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This paper develops a new low-cost construction material made of pH-adjusted fluorogypsum, class C fly
ash, and type II Portland cement. The proposed fluorogypsum-based blend is durable in water and has a
lower weight and lower cost than ordinary concrete. A preliminary investigation of strength and durabil-
ity properties of this new construction material is also presented. A series of compressive strength tests
and volumetric expansion measurements were conducted on specimens after 28 days of curing. The
experimental results were used to develop response surface models. These models can be used to predict
accurately compressive strength and volumetric expansion as functions of the relative content, in dry
weight, of different components. The response surface models were employed to determine ranges of
dry components of the system with sufficient strength and limited volumetric expansion. A composition
with 62% pH-adjusted fluorogypsum, 35% fly ash, and 3% Portland cement was selected based on strength
and volumetric expansion properties to conduct additional experimental studies to quantify its modulus
of elasticity, Poisson’s ratio, setting times, density, void contents, and curing time effects on strength and
volumetric expansion. The investigation results suggest that the proposed fluorogypsum-based blend is a
promising low-cost concrete-like material for use in outdoor and underwater construction applications.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Millions of tons of solid by-product materials are generated by
industrial processes throughout the world every year and are accu-
mulated over time in landfills. This large accumulation of industrial
by-products represents a significant environmental hazard, pro-
duces substantial costs to public organizations and private compa-
nies, and generates significant economic and social losses [1]. The
use of solid industrial by-products in the construction industry has
received significant attention due to the large worldwide demand
of construction materials starting from the late 1970s [2–4]. In par-
ticular, the following benefits of using by-product materials in con-
struction have been identified: (1) reduction of construction costs
[5]; (2) reduction of construction carbon footprint [6,7]; (3) limita-
tion of undesirable environmental impacts by reducing the amount
of by-products introduced in the environment [8]; and (4) reduc-
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tion of the land loss caused by the disposal of these by-product
materials [8].

Among these industrial by-products, several types of gypsum
materials are used for different applications in the construction
industry [9]. This study focuses on the use of fluorogypsum (FG)
for outdoor and underwater construction applications. FG is an
acidic by-product generated during the industrial production of
hydrofluoric acid (HF) from fluorspar. FG is discharged in the form
of slurry into a holding pond until it becomes a solidified dry resi-
due with low pH after water evaporation [10]. The total consump-
tion of fluorspar in US was 601,000 metric tons in 2001; 60–65% of
this consumption (i.e., 376,000 metric tons) was used to produce
HF [11]. Based on the chemical reaction for HF production, i.e.,

CaF2 þH2SO4 ! 2HFþ CaSO4 ð1Þ

the production of FG in 2001 can be estimated as about 660,000
metric tons [12]. The 2015 production capacity of FG in Louisiana
alone was about 360,000 metric tons (G. Mitchell, Brown Industries,
personal communication, 2015). Before use, the dry FG is removed
from the holding pond, mixed with 2%–5% of alkali materials such
as lime or circulating fluidized bed combustion (CFBC) ash [13],
crushed and screened to obtain a pH-adjusted, well-graded sandy
silt material with gravel size grains [10], referred to as pH-
adjusted FG hereinafter. The pH-adjusted FG has pH � 7 due to
the reaction of the alkali materials with the residual sulfuric acid
in the slurry FG.

Blends of pH-adjusted FG with other cementitious materials
(e.g., Portland cement, fly ash, lime, and/or ground granulated blast
furnace slag) have recently attracted the attention of researchers
for use as pavement base materials [14–16], as a non-structural
plaster for indoor applications, and as a structural material for out-
door applications [17]. However, to the knowledge of the authors,
the use of FG-based blends in underwater applications has not
been considered in the literature, most likely due to their relatively
long setting time [17] and to the durability issues caused by the
moderate solubility of gypsum materials in water, which can dra-
matically decrease the mechanical strength of gypsum-based
blends [18]. The research presented in this manuscript is the first
preliminary investigation on the strength and durability properties
of pH-adjusted FG-cement-fly ash blends in order to determine the
feasibility of their usage for outdoor and underwater applications.
2. Research objective, needs, and relevance

The objective of this paper is to develop a low-cost FG-based
blend that can be used as a construction material for outdoor
and underwater applications. The proposed blend is made of: (1)
pH-adjusted FG, (2) class C fly ash (FA), and (3) type II Portland
cement (PC). In this study, the pH-adjusted FG material is utilized
as provided by the producer, i.e., it already contains 2%–5% CFBC
ash and it is not further processed to modify and/or improve its
characteristics before its use as a component of the FG-based
blends. As such, the resulting blend contains grains of a 2 cm max-
imum diameter. These grains of pH-adjusted FG effectively behave
as coarse aggregate and the resulting FG-based blend can be con-
sidered a concrete system, in which the binder consists of the
mix of fine pH-adjusted FG, FA, and PC. It is also noteworthy that
the investigation presented in this paper aims to develop an FG-
based blend that can be used as a direct low-cost substitute for
Portland cement concrete and/or crushed limestone in a variety
of outdoor and underwater applications.

Utilization of FG-based blends can potentially present some
important advantages over the usage of Portland cement concrete
in outdoor construction applications and of limestone in road base
and underwater applications, e.g.: (1) lower unit weight of the
blend (with values contained between 70% and 92% of the concrete
unit weight, see [17]) and, thus, lighter structures; (2) lower cost of
production, e.g., FG-based blends contain only small amounts of
Portland cement (i.e., less than 10% in weight of the dry compo-
nents) and have a considerably lower cost than ordinary concrete
[21]; (3) lower carbon footprint, e.g., due to the lower amounts
of Portland cement in FG-based blends than in ordinary concrete;
and (4) wider availability of pH-adjusted FG in US coastal regions
where aggregate for concrete or limestone is not readily available
[22,23]. However, additional understanding of the physical, chem-
ical, and mechanical behavior of FG-based blends is needed to
develop a material that can be reliably used for outdoor and under-
water construction applications. This understanding is a crucial
prerequisite to determine the feasibility of FG-based blends, iden-
tify additional research needs, and support future development of
this type of material.

In this work, strength and durability properties of FG-based
blends made of different amounts of pH-adjusted FG, PC, and FA
are investigated. Two response surface models (RSMs) are devel-
oped for the prediction of compressive strength and volumetric
expansion for different FG-based compositions after 28 days of
wet curing (i.e., at 100% humidity). Additional mechanical and
physical properties that are relevant for construction applications
(i.e., setting time, void content, modulus of elasticity, and Poisson’s
ratio) are investigated for a select composition that appears to be
particularly promising (based on strength, volumetric expansion,
and cost considerations) for outdoor and underwater construction
applications. For this composition, curing time-compressive
strength and curing time-volumetric expansion relationships are
also proposed. The study presented in this paper is part of a wider
research effort to demonstrate the feasibility and improve the per-
formance of FG-based blends for outdoor and underwater con-
struction applications [19,20,24]. Investigation of the water
solubility of these blends is a major component of this effort
[24], but it is out of the scope of the present paper.
3. Dependence of strength and volumetric expansion on
composition

In this study, compressive strength and volumetric expansion
were considered as the critical parameters to identify appropri-
ate composition ranges of FG-based blends for outdoor/underwa-
ter applications. In fact, compressive strength is a crucial
mechanical property that controls the load-carrying capacity of
a structural material. The volumetric expansion, which generally
occurs due to delayed formation of ettringite [25,16], is an
important property related to the durability of the material
and is commonly associated with significant strength deteriora-
tion and even integrity loss due to formations of cracks inside
the blend, and with potential damage to adjacent materials.
However, the expansion of a blend could also be a useful prop-
erty for some specific applications, e.g., expansive concrete can
be used to compensate for drying shrinkage [26]. In this study,
the focus is on short-term properties of the material and, thus,
only expansion during curing is considered, whereas expansion
under prolonged water immersion, albeit important, was consid-
ered out of the scope of the paper. It is noteworthy that internal
and/or invisible cracks can also have an important effect on the
mechanical properties and the durability of the material under
consideration. However, since they are more complex to investi-
gate than visible cracks, they were also deemed out of the scope
of this investigation on strength and durability of FG-based
blends, considering its preliminary nature. This section of the
paper describes the methodology followed to investigate these
properties and illustrates the results of the investigation.
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3.1. Methodology

The following tasks were performed to investigate the depen-
dence of compressive strength and volumetric expansion on the
relative content of pH-adjusted FG, FA, and PC: (1) component
raw materials were characterized both at the microscopic and
macroscopic levels; (2) compressive strength and volumetric
expansion were experimentally measured for a wide range of com-
positions with high pH-adjusted FG content using a classic mixture
method to define the experimental matrix; (3) RSMs were devel-
oped for both compressive strength and volumetric expansion;
and (4) appropriate composition ranges were identified and a
specific composition was selected for further investigation. Charac-
terization of the raw materials is a necessary step to provide a
baseline understanding of the material composition and morphol-
ogy. This characterization is particularly important for the pH-
adjusted FG because it is a by-product material obtained without
a rigorous quality control of its production. It also enables
researchers to compare the results presented in this paper with
those of other studies available in the literature by accounting
for potential differences in the base materials.

The experimental measurement of compressive strength and
volumetric expansion provides the data points for the develop-
ment of RSMs based on a test matrix properly selected to explore
compositions with high pH-adjusted FG content. These RSMs can
be used to: (1) predict the compressive strength and volumetric
expansion of compositions without additional expensive and
time-consuming physical testing, (2) investigate appropriate com-
position ranges for the proposed FG-based blends with promising
properties for the construction applications of interest, and (3)
select specific compositions for different applications, e.g., by using
the RSMs as objective or constraint functions for numerical opti-
mization approaches.

3.2. Raw materials characterization

The pH-adjusted FG used in this research was obtained from the
stockpiles located in Geismar, LA (USA). This material was obtained
by using circulating fluidized bed combustion (CFBC) ash as the
alkali material for neutralization of the FG. A sample of
pH-adjusted FG was analyzed using X-ray diffraction (XRD) to
investigate the crystallographic composition, scanning electron
microscopy (SEM) to analyze the microscopic morphology, and
grain size analysis to identify the granulometry of the material.
The characterization of this raw material is a crucial component
to ensure repeatability of the results presented in this work, since
the pH-adjusted FG material used here is an industrial by-product
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Fig. 1. Characterization of pH-adjusted FG: (a) X-ray diffractogram of a pH-adjusted FG sa
of pH-adjusted FG material.
and, thus, can present a very high variability in its composition
and crystallography. In the XRD pattern shown in Fig. 1(a), the
higher peaks (with higher intensity) correspond to gypsum (G:
CaSO4�2H2O), whereas the lower peaks represent anhydrite (A:
CaSO₄), fluorite (F: CaF2), and quartz (Q: SiO2). Grain size distribu-
tion of the pH-adjusted FG was identified by following the proce-
dure described in ASTM D6913 [31]. The grain distribution curve
shown in Fig. 1(b) is based on sieve analysis results only (i.e., for
grains larger than or equal to 0.075 mm), because the employed
FG material is soluble in water and, thus, the hydrometric test for
identification of smaller grains is inapplicable. It is observed that
about 7% of the pH-adjusted FG is composed by grains with size
comparable to that of coarse aggregate. The SEM image provided
in Fig. 2(a) shows that the majority of the crystals in the pH-
adjusted FG sample are prismatic gypsum crystals. The pH of the
material was identified as per ASTMD4972 standard test procedure
[32]. The sample mean of pH for 20 pH-adjusted FG samples was
found equal to 7.90 with a sample standard deviation of 0.08.

Class C fly ash (FA) was supplied by the Big Cajun II Power Plant
located in New Roads, LA (USA). Fig. 2(b) displays an SEM image of
an FA sample, which shows the spherical shape of the FA particles.
Type II Portland cement (PC) was obtained from a local supplier.
The results of the XRD analysis based on the Rietveld method
[27] for one representative sample of pH-adjusted FG, FA, and PC
are reported in Table 1. It is noteworthy that testing different
batches of the pH-adjusted FG can provide different strength and
durability properties depending on the natural variability of the
fluorspar used to produce FG, the amount of alkali material used
for neutralization, and the duration of weather exposure of the
stockpiled material. For the pH-adjusted FG provided by the sup-
plier, determination of the exact amount of CFBC ash used for pH
adjustment was not possible. Thus, only one batch of this material
was used in this study to minimize the variability induced by the
potential differences in CFBC ash content.

3.3. Investigation of compressive strength and volumetric expansion

3.3.1. Specimen preparation
The pH-adjusted FG was dried at a temperature of 45 �C for a

period of 14 h before preparation of the experimental specimens,
following the recommendations of standard ASTM D2216 [28] to
remove the free water without inducing dehydration of the gyp-
sum. The dry components of pH-adjusted FG, FA, and PC were
machine mixed together into a homogeneous blend. This blend
was mixed with water to obtain a uniform mixture and then
molded into cylinders of 10.15 cm � 20.3 cm (4 in � 8 in) size by
following ASTM C192 standard [29]. The cylindrical specimens
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Fig. 2. SEM images: (a) pH-adjusted FG, and (b) FA.

Table 1
Crystallographic compositions of FG, FA, and PC (% by dry weight).

Components FG FA PC

Akermanite: Ca2Mg(Si2O7) – 32.6 –
Alite: 3CaO�SiO2 – – 70.4
Anhydrite: CaSO4 5.7 6.8 –
Brownmillerite: Ca2(Al,Fe)2O5 – 29.4 23.3
Fluorite: CaF2 0.8 – –
Gypsum: CaSO4�2H2O 93.4 – 1.4
Periclase: MgO – 5.9 –
Perovskite: CaTiO3 – 3.9 –
Quartz: SiO2 0.1 20.3 –
Calcite: CaCO3 – – 4.9
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were de-molded after 24 h and cured at 100% humidity and 23 ±
2.0 �C for a curing period of 28 days. The amount of water used
in mixing the blend was kept constant and equal to 20% of the total
weight of dry material in order to investigate the effects of the
blend composition on the properties of the hardened material
independently from the water/cement content. The constant
amount of water used in this research was determined based on
the workability of the material and corresponded to the minimum
amount of water that ensured sufficient workability for all compo-
sitions considered (Table 2).
Table 2
Mixture proportions of dry components (i.e., pH-adjusted FG, FA, and PC) for FG-based
blend.

Designation Mix composition (% by dry wt.)

wFG wFA wPC

D1 60 38 2
D2 60 34 6
D3 60 30 10
D4 70 28 2
D5 70 24 6
D6 70 20 10
D7 80 18 2
D8 80 14 6
D9 80 10 10
D10 90 8 2
D11 90 4 6
D12 90 0 10
C1 73 25 2
C2 62 35 3
C3 75 18 2
3.3.2. Experimental matrix selection
The FG-based blends proposed in this study consist of three

individual dry cementitious material components (i.e., pH-
adjusted FG, FA, and PC). The compressive strength and volumetric
expansion were investigated by assuming that their values depend
only on the composition of the mixture, i.e., by considering a mix-
ture problem [30]. It is noted that the pH-adjusted FG used in this
research is a mix of FG and CFBC ash, in which the content of CFBC
ash varies between 2% and 5% from batch to batch (G. Mitchell,
Brown Industries, personal communication 2016). The separate
effects of the variability in CFBC ash content and of the FG compo-
sition were not explicitly investigated here, but it is likely that they
would increase the dispersion of the experimental results when
compared to those reported in this research.

The focus of this paper is investigating high-strength mixtures
with high content of pH-adjusted FG. Thus, the following composi-
tion ranges were experimentally investigated:

60% 6 wFG 6 90%
0% 6 wFA 6 38%
2% 6 wPC 6 10%

ð2Þ

in which wFG, wFA, and wPC denote the percentages of dry weight of
pH-adjusted FG, FA, and PC, respectively, with respect to the total
weight of dry material.

The experimental matrix with the proportions of the dry com-
ponents used to fabricate the FG-based blend is reported in Table 2.
Twelve compositions (designated as D1 through D12 in Table 2)
were used as fitting data points to develop predictive RSMs. For
each of the 12 compositions, a set of five cylindrical specimens
was prepared to study the effect of composition on compressive
strength and volumetric expansion. Three additional compositions
(designated as C1 through C3 in Table 2) were used as control data
points to validate the developed predictive models. These three
control points correspond to blends with low amounts of cement
and were chosen to validate the models in the region of lower cost
of the blends, which is the region of most practical interest. Five
cylindrical specimens were also prepared for each of these three
compositions. Hereinafter, each composition is identified by the
designation reported in Table 2 followed by three numbers in
parentheses separated by dashes and indicating the values of
wFG, wFA, and wPC, respectively, corresponding to the considered
composition.

3.3.3. Testing procedures
The testing procedures used for this research were selected

based on the goal of developing a FG-based blend as a substitute
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for ordinary concrete and/or limestone in outdoor and underwater
applications. Thus, the test methods commonly used for ordinary
concrete were also employed to investigate compressive strength
and volumetric expansion of the different FG-based blend compo-
sitions. It is noted here that the proposed material is a concrete
system, which after hardening contains binding material, water,
air, fine aggregate, and coarse aggregate (see Fig. 3). Compressive
strength tests were conducted following the method described in
the ASTM C39 standard for concrete specimens [33]. The relative
volumetric expansion after 28 days of curing (g) was calculated
as the ratio between the change in volume and the initial volume,
i.e.,

g ¼ ðV2 � V1Þ=V1 ð3Þ

where V1 and V2 denote the volume of each specimen immediately
after demolding and after 28 days of curing, respectively. The spec-
imens’ volumes were obtained using a graduated cylinder following
the ASTM C1005 standard [34]. It is noted here that ASTM does not
provide a standard for volumetric expansion of the material consid-
ered in this study. In particular, the ASTM standards for expansion
measurement of cement mortars (i.e., ASTM C806 [35]) and
shrinkage-compensating concretes (ASTM C878 [36]) cannot be
directly used for the FG-based blends. Since any modifications of
these standards would require significant investigations to verify
their consistency (e.g., [37–39]), the simpler approach described
above and based on elementary principles was preferred for this
preliminary study.
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Fig. 3. Representative cross-section of a hardened cylindrical sample of FG-based
blend.

Table 3
Experimental results for f c and g of FG-based compositions.

Data point classification Composition lf c
rf c

(wFG-wFA-wPC) (MPa) (MPa)

Fitting data points D1 (60-38-2) 10.8 1.1
D2 (60-34-6) 13.8 1.5
D3 (60-30-10) 5.5 0.4
D4 (70-28-2) 5.3 1.6
D5 (70-24-6) 3.5 0.7
D6 (70-20-10) 3.4 0.2
D7 (80-18-2) 3.6 0.4
D8 (80-14-6) 2.5 0.2
D9 (80-10-10) 4.5 0.2
D10 (90-8-2) 2.4 0.1
D11 (90-4-6) 1.8 0.3
D12 (90-0-10) 2.2 0.2

Control data points C1 (73-25-2) 4.4 0.9
C2 (62-35-3) 8.9 0.6
C3 (75-18-2) 4.0 0.5
3.3.4. Experimental results
The sample mean (l), sample standard deviation (r), and coef-

ficient of variation (COV) values of compressive strength (f c) and
relative volumetric expansion (g) for the different compositions
(separated between fitting and control data points) are reported
in Table 3. The presence of cracks visible to the unaided eye on
the specimens before testing is also reported as an indirect indica-
tor of excessive expansion. It was observed that the compressive
strength decreases considerably with increasing wFG when wPC is
equal to 2% and 6%, i.e., with a reduction in lf c

equal to 8.4 MPa
and 11.9 MPa, respectively, when wFG increases from 60% to 90%.
The decrease in lf c

is less pronounced and non-monotonous for
wPC equal to 10%, with a reduction in lf c

equal to 3.3 MPa when
wFG increases from 60% to 90%. The maximum and minimum val-
ues of lf c

for different amounts of wPC are always attained at wFG

equal to 60% and 90%, respectively. A similar trend in lf c
cannot

be identified for constant values ofwPC and the maximum andmin-
imum values of lf c

are attained for various wPC depending on wFG.
The coefficient of variation of the compressive strength (COVf c )
changes considerably among different compositions. The maxi-
mum COVf c value is 30.9% and is observed for composition D4

(70-28-2), whereas the minimum COVf c value is 4.1% and is
observed for D9 (80-10-10). Also for this quantity, a trend cannot
be easily identified. However, it is observed that the values of
COVf c tend to be relatively smaller and change less for composi-
tions with wPC equal to 10% than for compositions with other con-
tents of cement.

Regarding the relative volumetric expansion (g), lg tends to
increase when wPC increases and wFG is equal to 60%. For other val-
ues of wFG, the maximum values of lg occur always at wPC equal to
6%. The range of variability for COVg was similar to that measured
for COVf c , i.e., 4.1% � COVf c � 35.5%. The maximum COVg value is
35.5% and is observed for composition D1 (60-38-2), whereas the
minimum COVf c value is 4.1% and is observed for D3 (60-30-10).

It was also found that f c and g are negatively correlated with a
correlation coefficient qf c ;g equal to �0:55, with compositions D2

(60-34-6) and D1 (60-38-2) corresponding to the two highest val-
ues for lf c

(i.e., 13.8 MPa and 10.8 MPa, respectively) and the
two lowest values for lg (i.e., 2.7% and 2.2%, respectively). This
negative correlation can be observed from the trend line presented
in Fig. 4, where the average compressive strength is plotted versus
the average relative volumetric expansion for all tested composi-
tions. The visual inspection of the specimens indicates that the
specimens for all compositions with lg 6 6:3% did not present
COVf c lg rg COVg Visible

(%) (%) (%) (%) Cracks

10.2 2.2 0.8 35.5 No
11.0 2.7 0.9 29.3 No
6.9 12.3 0.5 4.1 Yes
30.9 6.1 1.3 20.6 No
19.2 16.3 1.1 6.4 Yes
7.1 8.5 1.6 18.5 Yes
10.1 8.3 2.0 24.5 No
8.2 11.7 0.6 5.4 Yes
4.1 5.2 0.8 15.8 No
5.9 3.3 0.5 13.6 No
20.1 9.6 1.4 14.9 Yes
7.4 6.3 1.2 18.9 No

21.5 8.1 0.5 6.3 Yes
6.8 4.1 0.6 15.2 No
13.3 8.3 1.4 17.1 Yes
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any visible cracks before compression testing (e.g., see Fig. 5(a) for
composition C2 (62-35-3) with lg equal to 4.1%). Conversely, the
specimens for all other compositions (i.e., with lg P 8:1%Þ had
visible cracks (e.g., see Fig. 5(b) for composition D5 (70-24-6) with
lg equal to 16.3%), with the exception of the specimens corre-
sponding to composition D7 (80-18-2), for which lg is equal to
8.3% and no cracks were visible before testing (see Fig. 5(c)).
3.3.5. Discussion of results
As previously observed, the values of lf c

and lg depend on wPC

and wFG in a nonlinear and non-monotonic manner. This phe-
nomenon can be partially explained by the combination of com-
peting effects that take place when wPC is increased and are
related to the formation of ettringite: (1) the production of ettrin-
gite due to reaction between gypsum and cement during the early
hydration phases fills in pores and voids of the porous gypsum
structure to form a denser matrix, and (2) delayed production of
ettringite leads to a high volumetric expansion and eventually
deterioration of the strength [40]. It is hypothesized that the same
two competing mechanisms affecting lf c

and lg are also influenc-
ing their variability, COVf c and COVg, i.e., the production of early
ettringite tends to reduce the values of COVf c and COVg, whereas
the production of late ettringite tends to increase the values of
COVf c and COVg. However, the further investigations that would
(a) 

Visibl

Fig. 5. Visual inspection of different specimens before compressive strength test: (a) com
D5 (70-24-6) sample with visible cracks and lg ¼ 16.3%, and (c) composition D7 (80-18

Table 4
Coefficients of the RSMs for f̂ c and ĝ.

i = 0, j = 0 i = 0, j = 1 i = 0, j = 2

aij -219.59 860.93 �1069.19
bij 2434.38 �9856.51 13156.89

i = 1, j = 2 i = 1, j = 3 i = 2, j = 0

aij 14220.06 �5751.71 �2459.64
bij �67094.12 28868.08 10384.34
be needed to test this hypothesis are outside the scope of this
paper. The presence of visible cracks for the higher values of lg

also partially explains the negative correlation between compres-
sive strength and relative volumetric expansion observed in
Fig. 4, since the presence of visible cracks leads to a reduction in
compressive strength.

3.3.6. Response surface model development
Two RSMs were developed by fitting the coefficients of a poly-

nomial function of the percentage of PC and pH-adjusted FG to the
sample means of the experimentally measured compressive
strengths and relative volumetric expansions (see Table 3). Least
squares fitting was employed via the ‘‘sftool” MATLAB toolbox
[41]. The independent variables were scaled as x ¼ wPC=10 and
y ¼ wFG=100 in order to minimize the round-off error [42]. The fol-
lowing polynomial expressions are proposed for the RSM of the
compressive strength and relative volumetric expansion:

f̂ cðx; yÞ ¼
X2

i¼0

X3

j¼0

ðaijxiy jÞ; 0:2 6 x 6 1; 0:6 6 y 6 0:9 ð4Þ

ĝðx; yÞ ¼
X2

i¼0

X3

j¼0

ðbijxiy jÞ; 0:2 6 x 6 1; 0:6 6 y 6 0:9 ð5Þ

respectively, in which f̂ c and ĝ denote the numerical estimate of the
FG-based blend’s compressive strength (in MPa) and relative volu-
metric expansion (in%), respectively; and aij and bij (the numerical
values of which are reported in Table 4) denote the polynomial
coefficients for the two RSMs obtained from the surface fitting pro-
cedure. It is noted here that the selected polynomial expressions are
exact fits to the fitting data points. Reducing the order of the poly-
nomials was found to produce relatively large differences between
the experimental results and the RSM estimates at the fitting data

points (e.g., up to 53.8% errors for f̂ c and up to 38.5% errors for ĝ
when using a quadratic model with nine coefficients). It was also
verified that the fitted RSMs do not exhibit extreme oscillatory
behaviors within the fitting data points, which would be an indica-
tion of overfitting [43]. It is also noted that different fitting tech-
niques (i.e., parametric fitting) and RSM functional expressions
(c) (b) 

e Crack 

position C2 (62-35-3) sample with no visible cracks and lg ¼ 4.1%, (b) composition
-2) sample with no visible cracks and lg ¼ 8.3%.

i = 0, j = 3 i = 1, j = 0 i = 1, j = 1

430.56 3134.54 �11625.61
�5794.33 �12992.15 51481.48

i = 2, j = 01 i = 2, j = 02 i = 2, j = 3

8928.03 �10678.63 4221.16
�40743.85 52593.63 �22422.13
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(e.g., Gaussian and exponential models), as well as fitting the RSM
to all sample measurements instead of to the mean values, were
investigated. However, the RSMs presented here were the ones with
the best predictive capabilities for the parameters of interest.

Fig. 6 (a) and (b) plot the RSMs of f̂ c and ĝ and compare them
with the experimentally derived sample mean compressive
strength and relative volumetric expansion, respectively, at the
three control points C1 (73-25-2), C2 (62-35-3), and C3 (75-18-2)
(identified by red triangular markers). The sample mean values
of compressive strength and relative volumetric expansion at the
fitting data points are also reported and are identified by black
dots. The robustness of the RSMs with respect to random errors
in the component amounts due to weight measurement tolerance
(i.e., ±0.3333% for pH-adjusted FG and ±0.0006% for PC) was evalu-
ated by using Monte Carlo simulation. In particular, 10,000 error
samples were randomly generated by assuming a uniform distri-
bution of the measurement errors at each fitting point. For each
of these samples, a new RSMmodel was fitted and the compressive
strengths at the control points (with randomly simulated errors in
the compositions) were recalculated. Table 5 reports the RSM-

based estimates of the compressive strength,̂f c , and relative volu-
metric expansion, ĝ, with their corresponding 95% confidence
intervals, as well as the relative errors in compressive strength,
df̂ c , and relative volumetric expansion, dĝ, with their corresponding

95% error margins. The variability of the predicted f̂ c and ĝ values
due to the effects of weight measurement tolerance on the RSMs is
significantly lower than the natural variability (i.e., sample stan-
dard deviation) measured in the experimental tests for both com-
pressive strength and volumetric expansion (see Table 3). This

result suggests that the developed RSMs for f̂ c and ĝ can be used
for predicting the expected values of compressive strength and vol-
umetric expansion within the ranges 2% 6 wPC 6 10% and
60% 6 wFG 6 90%: It is also noted here that the variability of the
RSM-based estimates at the fitting data points due to random
errors in the components’ weight measurement is negligible for

both f̂ c and ĝ.
Fig. 6. RSMs: (a) f c , and (b) g. d: fitting

Table 5
Comparison of control experimental data points and RSM results: estimates of compress
margins, and relative errors, df̂ c and dĝ , with corresponding 95% error margins.

Composition f̂ c df̂ c
(wFG-wFA-wPC) (MPa) (%)

C1 (73-25-2) 4.5 ± 0.1 3.20 ± 2
C2 (62-35-3) 10.2 ± 0.5 15.36 ±
C3 (75-18-2) 4.2 ± 0.1 4.53 ± 2
3.4. Identification of appropriate composition ranges for outdoor and
underwater applications

The FG-based blends considered in this study were investigated
for construction of breakwaters for coastal protection applications.
This type of structures is expected to resist wave and current loads
in addition to self-weight and hydrostatic pressure. According to
the design methodology described in the Coastal Engineering Man-
ual (CEM) [44] and Van Der Meer and Sigurdarson [45], the break-
water’s height should be selected to avoid overtopping of the
breakwater by the sea waves. By assuming a water depth of 4 m,
soft soil depth of 5 m, and significant wave height of 0.65 m in
the coastal regions of Louisiana, a breakwater designed for these
conditions could reach a height of 14 m [46,47]. By further assum-
ing that the core of the breakwater is made of FG-based blend and
that the load carrying contact area for the core material is 30% of its
total horizontal cross-sectional area, using a safety factor equal to
four, the compressive strength for the FG-based blend for this
application should be higher than or equal to about 4.0 MPa
(580 psi). However, it should be noted that this value is a conserva-
tive estimate of the compressive strength requirements for the FG-
based blend in breakwater construction and that the identification
of the appropriate compressive strength for this type of application
is outside the scope of the paper. Based on the experimental results
reported in the previous sections of this paper, the maximum rel-
ative volumetric expansion, g, of the FG-based blend should be
lower than 6% (see Table 3) in order to avoid possible cracking,
which would produce initiation points for the fracture of the mate-
rial and, thus, make the breakwater structure more vulnerable to
leaching and wave loads. Based on the above considerations,
appropriate ranges for wPC, wFG, and wFA, were identified using

the developed RSMs for f̂ c and ĝ. Fig. 7 shows the contour lines
of the RSMs corresponding to fc = 4 MPa and g = 6% and the two
regions (identified by the portions of the plot that are not hatched)
that contain the ranges of wPC and wFG that are appropriate for the
proposed application. One region corresponds to low values of wPC

and wFG, whereas the second region corresponds to high values of
data points, : control data points.

ive strenght, f̂ c , and relative volumetric expansion, ĝ, with corresponding 95% error

ĝ dĝ

(%) (%)

.75 7.2 ± 0.2 �11.24 ± 2.09
5.28 4.2 ± 0.6 2.58 ± 14.06
.30 7.8 ± 0.1 �6.54 ± 1.54
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wPC and values of wFG that are close to 80%. Among the composi-
tions in the region corresponding to low values of wPC and wFG,
composition C2 (62-35-3) (identified by a black dot in Fig. 7) was
selected for further investigation since it met the required condi-
tions (i.e., lf c

¼ 8.9 MPa greater than 4 MPa and lg ¼ 4.1% less
than 6%).
4. Further studies on composition C2 (62-35-3)

In the second phase of this study, the following mechanical and
physical properties were investigated for the selected composition
C2 (62-35-3), in order to investigate its application potential: (1)
modulus of elasticity and Poisson’s ratio, which are mechanical
properties needed to characterize the material for structural anal-
ysis (e.g., via finite element analysis); (2) initial and final setting
times, which correspond to the time after which a hardening mate-
rial loses its plasticity (i.e., it cannot be formed any more) and gains
enough strength to begin final finishing, respectively; (3) dry den-
sity, i.e., weight per unit volume of the dry material; (4) void con-
tent, which can be used as a measure of non-uniformity in a
concrete and can affect several mechanical properties such as fati-
gue resistance, water penetration, and weathering; and (5) bulk
density of the material after it is crushed. In addition, the effect
of curing time on compressive strength and relative volumetric
expansion were also experimentally investigated. Following the
presentation of the experimental results, a brief discussion of the
appropriateness of composition C2 (62-35-3) for outdoor and
underwater applications when compared to ordinary concrete is
also provided.
Table 6
Curing effects on compressive strength and relative volumetric expansion of
composition C2 (62-35-3).

Day lf c
(MPa) rf c (MPa) lg (%) rg (%)

7 5.0 0.3 2.3 0.3
14 6.3 0.6 4.0 0.3
28 8.9 0.6 4.1 0.6
56 10.6 1.2 4.2 0.5
4.1. Chord modulus of elasticity and Poisson’s ratio

The chord modulus of elasticity (E) and Poisson’s ratio (m) were
measured for the FG-based composition C2 (62-35-3) based on the
procedure described in the ASTM C469 standard [48]. Five cylindri-
cal specimens were subjected to four loading cycles between 1%
and 40% of the sample mean compressive strength estimated from
compressive strength tests. All specimens of FG-based blend
remained approximately linear elastic within these load levels.
The values of E ranged between 7.53 GPa and 9.49 GPa, with a sam-
ple mean lE equal to 8.66 GPa and a sample standard deviation rE

equal to 0.83 GPa; whereas the values of m ranged between 0.17
and 0.19, with a sample mean lm equal to 0.18 and a sample stan-
dard deviation rm equal to 0.01.
4.2. Setting time

The initial and final setting times of composition C2 (62-35-3)
were identified using three sample specimens according to the
procedure described in the ASTM C403 standard [49]. The average
initial and final setting times were equal to 131 min and ltf

equal
to 325 min, respectively, with sample standard deviations equal to
rti equal to 8 min and rtf equal to 7 min, respectively.

4.3. Dry density, void content, and bulk density

The dry density (qd) and void contents (n) were determined by
following the procedure specified by the ASTM C1754 standard
[50]. Five specimens of composition C2 (62-35-3) were tested and
the average dry density and void content were estimated as lqd

equal to 1750 kg/m3 and ln equal to 9.3%, respectively, with sam-
ple standard deviations of rqd

equal to 7 kg/m3 and rn equal to
0.3%, respectively.

The bulk density (q) of the FG-based blend after crushing was
determined by following the procedure specified by the ASTM
C29 standards [51]. Five specimens of composition C2 (62-35-3)
were crushed to grain sizes of 1 to 5 cm and the bulk density
was calculated. The sample mean and sample standard deviation
of the bulk density were estimated as lq equal to 963 kg/m3 and
rq equal to 41 kg/m3, respectively.

4.4. Curing time effects on volumetric expansion and compressive
strength

A total of 20 identically prepared specimens of composition C2

(62-35-3) were used to investigate the effect of curing time on
compressive strength, f c , and relative volumetric expansion, g.
Four sets of five cylindrical specimens were tested for compressive
strength and relative volumetric expansion after 7, 14, 28, and 56
days of curing, respectively. The experimental results from these
tests are reported in Table 6. As expected, it is observed that the
specimens gain strength at a high rate at the beginning of the cur-
ing process, and that this rate decreases with time. In fact, the FG-
based blend reached a 5.0 MPa compressive strength after the first
7 days of curing, which corresponds to 56% of the measured com-
pressive strength after 28 days, and gained 1.3 MPa of additional
compressive strength in the second 7 days of curing. It is also
observed that the compressive strength gain is still significant after
28 days of curing, with an additional increase in compressive
strength equal to 1.6 MPa between 28 and 56 days of curing (i.e.,
almost 18% of the 28-day compressive strength). This gain of
strength with the curing period indicates that the porous gypsum
matrix that develops in the early curing phase is gradually filled
in by hydration products such as ettringite. It is observed that
the increased rate for the relative volumetric expansion follows a
similar trend as the increased rate for the compressive strength,
i.e., it is higher at the beginning of the curing time and gradually
reduces to almost zero after 28 days of curing. In fact, a relative
volumetric expansion of 2.3% was measured after 7 days of curing,
an increment of 1.7% was measured between 7 and 14 days of cur-
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ing, and an increment of only 0.1% was measured between 28 and
56 days of curing. The formation of ettringite due to the reactions
between pH-adjusted FG and PC could be responsible for the rela-
tive volumetric expansion and its rate of increase. However, addi-
tional tests (including chemical analysis and XRD) are needed to
verify this hypothesis.
4.5. Discussion of experimental results for composition C2 (62-35-3)

The experimentally measured properties of the selected compo-
sition C2 (62-35-3) are discussed in terms of the potential use of
this FG-based blend as a substitute for ordinary concrete in out-
door and underwater construction, as well as for granular materi-
als commonly employed for construction of artificial reefs, such as
recycled crushed concrete and crushed limestone. Thus, first the
mechanical and physical properties of this FG-based blend are
compared with those of ordinary concrete when considered as con-
tinua, and then with those of granular materials. It is noteworthy
that composition C2 (62-35-3) has a very low dissolution rate in
water, with an effective diffusion coefficient of 4.54 � 10�13 m2

s�1 at room temperature (21 ± 2 �C), in contrast with natural gyp-
sum and FG, which have significantly higher effective diffusion
coefficients in water equal to 1.0 � 10�9 m2 s�1 [52] and 4 �
10�10 m2 s�1 [53], respectively, and are not appropriate for outdoor
and underwater construction.

The mechanical properties of the FG-based blend corresponding
to composition C2 (62-35-3) compare to those of Portland cement
concrete as follows: (1) the sample mean compressive strength of
the FG-based blend is lf c

¼ 8.9 MPa, which is significantly lower
than the common range of compressive strength for Portland
cement concrete, i.e., 20–40 MPa [54]; (2) the sample mean modu-
lus of elasticity of the FG-based blend is lE ¼ 8.7 GPa, which is also
lower than the common range for ordinary concrete, i.e., 21–40
GPa; and (3) the sample mean Poisson’s ratio of the FG-based blend
is lm ¼ 0.18, which is within the common range for ordinary con-
crete, i.e., 0.15–0.20 [54].

The physical properties of the FG-based blend corresponding to
composition C2 (62-35-3) compare to those of Portland cement
concrete as follows: (1) the sample mean relative volumetric
expansion of the FG-based composite binder during curing is
4.1%, which is significantly larger than that of ordinary concrete
(i.e., usually less than 1%) [54]; (2) the sample mean dry density
of the FG-based blend is 1750 kg/m3, which is significantly lower
than that of ordinary concrete, i.e., 2200–2400 kg/m3 [54]; and
(3) the average initial and final setting times of the FG-based blend
are lti

= 130 min and ltf
= 325 min, which are lower than the

ranges for the corresponding quantities for ordinary concrete, i.e.,
180–510 min for the initial setting time, and 360–670 min for
the final setting time [54]. The compressive strength gain of the
FG-based blend is still significant after 28 days of curing, with an
additional increase in compressive strength equal to 1.6 MPa
between 28 and 56 days of curing, i.e., an increase of almost 18%
of the 28-day compressive strength, compared with the 3% to
15% increase commonly observed in ordinary concrete during the
same period [54].

From the presented comparison, it is suggested that the consid-
ered FG-based blend can be used in outdoor and underwater appli-
cations with low strength and low stiffness requirements (e.g.,
artificial reefs armored with limestone cover), in which initial
expansion can be considered a positive effect or at least is not a
concern, and quick setting is desirable. Such applications include
small non-structural soil retaining walls, sidewalks, and decorative
elements.

The use of the considered FG-based blend in granular form for
construction of artificial reefs is also of significant interest. In fact,
this structural typology can be built using low-strength aggregates
that are insoluble in water. Crushed recycled concrete and lime-
stone are commonly used as construction materials for this appli-
cation. However, in the US Gulf Coast region and particularly in
Louisiana, these materials presents two severe drawbacks: (1) they
are expensive due to their limited local availability and need for
lengthy transportation [23]; and (2) they are heavy, with bulk den-
sities of 1265–1380 kg/m3 for crushed recycled concrete [55] and
of 1200–1450 kg/m3 for crushed limestone with grain sizes of 1–
5 cm [55] and, thus, tend to quickly sink in the soft sea bed near
the coast [56]. The crushed FG-based blend corresponding to com-
position C2 (62-35-3) has an average bulk density of 963 kg/m3 for
grain sizes of 1–5 cm, which represents a reduction of 20%–33% of
the material unit weight. From an economical point of view, the
total cost (i.e., the sum of material and transportation costs) of
the FG-based blend corresponding to composition C2 (62-35-3) is
expected to be significantly lower than the total cost of crushed
limestone. Therefore, it appears that the considered FG-based
blend could be beneficially used for construction of artificial reefs,
e.g., in Louisiana.
5. Conclusions

In this paper, compressive strength and relative volumetric
expansion of a fluorogypsum-based blend were experimentally
investigated by considering different proportions of the dry com-
ponents, i.e., pH-adjusted fluorogypsum (FG), fly ash (FA), and Port-
land cement (PC). The pH-adjusted FG content was varied between
60% and 90% of the dry material weight, whereas the PC content
was varied between 2% and 10% of the dry material weight. From
the experimental results, it was observed that (1) the compressive
strength decreases considerably for increasing content of pH-
adjusted FG when the PC content is equal to 2% and 6%, whereas
this decrease is less pronounced and non-monotonous for PC con-
tent equal to 10%; (2) the maximum and minimum values of com-
pressive strength for different amounts of PC are always attained
for pH-adjusted FG contents of 60% and 90%, respectively; (3) vol-
umetric expansions greater than 6.3% correspond to the formation
of visible cracks on the specimens; (4) compressive strength and
relative volumetric expansion are negatively correlated with a cor-
relation coefficient equal to -0.55.

Two response surface models (RSMs) were developed and used
for the prediction of the compressive strength and relative volu-
metric expansion of different compositions. The precision and the
accuracy of these models were validated by using three control
data points. Using these RSMs, appropriate composition ranges
were identified by considering the construction of breakwaters as
an application. Among the acceptable compositions in terms of
minimum strength and maximum relative volumetric expansion,
a composition containing 62% pH-adjusted FG, 35% FA, and 3% PC
was further investigated in terms of modulus of elasticity, Pois-
son’s ratio, initial and final setting times, dry density, void con-
tents, and effect of curing time on the compressive strength.
These additional experimental results indicated that the consid-
ered composition appears to be a promising low-cost material for
specific outdoor and underwater construction applications with
low strength and low stiffness requirements, as well as for con-
struction of artificial reefs along the US Gulf Coast region. However,
it is highlighted here that further research is needed to investigate
other properties of this material, such as underwater expansion
and long-term durability, before it can be reliably used for the pro-
posed applications. The RSMs developed in this study are based on
the proportions of pH-adjusted FG, FA, and PC used in any given
composition and represent useful tools for practical comparison
and selection of different compositions. However, a new set of
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RSMs based on the proportion of different hydration products
within the hardened material could also be developed to provide
a mechanistic prediction of the performance of any given
composition.

Future research should also focus on: (1) improving the
strength and durability of this material, e.g., by reducing the vari-
ability introduced by inhomogeneous addition of alkali material
and prolonged weather exposure; and (2) investigating the use of
appropriately modified FG-based blends as cementitious materials
used to build reinforced concrete structures. For this different
application, a completely new set of properties (e.g., corrosivity
for steel reinforcement bars and resistance to freeze-thaw cycles)
should also be investigated.
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