as
listed in the first table above.

OPC Coarse aggregate Sand
Mix proportion 14% 48% 38%
kg CO,/tonne 896.7 0.5 12.2
kW h/tonne 1510.2 0.9 20.1

Weighted averages: 130.9 kg CO,/tonne, 219.5 kW h/tonne.

And the same concrete using AAC Formula V3 (Table 6):

AAC V3 Coarse aggregate Sand
Mix proportion 14% 48% 38%
kg CO,/tonne 251 0.5 12.2
kW h/tonne 50.5 0.9 20.1

Weighted averages: 8.4 kg CO,/tonne, 15.1 kW h/tonne.

For all compositions, a blending step was included at the rate listed
in the first table above.

These calculations consider only CO, emissions and energy con-
sumption for processing of the raw material to a final product, so it
is a gate-to-gate analysis as opposed to cradle-to-gate (which
would include mining, transportation, etc.) or cradle-to-grave or
cradle-to-cradle (which would additionally consider installation,
recycling, disposal, etc.). The use of AAC can be considered identical
to that for OPC and mining for limestone is performed in both the
AACs here and for OPC. GGBFS requires transportation but not min-

ing and would be transported for disposal if not for reuse. The addi-
tional transportation for reuse varies widely from local (negligible)
to transcontinental (e.g. ~130 kg CO,/tonne shipping from south-
ern Italy to New York City, USA) and would have to be determined
on a case-by-case basis. Thus, this remains a reasonable scope of
analysis.

Appendix B. Interpretation of DOE models

The DOE models are constructed so that, provided the amount
of each component in grams, the predicted response is generated.
The amounts used must obey the constraints listed in Table 2, as
the model is only valid within the boundaries of the tests per-
formed, and transforms must be applied when generating the re-
sponse. For example, an inverse square root transform such as
that for response 2 (compressive strength at 3 d, submerged cured)
indicates that the model takes the form of the following equation:

1
+/Response

where on the right side, lowercase variables indicate coefficients
and uppercase variables the amount of the corresponding compo-
nent in grams. Terms with more than one component (i.e. AC) have
a coefficient separate from that of the individual components (i.e. A,
C), but the amount in grams is the product of the individual compo-
nents (i.e. AC = A x C). As a numerical example using Eq. (1) and re-
sponse 2, using a mixture of 1690 g GGBFS, 1095 g water, 260 g
Na,COs, and 3155 g limestone would result in a 3 d compressive
strength, moist cured, of 27 MPa.

=mA+nB+ pC+ gD +1AD (1)
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