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Abstract: Calcined diatomaceous earth (CDE)with a max-
imum grain size of 143 μm was used to partially replace 5
and 10% of cement in ultra-high-performance concrete
(UHPC) mixtures. The other materials used in producing
the concrete include Ordinary Portland Cement, iron ore
powder, and river sand with maximum grain sizes 112.5,
231, and 766.2 μm, respectively. Moreover, the UHPC spe-
cimens designed with a water–cement ratio of 0.2 and a
superplasticizer of 1.5% from the cement weight were
tested for flow, compressive strength, flexural strength,
splitting tensile strength, durability against NaCl and
Na2SO4 attack, and resistance to 400, 500, and 600°C
temperatures. The results showed that the use of 5 and
10% CDE to replace cement was able to increase the com-
pressive strength, flexural strength, splitting tensile strength,
the durability of UHPC against NaCl, and Na2SO4, as well as
its resistance to high temperatures but reduced the mix-
ture flow.

Keywords: ultra-high-performance concrete, calcined
diatomaceous earth, strength

1 Introduction

Ultra-high-performance concrete (UHPC) is a relatively
new construction material with very high strength devel-
oped in the 1990s in France [1–4]. It is possible to
increase its compressive strength up to 800MPa when

steel aggregates smaller than 800 μm are used with the
addition of steel fiber under pressure and heat treatment
curing [1]. UHPC also has excellent durability due to the
reduced pore size and number [5–8] and has also been
reported to have a very low absorption capacity and per-
meability [9–12], which makes it more resistant to freeze–
thaw cycles [12–19] and chloride penetration [11,12,20].
This concrete is denser and has relatively homogeneous
particle packing, which leads to a better fatigue perfor-
mance and subsequently an increase in sustainable con-
struction [21,22]. However, its reduced porosity makes it
more susceptible to fire or elevated temperatures [23–26].

The production of UHPC requires a very large quan-
tity of cement, which exceeds 1,000 kg/m3 [27–29] or a
combination of cement and silica fume with the silica
fume quantity generally higher than 175 kg/m3 [27–43].
The large amount of cement consumed in UHPC produc-
tion makes this concrete not an environmentally friendly
construction material since cement has been reported to
be one of the major contributors to the production of
greenhouse gas emissions, especially CO2 [44]. A total
of 5–7% of global CO2 emissions is caused by cement
plants with each ton produced reported to be emitting
900 kg into the atmosphere [45]. The CO2 emissions further
lead to global warming and more disastrous consequences
if not controlled and reduced [46,47]. To reduce using
cement quantity in UHPC, many studies have been con-
ducted to replace partially cement with mineral additives.
Some of the additives usually added include fly ash [48,49],
nano-silica [32,33], silica powder or silica flour [38,39], lime-
stone powder [50–54], ground granulated blast furnace
slag [43,54–57], quartz powder [51,57,58], rice husk ash
[59], and glass powder [60,61]. Moreover, the production
process requires using a special type of sand such as quartz
[28,56] or silica sands [35–40,43]. It is also important to
note that the curing process is also special as indicated
by steam [2,34,38,58], moist [49,56], or heat treatment
[5,13,18,28,29,35–39,55,35–40,62] curing. This means that
it has a very high production cost and its application is
limited [63,64].
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Diatomaceous earth is classified as a natural class N
pozzolanic material [65] and also as one of the supple-
mentary cementing materials with relatively high silica
content [66–68]. It is also possible to increase its silicate
content through the calcination process. Several studies
have been conducted to replace cement with this diatomac-
eous earth in high-strength concrete mixtures (concrete with
a compressive strength between 45 and 90MPa) [69–71] but
none has focused on its use in UHPCmixtures (concrete with
compressive strength above 90MPa).

This study was used to design a mixture of UHPC
using local materials such as river sand (RS), iron ore
powder (IOP), Ordinary Portland Cement (OPC), and cal-
cined diatomaceous earth (CDE). The quantity of cement used
was not too high and partially replaced by CDE while the
production was made through normal curing to ensure that
the process is simpler and cost-friendly toward achieving
wider application. In addition, the replacement of partial
cement with CDE reduces negative environmental impact
since CO2 emitted is reduced by 78.48 tons for every
1,000m3 of brick masonry work by using CDE as a 40%
cement replacement in cement mortar production [72].
The aim of this study was, therefore, to determine the
effect of partial replacement of OPC with CDE on flow,
compressive strength, flexural strength, splitting tensile
strength, durability against NaCl and Na2SO4 attack, and
the resistance to high temperatures of UHPC.

2 Materials and methods

2.1 Materials

The materials used include OPC, calcined diatomite earth
(CDE), IOP, and RS. The OPC was used as a binder while

CDE was used for partial replacement of cement. The IOP
was used as filler while RS was used as aggregate.
Meanwhile, the OPC used is a product of PT Solusi
Bangun Andalas, which has a maximum grain size of
112.5 μm, while the CDE was produced from chunks
of diatomaceous earth from Aceh Besar Regency by
mashing and sieving to ensure that it passes through a
#200 sieve, baked at 100°C for 24 h, and calcined in a
laboratory furnace at 650°C for 5 h. The maximum dia-
meter of the CDE particles used was 143 μm. Moreover,
the IOP was produced from an iron ore mine located in
Aceh Besar District through mashing and sieving to have
a maximum diameter of 231 μm while the RS was also
sieved to have a maximum diameter of 766.2 μm. The
particle size distribution of OPC, CDE, IOP, and RS was
analyzed through a particle size analyzer (PSA) test
using a MicroBrook 2000 L PSA test device and the
results are presented in Figure 1. Meanwhile, the specific
surface and specific gravity of the four materials are
shown in Table 1 while the chemical composition of
OPC and CDE determined using the X-ray fluorescence
test is indicated in Table 2. The clean water supplied by
PDAM (Local Water Company) was used for mixing
while a polycarboxylate-based superplasticizer with a
specific gravity of 1.06 was applied to adjust the con-
crete workability.

2.2 Mix proportion

Themix proportion of the solid materials in the UHPC was
determined using the Modified Andreasen and Andersen
Model (MAAM), which involved producing a target curve
for the volume of the solid material distributed in the
concrete using the following equation [73–78]:
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Figure 1: Particle size distribution of materials, target curve (MAAM), and grading curve of UHPC mixtures.
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where P(D) is the volume fraction of solid materials with
sizes smaller than D, D is the solid material particle size,
Dmin is the minimum particle size, Dmax is the maximum
particle size, and q is the modulus distribution. A soft-
ware known as EMMA from Elkem was used to simplify
the mix design process and speed up the packing density
calculation process. Moreover, a q value, which is less
than 0.36, is required for optimal packing density while
a value of higher than 0.25 is needed for a good flow [79].
Therefore, this study set the q value at 0.35.

The proportion of each solid material in the mixture
was adjusted to ensure an optimal match between the
prepared mixture and the target curve. The reduction in
the deviation between the target curve and the mixture
made it possible to use the concrete composition. An
optimum comparison was achieved by minimizing the
sum of the residual squares as follows [74,75]:
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where RSS is the sum of the residual squares, Pmix is the
mixture gradation, and Ptar is the target grading according
to MAAM.

The proportion of mixtures without CDE was first
determined and this includes the solid materials con-
sisting of the OPC, IOP, and RS. This was followed by
the replacement of 5 and 10% of the OPC with CDE in other
mixtures. This means that three UHPC mixes were used in
this study and their grading curves presented in Figure 1

are observed to be very close to the target curve. Moreover,
the quantity of water used was determined based on the
water–cement ratio (w/c) of 0.2 while the superplasticizer
was set at 1.5% of the cement weight. The mix proportions
of the three UHPC mixtures is presented in Table 3.

2.3 Preparation of specimens

The UHPC specimens were produced by mixing all the
materials in a mixer using the procedure suggested by
Yu et al. [74]. This involved placing all the solid materials
including OPC, CDE, IOP, and RS in a mixer and stirred at
low speed for 30 s as indicated in Figure 2. The process
was followed by the addition of 80% of the mixing water
to the mixer and stirred at low speed for 90 s after which
it was stopped for 30 s. Finally, the remaining mixing
water and superplasticizer were added and stirred at
low speed for 180 s and later at high speed for 120 s.

The UHPC mixtures were cast into steel molds and each
mixture has 85 cube specimens with 75mm size, 10 beam
specimens with 75m × 75mm × 350mm dimension, and
10 cylinder specimens with 50mm diameter and 100mm
height. The cube specimens were used for the compression
test, exposure to NaCl and Na2SO4, and exposure to high
temperatures. The beam specimenswere used for four points
bending test while the cylinder specimens were for the split
tensile test. The specimen’ shape and size used in this study
were based on previous studies [48,80,81]. It is important to
note that five specimens were used for each test. Moreover,
the molds were removed after 24 h of casting and cured in
fresh water for 28 days.

2.4 Flow test

The flow tests were conducted based on the procedure in
ASTM C 1437-07 [82] using the apparatus described in

Table 1: Specific surface and specific gravity of materials

Materials Specific surface (m2/kg) Specific gravity

OPC 539.80 3.16
CDE 675.60 2.18
IOP 574.20 3.57
RS 370.00 2.65

Table 2: Chemical composition of OPC and CDE

Chemical analysis OPC (%) CDE (%)

CaO 70.34 16.34
SiO2 17.25 78.73
Al2O3 2.32 0.39
Fe2O3 4.67 2.89
MgO 2.13 1.11
SO3 2.56 0.39
K2O 0.73 0.15

Table 3: Mix proportion for 1 m3 concrete volume

Materials Weight (kg)

Replacement level (%) 0 5 10
OPC 872.00 828.40 784.80
CDE 0.00 43.60 87.20
IOP 87.20 87.20 87.20
RS 1220.80 1220.80 1220.80
Water 174.40 174.40 174.40
Superplasticizer 13.08 13.08 13.08
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ASTM C 230/C 230M-08 [83]. This involved placing steel
cones designed with a bottom and top diameter of 4, 2.75,
and 2 in. height at the middle of the flow table. The
freshly mixed concrete was then placed into the steel
cone in two layers. Each layer was tamped 20 times.
Moreover, the surface of the concrete mixture at the top
of the cone was leveled after which the cone was lifted
for the concrete mixture to flow around and the flow
table was immediately vibrated 25 times in 15 s. The
flow diameter of the concrete mixture was measured
four times at different positions and the average value
was recorded as indicated in Figure 3. The flow value
was, therefore, calculated in percentage using the fol-
lowing equation:

=

−

×F
D D

D
100%,v

avg o

o
(3)

where Fv is the flow value, Davg is the average flow dia-
meter, and Do is the inner diameter on the bottom of the
steel cone.

2.5 Mechanical properties test

The mechanical properties of the UHPC were tested when
the specimens were 7 and 28 days old. The process involved
removing the specimens from the bath and wiped with a
cloth to dry a day before the test. The compressive strength
was determined by placing the specimen between two
plates of the compression test machine and a compressive
load was applied up to the moment the specimen was failed
as shown in Figure 4. The flexural strength was evaluated
using the four-point bending test and this involved sub-
jecting a beamplaced on two supports at a span of 300mm
to two equal loads, which are at 75mm from each support
up to the period the specimen was crushed as shown in
Figure 5. Meanwhile, the splitting tensile strength test was
conducted by laying down the cylinder specimens on the
plate of the testing machine and a load was applied from

Figure 2: Mixing of UHPC mixture.

Figure 3: Flow test.

CCube specimenn

Figure 4: Compression test.

Beam specimen

Figure 5: Four-point bending test.
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the top up to the moment the specimen was crushed as
shown in Figure 6.

2.6 Exposure to NaCl and Na2SO4 solutions

The UHPC specimens were exposed to NaCl and Na2SO4

to determine their durability against the attack of these
chemicals. The test was conducted separately on 28-day-
old cube specimens. The specimens used were removed
from the water curing the day before the test, wiped till
they dry, and left at room temperature for 24 h. Moreover,
the specimens were weighed before exposure to deter-
mine their mass using a digital scale and also tested for
compressive strength. The process involved immersing
the specimens separately in 10% NaCl and 10% Na2SO4

solutions, respectively, as shown in Figure 7 with the
vessel being in a closed state during the process. It is
important to note that a total of 30 cube specimens were

used for each mixture with five specimens removed
after 1, 2, 5, 7, 9, and 12 months of immersion for visual
observation, mass weighing, and compressive strength
test.

2.7 Exposure to high temperatures

The specimens were also exposed to high temperatures to
determine the resistance of UHPC to heat. The test was
also conducted after the specimens were 28 days old.
The specimens used were removed from the water curing
the day before the test, wiped till they dry, and left at
room temperature for 24 h. Their mass and compressive
strength were also determined after which they were
inserted into a laboratory furnace as shown in Figure 8
and exposed to temperatures of 400, 500, and 600°C for
5 h, respectively. This was followed by the removal of
each of the specimens from the furnace and allowed to
room temperature for visual observation, mass weighing,
and compressive strength test.

Cyliinder specimeen

Figure 6: Splitting tensile test.

Figure 7: The specimens exposed to NaCl and Na2SO4 solution.

Figure 8: The exposure of the specimens in the laboratory furnace: (a) temperature set up and (b) specimens in the furnace.
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3 Results and discussion

3.1 Flow of UHPC

Figure 9 shows that the UHPC flow value decreased as the
CDE increased but all the UHPC mixtures flow easily and
compact when cast in the molds. The decrease in the flow
value was associated with the water-absorbing character-
istics of the CDE used to replace cement as well as the fact
that the more quantity of finer particles of CDE needed a
higher quantity of water to become wet when compared
to the cement surface. This result was found to be in line
with the findings of several previous studies [68,84].

3.2 Mechanical properties of UHPC

The mechanical properties of the UHPC including com-
pressive, flexural, and splitting tensile strengths were
tested at the age of 7 and 28 days and the results are
presented in Figures 10–12. It was discovered that the
use of CDE as a cement replacement at 5 and 10% levels
was able to increase the strength of UHPC with the
highest recorded at 10%. This was associated with the
more quantity of finer particles in CDE compared to
the OPC, which produced more cavities to be filled,
thereby making the UHPC denser with higher strength.
It was also related to the occurrence of a second reaction
between silica in CDE and calcium hydroxide from the
cement hydration to form calcium silicate hydrate, which
also makes UHPC denser [76], thereby increasing its
strength. However, this second reaction occurred at a
longer age; therefore, the compressive strength of the
mixture at 7 days of age was observed to be lower than
the UHPC without CDE as shown in Figure 10.

3.3 The resistance of UHPC to NaCl and
Na2SO4

The chemical attack of sulfates on concrete structures has
the ability to degrade the quality of concrete exposed
to sulfate-rich environments. Moreover, the damage of
concrete caused by sulfate is due to the combination
of physical and chemical attacks [85,86]. The physical
attack mainly induces surface scaling of the aboveground
concrete while the chemical attack generally involves
chemical interactions between sulfate ions and cement
paste components, thereby leading to the loss of adhe-
sion for the cement hydration products and the formation
of ettringite, gypsum, and/or softening due to thaumasite
formation [86]. In contrast to the complex chemistry of
the sulfate attack process, chloride ion penetration is
more physical through ionic bonding and reduction,
which has the ability to reach the reinforcing steel if
not eliminated [87]. It is important to note that the attacks
caused by sulfate and chloride reduce the compressive
strength of concrete. This study, therefore, examined the
durability of the UHPC produced by partially replacing
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cement with CDE through the measurement of the mass
loss and changes in compressive strength after the speci-
mens were immersed in 10% NaCl and 10% Na2SO4

solutions.
The result for the mass loss after 12 months of immer-

sion is presented in Figure 13a and b and it was discov-
ered that the specimen under NaCl attack only showed
mass loss after 2 months of immersion while the Na2SO4

attack caused an immediate mass loss after 1 month of
immersion. The mechanism of chloride attack on con-
crete started with the penetration of chloride ions into
concrete pore structures in the first month of immersion.
During this process, the surface scaling was not induced
therefore the concrete mass remained constant. No mass
loss could be observed during this period as presented in
Figure 13a. After the chloride ion penetrated the pore
structures of concrete, the chemical reaction between
chloride ion and cement-based materials is happened to
produce calcium oxychloride [88]. The presence of calcium
oxychloride makes concrete damage in the form of surface
scaling and more internal cracking. The surface scaling
reduces the mass of concrete as shown in Figure 13a after

the immersion time of 2 months and more. The figures also
showed that the mass lost by the UHPC with CDE is smaller
than the value recorded by UHPC without CDE and the
specimen with 10% replacement had the least loss. The
lower mass loss of UHPC with 5% CDE compared to that
of UHPCwith 10%CDE at 1month immersion time shown in
Figure 13b was due to the variation in the mass loss data of
UHPC with 5% CDE where two of the data have a very small
mass loss, which results in the lower average value.

The compressive strength of the UHPC before and
after 1, 2, 5, 7, 9, and 12 months of being exposed to
NaCl and Na2SO4 solutions are presented in Figure 14a
and b. The compressive strength ratio after exposure
(f′ci) and before exposure (f′co) was plotted as a function
of the immersion time in Figure 15 to determine the
compressive strength degradation due to the impact of
the exposures. The results showed that the compressive
strength degradation of the UHPC with CDE was lower
than the value for the UHPC without CDE and this means
that the presence of CDE in UHPC was able to increase the
resistance of the concrete to NaCl and Na2SO4 attacks. The
effectiveness of pozzolan materials in increasing the dur-
ability of concrete against chloride and sulfate attacks has
also been reported in several previous studies [89,90].

Figure 16 compares the mass loss and compressive
strength degradation of UHPC with different CDE replace-
ment levels due to NaCl and Na2SO4 attacks and the mass
loss of all the UHPC mixture due to Na2SO4 attacks that
was found to be greater than those for NaCl attacks
starting from the beginning to the 12 months of soaking.
Meanwhile, the compressive strength degradation due to
NaCl attacks and Na2SO4 attacks was observed to be
almost the same up to 9 months while NaCl was discov-
ered to have a greater impact after 12 months of exposure.
This shows that the reduction in concrete compressive
strength due to chloride and sulfate salt attacks has no
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direct relationship with the loss of its mass. It was,
however, discovered that the mass loss was due to the
occurrence of surface scaling with the Na2SO4 attack
observed to be higher than NaCl attack while compressive
strength degradation was due to internal cracking.

The mass loss of concrete under sulfate and chloride
attack is associated with the surface scaling of concrete.
In real concrete structures, surface scaling reduces the

section area of the structures, which results in the degrada-
tion of load-carrying capacity. Furthermore, the internal
cracking of concrete in the sulfate- and chloride-rich envir-
onment causes the degradation of the compressive strength
and tensile strength of concrete. The lower compressive and
tensile strength and the propagation of cracksmay cause the
structures to collapse in their service life. The use of 10%
CDE as cement replacement in the UHPC mixture tested in
this study showed lowermass loss and compressive strength
degradation. These results indicated that the replacement of
10% cement weight with CDE in a UHPC mixture improves
the resistance of UHPC to the sulfate- and chloride-rich
environments with less surface scaling and internal
cracking. Therefore, concrete structures containing
CDE as cement replacement at a 10% replacement
level have better long-life performance and service life in
an environment with rich sulfate and chloride ions.

3.4 The resistance of UHPC to high
temperatures

Figure 17 shows the mass loss for the UHPC after expo-
sure to 400, 500, and 600°C temperature, and the mass
loss was found to be increasing as the temperature
increased. This was associated with the vaporization of
the evaporable water and a part of the bound water in
the concrete by the high temperature [25]. Figure 17 also
indicates that the mass loss by the UHPC with CDE was
lower than for UHPC without CDE with the lowest value
recorded in the specimen with 5% replacement. It is
important to note that the UHPC with CDE has a denser
mass with fewer cavities, thereby making its water content
to be smaller, and this led to the loss of a lesser quantity
of mass after exposure to high temperatures.
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Figure 18 shows the compressive strength of UHPC
before and after being exposed to 400, 500, and 600°C
temperature, and the compressive strength was observed
to be decreasing with the high temperatures. Moreover,

the degradation graph of the compressive strength after
being exposed (f′CT) and before being exposed (f′co) to
high temperatures was plotted as a function of the tem-
perature in Figure 19 to determine the resilience of all the
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mixes tested. The results showed that the use of CDE for
the partial replacement of cement was able to increase
the resistance of UHPC to high temperatures with the best
resilience obtained at 5% replacement. Meanwhile, the
compressive strength degradation recorded in this study
is smaller than that recorded in some of the previous
studies [25,91].

4 Conclusions

UHPC specimens were produced by replacing 5 and 10%
of cement with CDE after which the flow, strengths, and
durability of the specimens against NaCl and Na2SO4

attacks and high temperatures were tested. The results
showed that the use of CDE as a replacement of 5 and
10% cement in the UHPC mixture was able to increase
strength, durability against NaCl and Na2SO4 attacks, and
high-temperature resistance of the concrete. This is further
explained as follows:
1. The use of CDE to partially replace 5 and 10% cement

in the UHPC mixture increased the compressive, flex-
ural, and splitting tensile strengths of the UHPC and
the highest strength was achieved in the mixture with
a 10% replacement.

2. The flow from the UHPC was reduced due to the
increasing use of CDE as a replacement for cement
but the specimen with 10% replacement was observed
to flow easily during casting.

3. The use of CDE to partially replace 5 and 10% cement
in the UHPC mixture was also able to increase UHPC
durability against NaCl and Na2SO4 attacks. The mass
loss and compressive strength degradation were discov-
ered to be increasing as the exposure time increased.
The UHPC mass loss under the Na2SO4 attack was also

found to be higher than NaCl, but the strength degrada-
tion was the same except after 12 months when NaCl had
higher degradation. The best durability was, however,
obtained with 10% replacement.

4. The use of CDE to partially replace 5 and 10% cement
in the UHPC mixture also increased the UHPC resis-
tance to 400, 500, and 600°C temperature. The mass loss
and compressive strength degradation were observed to
increase as the exposure to temperature increased but the
best resilience was recorded with the 5% replacement.
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