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Abstract: Ultra-high performance concrete (UHPC) is a novel cement-based material with excep-
tional mechanical and durability properties. Silica fume, the primary supplementary cementitious
material (SCM) in UHPC, is expensive in North America, so it is often substituted with inexpensive
class F fly ash. However, future availability of fly ash is uncertain as the energy industry moves
toward renewable energy, which creates an urgent need to find cost-effective and environmentally
friendly alternatives to fly ash. This study investigated replacing cement, fly ash, and silica fume in
UHPC mixtures with ground granulated blast-furnace slag (GGBFS), metakaolin, and a natural poz-
zolan (pumicite). To identify acceptable UHPC mixtures (28-day compressive strength greater than
120 MPa), workability, compression, and flexural tests were conducted on all mixtures. Then, dura-
bility properties including shrinkage, frost resistance, and chloride ion permeability (rapid chloride
permeability and surface resistivity tests) were evaluated for the acceptable UHPC mixtures. Results
showed that 75, 100, and 40% of fly ash in the control mixture could be replaced with pumicite,
metakaolin, and GGBFS, respectively, while still producing acceptable strengths. Flexural strengths
were greater than 14.20 MPa for all mixtures. For durability, UHPC mixtures had shrinkage strains
no greater than 406 µstrain, durability factors of at least 105, and “very low” susceptibility to chloride
ion penetration, indicating that these SCMs are suitable candidates to completely replace fly ash and
partially replace silica fume in non-proprietary UHPC.

Keywords: durability; fly ash; ground granulated blast-furnace slag; metakaolin; natural pozzolan;
Ultra-high performance concrete

1. Introduction

Ultra-high performance concrete (UHPC) is an emerging concrete material with ex-
ceptional mechanical and durability properties, such as resistance to frost damage and
chloride ion penetration [1]. UHPC must have a minimum 28-day compressive strength of
120 MPa and a minimum tensile strength (at first crack) of 6.9 MPa to meet the combined
requirements of ASTM C1856 [2], the Canadian Standards Association (CSA A23.1 [3]),
and the Swiss Society of Engineers and Architects (SIA 2052 [4]). Proprietary UHPC mix-
tures developed with specific high-quality materials are often shipped long distances,
even internationally, for use on construction projects. However, the sustainability of this
practice is questionable due to high production costs (up to 20 to 30 times that of normal
strength concrete [NSC]) driven by expensive aggregates and steel fibers, high contents of
high-quality cementitious materials that are not economically viable in all locations, and
the shipping costs. Aggregate cost is often elevated due to processing high-quality sands
(clean quartz or similar) to achieve an optimal gradation with a narrow range of particle
sizes. Non-proprietary UHPC offers potential sustainability improvements by using local
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aggregates that may be of marginal quality with natural particle size distributions. Non-
proprietary UHPC may also utilize inexpensive supplementary cementitious materials
(SCMs) that are locally available but have lower quality than SCMs commonly used in
proprietary UHPC, such as silica fume.

Silica fume is a key SCM in proprietary UHPC that improves density, mechanical
properties, and durability properties because of its reactivity and its small particle size [5,6].
In many locations, silica fume has been partially replaced with class F fly ash because silica
fume can be expensive in locations where it is not produced [7,8]. Unfortunately for the
concrete industry, class F fly ash availability is diminishing because coal-fired power plants
are being decommissioned [9,10]. Consequently, there is a need to identify replacements
for silica fume that can reduce cost of locally produced UHPC.

Although a few studies have been conducted on non-proprietary UHPC
mixtures [11–13], variability in potential constituent materials and their properties in dif-
ferent regions demands a larger body of research to further the development of these
sustainable mixtures. Previous non-proprietary UHPC studies have typically used just one
alternative SCM to replace the primary SCMs (silica fume and fly ash) in UHPC mixtures.
Additionally, most have used either ultra-fine aggregates or an optimized gradation, both
of which increase the cost of UHPC production. The narrow focus of individual research
papers leaves a need for comprehensive studies to comparatively evaluate the effects
of a broad range of SCMs on rheological, mechanical, and durability properties of non-
proprietary UHPC mixtures, especially mixtures containing locally available aggregates
with larger aggregate top size and with less processing to control gradation.

This research investigated the possibility of replacing cement, fly ash, and silica fume
as primary constituents in non-proprietary UHPC due to the high costs and environmental
impacts of silica fume and fly ash, respectively, in North America [7–10]. To replace the
original cementitious materials, three SCMs that are considered to be more sustainable
were used. The alternative SCMs included a natural pozzolan (pumicite), metakaolin, and
GGBFS. These SCMs were selected because they are the most readily available and among
the most sustainable SCMs in the USA. Specifically, pumicite is locally available in New
Mexico, USA, where the research has been conducted. Although metakaolin and GGBFS
are not locally produced in New Mexico, USA, they are available regionally.

To conduct the research, the effects of replacing cement, fly ash, and silica fume
with pumicite, metakaolin, and GGBFS on workability, compressive strength, and flexural
strength of 16 mixtures were assessed to identify mixtures that qualified as UHPC (compres-
sive strength greater than 120 MPa and tensile strength at first crack greater than 6.9 MPa).
After identifying acceptable UHPC mixtures, durability characteristics including shrinkage,
frost resistance, rapid chloride permeability, and surface resistivity were investigated. It
should be noted that a locally available, naturally occurring sand (4.75 mm top size) that is
commonly used for concrete production in New Mexico, USA, was used without additional
processing to control gradation.

2. Literature Review

This section reviews studies conducted on UHPC mixtures and the effects of SCMs, in-
cluding natural pozzolans, metakaolin, and GGBFS on mechanical and durability properties
of UHPC mixtures.

2.1. UHPC Sustainability

Studies have shown that the superior durability of UHPC has the potential to extend
the service life of structures to more than two hundred years, which is two or three times
greater than the service lives of the structures made with NSC [14,15]. Additionally, the
high strength of UHPC (greater than 120 MPa) can facilitate significant reductions in the
size of some concrete elements. According to Habert et al. [16], the CO2 emission of UHPC
(using more than 1400 kg/m3 Portland cement) initially appears to be five to seven times
greater than that of NSC when comparing the same amount of material. However, the
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environmental impact of UHPC can be less than 72% of the environmental impact from the
NSC by considering the reduced concrete consumption and the improved service life.

2.2. Natural Pozzolan

A natural pozzolan is a raw or calcined natural material with pozzolanic properties
that can lower both costs and carbon dioxide emissions for concrete. Pozzolanic materials
are siliceous or siliceous and aluminous materials that can produce cementitious properties
when they react with calcium hydroxide (Ca(OH)2) in the presence of water [17]. Studies
on different types of concrete such as NSC and self-compacting concrete indicate that
natural pozzolans can act as both filler and pozzolanic material in concrete and are capable
of increasing rate of hydration, reducing heat of hydration, and improving durability
properties, such as resistance to sulfate attack and alkali–silica reaction [18–20].

In UHPC mixtures, studies have shown that partially replacing cement (up to 30%) and
silica fume (up to 50%) with a natural pozzolan resulted in UHPC specimens with very low
(or negligible) chloride ion penetration and drying shrinkage of less than
500 µstrain, whereas workability and mechanical properties of these UHPC mixtures
did not substantially change [21,22]. However, the literature reporting the effects of nat-
ural pozzolans in non-proprietary UHPC is severely lacking and each of these studies
either used aggregates with a maximum size less than 1.2 mm, optimized gradation, or
both [21–23]. Using ultra-fine aggregates or an optimal gradation increases UHPC pro-
duction cost which negatively impacts sustainability. Another area where the literature is
extremely lacking is in regards to replacing fly ash with natural pozzolan in non-proprietary
UHPC mixtures.

2.3. Metakaolin

Metakaolin is an inexpensive SCM produced by calcination of kaolin. Since metakaolin
is manufactured, its production can be tightly controlled to produce a consistent, highly
reactive SCM. There are several studies on different types of concrete (not UHPC) containing
metakaolin that highlight the positive effects of metakaolin on the mechanical and durability
properties as well as sustainability of the concrete [24,25]. Additionally, the body of
literature for UHPC mixtures containing metakaolin appears to be more extensive than for
natural pozzolan. However, many of the papers have reported on mixtures that would not
qualify as UHPC according to any widely used specification, such as ASTM C1856 [2], CSA
A23.1 [3], or SIA 2052 [4]. Of the studies that produced acceptable UHPC, each used either
aggregates with a top size of less than 1.25 mm, optimized gradation, or both [26–29]. As
previously stated, using ultra-fine aggregates or an optimized gradation increases the cost
of UHPC production. Additionally, there is little literature showing the effects of fly ash
replacement with metakaolin in non-proprietary UHPC mixtures.

It has been found that replacing all of the silica fume (20% by mass of cementitious ma-
terials) with metakaolin reduced UHPC compressive strength by only 6.7% [27]. It should
be noted that silica fume was the only SCM used in that study. In another study, inclusion
of metakaolin in UHPC mixtures to replace silica fume resulted in acceptable durability
properties [28]. It has also been shown that chloride permeability, time of set, workability,
and shrinkage decreased with increasing metakaolin content in UHPC [18,21,26,29]. Using
metakaolin in UHPC was found to reduce diffusion due to its high specific surface area
and extremely fine particles [30]. In yet another study, replacing silica fume with a blend of
metakaolin and fly ash led to better workability, greater 28-day compressive strength, and
lower drying shrinkage [31].

2.4. Ground Granulated Blast-Furnace Slag

GGBFS is a highly cementitious by-product of iron extraction in a blast-furnace that
appears to be a suitable alternative for cement, fly ash, and silica fume in UHPC. Although
there are many studies on different types of concrete, but not UHPC, reporting the positive
effects of GGBFS on early age strength, economic and environmental benefits, and service
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life [32–35], there are few studies on UHPC mixtures containing GGBFS, which is generally
an inexpensive waste material. More importantly, previous studies have again used either
an aggregate top size of less than 1.0 mm, optimal gradation, or both. As with natural
pozzolan and metakaolin studies, there is little literature showing the effects of fly ash
replacement with GGBFS in non-proprietary UHPC mixtures.

Previous UHPC studies aimed at minimizing silica fume content have not evaluated
a broad range of rheological, mechanical, and durability properties. For instance, Gha-
fari et al. [36] focused only on shrinkage and reported that replacing 100% of the silica
fume (by volume) with GGBFS in UHPC can decrease autogenous shrinkage without
significantly changing compressive strength. There are studies that have evaluated a
broad range of rheological, mechanical, and durability properties; however, those works
maintained silica fume contents greater than 15% (by mass of cementitious materials) or
only replaced Portland cement in their UHPC mixtures [37–40]. For instance, researchers
showed that replacing 50% of the cement with GGBFS can produce 28-day compressive
strengths comparable to the control mixtures (greater than 150 MPa) while increasing
flowability and drying shrinkage in the first 24 h. Additionally, replacing cement with
GGBFS was found to decrease short-term autogenous shrinkage while increase long-term
autogenous shrinkage [37–41].

3. Research Significance

Silica fume and fly ash are two common sustainable SCMs in UHPC. Silica fume is ex-
pensive in the North America, and future availability of Class F fly ash is uncertain because
of changes in the energy industry [7–10]. Although several studies have been conducted on
non-proprietary UHPC mixtures, none of the journal research papers evaluated as many
mechanical and especially durability properties as were considered in the present study.
More importantly, some of the properties assessed in this study have not been reported at
all in previous archival non-proprietary UHPC research papers.

There is a need for studies, like this one, that investigate a broad range of SCMs because
previous non-proprietary UHPC studies have typically used just one alternative SCM to
replace Portland cement or the primary SCMs (usually silica fume and occasionally fly
ash) in non-proprietary UHPC mixtures. This paper also fills a need in the non-proprietary
UHPC literature because most previous works have used either ultra-fine aggregates or an
optimized gradation, both of which increase the cost of UHPC production. In this work, a
natural gradation (using aggregates with larger aggregate top size compared to previous
studies) was used because it produces a less expensive non-proprietary UHPC.

4. Materials and Methods

This section describes the materials used in this research and the methods used for
mixing, assessment of workability, specimen preparation, compression and flexural testing,
and durability testing that included assessment of shrinkage, frost resistance, rapid chloride
permeability, and surface resistivity.

4.1. Materials

The sand used in this research had a maximum size of 4.75 mm, bulk specific gravity
of 2.51, fineness modulus of 2.81, and absorption of 1.6% and was obtained locally in Las
Cruces, New Mexico, USA. For cementitious materials, a Type I/II low-alkali Portland
cement produced by GCC, a class F fly ash produced at the San Juan power plant in northern
New Mexico, USA, a commercially available silica fume produced by BASF Construction
Chemicals, Cambridge, USA (MasterLife SF 100), a natural pozzolan (pumicite) mined
near Espanola, New Mexico, USA, a metakaolin product (GMK-S5) manufactured by
Grace in Aiken, South Carolina, USA, and a GGBFS obtained from St. Marys Cement in
Detroit, Michigan, USA were used in this research. Table 1 presents chemical and physical
properties for the six cementitious materials used in this research. The steel fibers used
in this study were NYCON-SF type 1 with 13 mm length, 0.2 mm diameter, and tensile
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strength of 1900 MPa. To achieve acceptable workability, a polycarboxylate-based high-
range water-reducing admixture (HRWRA) produced by BASF Construction Chemicals,
Cambridge, USA (MasterGlenium 3030 NS) was used.

Table 1. Chemical and physical properties of cement and SCMs (% mass).

Chemical
Compounds

Material

Cement
Type I/II

Class F
Fly Ash

Silica
Fume Pumicite Metakaolin GGBFS

CaO 63.9 8.99 0.3 0.40 0.87 38.44
SiO2 20.3 53.16 96.9 76.29 63.86 42.87

Al2O3 4.6 24.64 0.2 12.13 31.11 11.61
Fe2O3 3.4 4.22 0.2 1.74 1.06 0.92
MgO 1.91 1.25 0.2 0.07 0.18 4.29
Na2O 0.23 1.66 0.2 4.23 1.08 0.96
K2O 0.38 1.24 0.3 4.29 0.09 0.12
TiO2 - - - 0.10 - -

MnO2 - - - 0.08 - -
P2O5 - - - 0.02 - -
SrO - - - 0.01 - -
BaO - - - 0.01 - -
SO3 2.86 0.25 0.1 0.00 0.05 0.17

Loss on Ignition 2.24 - 2.17 - 1.18 1.96

Physical
Properties

Specific Gravity 3.15 1.91 2.20 2.45 2.60 2.91
Spec. Surface Area

(m2/kg) 335 734 26,810 17,348 22,320 542

Autoclave
Expansion (%) 0.05 0.01 - - - 0.06

4.2. Mixtures and Mixing Procedures

Table 2 provides all sixteen mixture proportions produced in this study. A UHPC
mixture (F10/S10) developed in previous work [42] with 20% total SCM (10% silica fume
and 10% fly ash, by mass of cementitious materials), water to cementitious materials (w/cm)
ratio of 0.14, and 1.5% steel fibers (by total volume) was selected as the control mixture.

Because one of the main goals of this study was to replace fly ash and silica fume
in UHPC with more sustainable SCMs, the study began with replacing 50 to 100% of the
fly ash with a natural pozzolan and metakaolin. A limit of 40% fly ash replacement with
GGBFS was selected because replacing more than 40% of the fly ash with GGBFS has been
shown to produce less durable and workable mixtures with a 28-day compressive strength
of less than 120 MPa [43,44]. Additionally, some ternary mixtures were produced to identify
the effects of using a blend of various SCMs to replace fly ash. After replacing all of the fly
ash from the control mixture, five mixtures were used to study the effects of replacing 10,
25, and 50% of the silica fume.

To interpret the mixture names, the letters indicate the SCM type in the mixture (F for
fly ash, G for GGBFS, M for metakaolin, N for natural pozzolan, and S for silica fume), and
the number after each letter indicates the percent of the SCM in the mixture. For instance,
G2/M6/N2/S10 indicates a mixture with 2% GGBFS, 6% metakaolin, 2% natural pozzolan,
and 10% silica fume as percentages of the total cementitious materials.

This study utilized a pan mixer (Imer Mix 120 Plus) with a vertical shaft and three
paddles in different locations (near, intermediate, and far locations relative to the shaft) and
a mixing speed of 38 rpm. A photograph of the mixer is shown in Figure 1. The mixing
sequence began with sand and cementitious materials for each mixture being placed in
a pan mixer prior to starting the mixer. After starting the mixer, water and HRWRA
were added with the mixer running. Then, the top of the mixer was covered to prevent
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evaporation. After 15 min of mixing, or when the mixture appeared to be uniformly
mixed, whichever was longer, steel fibers were added, and the mixer was run for five
additional mins before discharging the batch. For each mixture, a 0.057 m3 batch was used
to produce six 100 mm cube specimens, five 102 by 203 mm cylindrical specimens, and
eight 76 × 102 × 406 mm prismatic specimens, three of which had gauge studs (contact
points) embedded in each end. The specimens were removed from the molds 24 h after
casting and moist cured at 98% relative humidity (RH) and a temperature of 23 ± 2 ◦C for
up to 56 days.

Table 2. Concrete mixture proportions and workability results.

Mixture Name Cement
(kg/m3)

Silica
Fume

(kg/m3)

Fly Ash
(kg/m3)

Pumicite
(kg/m3)

Metakaolin
(kg/m3)

GGBFS
(kg/m3)

Sand
(kg/m3)

HRWRA
(kg/m3)

Slump
(mm)

Slump
Flow
(mm)

F10/S10
(Control
Mixture)

839 104 104 0 0 0 919 59.3 120 380

N5/F5/S10 839 104 52 52 0 0 925 62.3 115 370
N7.5/F2.5/S10 839 104 26 78 0 0 931 62.3 100 370
N10/S10 839 104 0 104 0 0 931 65.3 100 370
M5/F5/S10 839 104 52 0 52 0 913 68.2 130 380
M7.5/F2.5/S10 839 104 26 0 78 0 921 68.2 115 370
M10/S10 839 104 0 0 104 0 922 71.2 110 370
G2/F8/S10 839 104 83 0 0 21 920 62.3 120 380
G4/F6/S10 839 104 62 0 0 42 921 65.3 110 370
M5/N5/S10 839 104 0 52 52 0 926 68.2 115 370
G2/M6/N2/S10 839 104 0 21 62 21 923 71.2 110 360
G2/M9/S9 839 94 0 0 94 21 926 71.2 100 360
G12/M9/S9 * 755 94 0 0 94 105 928 68.2 125 380
M10/N2.5/S7.5 839 78 0 26 104 0 940 65.3 115 370
M12.5/S7.5 839 78 0 0 130 0 934 68.2 110 370
M15/S5 839 52 0 0 156 0 946 65.3 135 390

Note: Water and steel fiber contents of 147 and 119 kg/m3, respectively, were used for all mixtures. * In this
mixture, an additional 10% of the cement was replaced with GGBFS.
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4.3. Fresh Properties

Fresh mixture properties were evaluated immediately after mixing by conducting
slump and slump flow tests according to ASTM C143 [45] and ASTM C1611 procedure
A [46], respectively. Target slump values were between 100 mm and 200 mm and target
slump flow values were between 200 mm and 400 mm.

4.4. Mechanical Properties

To identify acceptable UHPC mixtures, the compressive and flexural strengths of all
mixtures that had slump and slump flow values within the target ranges were assessed
using a 1780 kN capacity universal testing machine.

4.4.1. Compression Testing

According to ASTM C1856 [2], CSA A23.1 [3], and SIA 2052 [4], mixtures with a 28-day
compressive strength greater than 120 MPa can be classified as UHPC. To assess compres-
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sive strength, three 100 mm cube specimens were tested for 28- and 56-day compressive
strength according to BS1881 [47]. BS1881 [47] requires cubes to be tested at a load rate of
0.2 MPa/s to 0.4 MPa/s. However, the load rate in this study was increased to 1.0 MPa/s as
stated by ASTM C1856 [2]. It should be noted that the reason for selecting cube specimens
(instead of cylindrical specimens) for compression tests is that cubes do not require end
preparation (grinding).

4.4.2. Flexural Testing

According to CSA A23.1 [3] and SIA 2052 [4], UHPC must have a minimum
28-day tensile strength (at first crack) of 6.9 MPa. To evaluate flexural strength prop-
erties, two 76 × 102 × 406 mm prisms from each UHPC mixture were tested according
to the flexural test described in ASTM C1609 [48]. Two load cells, a string potentiometer,
and two linear variable differential transformers (LVDTs) were used to measure the load,
mid-span deflection, and strains near the top and bottom of the specimens during flexural
testing, as illustrated in Figure 2. Modulus of rupture (MOR), ultimate (peak) strength,
residual strengths (including f 600 and f 150), and toughness at 28 days were computed as
described in ASTM C1609 [48].
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4.5. Durability Properties

After identifying acceptable UHPC mixtures, cement, fly ash, or silica fume were
replaced with alternative SCMs and durability properties that included shrinkage, frost
resistance, and chloride ion permeability were evaluated.

4.5.1. Shrinkage Testing

Three prisms with dimensions of 76 × 102 × 406 mm from each UHPC mixture were
used for shrinkage testing. Specimens were cured for 28 days in a moist room with RH of
96% and temperature of 23 ± 2 ◦C and then stored in ambient conditions (RH of 30 ± 4%
and temperature of 20 ± 2 ◦C) for an additional 28 days. The RH of 30% was less than the
50% recommended by ASTM C157 [49], and therefore, provided conservative shrinkage
results. Shrinkage was measured by monitoring length changes for 56 days using a length
comparator.

4.5.2. Freezing and Thawing Testing

To assess frost resistance of UHPC mixtures according to ASTM C666 [50], mass and
fundamental transverse frequency were measured (Figure 3a) for three 76 × 102 × 406 mm
prisms from each UHPC mixture exposed to 300 cycles of freezing and thawing (Figure 3b)
at intervals no greater than 36 cycles. Fundamental frequency was determined using the
impact resonance method (ASTM C215 [51]) by striking a specimen with an instrumented
hammer and recording the acceleration response history using a lightweight accelerometer
attached to the specimen (Figure 3a). Fundamental frequency, resonant frequency for first



Materials 2023, 16, 2622 8 of 19

mode vibration, was determined by identifying the frequency at which the maximum
acceleration response occurred from a plot of amplitude versus frequency.
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Fundamental transverse frequency and mass were used to calculate dynamic elastic
modulus (ED) according to ASTM C215 [51]:

ED = C·M·n2 (1)

where C is a constant (1114 m−1) determined from the geometry of the specimen and an
assumed Poisson’s ratio (0.167), M is mass (kg), and n is fundamental transverse frequency
(Hz). Then, relative dynamic modulus (RDM) was computed as:

RDM =
En

E0
× 100 (2)

where En and E0 are dynamic elastic modulus (Pa) values after n and 0 cycles, respectively
(ASTM C666 [50]). Durability factor (DF), RDM after 300 cycles of freezing and thawing,
was used to compare the frost resistance of UHPC mixtures.

4.5.3. Rapid Chloride Permeability Testing

The rapid chloride permeability test (RCPT), ASTM C1202 [52], is commonly used
to evaluate the chloride ion permeability of concrete. Two 51-mm slices cut from two 102
by 203 mm cylinder specimens were prepared for testing using a vacuum desiccator in
accordance with ASTM C1202 [52]. After preparation, specimens were placed in a testing
cell with one side exposed to a 3.0% sodium chloride solution and the other side exposed to
a 0.3 N sodium hydroxide solution. This test was performed using a 60 V DC power supply
to pass a current through the specimen that was measured every 30 min for six hours.
Current measurements were used to calculate total charge passed (coulombs) according
to ASTM C1202 [52]. RCPTs were conducted as shown in Figure 4 at an age of 56 days in
accordance with ASTM C1202 [52].
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4.5.4. Surface Resistivity Testing

The surface resistivity test is another standard test that provides a rapid indication of
chloride ion permeability for concrete (AASHTO T 358 [53]). Three 102 by 203 mm cylinder
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specimens were tested for surface resistivity using a 4-Pin Wenner probe array (Resipod
Proceq) according to AASHTO T 358 [53], as shown in Figure 5. In this test, conducted
at an age of 56 days, an alternating current potential difference was applied by the outer
pins (current electrodes) of a four-pin Wenner probe array and the resultant potential
difference between the two inner pins (potential electrodes) was measured (Figure 6). The
current used, the resulting potential, and the affected specimen area were used to determine
surface resistivity.
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5. Results and Discussion

This section presents the results from mechanical and durability testing performed in
this research to assess workability, compressive strength, flexural strength, shrinkage, frost
resistance, and chloride ion permeability.

5.1. Workability

Table 2 presents the slump and slump flow results for each mixture that had an
acceptable slump (between 100 mm and 200 mm) and an acceptable slump flow (between
200 mm and 400 mm).

Results indicate that substituting pumicite, metakaolin, and GGBFS for fly ash in-
creased HRWRA demand (decreased workability). This can be attributed to pumicite,
metakaolin, and GGBFS being more angular than fly ash, which has spherical particles
that create a ball-bearing effect in the fluid state [44,54,55]. Pumicite and metakaolin have
greater specific surface areas than fly ash (Table 1) that lead to greater water absorption
rates [56,57]. Replacing all of the fly ash in the control mixture with natural pozzolan (mix-
ture N10/S10), all of the fly ash in the control mixture with metakaolin (mixture M10/S10),
and 40% of the fly ash in the control mixture with GGBFS (mixture G4/F6/S10) required
10.0, 20.0, and 10.0% more HRWRA, respectively, to achieve acceptable workability. From
these results, replacing all of the fly ash with pumicite increased HRWRA demand as much
as replacing 40% of the fly ash with GGBFS to obtain acceptable slump and slump flow
values, indicating that GGBFS decreased workability more than pumicite. Additionally,
mixtures with metakaolin needed additional HRWRA to achieve the target slump and
slump flow values compared with mixtures with pumicite. Since UHPC workability gen-
erally depends on particle size (specific surface area) and shape of ingredients, ultra-fine
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metakaolin with smaller particles (greater specific surface area) than pumicite has a greater
water absorption rate that leads to an increase in HRWRA demand.

In the present research, comparing mixtures M10/N2.5/S7.5, M12.5/S7.5, and M15/S5
with mixture M10/S10 shows that replacing silica fume with either pumicite or metakaolin
reduced demand for HRWRA. This can be attributed to the silica fume particles being
smaller and requiring additional water due to their greater surface area than pumicite and
metakaolin particles [56,57].

5.2. Compression Tests

Average 28- and 56-day compressive strengths for three 100 mm cubes from each
mixture are presented in Figure 7 and Table 3. Mixtures N10/S10, G12/M9/S9, and
M15/S5 did not produce compressive strengths greater than 120 MPa at 28 days, which
is a requirement for UHPC based on ASTM C1856 [2], CSA A23.1 [3], and SIA 2052 [4].
However, the 56-day strengths for these mixtures were greater than 138.0 MPa, which is
suitable for many UHPC applications, demonstrating that more flexible requirements for
defining UHPC could exploit long-term benefits of the pumicite, metakaolin, or GGBFS.
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Figure 7. Compressive strength results.

The control mixture (F10/S10) had the greatest 28-day compressive strength among
all mixtures, meaning that replacing fly ash with natural pozzolan, metakaolin, or GGBFS
decreased 28-day compressive strength. Replacing all of the fly ash in the control mixture
with natural pozzolan (N10/S10) or metakaolin (M10/S10) reduced compressive strength
by 13.9 and 3.0%, respectively. This observation was expected because fly ash reacts more
quickly than the alternative SCMs used in this study [26,58], which is the primary reason
why fly ash has been commonly used as a SCM in non-proprietary UHPC mixtures. It
should be stated again that the diminishing availability of fly ash in the USA is the only
reason to replace fly ash with other SCMs in this study.

Substantial reduction in 28-day compressive strength of pumicite mixtures (up to
13.9%) indicated that the natural pozzolan reacts slowly compared with fly ash, for at
least 28 days, which is consistent with previous research [26,58]. However, at 28 days,
the metakaolin and GGBFS reactions had nearly caught up with the reaction of fly ash in
the control mixture (less than 3.0% reduction in 28-day compressive strength). Replacing
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all of the fly ash in the control mixture with 50% natural pozzolan and 50% metakaolin
(M5/N5/S10) reduced 28-day compressive strength by 8.6%, showing that the reaction of
the pumicite and metakaolin was not rapid enough to catch up with the reaction of fly ash
during the first 28 days.

Table 3. Compressive strength results (±standard deviation).

Mixture Name 28-Day
(MPa)

56-Day
(MPa)

F10/S10 (Control Mixture) 135.0 (±4.1) 156.5 (±7.7)
N5/F5/S10 132.0 (±1.6) 156.5 (±5.3)
N7.5/F2.5/S10 122.5 (±2.7) 155.5 (±3.9)
N10/S10 116.0 (±3.8) 154.5 (±3.6)
M5/F5/S10 134.0 (±6.6) 151.5 (±4.1)
M7.5/F2.5/S10 131.5 (±7.4) 152.0 (±5.8)
M10/S10 130.5 (±7.6) 152.5 (±6.4)
G2/F8/S10 134.5 (±2.1) 156.5 (±3.5)
G4/F6/S10 132.5 (±3.9) 155.5 (±3.6)
M5/N5/S10 123.0 (±1.5) 153.0 (±5.0)
G2/M6/N2/S10 131.0 (±2.3) 152.5 (±4.7)
G2/M9/S9 130.0 (±3.2) 152.5 (±2.7)
G12/M9/S9 111.5 (±5.2) 148.0 (±4.5)
M10/N2.5/S7.5 121.5 (±1.5) 142.5 (±0.7)
M12.5/S7.5 121.0 (±7.9) 142.0 (±8.3)
M15/S5 116.0 (±4.7) 138.0 (±5.7)

It is generally expected that replacing Portland cement in UHPC with metakaolin
increases compressive and flexural strengths, whereas replacing silica fume with metakaolin
slightly reduces compressive and flexural strengths [27,59]. Results from mixtures
M10/N2.5/S7.5, M12.5/S7.5, and M15/S5 indicate that replacing 25% of the silica fume
with pumicite, 25% of the silica fume with metakaolin, and 50% of the silica fume with
metakaolin reduced 28-day compressive strengths by 11.9, 10.2, and 13.9%, respectively,
compared with mixture M10/S10. As stated previously, replacing all of the fly ash in the
control mixture with the natural pozzolan (N10/S10) or metakaolin (M10/S10) reduced
28-day compressive strength by 13.9 and 3.0%, respectively. Replacing 25% of the silica
fume with pumicite or metakaolin decreased compressive strength more than (or just
slightly less than) when 100% of the fly ash was replaced with pumicite or metakaolin
indicates that silica fume is a more reactive SCM than fly ash in terms of UHPC strength
development during the first 28 days.

Results from 56-day compressive strengths show that reductions in strengths caused
by replacing fly ash (but not silica fume) with alternative SCMs were of less magnitude
than reductions at 28 days. The greatest reduction (3.3%) occurred when 50% of the fly ash
in the control mixture was replaced with metakaolin (M5/F5/S10). This small reduction
shows that the natural pozzolan, metakaolin, and GGBFS produced comparable 56-day
compressive strengths to F10/S10 (control mixture). As a reminder, metakaolin and GGBFS
mixtures also had comparable compressive strengths to the control mixture at 28 days.
However, the fact that pumicite mixtures had comparable 56-day compressive strengths to
the control mixture indicate that the natural pozzolan reaction had finally progressed to a
point of equivalency with the fly ash reaction. This occurred because the natural pozzolan
was more reactive than fly ash after 28 days, which is consistent with observations by
other researchers [54,58]. Due to the diminishing availability of fly ash, lower compressive
strengths at 28 days for mixtures containing natural pozzolan may need to be tolerated to
capture the economic and durability benefits of the natural pozzolan.

Although compression tests showed that replacing silica fume with natural pozzolan or
metakaolin reduced compressive strengths at 56 days, mixtures with up to 50% replacement
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of silica fume had 56-day compressive strengths greater than 138.0 MPa, indicating that
longer-term benefits of these mixtures are probably worth evaluating in future research.

Comparing mixtures G2/M9/S9 and G12/M9/S9 shows that replacing 10% of the
cement in mixture G2/M9/S9 with GGBFS (after replacing all of the fly ash and some
of the silica fume) decreased compressive strengths at 28 and 56 days by 14.3 and 3.0%,
respectively. This shows that GGBFS is less reactive than cement in the first 28 days and
that GGBFS needs more time to produce compressive strengths comparable to the cement
that it replaced.

5.3. Flexural Tests

Table 4 presents the average flexural properties from each mixture. The results show
that all mixtures had tensile strength at first peak (MOR) values greater than 6.9 MPa,
so all mixtures can be classified as UHPC according to CSA A23.1 [3] and SIA 2052 [4].
Trends for MOR, peak (ultimate), and residual strength (f 600 and f 150) values with changing
SCMs contents was consistent with the trends observed for 28-day compressive strengths.
Replacing fly ash (but not silica fume) with any of the alternative SCMs used in this study
produced either better or comparable flexural strength compared to the control mixture,
with MOR, peak strength, and toughness values greater than 18.50 MPa, 19.30 MPa, and
65 J, respectively. This shows that the natural pozzolan, metakaolin, and GGBFS are
promising substitutes for fly ash in terms of flexural strength. However, replacing cement
or silica fume with alternative SCMs (after replacing all of the fly ash) significantly reduced
flexural strength, although it remained greater than 14.20 MPa, which is acceptable for
most UHPC applications.

Table 4. Flexural strength results (±standard deviation).

Mixture Name MOR
(MPa)

Peak Strength
(MPa)

Residual Strength
(f 600)

(MPa)

Residual Strength
(f 150)

(MPa)

Toughness
(J)

F10/S10 (Control Mixture) 18.65 (±1.80) 19.55 (±1.50) 18.55 (±1.45) 10.85 (±0.10) 67 (±5)
N5/F5/S10 20.05 (±0.80) 21.25 (±1.00) 20.35 (±0.80) 11.20 (±0.85) 70 (±3)
N7.5/F2.5/S10 19.25 (±1.05) 20.80 (±1.20) 19.75 (±0.85) 11.05 (±0.35) 70 (±1)
N10/S10 18.75 (±1.30) 20.00 (±1.35) 18.70 (±0.85) 10.15 (±0.55) 67 (±2)
M5/F5/S10 19.50 (±0.45) 20.90 (±0.55) 20.05 (±0.60) 10.25 (±0.70) 68 (±1)
M7.5/F2.5/S10 19.20 (±0.50) 20.50 (±0.60) 19.60 (±0.10) 9.95 (±0.70) 67 (±1)
M10/S10 18.85 (±0.95) 20.40 (±0.85) 19.50 (±0.70) 6.70 (±0.40) 65 (±1)
G2/F8/S10 18.60 (±1.40) 19.50 (±0.75) 18.45 (±0.70) 10.70 (±0.20) 67 (±5)
G4/F6/S10 18.50 (±0.85) 19.30 (±1.00) 17.95 (±0.70) 10.25 (±0.30) 66 (±2)
M5/N5/S10 20.65 (±1.25) 22.25 (±1.50) 21.80 (±2.05) 11.70 (±0.70) 75 (±5)
G2/M6/N2/S10 19.50 (±0.70) 21.15 (±0.35) 20.25 (±0.15) 10.60 (±0.85) 72 (±2)
G2/M9/S9 19.40 (±0.50) 20.85 (±0.95) 20.50 (±0.50) 9.55 (±0.55) 68 (±4)
G12/M9/S9 16.95 (±0.65) 18.00 (±0.35) 16.75 (±0.80) 9.45 (±0.40) 60 (±1)
M10/N2.5/S7.5 15.70 (±1.30) 17.00 (±1.00) 16.30 (±1.00) 9.15 (±0.40) 56 (±3)
M12.5/S7.5 15.50 (±0.80) 16.40 (±0.90) 15.05 (±1.00) 8.90 (±0.15) 52 (±2)
M15/S5 14.20 (±1.30) 15.05 (±1.30) 13.65 (±2.00) 6.05 (±0.20) 49 (±3)

Fibers contribute substantially to UHPC toughness (energy absorbed for a deflection
equal to 0.667% of the span length) and because the volumetric content and properties of
the steel fibers were the same for all mixtures, similar toughness results were expected for
all mixtures. However, substantial loss in toughness occurred when more than 25% of the
silica fume was replaced with alternative SCMs, showing the importance of silica fume for
developing toughness.

5.4. Shrinkage Tests

Figure 8 shows average shrinkage results of three prisms from each UHPC mix-
ture. After demolding, shrinkage was monitored for 56 days (28 days of moist curing
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followed by 28 days of air curing). The results indicate that the greatest shrinkage occurred
when replacing 40% of the fly ash with GGBFS (G4/F6/S10) where 56-day shrinkage was
406 µstrain, showing that all of the UHPC mixtures had shrinkage values of less than the
500 µstrain that is acceptable to many transportation agencies. The fact that the UHPC
mixtures had little susceptibility to shrinkage is consistent with previous research [22,58].
Because UHPC has high cementitious materials contents, it was expected that shrinkage
would be greater than what was observed in this study. It appears that the steel fibers pro-
vide internal restraint and the low w/cm ratio caused incomplete hydration of cementitious
materials which led to limited shrinkage.
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Figure 8. Shrinkage results.

Replacing 75% of the fly ash in the control mixture (F10/S10) with natural pozzolan
(N7.5/F2.5/S10), all of the fly ash in F10/S10 with metakaolin (M10/S10), and all of the
fly ash in F10/S10 with a combination of natural pozzolan and metakaolin (M5/N5/S10)
reduced 56-day shrinkage by 21.8, 38.3, and 42.0%, respectively. Additionally, increasing
natural pozzolan from 5 to 7.5% in mixtures N5/F5/S10 and N7.5/F2.5/S10 or increasing
metakaolin from 5 to 10% in mixtures M5/F5/S10, M7.5/F2.5/S10, and M10/S10 reduced
shrinkage. These trends were consistent with previous research [22,26,31] and can be
attributed to pumicite and metakaolin particles being much smaller (greater surface area)
than fly ash particles (Table 1) and causing greater refinement of the capillary pores that
reduces drying shrinkage by obstructing evaporation of capillary water [22]. Another mech-
anism to reduce shrinkage is the slow reactivity of the pumicite that can delay shrinkage
until the skeletal structure has formed and helps restrain shrinkage.

Replacing 40% of the fly ash in the control mixture with GGBFS (G4/F6/S10) increased
shrinkage. Previous research also confirmed that using GGBFS in UHPC increases shrink-
age [38,41]. This can be attributed to GGBFS being more angular and slightly larger than
the spherical fly ash particles, which can lead to less refined capillary pores.

Comparing mixtures M10/N2.5/S7.5 and M12.5/S7.5 with mixture M10/S10 indicates
that adding pumicite or more metakaolin to replace 25% of the silica fume (after replacing
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all of the fly ash in the control mixture with metakaolin to produce mixture M10/S10)
increased shrinkage at 56 days by 19.2 and 13.5%, respectively, showing that replacing silica
fume with pumicite or metakaolin increases shrinkage, which is consistent with arguments
from other researchers that silica fume with smaller particles (greater surface area) than
pumicite and metakaolin is better for limiting shrinkage by filling capillary pores and
blocking pathways for evaporating capillary water [22].

5.5. Freezing and Thawing Tests

Results for freezing and thawing tests are presented in Figure 9. The results show that
DF for all UHPC mixtures were greater than 105 and the greatest DF values (109) were
produced by mixtures M10/S10 and M5/N5/S10. This shows that all of the UHPC mixtures
were extremely resistant to degradation caused by freezing and thawing cycles, regardless
of SCM type. Other researchers have also shown that UHPC has excellent resistance to
freezing and thawing [60].
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Figure 9. Freezing and thawing test results.

The results also show that RDM values increased slightly during the freezing and
thawing cycles, which can be attributed to specimens containing un-hydrated cementitious
materials that were able to react throughout the duration of the test, causing an increase in
dynamic modulus [60,61]. However, RDM values for all UHPC mixtures were similar and
replacing fly ash or silica fume in the control mixture with natural pozzolan, metakaolin,
GGBFS, or a combination of these SCMs did not significantly change the RDM and DF val-
ues. This shows that pumicite, metakaolin, and GGBFS all appear to be suitable substitutes
for fly ash and silica fume in terms of frost resistance.

5.6. Chloride Ion Permeability Tests

The chloride ion permeability of each UHPC mixture was evaluated with RCPTs and
surface resistivity tests at 56 days according to ASTM C1202 [52] and AASHTO T 358 [53],
respectively. It is recommended to moist cure specimens containing SCMs for at least
56 days prior to performing permeability tests (ASTM C1202 [52]) to allow slow-reacting
SCMs to react more completely and provide a better indication of the long-term chloride
ion permeability. Average 56-day RCPT and surface resistivity test results from each UHPC
mixture are presented in Table 5. The results showed that total charge passed (RCPT results)
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were in the range of 119 and 165 coulombs and surface resistivity results ranged between
386 kΩ-mm and 603 kΩ-mm. These results show that the chloride ion penetrations for all
of the UHPC mixtures were “very low” (ASTM C1202 [52]; AASHTO T 358 [53]), which is
consistent with observations from other researchers [22,29,58].

Table 5. RCPT and surface resistivity test results.

Mixture Name
RCPT Surface Resistivity Test

Result
(Coulombs)

Coefficient of
Variation (%)

Result
(kΩ-mm)

Coefficient of
Variation (%)

F10/S10 (Control Mixture) 165 2.2 386 14.8
N5/F5/S10 142 2.6 424 20.8
N7.5/F2.5/S10 136 1.4 463 14.4
N10/S10 N/A * N/A * N/A * N/A *
M5/F5/S10 135 0.9 437 16.8
M7.5/F2.5/S10 124 1.5 520 18.9
M10/S10 119 2.1 603 8.7
G2/F8/S10 162 1.1 395 14.5
G4/F6/S10 155 2.0 412 13.1
M5/N5/S10 122 1.5 458 15.9
G2/M6/N2/S10 121 2.0 431 16.1
G2/M9/S9 125 2.4 584 13.8
G12/M9/S9 N/A * N/A * N/A * N/A *
M10/N2.5/S7.5 162 1.5 435 14.2
M12.5/S7.5 160 0.8 440 10.2
M15/S5 N/A * N/A * N/A * N/A *

* Not tested since the mixture did not meet UHPC requirements.

Replacing fly ash with any of the alternative SCMs used in this study decreased
chloride ion permeability (decreased total charge passed and increased surface resistivity).
The greatest reduction in chloride ion permeability was produced by mixture M10/S10
when all of the fly ash in F10/S10 was replaced with metakaolin, with a 27.9% reduction in
total charge passed and a 56.2% increase in surface resistivity. These results are consistent
with observations of pumicite and metakaolin causing reduced chloride ion permeability
by other researchers [22,58,62] that attribute the reduction to the SCMs forming additional
secondary calcium silicate hydrate and fine pumicite and metakaolin particles filling pore
space that leads to lower permeability.

After replacing all of the fly ash in F10/S10 with metakaolin (to produce mixture
M10/S10), adding 25% more pumicite (M10/N2.5/S7.5) or metakaolin (M12.5/S7.5) to
replace silica fume substantially increased permeability compared with mixture M10/S10,
but the chloride ion penetration remained in the “very low” category. This increase in
permeability, by replacing silica fume with pumicite or metakaolin, is most likely due to
the pumicite and metakaolin particles being larger than silica fume particles (Table 1) and
producing less refined capillary pores [22]. Overall, the results show that pumicite (natural
pozzolan), metakaolin, and GGBFS appear to have the potential to partially or completely
replace fly ash and silica fume in non-proprietary UHPC mixtures in terms of chloride
ion permeability.

It should be noted that ASTM C1202 [52] and AASHTO T 358 [53] warn that specimens
containing steel fibers or other embedded electrically conductive materials may produce
erroneous RCPT and surface resistivity test results, with artificially high total charge passed
and low surface resistivity values. However, the relatively low values in RCPT (less than
165 coulombs) and relatively large values in surface resistivity (greater than 386 kΩ-mm)
obtained in this research as well as the consistency between RCPT and surface resistivity
test results indicate that it is unlikely that a conductive path was created between the
two ends of the specimens (in RCPTs) or Wenner probe pins (in surface resistivity tests).
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Other researchers have also reported that steel fibers in UHPC are generally dispersed and
discontinuous and do not provide a direct path to complete an electric circuit [61].

5.7. RCPT and Surface Resistivity Test Comparison

RCPT and surface resistivity test results consistently indicated that replacing fly ash
with natural pozzolan, metakaolin, or GGBFS reduced permeability, whereas replacing
silica fume with pumicite or metakaolin increased permeability. This consistency between
the RCPT and surface resistivity test results, in combination with the results being consistent
with results from other researchers, show that both tests appear to be valid for assessing the
chloride ion permeability of UHPC containing steel fibers [63]. However, the coefficients
of variation for the surface resistivity test results (Table 5) were much greater than the
maximum permissible value of 6.3% specified by AASHTO T 358 [53] for a single operator,
whereas the coefficients of variation for the RCPT results were acceptable according to
ASTM C1202 [52]. The high variation for the surface resistivity tests was most likely caused
by the steel fibers; however, additional research would need to be performed to verify this.

6. Conclusions

Based on the results from this study, the following conclusions were drawn:

1. The targeted workability was achieved in no more than two attempts for all mixtures.
A specific observation related to workability was that silica fume replacement with
either metakaolin or pumicite reduced the required HRWRA dosage to achieve the
target workability because the finer silica fume particles had greater surface area
than the pumicite and metakaolin particles. Similar behavior was observed when
metakaolin mixtures required more HRWRA dosage than pumicite mixtures, due to
metakaolin having smaller particles than pumicite.

2. Natural pozzolan was substituted for up to 75% of the fly ash and metakaolin was
used to replace up to 100% of the fly ash and 25% of the silica fume in the control
mixture while producing 28-day compressive strengths greater than 120 MPa.

3. Mixtures with low 28-day compressive strength (less than 120 MPa) had 56-day
compressive strengths that were greater than 138.0 MPa, indicating that lower 28-day
compressive strengths may need to be tolerated to realize the economic and durability
benefits of some alternative SCMs.

4. Replacing fly ash or silica fume in all mixtures with natural pozzolan, metakaolin, or
GGBFS produced toughness values greater than 49 J and modulus of rupture values
were at least 14.20 MPa, which is acceptable for most UHPC applications.

5. The UHPC mixtures had little susceptibility to shrinkage (none were greater than 406
µstrain) and chloride permeability (all mixtures had “very low” permeability) and
also had excellent resistance to frost damage (all DF values were at least 105).

6. The results showed that pumicite (natural pozzolan), metakaolin, and GGBFS can
replace fly ash without a substantial loss of strength and can even improve durability
characteristics such as shrinkage, frost resistance, and chloride permeability.

7. Using pumicite or metakaolin to partially replace silica fume (after replacing all of the
fly ash with metakaolin) improved durability properties compared with the control
mixture but showed decreasing durability and strength properties with decreasing
silica fume content.
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