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Abstract: In this study, a modified version of electrospun nylon 66 nanofibers by silica particles
were blended into ordinary Portland cement to investigate the microstructure and some mechanical
properties of cementitious material. The addition of silica into the nanofibers improved the tensile
and compressive properties of the hardened cement pastes. The observations from the mechanical
strength tests showed an increase of 41%, 33% and 65% in tensile strength, compressive strength,
and toughness, respectively, when modifying the cement pastes with the proposed nanofibers. The
observations from scanning electron microscopy and transmission electron microscopy showed the
morphology and microstructure of the fibers as well as their behaviors inside the cement matrix.
Additionally, X-ray diffraction and thermal gravimetric analysis clarified the occurrence of the extra
pozzolanic reaction, as well as the calcium hydroxide consumption by the attached silica inside the
cement matrix. Finally, the observations from this study showed the successful fabrication of the
modified nanofibers and the feasibility of improving the tensile and compressive behaviors of cement
pastes using the proposed electrospun nanofibers.

Keywords: nylon 66; silica; electrospun nanofibers; cement; mechanical strength; microstructure

1. Introduction

Today, cement is a basic material that plays an important role in the construction sector.
However, there is an increased demand for higher cement strength, due to the feasibility of
reducing structural size and cement consumption, which can lead to significant ecological
improvement and financial efficiency. Therefore, it has posed a considerable challenge
for researchers and manufacturers. Cement matrix strength can be affected by different
factors, such as the component ratio, the cement hydration process, the change in the
cement matrix microstructure, the curing condition, the addition of additives, and so
on [1,2]. Traditionally, silica has been used as a supplement to increase the strength of
cementitious materials. The small and fine silica particles provide the advantage of filling
up the porous structure of the matrix, leading to the formation of a compact structure. In
addition, from a chemical perspective, silica particles are a highly reactive mineral with the
ability to participate in the pozzolanic reaction with calcium hydroxide (CH) generated
from the cement hydration process [3–7]. Consequently, calcium silicate hydrate (CSH)
is formed, which, as demonstrated, comprises approximately 60% of the solid volume of
the hydration product, and is crucial in improving the long-term strength and durability
of the cement matrix [1]. A study on the effect of nanosilica (NS) on the compressive
strength of cement paste reported a maximum increase of 43.8% at 0.6% NS by weight of
cement [8]. In addition, Flores et al. [9] reported an increase of 25% in the compressive
strength of pastes containing NS or silica fume compared to that of plain paste when
replacing cement with an additive proportion of 2.5% by mass. They also concluded
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that these supplementary factors influence the acceleration of the hydration reactions
in the early stages. Mohammed et al. [10] reported an increase from 15% to 50% in the
compressive strength of cement pastes containing 1% NS depending on the curing time
and water-to-binder ratio.

Furthermore, recent findings showed significant performance of different nanosized
fibers in improving the cement matrix. The findings by Liu et al. [11] showed the effective-
ness of nanocarbon black and nickel nanofiber in improving the electrical and piezoresistive
behaviors of cement. Therefore, the result shows the feasibility of utilizing that kind of
cement composite in the sensor industry. The study by Haider et al. [12] reported the
influence of chitin nanofiber on delaying setting time and increasing viscosity. Based on
those findings, chitin nanofiber can become a promising candidate for tailoring cement
for specific applications. From a mechanical strength perspective, the study [12] reported
that after 28 days, the compressive strength and the flexural strength of the cement paste
containing chitin nanofiber increased by 12% and 41%, respectively, compared to that of
the plain paste. In addition, the role of carbon nanofiber in improving Young’s modulus of
cement paste by 15.5% compared to that of plain paste was reported [13]. The study [14]
also reported an improvement of 18% in terms of compressive strength and 21% in terms
of flexural strength when introducing cellulose nanofibers into the cement paste. Alterna-
tively, a new approach to strengthen ordinary Portland cement (OPC) using electrospun
nanofibers has been suggested in previous works [15–18]. The work [16] presented an
approach to reinforce cement materials using electrospun nylon 66 nanofibers, followed
by blending the as-spun nanofibers into cement. The results showed the bridging effect of
the nylon 66 nanofibers inside the matrix. Furthermore, the increase in tensile strength of
up to 30% confirmed the feasibility of this approach for enhancing cement characteristics.
Continuing this strategy, the present study focuses on investigating the influence of elec-
trospun nylon 66 nanofibers modified with silica particles (nanosilica) (NS-N66 NFs) on
the mechanical characteristics of cement and its microstructural properties. The as-spun
nanofibers were blended into the cement powder using an improved collector kit. Tensile
strength and compressive strength tests were conducted to examine the changes in the
mechanical characteristics of OPC. In addition, microstructural analysis methods, such as
field emission scanning electron microscopy (FE–SEM), field emission transmission electron
microscopy (FE–TEM), X-ray diffraction (XRD), and thermal gravimetric analysis (TGA),
were employed to analyze the microstructural characteristics of the modified nanofibers
and the nanofiber-blended cement pastes.

2. Materials and Methods

2.1. Materials

Type I ordinary Portland cement was purchased from Ssangyong Co., Korea [19]. The
properties of the cement are listed in Table 1. Nanosilica grade 940-U (CAS No. 69012-64-2)
was purchased from Elkem Microsilica (Norway). Figure 1 presents the morphology of the
silica particles and their diameter distribution, which ranges from 30 nm to 510 nm, with
a mean diameter of approximately 120 nm. Nylon 66 pellets and other chemicals for its
dissolution (formic acid and chloroform) were prepared as previously described [15,16].
All materials were used as received.

Table 1. Chemical composition and physical properties of the cement.

CaO Al2O3 SiO2 SO3 MgO Fe2O3
Ig.

Loss
Specific Surface Area

(cm2/g)
Compressive Strength,

28-Day (MPa)

61.33 6.40 21.01 2.30 3.02 3.12 1.40 2800 36
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Figure 1. Morphology of silica particles.

2.2. Polymer Solution

The polymer solutions were prepared in two steps: (1) The solvent was prepared
by stirring formic acid and chloroform in a volume ratio of 4:1. (2) Precursors, silica
particles, and nylon 66 were added to the prepared solvent to obtain the polymer solutions
at a precursor-to-solvent ratio of 1:4 by weight of the polymer solution. This proportion
was determined after conducting a trial-and-error process to determine the optimal and
spinnable viscosity of the polymer solution using a size 20 Taylor cone. To be more specific,
13 wt% of silica was added to two bottles containing 80 wt% of solvent. Then, the solutions
were ultrasonicated for 2 h under laboratory conditions to break the van der Waals forces
between the nanomaterial molecules and obtain homogeneous dissolution in the final
solutions [20–22]. Finally, 7 wt% of nylon 66 was added to the solution and stirred for 3 h
to obtain homogeneous polymer solutions. Due to the relaxation of the polymer chain, the
polymer solutions were kept for 24 h under laboratory conditions before conducting the
electrospinning process.

2.3. Electrospinning Process, Hardened Cement Paste Preparation, and Testing Methods

Electrospun nanofiber fabrication and the blending process to obtain the composite
cementitious materials containing electrospun nanofibers have been reported in previous
works [15,16]. After jetting out from the needle, the nanofibers are blended into cement
by an improved collector as a single fiber, and the nanofiber length is broken during the
blending process. As in those studies, we retained all of the input parameters of the
electrospinning process and the electrospun nanofiber proportion of 5% of the cement mass
here as well.

Owing to the changes in the microstructure of the matrix and the difficulty in con-
trolling the spontaneous cracking that occurs during the curing process, it is difficult to
conduct a study on the mechanical properties of hardened cement pastes. Therefore, the
cement paste samples were designed with small dimensions according to the specifications
in the ASTM C307 [23] and ASTM C 109/109M [24] methods for conducting tensile strength
and compressive strength tests, respectively. Five briquette samples and five cubic samples
for each cement composite were prepared with a constant water-to-binder proportion of
0.5 [25]. Then, the samples were cured in water at an ambient temperature of 23 ± 2 ◦C
and a relative humidity of 50% for 28 days prior to testing.

In this study, the tensile strength and compressive strength tests were evaluated using
a 5 kN mortar tensile strength test device in compliance with ASTM C307 and a 1000 kN
hydraulic universal testing machine in compliance with ASTM C109/109M, respectively.

The FE–SEM analysis was conducted using a Zeiss Merlin Compact system. Input
parameters, a working distance of 9 mm, and an acceleration voltage of 5 kV were used.
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In addition, to increase the observation quality, a 5 Å platinum cover was coated on the
sample surfaces.

The FE–TEM analysis was conducted using an FEI Tecnai F30 Twin system under an
acceleration voltage of 300 kV.

XRD analysis was conducted using the D8 Advance system with a scanning speed of
0.4 s/step, a step size of 0.02◦ (2θ)/step from 5◦ to 70◦, and CuKα radiation (40 kV, 40 mA).

TGA was conducted using a TA instrument SDT-Q600 under a nitrogen atmosphere
with a flow rate of 100 mL/min, a heating velocity of 10 ◦C/min, and a heating range from
25 ◦C to 1000 ◦C.

3. Results and Discussion

3.1. Mechanical Strength

The results of the tensile and compressive strength tests indicate that the electrospun
nylon 66 nanofibers modified with silica particles are effective in improving some select
mechanical properties of the hardened cement paste (see Figure 2). Overall, the results
showed an upward trend in the mechanical strength of the cement blended with NS-
N66 NFs. Compared to that of the unmodified hardened paste, modified cement pastes
exhibited a 41% increase in its tensile strength. Previously, an increase of 28% in the tensile
strength of the hardened cement pastes blended with nylon 66 nanofibers (N66 NFs) was
observed [16]. Notably, this was the first time the role of N66 NFs increasing the tensile
strength of cementitious materials became apparent. In the present work, with the addition
of silica particles, the tensile strength showed the better result compared to that reported in
the literature. A summary of these works, including the polymer components, electrospun
nanofiber proportions, and mechanical results, is presented in Table 2.

  
(a) (b) 

Figure 2. (a) The mechanical behaviors of the cement pastes at 28 days; (b) The constitutive curves,
where “MCP” implies “modified cement paste”.

In the case of compressive strength, an increase of 33% was observed with the addition
of NS-N66 NFs, as compared to that of the unmodified paste (Figure 2a). In the previous
study, the compressive strength only slightly increased, 8%, when similar proportions of
N66 NFs were added to the pastes [16]. In addition, the toughness, calculated from the
area under the constitutive curves of the hardened cement pastes based on the theory
by Timoshenko and Gere [26], increased by 65% upon introducing NS-N66 NFs into the
paste (Figure 2b). Based on our previous findings [16], the N66 NFs were ineffective in
improving the compressive properties of cement. In contrast, the effectiveness of nylon
66 nanofibers modified by silica particles in improving the characteristics of cement paste
in this study is apparent. We hypothesized that silica particles were attached alongside
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the nylon 66 nanofibers; thus, they filled the porous space inside the matrix and reacted
with the CH created from the hydration process of the cement. As a consequence, a more
compact structure was formed and a larger amount of CSH was created compared to that
in the matrix of the unmodified paste; this, in turn, improved the compressive strength.
The following sections discuss microstructure analyses to clarify this hypothesis.

Table 2. Comparison of the mechanical strength results with [16] (the increase in %).

Previous Study [16] Present Study

N66 NFs MCP (1) N66 NFs MCP (2) NS-N66 NFs MCP

Solvent (Volume %) Formic acid:
dichloromethane (4:1)

Formic acid:
Chloroform (4:1)

Formic acid:
Chloroform (4:1)

Polymer solution
(Weight %)

N66 10 wt%: solvent
90 wt%

N66 10 wt%: solvent
90 wt%

NS 13 wt%: N66 7
wt%: solvent 80 wt%

Tensile strength 32 28 41

Compressive strength 6 8 33

Toughness 42 49 65

3.2. Morphology and Microstructure of Nanofibers

Figure 3 presents the morphological and microstructural characteristics of the elec-
trospun nylon 66 nanofibers modified by silica particles (NS-N66 NFs). In general, based
on the SEM images in Figure 3a,b, the morphology of the fibers was observed, in which
the silica particles were attached alongside the nylon 66 nanofibers. The resultant fibers
contained thin nylon 66 nanofibers with a mean diameter of approximately 160–170 nm and
silica particles with diameters of approximately 30–550 nm along the fiber axis. The size
of the silica particles that exist along the fiber axis is almost consistent with that observed
in the SEM image of NS, as presented above. However, despite the same electrospinning
conditions, the diameter of the resultant nanofibers was slightly smaller than that observed
in previous studies [16] due to the reduction of the nylon 66 content [27–29]. Figure 3d
presents the TEM image of the modified electrospun nanofiber. From this observation, it is
confirmed that there are only silica particles inside the nanofibers.

3.3. Microstructural Characteristic of Hardened Cement Pastes

Figure 4 presents the microstructural characteristics of the electrospun nanofiber-
blended cement matrix. In general, numerous nanofibers were observed inside the matrix.
Figure 4a indicates that the nanofibers grew from the matrix and bridged the hydration
products of the cement. This phenomenon showed the bridging and filling effects of the
electrospun nanofibers inside the matrix. Moreover, compared with the smooth surface of
the raw nylon 66 nanofibers containing silica particles along its axis, as presented above, the
morphology of the nanofibers inside the cement matrix was completely transformed. The
surface of the nanofibers became rough with granular structures, which was evidence of
the pozzolanic reaction. It is suggested that nanosilica can consume the CH produced from
the hydration of the cement, which creates more CSH in the final hydration products. In
addition, some studies have confirmed the efficiency of silica-based additives in reducing
the pore size of the cement matrix [3–7]. As a result, an improvement in the strength and
impermeability of the cement matrix was observed. Thus, the silica particles attached
alongside the nylon 66 nanofibers reacted with CH, the CSH was formed, gathered, and
transformed the morphology of the nanofibers (Figure 4b). The occurrence of the pozzolanic
reaction showed the good incorporation of the proposed electrospun nanofibers and cement
materials. Above all, the SEM images indicate that the nylon 66 nanofibers modified by
silica inside the cement matrix perform well. Specifically, owing to the bridging and filling
effects of the proposed nanofibers, the microstructure of the cement matrix became more
compact, resulting in improved mechanical characteristics.

5
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(a) (c)

(b) (d)

Figure 3. Morphological and microstructural characteristics of NS-N66 NFs. (a,b) SEM images of
NS-N66 NFs at low and high magnification; (c) Diameter statistic; (d) TEM image of NS-N66 NFs.

  
(a) (b) 

Figure 4. Microstructural characteristics of the cement matrix blended with NS-N66 NFs at low and
high magnification (the arrows denote the fiber locations inside the cement matrix).
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3.4. XRD Analysis

The XRD patterns of the plain cement and the electrospun nanofiber-blended ce-
ment are shown in Figure 5. Rietveld refinement [30] and phase determination were
conducted based on the phase structure references of the hydration products, namely, cal-
cium silicate hydrate (CSH), calcium hydroxide (CH), gypsum (CaSO4.2H2O), hillebrandite
(Ca2SiO3(OH)2) and some dehydrated clinker grains, belite (C2S), and alite (C3S). The
hydration products of all the samples were consistent and suitable with the results obtained
from Jiang et al. [31] (Figure 5). Thus, the presence of the CH component can be correlated
to the peaks between 17.94◦ and 18.11◦, 28.62◦ to 28.74◦, 34.02◦ to 34.15◦, 47.03◦ to 47.17◦,
50.73◦ to 50.84◦, 54.29◦ to 54.39◦, 62.51◦ to 62.59◦, and 64.29◦ to 64.37◦ 2θ. The CSH com-
ponent can be recognized by the peak between 29.40◦ and 29.46◦ 2θ. The peaks between
31.06◦ and 31.12◦, 32.12◦ to 32.18◦, 32.51◦ to 32.61◦, and 41.10◦ to 41.20◦ 2θ corresponded to
hillebrandite, belite, alite, and gypsum, respectively. Figure 6 shows the proportion of the
hydration products calculated from the results of the Rietveld refinement using the Profex
program. The CH content of the blended cement pastes decreased, while their CSH content
increased. This suggests that the CH produced from the cement hydration process reacted
with the NS particles attached along the nylon 66 nanofibers [31,32].

 

Figure 5. XRD patterns of the hardened cement pastes.

  

Figure 6. Component proportions of the cement matrices observed from the XRD results.
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The decrease–increase tendency of the CH and CSH contents of the three samples was
consistent with the order of the observations from the mechanical strength tests. The XRD
analysis showed that the CH phase in the matrices was consumed. The increase in the CSH
content was observed thanks to the pozzolanic reaction between the attached NS and the
generated CH phase from the hydration processes.

3.5. Thermal Analysis

Figure 7 shows the TGA-derivative thermogravimetry (DTG) results of the NS-N66
NFs. The range from around 250 ◦C to 270 ◦C can be attributed to the evaporation of the
adsorbed water from the nanosilica surface, and the range above 500 ◦C can be attributed to
the condensation of the siloxyl groups. In addition, there was an incomplete decomposition
process above 500 ◦C, that is, the silanol condensation was not complete at temperatures
higher than 800 ◦C, which is in good agreement with the results from Das et al. [33].
Furthermore, the drop in mass from 310 ◦C to 480 ◦C can be attributed to the decomposition
of the nylon 66 nanofiber, which is consistent with the results previously reported [16].
Thus, the decomposition of NS-N66 NFs occurred from 310 ◦C to 480 ◦C.

 

Figure 7. TGA-DTG results of NS-N66 NFs.

Figure 8 shows the TGA curves of the hardened cement pastes with and without the
electrospun nanofibers after curing for 28 days. It is worth noting that the weight loss below
145 ◦C corresponds to the evaporation of free water inside the matrix when conducting the
thermal analysis under nitrogen and free carbon dioxide conditions [34]. Therefore, the
TGA results of the three samples were compared with 100% weight at 145 ◦C. The results
also demonstrate the expected thermal behavior of the three main phases in the matrix:
CH, CSH, and calcite. For instance, the CSH phase can be identified by the weight loss
observed in the temperature range from 145 ◦C to 200 ◦C due to its dehydration process.
The weight loss from 400 ◦C to 500 ◦C corresponds to the dehydration process of the CH
phase, while that from 550 ◦C to 900 ◦C corresponds to the decarbonation of the calcite
phase [34–36]. Chang et al. [37] reported that calcite was formed during the curing process
when the CH phase gradually reacted with CO2 from the ambient environment. As can
be observed from the TGA results, the CSH content from the nanofiber-blended cement
pastes was higher than that of the plain paste, whereas that of CH was lower. It is also
worth noting that despite the decomposition range of the CH phase being similar to the
decomposition range of the electrospun nanofibers from 400 ◦C to 500 ◦C, as presented
above, the CH content of the hardened modified cement pastes still decreased compared to
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that of the hardened plain paste, as indicated by TGA analysis. Consistent with the XRD
results, these observations showed a decreasing tendency of the CH and CSH contents
in the presence of NS-N66 NFs in the cement. Therefore, the attached silica particles on
the nylon 66 nanofibers influenced the final product of the cement paste. Above all, these
observations confirmed the initial hypothesis regarding the role of the pozzolanic agent in
the attached silica particles.

 
Figure 8. TGA-DTG results of the hardened cement pastes.

4. Conclusions and Perspective

This study determined the influence of electrospun nylon 66 nanofibers containing
silica particles on the microstructure and selected mechanical properties of the hardened
cement pastes. The following conclusions were drawn:

An increase of 41%, 33%, and 65% in tensile strength, compressive strength, and tough-
ness, respectively, was observed when modifying the cement pastes with the proposed
nanofibers containing silica particles.

The nanosilica particles attached along the axis of the nylon 66 nanofibers were
effective in increasing the generated CSH content from the pozzolanic reaction. In addition,
the bridging and filling effects of the nanofibers inside the matrix were observed, which
increased the mechanical strength of the hardened cement pastes.

The XRD and TGA results demonstrated the decrease–increase tendency of the CH
and CSH contents when blending the cement with NS-N66 NFs. Therefore, the role of the
attached silica particles is clarified.

Finally, electrospun nylon 66 nanofibers containing silica particles is a promising
candidate for strengthening cementitious materials. It can be seen that an improvement
in the mechanical properties of cement can lead to extending the durability and service
life of concrete. However, for the practical application of this product, further research
needs to be conducted to improve the performance of the composite cement fabrication
process, as well as investigate the effectiveness of these nanofibers on other properties
of cement paste and concrete. Additionally, the analysis of the life cycle and the life
cycle cost of the concrete structure utilizing the proposed cement is necessary, which can
evaluate the competitiveness of the proposed cement solution and help authorities in the
decision-making process [38]. In addition, further comparative studies on the mechanical
properties and microstructure of cement paste modified with silica particles, silica particles
and nanofibers, and the proposed nanofibers containing silica particles are also interesting
topics to analyze the performance of the proposed cement in this study.
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Abstract: A comparison of the effect of steel and polypropylene fibers on the strength, frost resistance,
abrasion, and corrosion resistance in an acidic environment of fiber-reinforced concrete for industrial
floors and road pavements was carried out. Steel fibers with a length of 50 mm and a diameter of 1 mm
and polypropylene fibers with a length of 36 mm and a diameter of 0.68 mm were used. The amount
of steel fiber varied from 15 to 25 kg/m3, and the amount of polypropylene fiber varied from 2 to
3 kg/m3. It has been established that steel fiber more significantly increases the concrete compressive
strength, and both types of dispersed reinforcement increase the flexural strength equally by 27–34%.
Also, dispersed reinforcement reduces the concrete abrasion resistance by 15–35% and increases its
frost resistance by 50 cycles, which helps to improve the durability of industrial floors and road
pavements. The use of steel fiber in an amount of 20 kg/m3 and polypropylene fiber in an amount
of 2.5 kg/m3 also increases the concrete corrosion resistance in an acidic environment. In general,
dispersed reinforcement with both fiber types has approximately the same technological effect
concerning the mentioned applications. However, the use of polypropylene fibers is economically
more profitable since an increase in the cost of 1 m3 of concrete with steel fiber reinforcement is from
$22.5 to $37.5, and an increase in cost with polypropylene fiber is from $10 to $15.

Keywords: industrial floors; road pavements; fiber-reinforced concrete; polypropylene fiber; steel fiber;
frost resistance; corrosion resistance

1. Introduction and Background

Concrete industrial floors must provide a quality surface for production processes and
comfortable, safe human activities. At the same time, they are operated under conditions of
multidirectional loads and dynamic influences [1,2]. Rigid pavements are operated under
similar conditions while additionally being affected by freezing and thawing [3–5].

According to the current standard in Ukraine [6], concrete grades from C12/15 to
C32/40 can be used for industrial floors, depending on the load intensity. The floor material
should be used in accordance with the project requirements and taking into account the
reliability and durability of the structure, as well as the rational use of resources. In the
regulatory documents of European countries [7] and the USA [8], similar requirements
are imposed for concrete industrial floors. For rigid road pavements in accordance with
Ukrainian [4] and European [5] standards, concretes of grades from C20/25 to C32/40 are
used. At the same time, the main characteristic of road concrete is flexural strength, which
should be from 3.0 to 4.1 MPa.

The use of fiber reinforcement is a well-known and well-established method for im-
proving important mechanical properties for industrial floor and road pavement concretes.

Materials 2022, 15, 8339. https://doi.org/10.3390/ma15238339 https://www.mdpi.com/journal/materials
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For dispersed reinforcement, different types of fibers are used, most often steel, polypropy-
lene, and basalt [1,3,9–11]. Also, a promising option for increasing the resistance of concrete
to the formation and development of micro cracks is carbon nanotube reinforcement [12,13].
However, for the quality work of carbon nanotube reinforcement, it is important to ensure
their uniform dispersion in the concrete mixture. The efficiency of using each fiber type is
determined not only by the value of the change in the concrete properties due to reinforce-
ment but also by the change in the cost of concrete with dispersed reinforcement [2]. The
corrosion resistance of the fiber is also important because it is impossible to protect the fibers
with a sufficient layer of concrete from contact with an aggressive environment [14,15].
Alternatively, textile concretes made of carbon or AR glass fibers are increasingly used
to eliminate steel reinforcement in the concrete and thus increase durability and save
material [16,17].

According to many studies, reinforcement with steel fiber makes it possible to most
significantly increase the concrete flexural strength and, at the same time, compressive
strength. It was shown in [18] that steel fibers are superior to glass and polypropylene fibers
in increasing the compressive and flexural strength even with the same volume content
of dispersed reinforcement (1% of the volume of concrete of the coating). In [19], the
addition of steel fibers made it possible to obtain high-strength concrete with a compressive
strength of 70 MPa and improved flexural strength after post-cracking. According to [20],
concrete reinforced with steel fibers has a higher flexural strength than fiber-reinforced
concrete with polypropylene fibers but has lower compressive strength and workability.
In [21], due to the use of 100 kg/m3 of steel fiber, the compressive strength of concrete
pavement was increased by 10–12 MPa, and the flexural strength increased from 7–9 MPa
to 15–17 MPa. However, the economic efficiency of the use of steel fiber in pavements, as
well as the impact of the fiber on the environment, depends on its amount in the concrete
composition [22].

The use of polypropylene fibers is also an effective method for improving the concrete
properties of industrial floors and rigid pavements. For example, it was shown in [23]
that dispersed reinforcement reduces the initial shrinkage of pavements and, as a result,
prevents crack formation. In [24], polypropylene fiber reinforcement increased the flexural
strength of concrete to 191%, while frost resistance improved by more than 25% and
compressive strength increased by 28%. The positive effect of polypropylene fiber on
frost resistance is also confirmed in [25]. In [26], using fiber-reinforced concrete with
polypropylene fibers ensured the efficiency and safety of the pavement, including inside
tunnels. According to [27], as the age of the concrete pavement increases, the positive
effect of reinforcement with polypropylene fibers grows, and the maximum allowable
content of fibers is 1.5% of the concrete volume. In [1,9], a positive effect of dispersed
reinforcement using polypropylene fiber on the physical and mechanical characteristics of
concrete industrial floors is noted. Separately, it is emphasized that the use of polypropylene
fiber is more cost-effective compared to steel fiber.

In addition to the above important parameters of the concrete industrial floor’s dura-
bility, such as shrinkage, frost resistance, and abrasion, another important characteristic
is the acid resistance of concrete. The authors [28] point out the importance of selecting
concrete components for satisfactory operation in aggressive environments, in particular,
the type of cement and microfiller. In turn, the researchers [29,30] emphasize the positive
effect of steel fiber in the amount of 2% of the concrete volume on the corrosion resistance
of fiber-reinforced concrete on ordinary Portland cement under the action of acid rain
corrosion. Researchers [31] have established the optimal amount of polypropylene fiber
(0.3% of the concrete volume) to improve the acid resistance of fiber-reinforced concrete. It
should be noted that in recent years there have been very few studies on the effect of fiber
material type on the resistance of concrete in an acidic environment.

Thus, comparing the effectiveness of steel and polypropylene fibers in concrete indus-
trial floors and road pavements is a crucial task. It is important to consider the corrosion
resistance of concrete reinforced with different fiber types since different substances, in-
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cluding acid solutions, can act on pavements. At the same time, it is important to compare
the effect of different fiber types on the strength, durability, and cost of concrete [1,9,26].

2. Materials and Research Methods

For the fiber-reinforced concrete mixing, the following materials were used:

- Portland cement CEM II/A-S 42.5 R, manufactured by CRH Ukraine in accordance
with [32,33];

- Granite breakstone with a maximum aggregate size of 20 mm, in accordance with [34–37];
- Quartz sand with a fineness modulus of 2.75 in accordance with [35–37];
- Polycarboxylate superplasticizer MC-PowerFlow 3200 produced by MC-Bauchemie,

Bottrop, Germany, in accordance with [38];
- Steel anchor fiber with 50 mm long and 1 mm in diameter, and ultimate tensile strength

1150 MPa, produced by Stalkanat-Silur, Odessa, Ukraine, in accordance [39], Figure 1a.
- Polypropylene fiber "Baumesh" with 36 mm long and 0.68 mm in diameter and

ultimate tensile strength 530 MPa, produced by Bautech-Ukraine (Odessa) in accor-
dance [40] Figure 1b.

Figure 1. Steel anchor fiber (a), polypropylene fiber (b).

Concrete without dispersed reinforcement was studied as a control composition. Three
fiber-reinforced concrete compositions with steel and polypropylene fibers were produced.
The amount of steel fiber varied from 15 to 25 kg/m3, and the amount of polypropylene
fiber varied from 2 to 3 kg/m3. Such a quantity of each type of dispersed reinforcement
was adopted based on the recommendations of manufacturers and production practices.

The compositions of the investigated fiber-reinforced concrete with different fiber
types and control concrete are shown in Table 1.

The workability of all the studied concretes and fiber-reinforced concrete mixtures was
the same S4 with cone slump of 17–18 cm and determined according to [41–43]. To achieve
equal workability, when fiber was introduced into the concrete mixture, the amount of
superplasticizer was changed from 3.40 kg/m3 (0.94% of the cement content) to 4.08 kg/m3

(1.13% of the cement content). At the same time, the amount of water in the mixture
remained constant for the correct comparison of the fiber-reinforced concrete properties,
and the W/C ratio was 0.5.

For the preparation of fiber-reinforced concrete, a rotary mixer was used. The produc-
tion and curing of the samples were carried out in accordance with the standards [44–46].
For each batch, 30 cubes 10 cm × 10 cm × 10 cm (6 cubes for compressive strength test at 7
and 28 days of age, 12 cubes for frost resistance test, and 12 cubes for acid attack resistance
test), and 3 prisms 10 cm × 10 cm × 40 cm were manufactured. After the flexural strength
test, cubes with dimensions of 7 cm × 7 cm × 7 cm were cut out of the prisms (6 specimens
for each concrete mixture) for the abrasion resistance test.
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Table 1. Compositions of the studied concrete and fiber concrete.
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1 Control concrete

360

1110

780 - - 3.40

180

2 Fiber concrete with steel fiber 15 kg/m3 779 15 -
3.643 Fiber concrete with steel fiber 20 kg/m3 778 20 -

4 Fiber concrete with steel fiber 25 kg/m3 777 25 -
5 Fiber concrete with polypropylene fiber 2.0 kg/m3 1105 770 - 2.0

4.086 Fiber concrete with polypropylene fiber 2.5 kg/m3 1103 767 - 2.5
7 Fiber concrete with polypropylene fiber 3.0 kg/m3 1102 763 - 3.0

For all the studied fiber-reinforced concrete, compressive strength at the age of 7 and
28 days [46,47], flexural strength at the age of 28 days [46,48,49], abrasion resistance [50,51],
frost resistance [52,53] and corrosion resistance in an acidic environment [54], water
absorption [55] were determined. Flexural strength was determined by a four-point load
scheme (Figure 2), and load transfer was carried out at a speed of 1.77 kN/min. The
determination of the frost resistance of the studied fiber-reinforced concrete was carried
out according to an accelerated method [52,53]. Samples were saturated with a 5% sodium
chloride solution. Control samples after extraction from the solution are tested for com-
pressive strength. The main samples were frozen to a temperature of −50 ◦C for 4 h, then
the temperature was raised to a temperature of −10 ◦C for 1 h, then the samples were
subjected to complete thawing (one cycle). The main samples, after the required number of
freeze-thaw cycles, are tested for compressive strength, and weight loss is also determined.
The obtained results are compared with control samples, the loss of compressive strength
should not exceed 5%, and the weight loss should not exceed 3%. According to the method
for determining the resistance to acid attack [54], for each concrete composition, cube
samples 10 cm × 10 cm × 10 cm in size were divided into two series, the first series was
placed in water, the second in an acidic environment with pH = 3, obtained by adding
sulfuric acid into distilled water. The samples were kept this way for 6 months, after which
their properties were determined.

Figure 2. Flexural strength test using a 4-point load scheme.
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3. Research Results and Analysis

3.1. Compressive Strength, Flexural Strength, and Water Adsorption

It was experimentally established that the average concrete density of the base com-
position (no. 1) and fiber-reinforced concrete with polypropylene fiber (no. 2–4) was
approximately the same and was in the range of 2415–2425 kg/m3. Fiber concretes with
steel fibers (no. 5–7) were expected to have a slightly higher average density of 2430
to 2440 kg/m3.

Table 2 presents the results of testing the fiber-concrete compressive and flexural
strength at 7 and 28 days.

Table 2. Values of compressive and flexural strength (‘±’ indicates standard deviation, ‘CoV’ indicates
the coefficient of variation).

No. of
Mixture

Compressive Strength
7 Day, MPa

-
Compressive Strength

28 Day, MPa
-

Flexural Strength
28 Day, MPa

-

Samples Average CoV Samples Average CoV Samples Average CoV

1
28.88

28.91 ± 0.33 1.15
35.63

35.69 ± 0.79 2.0
3.54

3.53 ± 0.03 0.7528.60 34.93 3.50
29.26 36.50 3.55

2
30.88

30.99 ± 0.86 2.73
38.96

39.40 ± 0.47 1.0
4.49

4.47 ± 0.05 1.1031.89 39.33 4.50
30.21 39.90 4.41

3
29.55

32.15 ± 0.67 2.10
42.04

42.02 ± 0.60 1.42
4.59

4.59 ± 0.04 0.3328.97 42.61 4.61
30.21 41.42 4.62

4
33.35

33.36 ± 0.84 2.50
43.70

43.16 ± 0.52 1.21
4.73

4.75 ± 0.04 0.5332.53 42.66 4.78
34.20 43.13 4.75

5
29.55

29.58 ± 0.62 2.10
39.43

38.86 ± 0.63 1.61
4.48

4.49 ± 0.02 0.4628.97 38.19 4.51
30.21 38.95 4.47

6
31.85

31.47 ± 0.52 1.65
39.91

39.85 ± 0.68 1.70
4.58

4.58 ± 0.01 0.1330.88 39.14 4.58
31.69 40.49 4.59

7
32.34

32.24 ± 0.69 2.13
41.76

41.84 ± 0.87 2.09
4.78

4.72 ± 0.08 1.7232.87 42.75 4.76
31.51 41.01 4.63

An important indicator of the difference in the concrete structure of the control and
fiber-reinforced concrete composition is that the water adsorption of concrete without fiber
(no. 1) was 4.2%. For all fiber-reinforced concrete, the water absorption was lower and
was in the range of 3.6–3.8%. Since water absorption is an indicator of the open porosity of
concrete, it can be concluded that fiber-reinforced concretes (no. 2–7) have a lower open
porosity than concrete without fibers. This can be explained by an increase in the amount
of superplasticizer MC-PowerFlow 3200 when using fiber (Table 1), which affected the
capillary-pore structure, as well as by the direct effect of fibers on the pores distribution
and capillaries in the composite.

The effect of the steel and polypropylene fibers amount on the compressive strength is
shown in Figure 3, on the flexural strength in Figure 4. The diagrams in Figures 3 and 4 are
built using a combined x-axis, which simultaneously shows the scale of the amount of steel
fiber up to 25 kg/m3 and polypropylene fiber up to 3.0 kg/m3.
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Figure 3. The influence of the steel and polypropylene fibers amount on the concrete compressive
strength at 7 days (a) and compressive strength at 28 days (b).

Figure 4. The influence of the steel and polypropylene fibers amount on the concrete flexural strength
at the age of 28 days.

As can be seen from the diagram in Figure 3b, dispersed reinforcement increases the
concrete compressive strength by 10–21% with steel fibers and by 9–17% with polypropy-
lene fibers. Also, in the studies, it was determined that on the 7th day (Figure 3a), the
concrete and fiber-reinforced concrete compressive strength was 76 to 81% of their strength
at the design age. That is, dispersed reinforcement does not affect the rate of concrete
hardening, which is expected.
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For concrete industrial floors and pavements, the more important mechanical property
is flexural strength since this property determines the bearing capacity of the pavement
structure [4,5,18,27]. As shown in the diagram in Figure 4, the use of fiber reinforcement
increases the concrete flexural strength by 27–34%. Improving the strength properties of
concrete with fiber reinforcement can be explained by the fact that normal concrete is a
brittle material with bad resistance to tensile stresses, and fiber introduction can take up
internal tensile stresses by itself. The equal effect on the concrete flexural strength with less
polypropylene fiber compared with a higher quantity of steel fiber interpreted that per unit
of volume, there is a higher quantity of polypropylene fibers. Therefore, the distribution of
tensile stresses occurs more evenly over the cross-section.

The use of polypropylene fibers increases strength by the same amount as the use of
steel fibers. However, an important economic effect is that when using steel fiber its amount
in fiber-reinforced concrete is from 15 to 25 kg/m3, and with using polypropylene from
2 to 3 kg/m3. The cost of steel fiber is about $1.5 per 1 kg, and the cost of polypropylene
fiber is about $5 per 1 kg. Accordingly, the increase in the cost of 1 m3 of concrete due
to reinforcement with steel fibers is from $22.5 to $37.5, and the increase in price due to
reinforcement with polypropylene fibers is from $10 to $15.

3.2. Abrasion Resistance

Industrial floors and road pavements are subjected to abrasive action during operation.
Therefore, the concrete durability of such structures is largely determined by the abrasion
resistance of concrete. Figure 5 shows the effect of the amount of steel and polypropylene
fibers on the concrete abrasion resistance. The lower abrasion of the material, the higher
its wear resistance. Figure 6 shows samples of composition No. 5 before the abrasion
resistance test.

Figure 5. The influence of the steel and polypropylene fibers amount on the concrete
abrasion resistance.
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Figure 6. Abrasion resistance test. Composition samples No. 5 on a wheel tester.

Analysis of the diagram in Figure 5 shows that the concrete abrasion resistance of the
control composition without fibers is 0.52 g/cm2. This level of concrete abrasion resistance
does not meet the requirements of the Ukrainian national standard [56], according to
which the abrasion of concrete pavement should be no more than 0.50 g/cm2. Due to the
introduction of steel fiber, the abrasion of concrete is reduced by 15–31%, and with the
introduction of polypropylene fiber by 19–35%.

Using 15–20 kg/m3 steel fibers or 2 kg/m3 polypropylene fibers makes it possible to
achieve the G3 abrasion grade (0.41–0.5 g/cm2), which already allows the use of concrete
for rigid road pavements [56]. By increasing the amount of steel fibers to 25 kg/m3, as
well as by using 2.5–3 kg/m3 polypropylene fibers, the concrete abrasion grade improves
to G2 (0.31–0.4 g/cm2), which increases the durability of road pavements and industrial
floors. It is also possible to note the best wear resistance of concretes with polypropylene
fibers, despite the significantly lower amount of dispersed reinforcement in concrete by
weight. This can be explained by the better adhesion of polypropylene fibers to the concrete
matrix compared to steel fibers. Under abrasive action, steel fibers lose their adhesion to
the concrete matrix more easily, and polypropylene fibers, due to better cooperation with
the matrix and retention of individual blocks of the composite, give the concrete greater
wear resistance [57,58].

3.3. Frost Resistance

The durability of rigid road pavements in the climatic conditions of European and
many other countries is significantly affected by the frost resistance of concrete [20,21,25,59].
For concrete industrial floors, frost resistance is of lesser importance, except for the floors
of open warehouses. However, frost resistance is an indirect indicator of resistance to
temperature fluctuations, which can occur in several technological processes.

The value of frost resistance of the studied concretes was determined in accordance
with [52,53] using an accelerated method for concretes of road and airfield pavements,
Figure 7. Other methods require a lot of time for the experiment and are more laborious.
For example, using basic techniques according to [52,53], to achieve concrete frost resistance
F100 cycles, it is necessary to carry out 100 freeze-thaw cycles; in turn, one cycle freezes
at a temperature of −18 ± 2 ◦C and then completely thaws the samples. It is important
to note that the accuracy of the accelerated technique is rather limited since it discretely
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distinguishes only grades F100, F150, F200, F300, etc. In general, this discreteness does not
prevent us from evaluating the effect of dispersed reinforcement on frost resistance, but it
does not allow distinguishing the F index in the range between F200 and F300.

Figure 7. Frost resistance test.

It has been experimentally established that the frost resistance of control concrete
composition (No. 1) is grade F150. For all other studied fiber-reinforced concretes (No. 2–9),
the frost resistance grade was F200. The experimental data are presented in Table 3. Figure 8
shows specimens after frost resistance testing, (a): specimen with dispersed reinforcement
with polypropylene fiber; (b): specimen with dispersed reinforcement with steel fiber.

Figure 8. The studied specimens after freeze-thaw cycles.(a) fiber concrete with polypropylene fiber;
(b) fiber concrete with steel fiber.
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Table 3. Data of fiber-reinforced concrete after frost resistance test (‘±’ indicates standard deviation,
‘CoV’ indicates coefficient of variation).

Marking of Mixture

Compressive Strength of Control
Specimens, MPa

Compressive Strength of Main
Specimens after 200 Cycles of Freezing

and Thawing, MPa

Average
Strength

Reduction,
%

Frost
Resistance,

Cycles
Samples Average CoV Samples Average CoV

Control concrete

39.5

38.80 ± 1.46 3.76

36.1

36.80 ± 0.67 1.83 5.3 F150

38.3 37.7
39.6 36.2
40.5 37.5
36.3 37.0
38.5 36.5

Fiber concrete with
steel fiber 15 kg/m3

40.8

40.20 ± 0.69 1.71

38.0

38.40 ± 0.46 1.20 4.7 F200

40.5 38.2
40.0 39.1
39.1 38.9
39.8 38.2
40.9 38.1

Fiber concrete with
steel fiber 20 kg/m3

44.2

43.40 ± 0.84 1.94

40.9

41.40 ± 0.48 1.17 4.8 F200

44.4 41.8
43.7 41.5
42.5 41.2
42.8 42.0
42.6 40.8

Fiber concrete with
steel fiber 25 kg/m3

43.9

44.70 ± 0.44 0.98

43.1

42.60 ± 0.48 1.12 4.9 F200

44.8 42.7
44.8 42.4
44.5 42.8
44.8 41.8
45.2 43.0

Fiber concrete
with polypropylene

fiber 2.0 kg/m3

40.5

39.30 ± 1.23 3.13

38.3

37.50 ± 0.73 1.93 4.8 F200

40.3 37.9
39.5 36.2
38.3 37.8
39.6 37.4
37.3 37.3

Fiber concrete
with polypropylene

fiber 2.5 kg/m3

41.6

41.40 ± 0.44 1.07

39.9

39.50 ± 0.64 1.61 4.8 F200

41.2 39.5
42.0 38.8
40.8 38.7
41.7 40.2
41.1 40.0

Fiber concrete
with polypropylene

fiber 3.0 kg/m3

43.3

43.30 ± 0.79 1.82

40.8

41.40 ± 0.50 1.20 4.6 F200

44.2 41.6
44.1 40.7
43.1 41.9
42.9 41.5
42.1 41.7

That is, dispersed reinforcement with both steel and polypropylene fibers made it
possible to increase the frost resistance of concrete to approximately the same extent. The
positive effect of using fibers is explained by the ability of fibers as a stabilizing factor to
prevent the separation of concrete as a composite material into separate structural blocks
under the influence of freezing and thawing [20,59]. As shown above, the fiber also affects
the capillary-pore structure of concrete, thereby increasing the concrete frost resistance.
The influence occurs both under the action of the fibers themselves as well as changes in
the dosage of the superplasticizer due to the experimental conditions. At the same time,
as noted earlier, the use of polypropylene fiber due to its lower consumption per 1 m3 of
material is more economically beneficial.
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3.4. Resistance to Acid Attack

For industrial floors in a number of chemical industries and other enterprises using
acids in the production process, as well as warehouses where substances with acidic
properties are stored, an important indicator of the quality of concrete is its resistance to an
acidic environment. For road pavements, acid resistance can provide concrete durability
when de-icers are used.

As noted above, for all the studied fiber-reinforced concrete, the resistance to the acid
attack in an acidic environment was determined. For each concrete composition, one part
of the samples was kept in water for 6 months, and the second in an acidic environment
with pH = 3, Figure 9. The strength of the studied concretes and fiber-reinforced concretes
after 6 months of storage in an acidic environment and the magnitude of the decrease in the
strength of concrete in an acidic environment are shown in Table 4. Figure 10 shows samples
during testing with (a): fiber-reinforced concrete saturated with water; (b): fibrous concrete
in an acidic environment, pH = 3. Figure 11 shows samples of fiber-reinforced concrete
after 6 months of acid exposure with (a): steel fiber-reinforced concrete; (b): polypropylene
fiber-reinforced concrete, pH = 3.

Figure 9. Acid environment test, pH = 3.
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Table 4. Strength of concrete and fiber-reinforced concrete after 6 months exposure to water and in
an acidic environment (‘±’ indicates standard deviation, ‘CoV’ indicates coefficient of variation).

Marking of Mixture

Compressive Strength after Soaking in
Water, MPa

Compressive Strength after Aging in an
Acidic Environment, MPa

Strength
Reduction,

%Samples Average CoV Samples Average CoV

Control concrete

45.8

45.4 ± 0.29 0.73

34.6

34.4 ± 0.23 0.67 24

45.6 34.4
45.0 34.7
45.0 34.2
45.5 34.5
45.2 34.1

Fiber concrete with
steel fiber 15 kg/m3

50.0

49.5 ± 0.35 0.72

36.3

36.4 ± 0.31 0.86 26

49.8 36.5
49.1 36.6
49.3 36.9
49.5 36.1
49.2 36.1

Fiber concrete with
steel fiber 20 kg/m3

53.1

52.6 ± 0.4 0.76

40.5

40.4 ± 0.36 0.89 23

53.0 40.9
52.1 40.2
52.5 40.1
52.4 40.7
52.3 40.0

Fiber concrete with
steel fiber 25 kg/m3

54.3

53.8 ± 0.32 0.59

41.3

41.6 ± 0.45 1.09 23

54.0 41.6
53.6 42.3
53.4 42.0
53.7 41.1
53.8 41.4

Fiber concrete
with polypropylene

fiber 2.0 kg/m3

47.5

48.2 ± 0.55 1.15

35.9

36.2 ± 0.35 0.98 25

48.2 36.4
48.4 36.2
48.6 35.7
48.8 36.5
47.5 36.6

Fiber concrete
with polypropylene

fiber 2.5 kg/m3

49.7

50.1 ± 0.92 1.84

38.8

39.4 ± 0.41 1.05 21

51.1 39.6
49.9 39.8
49.1 39.6
49.5 38.9
51.4 39.5

Fiber concrete
with polypropylene

fiber 3.0 kg/m3

52.0

52.4 ± 0.74

41.7

42.0 ± 0.55 1.30 20

52.3

1.42

41.8
53.5 41.4
53.2 42.6
51.9 42.7
51.7 41.6
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Figure 10. Acid environment test, pH = 3. Total amount of specimens 84 cubes (12 cubes for each
batch). (a) control specimens; (b) specimens in acid environment.

Figure 11. Specimens after 6 months exposure in an acidic environment, pH = 3. Total amount of
specimens 84 cubes (12 cubes for each batch).

Figure 12 shows the effect of the amount of two types of fiber on the concrete strength
after curing in water and in an acidic environment.
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Figure 12. The influence of the steel and polypropylene fibers amount on the concrete strength after
6 months exposure to water (a) and in an acidic environment with pH = 3 (b).

Analysis of the diagram in Figure 12a concludes that after 6 months of exposure in a
humid environment, the effect of dispersed reinforcement with steel and polypropylene
fibers on the concrete compressive strength is similar to the effect of fibers on strength at
the standard age.

Under the influence of an acidic environment, the nature of the fiber effect on the
concrete strength changes (Figure 12b). Dispersed reinforcement also has a positive effect
on concrete strength and increases its value by 5–22%. However, if steel fiber showed a
slightly higher efficiency in a non-aggressive water environment, then after operation in an
acidic environment, the degree of different types of fiber influence on the concrete strength
is equalized. It is also characteristic that in an acidic environment at low fiber dosages
(15 kg/m3 for steel and 2 kg/m3 for polypropylene fibers), dispersed reinforcement has
little effect on the strength and does not increase the resistance to the acid attack on concrete.
The decrease in the concrete strength of the control composition was 24%, concrete with
a small amount of fiber was 26% and 25%, respectively. With a higher amount of fiber,
dispersion-reinforced concretes have a strength degree reduction of 23% with using steel
fibers and 20–21% with using polypropylene fibers.

Such an effect of fiber on resistance to acid attack in an acidic environment is ex-
plained by the fact that as a result of the reaction of concrete components with acids,
calcium carbonate is formed. It is insoluble in water and accumulates in pores and micro-
cracks, which leads to concrete cracking [60,61]. In the experiment, the mass of samples
10 cm × 10 cm × 10 cm in size after exposure to an acidic environment was, on average,
15 g more than the mass of similar samples exposed to water. Dispersed reinforcement
prevents the development of cracks caused by internal stresses in the composite [62]. Re-
ducing the water absorption of concrete with fiber (open porosity) also contributes to an
increase in the resistance to the acid attack of the material. But with a small amount of fiber,
reinforcement is not effective enough, and internal stresses are more capable of causing
destructive effects on the material. It can also be noted that the efficiency of polypropylene
fibers in an acidic environment turned out to be at least not lower than steel ones, which
can be explained by better adhesion to the concrete matrix and chemical inertness to acids.

In general, dispersed reinforcement with both steel and polypropylene fibers improves
the concrete resistance to acid attack for industrial floors and road pavements.
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4. Conclusions

The conducted research allowed us to carry out a comprehensive comparison of the
effectiveness of concrete dispersed reinforcement for industrial floors and road pavements
with steel and polypropylene fibers.

It has been established that both types of dispersed reinforcement increase the strength,
frost resistance, abrasion resistance, and resistance to acid attack on fiber-reinforced concrete.
Steel fibers increase the concrete compressive strength slightly more effectively. In other
analyzed indicators of the concrete quality (flexural strength, abrasion resistance, frost
resistance, and resistance to acid attack), the use of polypropylene fibers can improve at
the same level as the use of steel fibers. To ensure increased resistance to an acid attack
on concrete in an acidic environment, the amount of steel fiber should not be lower than
20 kg/m3, and the amount of polypropylene should not be lower than 2.5 kg/m3.

Dispersed reinforcement with both types of fibers increases the strength characteristics
and durability of pavements under operating conditions typical of most European countries.
However, due to a significant difference in the effective dosage of different fiber types, the
increase in the cost of 1 m3 of concrete mix using dispersed reinforcement of polypropylene
fibers is $12.5–$22.5 less than the increase in cost with dispersed reinforcement with steel
fibers. Other advantages of polypropylene fibers compared to steel fibers are less wear and
tear of technological equipment during the preparation and placing of the fiber-reinforced
concrete mixture, as well as lower energy costs in manufacturing fibers.

Our data complement [29] notes that the introduction of steel and basalt fibers in-
creased the acid resistance of concrete. Results [62] show that dispersed steel fiber re-
inforcement bridge cracks and inhibits the development of concrete chemical erosion.
Experiment [63] reflects the positive effect of using multiscale polypropylene fiber with
different geometry properties on concrete acid resistance.

It is important to emphasize that in our experiment, a more aggressive acid attack
environment was used, which can be useful for expanding the range of data on the effect of
dispersed reinforcement on the concrete acid attack resistance.

Author Contributions: Conceptualization, Ž.K. and S.K.; methodology, S.K., V.K. and D.H.; vali-
dation, Ž.K., V.K. and S.K.; formal analysis, Ž.K. and S.K.; resources, V.K. and D.H.; data curation,
Ž.K. and S.K.; writing—original draft preparation, Ž.K. and V.K.; writing—review and editing,
S.K. and D.H.; visualization, S.K. and V.K.; supervision, Ž.K. and V.K.; project administration, Ž.K.
and S.K.; funding acquisition, Ž.K. All authors have read and agreed to the published version of
the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Chajec, A.; Sadowski, L. The Effect of Steel and Polypropylene Fibers on the Properties of Horizontally Formed Concrete. Materials
2020, 13, 5827. [CrossRef] [PubMed]

2. Sadrolodabaee, P.; Claramunt, J.; Ardanuy, M.; de la Fuente, A.A. Textile Waste Fiber-Reinforced Cement Composite: Comparison
between Short Random Fiber and Textile Reinforcement. Materials 2021, 14, 3742. [CrossRef] [PubMed]

3. Affan, M.; Ali, M. Experimental investigation on mechanical properties of jute fiber reinforced concrete under freeze-thaw
conditions for pavement applications. Constr. Build. Mater. 2022, 323, 126599. [CrossRef]

4. Highways. Part I. Design. Part II. Construction. Kyiv, Ukraine, DBN V.2.3-4:2015. 2015. Available online: http://online.
budstandart.com/ru/catalog/doc-page.html?id_doc=62131 (accessed on 18 September 2022).

5. BS EN 13877-2:2013; Concrete Pavements. Functional Requirements for Concrete Pavements. British Standard Institution: London,
UK, 2013.

27



Materials 2022, 15, 8339

6. Floors. CITP, Gosstroy (USSR), SNiP 2.03.13-88. 1988. Available online: http://online.budstandart.com/ru/catalog/doc-page.
html?id_doc=4122 (accessed on 18 September 2022).

7. TR 34. Concrete Industrial Ground Floors–Fourth Edition, London, UK. 2016. Available online: https://www.concretebookshop.
com (accessed on 18 September 2022).

8. ACI 360R-06. Design of Concrete Slabs on Ground, Michigan, USA. 2006. Available online: https://www.concrete.org/
publications/internationalconcreteabstractsportal/m/details/id/18324 (accessed on 18 September 2022).

9. Abbasi Dezfouli, A.; Orak, M. Effect of Using Different Fibers on Slab on Grades. J. Civ. Eng. Mater. Appl. 2019, 3, 91–99.
10. Pawelska-Mazur, M.; Kaszynska, M. Mechanical Performance and Environmental Assessment of Sustainable Concrete Reinforced

with Recycled End-of-Life Tyre Fibres. Materials 2021, 14, 256. [CrossRef]
11. Mishutin, A.; Kroviakov, S.; Kryzhanovskyi, V.; Chintea, L. Fiber-reinforced concrete for rigid road pavements modified with

polycarboxylate admixture and metakaolin. Electron. J. Fac. Civ. Eng. Osijek-E-GFOS 2021, 12, 1–10. [CrossRef]
12. Ramezani, M.; Kim, Y.H.; Sun, Z. Mechanical properties of carbon-nanotube-reinforced cementitious materials: Database and

statistical analysis. Mag. Concr. Res. 2020, 72, 1047–1071. [CrossRef]
13. Ramezani, M.; Kim, Y.H.; Sun, Z. Elastic modulus formulation of cementitious materials incorporating carbon nanotubes:

Probabilistic approach. Constr. Build. Mater. 2020, 274, 122092. [CrossRef]
14. Ahmed, S.F.U.; Mihashi, H. A review on durability properties of strain hardening fibre reinforced cementitious composites

(SHFRCC). Cem. Concr. Compos. 2007, 29, 365–376. [CrossRef]
15. Frazão, C.M.V.; Barros, J.A.O.; Camões, A.; Alves, A.M.V.C.P.; Rocha, L. Corrosion effects on pullout behavior of hooked steel

fibers in self-compacting concrete. Cem. Concr. Res. 2016, 79, 112–122. [CrossRef]
16. Beßling, M.; Groh, M.; Koch, V.; Auras, M.; Orlowsky, J.; Middendorf, B. Repair and Protection of Existing Steel-Reinforced

Concrete Structures with High-Strength, Textile-Reinforced Mortars. Buildings 2022, 12, 1615. [CrossRef]
17. Beßling, M.; Orlowsky, J. Quantification of the Influence of Concrete Width per Fiber Strand on the Splitting Crack Failure of

Textile Reinforced Concrete (TRC). Polymers 2022, 14, 489. [CrossRef] [PubMed]
18. Hussain, I.; Ali, B.; Akhtar, T.; Jameel, M.S.; Raza, S.S. Comparison of mechanical properties of concrete and design thickness of

pavement with different types of fiber-reinforcements (steel, glass, and polypropylene). Case Stud. Constr. Mater. 2020, 13, e00429.
[CrossRef]

19. Jang, S.J.; Yun, Y.J.; Yun, H.D. Influence of Fiber Volume Fraction and Aggregate Size on Flexural Behavior of High Strength Steel
Fiber-Reinforced Concrete (SFRC). Appl. Mech. Mater. 2013, 372, 223–226. [CrossRef]

20. Hasani, M.; Nejad, F.M.; Sobhani, J.; Chini, M. Mechanical and durability properties of fiber reinforced concrete overlay:
Experimental results and numerical simulation. Constr. Build. Mater. 2020, 268, 121083. [CrossRef]

21. Kos, Ž.; Kroviakov, S.; Kryzhanovskyi, V.; Grynyova, I. Research of Strength, Frost Resistance, Abrasion Resistance and Shrinkage
of Steel Fiber Concrete for Rigid Highways and Airfields Pavement Repair. Appl. Sci. 2022, 12, 1174. [CrossRef]

22. Achilleos, C.; Hadjimitsis, D.; Neocleous, K.; Pilakoutas, K.; Neophytou, P.O.; Kallis, S. Proportioning of Steel Fibre Reinforced
Concrete Mixes for Pavement Construction and Their Impact on Environment and Cost. Sustainability 2011, 3, 965–983. [CrossRef]

23. Mazzoli, A.; Monosi, S.; Plescia, E.S. Evaluation of the early-age-shrinkage of Fiber Reinforced Concrete (FRC) using image
analysis methods. Constr. Build. Mater. 2015, 101, 596–601. [CrossRef]

24. Al-Lebban, M.F.; Khazaly, A.I.; Shabbar, R.; Jabal, Q.A.; Al Asadi, L.A.R. Effect of Polypropylene Fibers on some Mechanical
Properties of Concrete and Durability against Freezing and Thawing Cycles. Key Eng. Mater. 2021, 895, 130–138. [CrossRef]

25. Salemi, N.; Behfarnia, K. Effect of nano-particles on durability of fiber-reinforced concrete pavement. Constr. Build. Mater. 2013,
48, 934–941. [CrossRef]

26. Nobili, A.; Lanzoni, L.; Tarantino, A. Experimental investigation and monitoring of a polypropylene-based fiber reinforced
concrete road pavement. Constr. Build. Mater. 2013, 47, 888–895. [CrossRef]

27. Lu, C. Mechanical Properties of Polypropylene Fiber Reinforced Concrete Pavement. Adv. Mater. Res. 2013, 739, 264–267.
[CrossRef]

28. Barbhuiya, S.; Kumala, D. Behaviour of a Sustainable Concrete in Acidic Environment. Sustainability 2017, 9, 1556. [CrossRef]
29. Jianqiao, Y.; Hongxia, Q.; Geifei, Z.; Xinke, W. Research on damage and deterioration of fiber concrete under acid rain environment

based on GM(1,1)-Markov. Materials 2021, 14, 6326.
30. Sanytsky, M.; Kropyvnytska, T.; Fic, S.; Ivashchyshyn, H. Sustainable low-carbon binders and concretes. E3S Web Conf. 2020, 166,

06007. [CrossRef]
31. Maruthachalam, D.; Vishnuram, B.G.; Gurunathan, M.; Padmanaban, I. Durability properties of fibrillated polypropylene

fibre-reinforced high performance concrete. J. Struct. Eng. 2011, 38, 1–9.
32. BS EN 196-1:2016; Methods of Testing Cement. Determination of Strength. British Standard Institution: London, UK, 2016.
33. BS EN 196-2:2013; Methods of Testing Cement. Chemical Analysis of Cement. British Standard Institution: London, UK, 2013.
34. Crushed Stone and Gravel Are Dense Natural for Building Materials, Products, Structures and Works, DSTU B V.2.7-75-98. 1999.

Available online: http://online.budstandart.com/ru/catalog/doc-page?id_doc=4674 (accessed on 1 October 2022).
35. BS EN 12620:2013; Aggregates for Concrete. British Standard Institution: London, UK, 2013.
36. ASTM C 33/C33M-18; Standard Specifications for Concrete Aggregates. ASTM International: West Conshohocken, PA, USA, 2018.
37. Building Materials. Sand Dense Natural for Construction Materials, Products, Designs and Works. Specifications, DSTU B V.2.7-

32-95. 1996. Available online: http://online.budstandart.com/ru/catalog/doc-page?id_doc=4053 (accessed on 1 October 2022).

28



Materials 2022, 15, 8339

38. BS EN 934-2:2009; Admixtures for Concrete, Mortar and Grout Concrete admixtures. Definitions, Requirements, Conformity,
Marking and Labelling. British Standard Institution: London, UK, 2009.

39. BS EN 14889-1:2006; Fibres for Concrete—Part 1: Steel Fibres–Definitions, Specifications and Conformity. British Standard
Institution: London, UK, 2006.

40. BS EN 14889-1:2006; Fibres for Concrete—Part 2: Polymer Fibres–Definitions, Specifications and Conformity. British Standard
Institution: London, UK, 2006.

41. BS EN 12350-2:2019; Testing Fresh Concrete. Slump Test. British Standard Institution: London, UK, 2019.
42. ASTM C143/C143M-12; Standard Test Method for Slump of Hydraulic-Cement Concrete. ASTM International: West Con-

shohocken, PA, USA, 2012.
43. Concrete Mixtures. Test Methods, DSTU B V.2.7-114:2002. 2002. Available online: http://online.budstandart.com/ua/catalog/

doc-page?id_doc=4913 (accessed on 1 October 2022).
44. BS EN 12390-2:2019; Testing Hardened Concrete. Making and Curing Specimens for Strength Tests. British Standard Institution:

London, UK, 2019.
45. ASTM C192/C192M-19; Standard for Making and Curing Concrete Test Specimens in the Laboratory. ASTM International: West

Conshohocken, PA, USA, 2019.
46. Building Materials. Concrete. Methods of Determining the Strength of Control Samples, DSTU B V.2.7-2014:2009. Available

online: http://online.budstandart.com/ru/catalog/doc-page.html?id_doc=25943 (accessed on 1 October 2022).
47. BS EN 12390-3:2009; Testing Hardened Concrete. Compressive Strength of Test Specimens. British Standard Institution: London,

UK, 2009.
48. BS EN 12390-5:2009; Testing Hardened Concrete. Flexural Strength of Test Specimens. British Standard Institution: London,

UK, 2009.
49. ASTM C78/C78M-16; Standard Test Method for Flexural Strength of Concrete (Using Simple Beam with Third-Point Loading).

ASTM International: West Conshohocken, PA, USA, 2016.
50. ASTM C944/C944M-19; Standard Test Method for Abrasion Resistance of Concrete or Mortar Surfaces by the Rotating Cutter

Method. ASTM International: West Conshohocken, PA, USA, 2019.
51. Building Materials. Concrete. Methods for Determining Abrasion Resistance, DSTU B V.2.7-212:2009. 2010. Available online:

http://online.budstandart.com/ru/catalog/doc-page?id_doc=25953 (accessed on 1 October 2022).
52. Concrete. Accelerated Methods for Determining Frost Resistance during Repeated Freezing and Thawing. General Requirements,

DSTU B V.2.7-47-96. 1996. Available online: http://online.budstandart.com/ua/catalog/doc-page?id_doc=4061 (accessed on
1 October 2022).

53. Concrete. Accelerated Methods for Determining Frost Resistance during Repeated Freezing and Thawing, DSTU B V.2.7-49-96.
1996. Available online: http://online.budstandart.com/ru/catalog/doc-page?id_doc=4950 (accessed on 1 October 2022).

54. Corrosion Protection in Construction. Concretes. General Requirements for Testing, DSTU B GOST 27677:2011. 2011. Available
online: http://online.budstandart.com/ua/catalog/doc-page?id_doc=28066 (accessed on 1 October 2022).

55. Building Materials. Concretes. Methods of Determining Average Density, Humidity, Water Absorption, Porosity and Water-
Proofness, DSTU B V.2.7-170:2008. 2009. Available online: http://online.budstandart.com/ua/catalog/doc-page?id_doc=24882
(accessed on 1 October 2022).

56. Cement-Concrete Road Mixes and Cement-Concrete Road Mixes. Specifications, DSTU 8858:2019. 2019. Available online:
http://online.budstandart.com/ua/catalog/doc-page.html?id_doc=82987 (accessed on 1 October 2022).

57. Abbass, W.; Khan, M.I.; Mourad, S. Evaluation of mechanical properties of steel fiber reinforced concrete with different strengths
of concrete. Constr. Build. Mater. 2018, 168, 556–569. [CrossRef]

58. Soulioti, D.V.; Barkoula, N.M.; Paipetis, A.; Matikas, T.E. Effects of Fibre Geometry and Volume Fraction on the Flexural Behaviour
of Steel-Fibre Reinforced Concrete. Strain–Int. J. Exp. Mech. 2009, 47, e535–e541. [CrossRef]

59. Öztürk, O. Comparison of frost resistance for the fiber reinforced geopolymer and cementitious composites. Mater. Today: Proc.
2022, 65, 1504–1510. [CrossRef]

60. Huber, B.; Hilbig, H.; Drewes, J.E.; Müller, E. Evaluation of concrete corrosion after short- and long-term exposure to chemically
and microbially generated sulfuric acid. Cem. Concr. Res. 2017, 94, 36–48. [CrossRef]

61. Taheri, S.; Delgado, G.P.; Agbaje, O.B.A.; Giri, P.; Clark, S.M. Corrosion Inhibitory Effects of Mullite in Concrete Exposed to
Sulfuric Acid Attack. Corros. Mater. Degrad. 2020, 1, 282–295. [CrossRef]

62. Marcos-Meson, V.; Fischer, G.; Edvardsen, C.; Skovhus, T.L.; Michel, A. Durability of Steel Fibre Reinforced Concrete (SFRC)
exposed to acid attack–A literature review. Constr. Build. Mater. 2018, 200, 490–501. [CrossRef]

63. Liang, N.; Mao, J.; Yan, R.; Liu, X.; Zhou, X. Corrosion resistance of multiscale polypropylene fiber-reinforced concrete under
sulfate attack. Case Stud. Constr. Mater. 2022, 16, e01065. [CrossRef]

29





Citation: Ma, X.; Li, H.; Wang, D.; Li,

C.; Wei, Y. Simulation and

Experimental Substantiation of the

Thermal Properties of

Non-Autoclaved Aerated Concrete

with Recycled Concrete Powder.

Materials 2022, 15, 8341. https://

doi.org/10.3390/ma15238341

Academic Editors: Hrvoje
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Abstract: Non-autoclaved aerated concrete (NAAC) is a two-phase material with a concrete matrix
and air, exhibits good thermal insulation performance and shows good potential in the insulating
construction industry. In this study, recycled concrete fine powder was used as an auxiliary cementing
material, and the NAAC with different porosity and distribution was fabricated by the non-autoclaved
method at different curing temperatures. The effect of porosity on the thermal conductivity and
mechanical strength of NAAC is analyzed by experimental tests. A prediction method of thermal
conductivity combining pore structure reconstruction and numerical simulation was proposed, which
is established by two steps. Firstly, the pore size distributions of NAAC with different porosities
were characterized by stereology image analyses. Secondly, the thermal conductivity prediction
model based on the pore structure information was established by a COMSOL steady-state heat
transfer module. The thermal conductivity results of COMSOL simulations were compared with
the experiments and other theoretical models to verify the reliability of the model. The model was
used to evaluate the effect of porosity, pore size distribution and the concrete matrix’s thermal
conductivity on the thermal conductivity of NAAC; these are hard to measure when only using
laboratory experiments. The results show that with the increase in curing temperature, the porosity
of NAAC increases, and the number and volume proportion of macropores increase. The numerical
results suggest that the error between the COMSOL simulations and the experiments was less than
10% under different porosities, which is smaller than other models and has strong reliability. The
prediction accuracy of this model increases with the increase in NAAC porosity. The steady thermal
conductivity of NAAC is less sensitive to the distribution and dispersion of pore size in a given
porosity. With the increase in porosity, the thermal conductivity of NAAC is linearly negatively
correlated with that of the concrete matrix, and the correlation is close to 1.

Keywords: non-autoclaved aerated concrete; thermal conductivity; COMSOL simulation; pore size
distribution; image-based analysis

1. Introduction

With the burgeoning call towards environmental-friendliness and sustainable devel-
opment strategies, it is necessary to explore effective solutions for energy efficiency and
carbon emission reduction in the construction. Heating and cooling costs of a building are
the main parts of operating costs during the life cycle of the building and also one of the
main sources of carbon emissions [1]. Hence, excellent insulation building materials are
considered important in the building’s design and construction.

Aerated concrete (AC) is a lightweight porous material made by introducing expansion
agents into a slurry mixed with binders, supplementary cementitious material, fine aggre-
gate, admixture and water [2–4]. Due to its small bulk density, good thermal insulation and
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fire resistance, AC attracted extensive interest in the field of energy-efficient and thermal in-
sulation [5–7]. According to the production method, the AC can be divided into autoclaved
aerated concrete (AAC) and non-autoclaved aerated concrete (NAAC). The production
of NAAC does not require an environment of saturated steam under pressure, which is
expensive and requires high energy consumption [8–10]. Simultaneously, a large amount
of recycled material can be reused as raw materials for AC production, revealing the great
potential in increasing the utilization rate of industrial waste [11–14]. As one of the widely
used building materials in modern construction, the production of concrete has generated a
large amount of waste concrete due to remodeling and demolition processes [15,16]. Waste
concrete is reused in low-value operations or end up in landfills, which can cause a serious
waste of resources. Furthermore, the current production of cement clinkers is accompanied
by a large amount of energy consumption and carbon dioxide emissions. Many researchers
proved that recycled concrete fines can partially replace traditional cementitious materials
in concrete production [17–20]. Consequently, incorporating recycled concrete aggregates
in NAAC production is considered to be a cost-effective means for solving the construction
waste disposal challenges and achieving environmental sustainability.

Many researchers studied the characteristics of concrete produced with recycled
concrete aggregates, including mechanical strength, crack resistance, porosity and water
absorption [21,22]. Nevertheless, the research on the thermal conductivity of NAAC mixed
with recycled concrete fine powder is very limited. In the past few decades, most studies
have focused on examining the influence of the mix ratio on the thermal conductivity of
porous concrete in order to obtain improved thermal insulation properties [23–27]. For
example, Qu et al. [23] showed that the thermal conductivity of AAC is mainly influenced
by its dry density. Narayanan [24] and Jerman et al. [25] reported that the moisture content
is a key factor affecting the thermal conductivity of AC, and the higher value of moisture
contents led to higher thermal conductivities. Jeong et al. [26] investigated the effect of
water/cement ratios on the thermal conductivity of porous concrete with coal bottom
ash. As a result of the research study, the authors found that thermal conductivities were
significantly reduced by increases in the water/cement ratio.

The NAAC is a two-phase material with a concrete matrix and air, and one of its most
important features is its internal porous structure. The macropores are formed from the
chemical reaction between expansion agent and cementitious mixtures. The gas overflow
after the addition of the expansion agent forms millions of uniformly sized and evenly
distributed air voids in the concrete matrix, which are much bigger than the ordinary con-
crete [2,28,29]. In recent years, a large number of studies proved that the thermal insulating
ability of porous concrete is significantly affected by its pore structure [30,31]. To intensively
study the heat transfer performance of porous materials, many studies attempted to link
thermal conductivity with its pore structure parameters [32,33]. The constitutive models of
two-phase materials between the pore structure and thermal behaviors either have been
established by many researchers in an analytical or empirical way to estimate the effective
thermal conductivity [34–36]. For example, the parallel–series model and Campbell-Allen
model are commonly used thermal conductivity models. Li et al. [35] established a predict-
ing model for a simple two-phase inclusion-matrix system based on an effective medium
and mean-field theories and focused on the effect of pore shape on thermal conductivity.
Othuman et al. [36] proposed an analytical model of thermal conductivity with respect to
foam concrete based on the assumed internal structure (porous) and constituents (cement,
water and air). These models can quantitatively establish the relationship between porosity
and thermal conductivity by using the thermal conductivity of two phases (concrete matrix
and air) in porous concrete and the corresponding volume fraction. However, due to the
fact that the microstructure of porous concrete is complex and the hypotheses of two-phase
homogeneous material is oversimplified, the real properties of porous concrete are not been
expressed exactly. Generally, all of the above models simply focused on changes in thermal
conductivities caused by pore volume differences but neglected the effect of parameters
such as pore size and distribution.
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In fact, it is usually difficult to take the geometric details of the pores into consideration
in experimental studies. Based on the reasonable calculation model and enough accurate
data of the NAAC’s internal features, numerical simulations can quantitatively establish the
relationship between pore structure and thermal conductivity, and these simulations have
become one of the important methods for the prediction of effective thermal conductivity.
For example, Miled et al. [37] used five homogenization models to predict foam concrete’s
thermal conductivity, and the experimental data and FEM simulations are used to identify
the best model. Qin et al. [38] used the steady-state method to numerically simulate the
thermal conductivity of the foam glass. Ding et al. [39] used COMSOL simulations to study
the relationship between thermal conductivity and the porosity of concrete materials. For
most existing numerical models, the pore structure in NAAC is reproduced by random
methods; thus, the influence of production process and material properties differences on
the real pore structure of NAAC is usually ignored. However, this issue is of great impor-
tance for creating appropriate pore structure for NAAC to predict thermal conductivities;
thus, the prediction results of the numerical model based on the random pore generation
method usually lack stability. A large number of pores in NAAC are macro-pores, and
common pore structure characterization methods such as scanning electron microscope
(SEM), mercury injection method, and gas permeation method are usually difficult to apply.
With the development of computer and vision technology, image-based analyses have
become one of the most promising techniques for identifying the concrete’s internal pore
structure [40,41]. The digital image-processing techniques can use projected images or
cross-sectional images to estimate gradation and analyze the data by using professional
automatic image analyzers.

Herein, this study focuses on confirming the feasibility of accurately simulating the
thermal conductivity of NAAC mixed with recycled concrete fine powders by COMSOL.
Based on the real pore structure’s parameters (porosity, pore size and distribution) obtained
by the stereo-image method, the model is established to avoid the effects of changing
production processes and material properties on the pore structure and prediction of
thermal conductivity. Firstly, the NAAC was prepared with recycled concrete fine powder
as the auxiliary cementing material, and NAAC with different porosities and pore size
distributions was produced by changing curing temperatures. The effect of porosity on
the thermal conductivity and mechanical strength of NAAC is analyzed by experimental
tests. Furthermore, the pore size distribution of NAAC with different porosity were
characterized by stereology-image analyses, and the thermal conductivity prediction model
was established by COMSOL steady-state analyses. The thermal conductivity results of
COMSOL simulations, experiments and other classical theoretical models are compared;
it is proved that the finite element model based on real pore structures obtained by the
image method has good accuracy. Finally, the effects of porosity, pore size distribution and
concrete matrix thermal conductivities on thermal conductivity of NAAC were studied,
and the results offer a relationship between the pore structure and thermal conductivity of
NAAC. This work provides a possible method for predicting the thermal conductivity of
NAAC by examining pore structure reconstruction and using numerical simulations.

2. Materials and Methods

2.1. Materials

The raw materials of NAAC used in this study mainly include P.O 42.5 cement, lime,
gypsum, fly ash, aluminum powder-based chemical expansion agent, foam stabilizer and
recycled concrete fines. The cement was obtained from Ningxia Saima Cement Co. Ltd.
(Ningxia, China), and its basic properties are shown in Table 1.
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Table 1. Basic properties of cement.

Cement Grade
Specific Surface

Area (m2/kg)

Setting Time (min) Water Consumption of
Normal Consistency (%)

LOI (%)
Initial Final

P.O 42.5 350 182 234 27.2 4.7

The waste concrete was screened and crushed into concrete aggregates, and then the
recycled aggregates were ground by a ball mill for 50 min to obtain recycled fines. The phase
composition and microstructures of the recycled concrete powder were characterized by
X-ray diffraction (XRD; D/max 2550VB3, Rigaku, Japan) and scanning electron microscopes
(SEM; TM4000PlusII, Hitachi, Japan), as shown in Figure 1. It can be seen that the recycled
concrete fines are irregular polygons with uneven size. Grade I fly ash was used as
supplementary cementitious material, and the chemical components of cement, fly ash
and recycled concrete fines used in this study are presented in Table 2. According to the
chemical composition, CaO and SiO2 are the main components of the powder material
with a small number of impurities. The results show that the chemical composition of
recycled concrete fines is similar to that of cement, and it can be used as a siliceous material
to prepare NAAC.

(a) (b)

Figure 1. (a) XRD pattern and (b) SEM image of recycled concrete fines.

Table 2. Chemical components of raw materials.

Constituents (wt.%) CaO SiO2 Al2O3 Fe2O3 SO3 Na2O LOI

Cement 43.5 14.1 5.19 2.17 4.91 21.3 8.83
Fly ash 5.7 51.5 24.8 7.0 1.5 1.7 7.8

Recycled concrete fines 34.1 23.9 3.86 2.32 1.32 27.7 6.8

The expansion agent was a GLS-65 aluminum powder-based expansion agent pro-
vided by Huaian Xinshengfa New Material Co. Ltd. (Huaian, China), and its technical
index is shown in Table 3. Sodium stearate was used as a foam stabilizer, and its purity was
of analytical grade. Lime and gypsum were provided by Ningxia Jinxin Environmental
Technology Co. Ltd. (Ningxia, China), which complies with the Chinese standard of
JC/T 621—2009.
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Table 3. Characteristics of aluminum powder-based expansion agent.

Label Type Solid Content (%) Active Aluminum in Solid (%)
Rate of Gas Generation (%)

4 min 16 min 30 min

GLS-65 Water-based 65 85 40–60 ≥90 ≥99

2.2. Specimen Preparation and Mix Design

The NAAC was prepared in the following sequence (as shown in Figure 2): Cement,
lime, gypsum, fly ash and recycled concrete fines were added into the mixer and mixed
at low speeds (48 ± 3 rpm) for 1 min. Then, 50% of the water required for mixing was
introduced into the mixture of dry ingredients and mixed for 1.5–2 min to obtain a well-
mixed slurry. After that, aluminum powder and sodium stearate were mixed in the
remaining mixing water, and then the prepared aqueous solution was added into the
resulting mixture slurry; mixing continued for 0 s. After resting for 1 min, the slurry
was continually mixed at low speeds for 2 min until a homogeneous mixture without
agglomerates was obtained.

Figure 2. The preparation process of NAAC.

For the measurement of thermal conductivity, the slurry in a fresh state was poured
into pre-prepared 100 mm × 100 mm × 100 mm molds brushed with lubricants and
compacted with a metal rod. The molds with concrete were then placed into an oven
with a relative humidity of 40 ± 5% for 4 h, and the curing temperatures were controlled
at T1 (30 ◦C), T2 (35 ◦C), T3 (40 ◦C), T4 (45 ◦C) and T5 (50 ◦C), respectively. After the
NAAC formed and expanded, the increased volume was removed by using scraper. Next,
the specimens were covered with plastic sheeting and kept indoors at a temperature
of 22 ± 2 ◦C for 24 h. Finally, the specimens were demolded and naturally cured to the
specified age for performance testing. To increase the reliability of test results, three samples
of each mixture were made.
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The reference concrete was used for testing the thermal conductivity of the concrete
matrix, and the mix proportions of the reference concrete and NAAC are shown in Table 4.

Table 4. Mix proportions of each sample.

Mix Types W/C
Cement

(%)
RCFP

(%)
Gypsum

(%)
FA (%)

Lime
(%)

Expansion
Agent (%)

Foam
Stabilizer (%)

Reference Concrete 0.65 20 14 18 46 2 - -
NAAC 0.65 20 14 18 46 2 0.06 0.12

Note: W/C represents the water-cement ratio; RCFP represents the recycled concrete fine powder; FA represents
the fly ash.

2.3. Pore Structure Characterization
2.3.1. Pretreatment of Specimen

In this study, the porosity and pore size distribution of NAAC were characterized
by the image-based analysis method. In order to improve the measurement accuracy, the
image-based analysis of NAAC’s pore structure requires preliminary processing, including
contrast enhancements. First, the specimens that have been molded and fully cured were
cut, and the exposed surfaces after cutting should be parallel and flat. Then, each surface of
the test block was polished with 400-, 2000- and 5000-mesh sandpaper to make the exposed
surfaces smooth and flat, and the pore structure was clearly visible. Finally, the cutting
surfaces were evenly smeared with ink and dried naturally. The gypsum powder was used
to fill the pores on the cutting surface, and the excess gypsum powder was removed with a
scraper to obtain a high contrast specimen surface.

2.3.2. Stereology Principle

Stereology analysis is a mathematical method for studying the relationship between
s-dimensional measurements obtained from the section of an organization and its n-
dimensional (where s < n) parameters, which allows inferring the three-dimensional struc-
tural characteristics of NAAC by analyzing its two-dimensional structural features [42,43].
The fundamental viewpoint of stereology is that the structure of a material can be con-
sidered as an image consisting of points, lines, planes and bodies. There is a quantitative
relationship between the statistics of a phase at point P, line length L, plane area A and
volume V. The basic stereological Equation (1) applied here is as follows.

VV = AA = LL = PP, (1)

The component area fraction AA in a NAAC section is an unbiased estimate of the com-
ponent volume fraction VV in a three-dimensional structure. Consequently, the statistical re-
sults of the two-dimensional distribution can be used to characterize the three-dimensional
pore distribution.

2.3.3. Image Processing

The image-processing software and pore structure characterization software used in
this study was Image-Pro Plus [44]. First, the cross sections of NAAC specimens after
pretreatment were photographed and cropped using a digital microscope. The maximum
resolution of the obtained RGB images was 640 × 480 using 50× magnification. Then,
the Image-Pro Plus software was used for image binarization and pore segmentation to
obtain the image shown in Figure 3. The red part represents pore spaces, and the black part
represents pore walls.

36



Materials 2022, 15, 8341

Figure 3. Cross section of NAAC after Image-Pro Plus software processing.

2.4. Thermal Conductivity Measurement

The thermal conductivity was measured by the transient hot-wire method, and the in-
strument used was a TC3000E heat conduction coefficient measurement device (measuring
range is 0.001–50.0 W/mK, measuring accuracy is 0.0005 W/mK), as shown in Figure 4.
Before formal measurements, the standard sample was used to calibrate the instrument.
The specimens that have reached the specified curing age were cut into two equal volumes
with flat surfaces, and the residual powder was removed. Then, the sensor was placed in
the middle of the cut sample, and a 500 g weight was placed above the sample to produce
the two parts after cutting them closely together so as to reduce test errors. The test voltage
was 1.5 v, and each specimen was tested five times with an interval of 10 s.

(a) (b)
Figure 4. (a) Automatic test instrument for measuring thermal conductivity with hot wire method;
(b) Thermal conductivity test of NAAC.

2.5. Numerical Modeling

The COMSOL finite element software can effectively simulate the pore structure and
predict the thermal conductivity of composite materials. A steady-state heat conduction-
based numerical model was developed by using COMSOL to simulate the thermal conduc-
tivity of NAAC with different porosity and pore size distribution.

2.5.1. Principles of Heat Conduction and Material Parameters

Heat conduction, convection and radiation are the basic methods for heat transfers.
The heat transfer process relative to porous materials from the high temperature section to
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the low temperature section is a result of a contribution of these three different mechanisms.
The NAAC is a two-phase material with a concrete matrix and air; the internal heat
transfer process comprises heat conduction in a cementitious matrix, heat conduction, heat
convection and heat radiation in pores. Due to the small pore size inside the NAAC, it is
difficult for the air to circulate; thus, the heat transfer due to convection can be ignored.
Furthermore, radiation usually accounts for a small proportion in the heat transfer of
porous concrete and can be negligible. Consequently, the heat transfer simulation of NAAC
in this study only considered the heat conduction. The thermal conductivity of the concrete
matrix was measured by experiments, and the parameters of the concrete matrix and air
are shown in Table 5.

Table 5. Phase parameters of NAAC.

Phase
Thermal Conductivity

(W/mK)
Specific Heat

Capacity (J/(kg·K))
Density (kg/m3)

Concrete matrix 0.3414 1050 2470
Air 0.023 1000 1.29

2.5.2. Calculating Model of Thermal Conductivity

As mentioned in the introduction, the existing analysis models are usually based on
the random generation method for reproducing the microstructure and the pores forming
randomly based on some main structural parameters. In such models, the realistic influ-
ences of production processes and material properties on pore size and distribution are
usually neglected. In this paper, the three-dimensional model of the NAAC was established
by COMSOL based on the porosity and pore size distribution obtained from the pore struc-
ture’s characterization. Considering the computational volume and time, the specimen size
used for simulation was 10 mm × 10 mm × 10 mm, and the pores are described as spheres
in the solid matrix [45]. The conditions for the formation of pore structure were that the
pores were within the range of the concrete specimen, and the pores did not overlap or
stick together. Due to the fineness requirement of meshing, the lower limit of the pore size
was set as 0.1 mm. The three-dimensional models of the reference concrete and NAAC are
shown in Figure 5.

(a) (b)

Figure 5. The three-dimensional models of the (a) reference concrete and (b) NAAC (curing tempera-
ture of 35 ◦C as an example).

The model was established by mimicking the actual thermal conductivity test environ-
ment, and the heat flux was set to be transferred from the upper side to the lower side of the
sample without internal heat generation. The parameter settings are as follows: the room
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ambient temperature was set at 20 ◦C. The upper boundary perpendicular to the z-axis
was set at 35 ◦C (hot boundary), and the lower boundary was set at 15 ◦C (cold boundary).
Additionally, the other four boundaries parallel to the z-axis were set as open boundaries.

The meshing method with physical field controls in COMSOL was used, and the
grid’s independence test was carried out. It was determined that the simulation results
of the thermal conductivity of NAAC are less sensitive to grid fineness. Based on the
consideration of the simulation accuracy of small size pores and calculation time, the
meshing parameters of reference concrete were set as follows: the maximum unit size of
reference concrete was 1 mm, the minimum unit size was 0.18 mm, the maximum unit
growth rate was 1.5, the curvature factor was 0.6, and the narrow area resolution was 0.5.
The meshing parameters of NAAC were set as follows: The maximum unit size of reference
concrete was 0.8 mm, the minimum unit size was 0.1 mm, the maximum unit growth rate
was 1.45, the curvature factor was 0.5, and the narrow area resolution was 0.6. The meshing
results of the reference concrete and NAAC are shown in Figure 6.

(a) (b)

Figure 6. The meshing results of (a) reference concrete and (b) NAAC (curing temperature of 35 ◦C
as an example).

3. Results and Discussion

3.1. Effect of Porosity on Thermal Conductivity and Compressive Strength

The porosity, compressive strength and thermal conductivity of the NAAC at different
curing temperatures were tested, and the results are shown in Figure 7. The results
show that the curing temperature of NAAC has a significant effect on its porosity. With
the increase in curing temperature, the porosity of NAAC increases. As observed from
Figure 7a, the compressive strength of NAAC firstly increases and then decreases with
the increase in porosity, showing a downward trend as a whole. With the increase in
the volume of pores, the compressive strength of NAAC decreases, which is in line with
the basic law of porous materials. The compressive strength increases as the porosity
increases from 47.5% (35 ◦C) to 48.8% (40 ◦C). This is mainly because the compressive
strength of NAAC is not only affected by the porosity but also the pore size and pore
distribution. The NAAC with a uniform distribution of pore structure, concentrated
pore size distribution and a smaller number of connected pores and large pores show
better compressive properties. Furthermore, the experimental thermal conductivity of the
reference concrete (with approximately 0 porosity) is 0.3414 W/mK. It can be seen from
Figure 7b that the thermal conductivity of NAAC is much lower than that of the reference
concrete, and it decreases with the increase in porosity. This is mainly because the NAAC is
a two-phase composite material of air and concrete. The thermal conductivity of air under
standard conditions is only 0.023 W/mK, which is much lower than that of the concrete
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matrix (an order of magnitude difference). Therefore, the increase in the proportion of air
in the unit volume of NAAC can reduce the overall thermal conductivity.

(a) (b)

Figure 7. (a) Porosity and thermal conductivity of NAAC at different curing temperatures;
(b) porosity and compressive strength of NAAC at different curing temperatures.

The thermal conductivity of NAAC are mainly attributed to the porosity and pore
size distribution. The pore size distribution of NAAC mixed with recycled fines at five
different curing temperatures was statistically analyzed by Image Pro Plus software, and
the cumulative frequency distribution of the number of pores at each level is shown in
Figure 8. It can be seen from Figure 8a–e that the number of small pores less than 0.2 mm is
significantly higher than that of other pore sizes, reaching 85.19%, 78.59%, 69.88%, 76.53%
and 71.93%, respectively. From Figure 8f, it can be obtained that the D90 of NAAC at
five different temperatures is 0.4 mm (92.7%), 0.6 mm (92.9%), 0.6 mm (91.0%), 0.6 mm
(91.3%) and 0.8 mm (91.1%) (D90 represents the pore diameter when the cumulative pore
distribution is 90%), which proves that the diameter of most internal pores is less than
0.8 mm. A distinct phenomenon worth noticing is that the pore size of NAAC tends to
increase significantly with the increase in curing temperatures. Furthermore, the D100 of
NAAC at five temperatures is 2.2 mm, 2.6 mm, 2.6 mm, 2.6 mm and 3.0 mm, respectively. It
can be seen that with the increase in curing temperatures, the maximum pore diameter of
NAAC gradually increases. The reason behind this phenomenon is that with the porosity
of NAAC increases with the increase in curing temperature. As a result, the probability
of contact and fusion between pores increases, and there is a higher chance to generate
large pore sizes. Further statistical analyses of the cumulative frequency distribution of
the pore volumes at all levels were performed, and the results are shown in Figure 9. It
can be seen that the D10 of NAAC at five temperatures is 0.6 mm (9.2%), 6 mm (7.2%),
0.6 mm (12.3%), 0.6 mm (11.2%) and 0.8 mm (8.2%). Moreover, the D90 is 1.6 mm (90.8%),
2.4 mm (89.2%), 2.4 mm (85.6%), 2.0 mm (90.4%) and 2.8 mm (93.1%), respectively. This
comparison indicates that with the increase in pouring temperatures, the volume proportion
of large pore sizes also increases. Based on the above analysis, with the increase in curing
temperatures, the porosity increases and the pore size tends to be larger. Therefore, the
thermal conductivity decreases, which is consistent with the above thermal conductivity
test results.
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(a) (b)

(c) (d)

(e) (f)

Figure 8. Pore number distribution at (a) 30 ◦C, (b) 35◦C, (c) 40 ◦C, (d) 45 ◦C and (e) 50 ◦C;
(f) cumulative frequency distribution of the pore number at different curing temperatures.
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Figure 9. Cumulative frequency distribution of the pore volume at different curing temperatures.

3.2. Simulation of Thermal Conductivity
3.2.1. Steady-State Thermal Analyses

Based on the porosity and pore size distribution obtained from the pore structure’s
analysis, the model of the NAAC’s pore structure was reconstructed by COMSOL. More-
over, the three-dimensional temperature distribution of NAAC specimens at different
curing temperatures was obtained using COMSOL steady-state simulations, as shown in
Figure 10. It can be seen that the temperature distribution of NAAC specimens obtained
under different curing temperatures is similar to that of the reference concrete, and the
NAAC with different porosities all reach the temperature equilibrium in the middle of the
test blocks. Figure 11 shows the three-dimensional isotherm of the NAAC test blocks. It
can be seen from Figure 11a that the isotherm of the reference concrete specimen (porosity
is approximately 0) is straight and uniformly distributed, which indicates that heat is
evenly diffused in the concrete test block. It is worth noting that with the increase in curing
temperatures (porosity increases), the isotherms between the continuous medium and the
dispersed medium are significantly distorted (as shown in Figure 11b–f). This is mainly due
to the increase in porosity and the appearance of large pore sizes as the curing temperature
increases. The change in the pore’s structure will lead to an inhomogeneous interface and
changes in the heat transfer path. Additionally, the thermal conductivity of air is much
lower than that of concrete, and there will be a thermal bridge effect at the edges of the
pore’s structure.

3.2.2. Calculation of Thermal Conductivity

According to the results of the steady-state thermal analysis, the temperature gradient
and heat flux of NAAC with different porosities can be obtained by the steady-state heat
conduction equation, which is expressed as Equation (2). According to Fourier’s law, the
thermal conductivity of NAAC can be further calculated, and the calculation method is
shown in Equation (3):

ρCpu·∇T +∇(−k∇T) = Q, (2)

q = −k∇T, (3)

where u is the velocity field (m/s), ρ is the material density (kg/m3), Cp is the specific
heat capacity of material (Jkg−1K−1), ∇ is the gradient operator, T is the temperature
(K), Q is the quantity of heat (J), k is the thermal conductivity (W/mK), and q is the heat
flux (W/m2).
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(a) (b)

(c) (d)

(e) (f)

Figure 10. (a) Temperature distribution of reference concrete; temperature distribution of NAAC
specimens at (b) 30 ◦C, (c) 35◦C, (d) 40 ◦C, (e) 45 ◦C and (f) 50 ◦C.

The series model, the parallel model and the Campbell-Allen model derived from
Ohm’s law based on the series and parallel model are the classic models for thermal
conductivity calculations. The thermal conductivity of NAAC with different porosities
calculated by COMSOL was compared with the predicted results of the classical models,
and the results are shown in Figure 12. Table 6 further shows the relative errors between
the predicted thermal conductivity of the four models and the experimental test results. It
can be seen that the thermal conductivity predicted by COMSOL is in the best agreement
with the experimental test results, and the errors under the five types of porosity are
9.09%, 8.18%, 5.17%, 4.53% and 2.84%. A distinct phenomenon worth noticing is that the
prediction accuracy of COMSOL increases with the increase in NAAC’s porosity. This result
indicates that the COMSOL finite element software has a better adaptability to the dense
and complex pore structure of NAAC. The high accuracy of COMSOL in predicting the
thermal conductivity of NAAC can be attributed to the fact that the model was established
based on the information on porosity and pore size distribution obtained by the image
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method, and the basic parameters such as material density and specific heat capacity were
fully considered [46,47]. Simultaneously, the COMSOL finite element software can well
describe the distribution of the internal pore structure of NAAC and effectively mesh so as
to obtain the quantitative results of the thermal conductivity. In addition to the COMSOL
simulation, the parallel model also shows good predictions. The reason is that the porosity
of NAAC is large and the pore size distribution is relatively concentrated, so its internal
pore structure is closer to the geometric model of the parallel model than that of the series
model and the Campbell-Allen model. The above results show that COMSOL simulations
can be used as effective methods for predicting the thermal conductivity of NAAC, and
its calculation accuracy is higher than that of simple two-phase models, such as parallel
models, series models and the Campbell-Allen model. Moreover, the COMSOL simulation
shows better prediction results on the thermal conductivity of NAAC with high porosity.

(a) (b)

(c) (d)

(e) (f)

Figure 11. (a) Isotherms of reference concrete; isotherms of NAAC specimens at (b) 30 ◦C, (c) 35 ◦C,
(d) 40 ◦C, (e) 45 ◦C and (f) 50 ◦C.
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Figure 12. Comparison between COMSOL analysis, classical thermal conductivity models and
test results.

Table 6. Relative errors between the thermal conductivity of the COMSOL analysis, classical thermal
conductivity models and test results.

Curing
Temperature (◦C)

Porosity
(%)

Experimental
(W/mK)

COMSOL
(W/mK)

Parallel
(W/mK)

Serial (W/mK)
Campbell-Allen

(W/mK)

30 ◦C 47.5 0.173 0.18873 (9.09%) 0.1901 (9.88%) 0.0451 (−73.93%) 0.1374 (−20.58%)
35 ◦C 48.8 0.168 0.18175 (8.18%) 0.1857 (10.54%) 0.0440 (−73.81%) 0.1410 (−16.07%)
40 ◦C 50.5 0.169 0.17773 (5.17%) 0.1806 (6.86%) 0.0427 (−74.73%) 0.1456 (−13.85%)
45 ◦C 51.7 0.166 0.17352 (4.53%) 0.1767 (6.45%) 0.0419 (−74.76%) 0.1489 (−10.30%)
50 ◦C 53.4 0.161 0.16558 (2.84%) 0.1713 (6.40%) 0.0437 (−72.86%) 0.1536 (−4.60%)

3.3. Study on the Factors Affecting the Thermal Conductivity
3.3.1. Effect of Pore Size Distribution on Thermal Conductivity

The pore size distribution is also an important parameter that affects the internal pore
structure of NAAC. Thus, the influence of pore size distribution on the thermal conductivity
of NAAC was investigated by controlling the change in pore size in an interval. First, the
pore size was controlled in a small interval of 0.2 mm, and the effect of the pore size
distribution interval on the thermal conductivity was investigated by changing the pore
size distribution’s center. The results of the COMSOL simulation are shown in Table 7,
and it can be seen that the thermal conductivity of NAAC varies very slightly with the
change in distribution center. Furthermore, the 1.5 mm was used as the center of the pore
size distribution interval, and the size of the interval gradually changed to control the
dispersion coefficient of the pore size. The prediction results of the thermal conductivity
are shown in Table 8, which proves that the dispersion degree of the pore size in the pore
size’s distribution area centered at 1.5 mm has little effects on the thermal conductivity
of NAAC. According to the above analysis, when the porosity of NAAC is determined,
the thermal conductivity is less sensitive to the pore size’s distribution. This conclusion
is consistent with the results of relevant studies; that is, the influence of pore diameter on
thermal conductivity can be ignored.

3.3.2. Effect of Concrete Matrix Thermal Conductivity on NAAC Thermal Conductivity

The thermal conductivity of the concrete matrix is usually measured by laboratory
tests, and the results are usually subject to large errors. Therefore, it is necessary to consider
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the influence of the concrete matrix’s thermal conductivity on the prediction accuracy
of NAAC’s thermal conductivity. The thermal conductivity of the concrete matrix was
changed so that it can deviate from the experimental measurement results (with an error
range from −15 to 15%), and the sensitivity of the thermal conductivity of NAAC to its
variation was explored. Simulations were performed with parameters obtained for NAAC
at T2 temperatures, and the simulation results are shown in Table 9.

Table 7. Effect of pore diameter distribution on thermal conductivity.

Distribution interval (mm) 0.4–0.6 0.6–0.8 0.8–1.0 1.0–1.2 1.2–1.4 1.4–1.6
Interval center (mm) 0.5 0.7 0.9 1.1 1.3 1.5

Thermal conductivity (W/mK) 0.26241 0.26281 0.26277 0.26263 0.26252 0.26270
Distribution interval (mm) 1.6–1.8 1.8–2.0 2.0–2.2 2.2–2.4 2.4–2.6 2.6–2.8

Interval center (mm) 1.7 1.9 2.1 2.3 2.5 2.7
Thermal conductivity (W/mK) 0.26257 0.26253 0.26204 0.26221 0.26236 0.2624

Table 8. Effect of pore diameter dispersion coefficient on thermal conductivity.

Distribution interval (mm) 0.2–2.8 0.4–2.6 0.6–2.4 0.8–2.2 1.0–2.0 1.2–1.8 1.4–1.6
Coefficient of dispersion 0.61710 0.45339 0.33806 0.27670 0.20859 0.13818 0.09101

Thermal conductivity (W/mK) 0.26283 0.26281 0.26277 0.26273 0.26278 0.26256 0.26266

Table 9. Effect of concrete matrix thermal conductivity on the thermal conductivity of NAAC.

Error −15% −10% −5% 0% 5% 10% 15%
Thermal conductivity of concrete

matrix (k1) 0.29011 0.30717 0.32424 0.3413 0.35837 0.37543 0.39250

Thermal conductivity of NAAC (k2) 0.15622 0.16473 0.17325 0.18175 0.19027 0.19878 0.20729

Figure 13a shows the influence of the concrete matrix’s thermal conductivity on the
thermal conductivity of NAAC, and it can be seen that the two are basically linear. The
fitting result is k2 = 0.4988k1 + 0.01152, and it has an error coefficient, SSE, of 5.718 × 10−11

and R2 of 1, which indicates that there is a strong linear correlation between the two. The
slope of k1 to k2 was used as the response coefficient of the NAAC thermal conductivity to
the concrete matrix’s thermal conductivity, as shown in Figure 13b. It can be seen that the
porosity of NAAC is linearly and negatively correlated with the degree of responses, and
the rate of change is close to 1. Consequently, with the increase in porosity, the sensitivity
of NAAC thermal conductivity to the concrete matrix’s thermal conductivity decreases.

(a) (b)

Figure 13. (a) Effect of concrete matrix thermal conductivity on the thermal conductivity of NAAC;
(b) response coefficient of the NAAC thermal conductivity with different porosities to the concrete
matrix’s thermal conductivity.
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4. Conclusions

In this study, recycled concrete fine powder was used to prepare NAAC. The NAAC
with different porosities and distributions was fabricated by the non-autoclaved method at
different curing temperatures, and its pore size distribution was reproduced by stereology-
image analysis. Based on these pore structural parameters, the thermal conductivity
prediction model was established by the COMSOL steady-state heat transfer module. The
established model was used to study the effects of porosity pore size distributions and
concrete matrix thermal conductivity on the thermal conductivity of NAAC. The following
conclusions can be drawn:

(1) Recycled concrete fine powder can be used as a good auxiliary cementitious material to
produce NAAC, and the curing temperature of the non-autoclaved method has a great
effect on the pore structure of NAAC. With the increase in curing temperature, the
porosity of NAAC increases and the number and volume proportion of macropores
increase. The increase in porosity will lead to a decrease in thermal conductivity and
the compressive strength of NAAC.

(2) The thermal conductivity results of COMSOL simulations, experiments and other
classical theoretical models were compared, and it was found that the error between
the COMSOL simulations and the experiments was less than 10% under different
porosities, which is smaller than other models and has strong reliability. The prediction
accuracy of COMSOL increases with the increase in NAAC porosity. This shows that
COMSOL simulations can provide a fine description of the distribution of the complex
pore structure of NAAC. Compared with the model that only considers porosity and
adopting random pore distributions, the COMSOL model based on the real porosity
and pore size distribution obtained by the image method can fully consider the impact
of production processes and material properties on the pore structure of NAAC, and
the accuracy of thermal conductivity estimates is improved.

(3) The steady thermal conductivity of NAAC is less sensitive to the distribution and
dispersion of pore size in a given porosity. With the increase in porosity, the thermal
conductivity of NAAC is linearly and negatively correlated with that of the concrete
matrix, and the correlation is close to 1.

(4) This study provides a possible method for predicting the thermal conductivity of
NAAC from the point of view of pore structure reconstruction and numerical simula-
tions, and the established model has good accuracy. Further research can explore the
use of machine learning and 3D reconstruction technology to reconstruct the three-
dimensional model of a pore structure so as to establish a faster and more accurate
calculation method for thermal conductivities.
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Abstract: Spodumene tailing is the associated solid waste of extracting lithium from spodumene.
With the increase in the global demand for lithium resources, its emissions increase yearly, which
will become a key factor restricting the economic development of the mining area. Mechanical
and hydration reactions, as well as the microstructure of early CSTB, are studied under different
tailings–cement ratios (TCR) and solid mass concentration (SC) conditions. The results show that the
uniaxial compressive strength of early CSTB has a negative exponential correlation with the decrease
in TCR and a positive correlation with the increase in SC: when the age of CSTB increases to 7 days,
the strength increases with the rise in SC in an exponential function, and the sensitivity of strength to
TCR is higher than that of SC. Compared to other tailings cemented backfill materials, the addition of
spodumene tailings reduces the sulfate ion concentration and leads to a new exothermic peak (i.e., the
third exothermic peak) for the hydration exotherm of CSTB. Additionally, with the increase in TCR or
decrease in SC, the height of the third exothermic peak decreases and the occurrence time is advanced.
At the same time, the duration of induction phase was prolonged, the period of acceleration phase
was shortened, and the total amount of heat released was significantly increased. The decrease in
TCR or the increase in SC led to the rise in the number of hydration products which can effectively fill
the internal pores of CSTB, enhance its structural compactness, and increase its compressive strength.
The above study reveals the influence of TCR and SC on the early strength, hydration characteristics,
and microstructure of CSTB and provides an essential reference for the mix design of underground
backfill spodumene tailings.

Keywords: spodumene tailings; cemented tailing backfill; hydration heat; X-ray diffraction; scanning
electron microscope

1. Introduction

Lithium is known as “white oil” for its excellent physical and chemical properties.
Lithium plays an irreplaceable role in battery energy, aerospace industries, medicine, and
health [1,2]. Global lithium demand is growing steadily at an annual rate of 8–11%, and the
total global market is expected to reach 1 million tons in 2025 [3,4]. One of the most critical
extraction sources of lithium is spodumene. However, the content of lithium in natural
spodumene is relatively low, and a large amount of spodumene tailings are generated
during the extraction process [5,6]. China is a major lithium producer, accounting for about
10% of the global lithium production capacity, with nearly 2 million tons of spodumene
tailings produced in 2020. Currently, the treatment of spodumene tailings is mainly handled
in situ, and the continuous discharge of a large number of tailings causes environmental
safety hazards to the air, soil, and water in the surrounding areas and affects human
health [7–9]. With the rise of the new energy industry, the demand for lithium will continue
to increase, and more spodumene tailings will be produced in the future. Effective disposal
of spodumene tailings has become an urgent problem to be solved.
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Scholars have undertaken a great deal of research to promote the resource utilization
of spodumene tailings. This research mainly focuses on ceramic materials, geopolymers,
cement mortar aggregate, etc. Yang et al. [10] found that the chemical composition of
spodumene tailings contains albite and microcline. The chemical composition is consis-
tent with green ceramic materials and can be utilized to prepare porous ceramics. Using
spodumene flotation powder can absorb methylene blue and provide good flexural and
compressive strength, apparent porosity, and water absorption. Patrick et al. [11] prepared
incombustible lightweight porous ceramics from spodumene tailings and glass wool waste.
Such ceramics can be a satisfactory substitute for lightweight building materials for high-
rise buildings. However, the preparation of ceramics requires that the tailing size be kept
within a specific range to reduce the grinding cost. The uneven distribution of spodumene
tailing size may limit the industrial application of large-scale ceramic preparation [12,13].
The polymer composites prepared by Patrick et al. [14], which use a large number of spo-
dumene tailings, have good thermal stability. The form of tailings added (such as grinding,
fractionation, or original) will change the material’s thermal shrinkage, compactness, and
strength. Yang et al. [12] prepared a green geopolymer with high bending strength using
alkali-activated spodumene flotation tailings and metakaolin. Additionally, this treatment
method provides a novel idea for resource utilization of spodumene tailings. However, the
cost of this geological polymer is relatively high, which is not conducive to its promotion.
In addition, Wu et al. [15] used spodumene flotation tailings as the aggregate of cement
mortar. They found that increasing tailings’ particle size can effectively improve artillery’s
mechanical properties, providing a reference for using spodumene as the aggregate of
cement mortar.

As an effective means of solid waste management, tailings cemented backfill has
attracted many scholars to study different tailings of cemented backfill materials [16,17].
Fridjonsson et al. [18] sought a more thorough and complete understanding of the function
of cemented tailings backfill material as a support structure in mining operations. The
changes in pore size and distribution during the hydration of backfill materials are also
studied. Behera et al. [19] studied the physical and chemical properties of the mixture of
lead–zinc grinding tailings and fly ash and proved the feasibility of using them for under-
ground backfill. Qiu et al. [20] used microorganisms to induce carbonate precipitation as
a new auxiliary cementation technology for iron tailings, and the backfill strength of iron
tailings treated by this method was significantly improved. However, the existing research
focuses on using spodumene tailings in ceramic production or geopolymer materials, such
methods is too expensive to achieve the purpose of large-scale use of the waste of tailings.
There are no other studies using spodumene tailings as filling materials. If tailings are used
for filling, they can meet the strength requirements of conventional metal mines, not only
not needing to increase the cost of tailings treatment but also achieving the purpose of
protecting the environment. The hydration reaction of the backfill material, especially the
early hydration reaction, directly affects the strength development and the later durability
performance. The early hydration reaction mechanism and the development law of the
hydration reaction products are the focus of early hydration process research [21]. At the
same time, the development of thr early strength of filling materials has important practical
significance for on-site production, affecting the mining production cycle. The hydration
reaction and microstructure evolution of the filling material is the internal driving force
for strength formation. The difference in physical and chemical properties of different
material components directly affects the hydration process of backfill materials [22,23].
Accurately understanding the change law of the hydration process and the evolution law
of microstructure of cemented backfill materials is conducive to analyzing the development
law of early strength, thus controlling the backfill material strength formation process and
providing reasonable process parameters [24–27]. However, the early strength develop-
ment, exothermic hydration rule, and microstructure formation mechanism of CSTB still
need to be studied.
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This paper explores the influence of different tailings–cement ratios (TCR) and solid
mass concentration (SC) on the early strength of CSTB. Additionally, it analyzes its hydra-
tion characteristics through the isothermal calorimetry test and studies its microstructure
through X-ray diffraction and scanning electron microscope tests to further reveal the devel-
opment mechanism of strength. It has the further objectives of promoting the utilization of
spodumene tailings for mine backfill and providing a theoretical basis for the proportioning
design of CSTB materials.

2. Materials and Methods

2.1. Experimental Material
2.1.1. Tailings

Spodumene tailing was obtained from the general sand outlet of a spodumene mine
and used to prepare CSTB samples. The particle size of tailings was measured by a
Malvern Mastersizer 2000 laser particle size analyzer. Figure 1a shows the particle size
distribution of tailings; the tailing D10 is 43.34 μm, D60 is 167.29 μm, D90 is 305.94 μm,
and the nonuniformity coefficient Cu = 7.06. It is generally believed that when Cu ≥ 5,
the tailings have good compactness and grading. However, if Cu is too large, it may
indicate that the middle particle size is missing, and so the curvature coefficient Cc is
also used for evaluation. The curvature coefficient 1 < Cc = 1.28 < 3 indicates that the
tailings are well graded and are beneficial to the bonding of tailings particles in the filling
process [28]. The chemical composition of tailings (Table 1) shows that the main chemical
components of tailings are SiO2, Al2O3, and Na2O, that the content is more than 90%, and
that higher oxide content may have a good gelling effect [29]. Figure 1b shows the X-ray
diffraction (XRD) pattern. The tailings contain albite (Na2O Al2O3 6SiO2, PDF#10-0393),
auartz (SiO2, PDF#46-1045) and muscovite (KAl2(AlSi3O10) (OH)2, PDF#07-0025). They are
mainly composed of aluminates or silicates of silicon, aluminum, and sodium and sodium
oxides. Above all, spodumene tailing is a comparatively ideal cemented filling material.
The analysis results are consistent with the results of chemical element analysis.
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Figure 1. (a) Particle size distributions and (b) XRD patterns of tailings.
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Table 1. Chemical composition of cement and tailings.

Composition CaO SiO2 MgO Fe2O3 Al2O3 SO3 TiO2 CuO Na2O Loss

Cement 51.84 27.75 4.88 2.94 7.65 1.06 0.24 0.02 0.18 4.76
Tailings 0.66 70.62 0.12 0.50 14.52 0.24 0.02 0.01 7.38 11.65

2.1.2. Binder and Water

The binder used is ordinary Portland cement P·O 42.5 grade ordinary Portland cement,
and the chemical composition analysis results are shown in Table 1. It can be seen from
Table 1 that the main chemical components are CaO, SiO2, Al2O3, and MgO, and that the
total amount is 92.12%.

The water used for CSTB is ordinary tap water.

2.2. Sample Preparation

Depending on field practice and reading of the literature [30,31], the tailing cement
ratio of 4:1, 6:1, 8:1, 10:1, and 12:1 were selected as the research object of this paper. Used
solid mass concentrations (SC) of 68%, 70%, 72%, 74%, and 76% were selected. Table 2
shows the evaluated compositions detailing the cement, tailings, and water amount. Mix
the tailings, cement, and water according to a certain proportion and pour it into the UJZ-15
planetary cement mortar mixer for stirring. Then, pour the stirred CSTB into the standard
cylindrical (ϕ50 mm×h100 mm) abrasive tool and demold after 48 h. All test pieces, after
demolding, were placed in a traditional curing environment with a curing temperature of
20 ± 2 ◦C and relative humidity of 95% ± 1% for curing.

Table 2. Experimental schemes.

SC/% TCR
Material Quality/%

Tailing Cement Water

68

4:1 54.40 13.60 32
6:1 58.29 9.71 32
8:1 60.44 7.56 32
10:1 61.82 6.18 32
12:1 62.77 5.23 32

70

4:1 56.00 14.00 30
6:1 60.00 10.00 30
8:1 62.22 7.78 30
10:1 63.64 6.36 30
12:1 64.61 5.39 30

72

4:1 57.60 14.40 28
6:1 61.71 10.29 28
8:1 64.00 8.00 28
10:1 65.45 6.55 28
12:1 66.46 5.54 28

74

4:1 59.20 14.80 26
6:1 63.43 10.57 26
8:1 65.78 8.22 26
10:1 67.27 6.73 26
12:1 68.31 5.69 26

76

4:1 60.80 15.20 24
6:1 65.14 10.86 24
8:1 67.56 8.44 24
10:1 69.09 6.91 24
12:1 70.15 5.85 24
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2.3. Methods

Through mechanical experiments, isothermal calorimetry, XRD, and scanning elec-
tron microscopy (SEM) experiments, the compressive strength, hydration process, and
mineralogical composition of CSTB are analyzed.

According to the standard testing method of mechanical properties on ordinary con-
crete (GB/T 50081-2002), the CSTB specimen with a certain curing age was tested by WDW
(20-1000) electronic universal testing machine. The loading rate is 1 mm/min, and the
final strength of CSTB is the average of the strength of the three samples. According to
ASTM C 1702 [32], put 15 g dry sample (containing a certain proportion of tailings and
cement) powder into a glass ampoule, add water and stir for 2 min, and seal with a plastic
plug. Then, put in the TAM air isothermal calorimeter (Thermometric AB, New Castle, DE,
USA,) to measure the normalized heat flow (N) and cumulative heat (Q) of CSTB. The test
temperature is set at 20 ◦C, and the test time is 72 h. SEM observed the microstructure and
morphology of CSTB. A small part was taken from the inner center of the cured specimen
to be broken and immersed in ethanol to prevent hydration. The material was then quickly
dried in a drying oven at 60 ◦C. The dried samples were taken into small pieces, and the
samples were sprayed with gold and then tested by a TESCAN MIRA4 field emission
environment scanning electron microscope. XRD can determine the type of hydration
products. Take a small number of dried samples and grind them in an agate mortar. After
grinding until there is no particle feeling, use the Bruker AXS D8 X-ray diffractometer
produced by Bruker company in Germany to determine the type of hydration products of
CSTB by XRD. The tube current and voltage of XRD equipped with a Cu-Kα X-ray source
were 40 mA and 40 kV, respectively. The diffraction angle (2 θ) is 5–90◦, and the scanning
speed is 6◦/min.

3. Results and Analysis

3.1. Compressive Strength Analysis
3.1.1. Effect of TCR on Compressive Strength of CSTB

Figure 2 shows the relationship between the early strength of CSTB and TCR. It can
be observed from Figure 2 that the compressive strength of CSTB is negatively correlated
with TCR when the SC is constant. With the continuous decrease in TCR, the intensity of
CSTB gradually increased, and this change did not change with age. Taking SC = 76% as an
example, when TCR = 12, 10, 8, 6, and 4, the strength is 0.163 MPa, 0.330 MPa, 0.529 MPa,
0.749 MPa, and 1.832 MPa, respectively, at the curing age of 3 days, and the power is
increased by 0.167 MPa, 0.199 MPa, 0.22 MPa, and 1.083 MPa, respectively. This is because,
with the increase in TCR, the lower the cement content in CSTB is and the smaller the
hydration reaction will be. Therefore, the fewer hydration products that will be generated
through the hydration reaction, the weaker the connection between tailings particles is,
and the more pores there are, resulting in a CSTB intensity reduction [33].

It is worth noting that the lower the TCR is, the more pronounced the strength in-
crease will be under the same SC. The test results are fitted exponentially according to the
change law of CSTB strength with TCR. Except for the linear correlation coefficient R2 of
the strength fitting curve with SC of 68% at 7 days being too low, the other correlation
coefficients R2 are all close to 1. This indicates a robust exponential correlation between
TCR and CSTB compressive strength under a constant SC, which can be expressed by
Equation (1). It is consistent with the conclusions drawn by other scholars [34,35]:

y = a + be−x/c (1)

where y is the compressive strength, MPa; a, b and c are constants depending on TCR and
SC factors, and x is TCR.
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Figure 2. Compressive strength of CSTB at different TCRs with curing age of 3 d (a) and 7 d (b).

3.1.2. Effect of SC on Compressive Strength of CSTB

Figure 3 shows the relationship between the early strength of CSTB and SC. It can
be observed in Figure 3 that, when TCR is constant, the uniaxial compressive strength of
CSTB increases with the increase in SC, and the growth rate gradually increases with the
rise in SC. When TCR = 4, with SC increased from 68% to 70%, the CSTB’s 3-day strength
increased from 0.738 to 0.767 MPa, with an increased rate of 3.9%. Additionally, 7-day
strength increased from 0.750 to 0.987 MPa, with an increased rate of 31.6%. When SC
increases from 74% to 76%, the 3-day strength increases from 1.200 to 1.832 MPa with a
growth rate of 52.7%, and the 7-day strength increases from 2.222 to 3.216 MPa with a
growth rate of 44.7%. This can be attributed to the fact that when TCR is constant, SC
can affect the cement segregation in CSTB. The reason for the segregation is that there is
a difference in the settling speed of large and small particles in water. With the increase
in SC, the smaller the cement segregation, the more uniform the particle distribution, and
the lower the cement loss. Therefore, the relatively low SC backfill material has a higher
content of high SC cement, and the strength of CSTB is relatively high. At the same time,
with the decrease in SC, the more significant the difference in the sedimentation velocity of
large and small particles, the more discrete the distribution, and the lower the intensity of
low SC [36].

Under the same TCR, the CSTB intensities of different SCs were fitted. When the
curing age was 3 days, except for the fitting curve of TCR = 4, the appropriate effect of the
strengths of different SCs under the other TCRs was not noticeable. This is because, with
the increase in TCR, the 3-day strength decreases with the decrease in SC. However, when
TCR increases to a certain extent, the influence of SC on the 3-day power decreases, and
the intensity change is not apparent enough, resulting in a poor fitting effect [37]. With the
increase in curing time, the influence of SC on the strength of CSTB gradually increases.
When the age reaches 7 days, the fitting of strength shows the exponential correlation
shown in Equation (2):

y = a + be((x−c)/d) (2)

where y is the compressive strength, MPa; a, b and c are constants depending on TCR and
SC factors, and x is SC.
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Figure 3. Compressive strength of CSTB at different SCs with curing age of 3 d (a) and 7 d (b).

3.1.3. Coupling Effect of TCR and SC on Compressive Strength of CSTB

According to Abrams’ law, the water–cement ratio (W/C) is considered the most
critical factor affecting concrete strength. The relationship between compressive strength
and W/C is not affected by sand type [38–40]. TCR and SC determine the W/C, so the
early power of CSTB is closely related to TCR and SC, and its strength increases with the
decrease in TCR and the increase in SC, and the lower the TCR, the greater the influence
of SC on CSTB. Under a specific SC, the intensity of CSTB changes exponentially with the
decrease in TCR. The lower the TCR, the more pronounced the intensity increase; at the
same time, under a certain TCR, the CSTB intensity also has an exponential correlation
with the rise in SC.

From the above analysis, it can be seen that the strength of CSTB is related to TCR
and SC, that the two have different effects on the strength, and that the sensitivity of the
strength to TCR and SC is different. In Figure 2, it can be observed that, when the SC is
constant, the TCR decreases from 12 to 4 in turn, and the strength increases significantly at
each stage of reduction. In Figure 3, at 3 days, except for the strength of CSTB increasing
obviously with SC when TCR = 4, the strength of CSTB under other TCR does not increase
obviously with SC and even cannot reach the fitting effect. However, with the increase in
curing age, the strength of CSTB increases obviously with SC compared with that at 3 days,
but it is still not as significant as the effect of TCR on the strength. It can be considered
that the sensitivity of CSTB compressive strength is TCR > SC. This is consistent with the
research results of some scholars [37,41,42], while the conclusions of other scholars are
the opposite [30,43]. This difference can be attributed to the following two points. Firstly,
the SC concentration gradient set in this paper is slight, and the CSTB intensity does not
change significantly with SC. Secondly, this is related to the particle size distribution of
backfill materials and chemical composition. For example, the research of Fu et al. [30] on
the tailings of iron ore (setting SC as 65%, 68%, 70%, 73%, 75%, and TCR as 4, 5, 6, 8, 10)
shows that the CSTB strength of the whole tailings of this iron ore is more sensitive to SC
than TCR. However, the research of Yang et al. [42] on another iron ore (setting SC as 65%,
68%, 70%, 73%, and TCR as 4, 6, 8, 10) has reached the opposite conclusion.

3.2. Hydration Exothermic Analysis

Cement hydration is an exothermic process. A series of physical and chemical changes
occur after CSTB is mixed with water, and a large amount of heat is released. The amount
of heat released is related to the cement’s hydration process [44,45].
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The study shows that the hydration stage of CPB can be divided into five stages:
(1) dissolution stage, (2) induction stage, (3) acceleration stage, (4) deceleration stage, and
(5) slow reaction stage [46–48]. The dissolution stage starts from the contact between the
backfill material and water. At this time, the hydration reaction is rapid, and a large amount
of heat is released. Due to metastable barrier [49] or slow dissolution [50], after the initial
fast reaction, the hydration reaction slows down, and the exothermic hydration decrease
enters the induction stage. After the induction stage, the hydration rate is accelerated
and enters the acceleration stage. The exothermic heat in the acceleration stage is closely
related to the nucleation of the generated hydrated calcium silicate gel (C-S-H) [51–53].
With the progress of the hydration reaction, the hydration products increase, the small
redactable particles, available space and redactable water decrease, and the hydration
enter the deceleration stage. After that, due to the consumption of cementitious materials,
hydration enters the slow reaction stage.

It is worth noting that, compared with the exothermic hydration curve of ordinary
cement-based materials, the exothermic hydration curve of CSTB has a significant feature
that a new hydration exothermic peak appears on its hydration exothermic curve (Figure 4).
The following two reasons may cause this new exothermic peak. First, the hydration
reaction of CSTB can be divided into two parts. One part is the hydration reaction of
tricalcium silicate (C3S) contained in cement (the second exothermic peak of ordinary
cement-based materials). The other part is the hydration reaction of tailings, the third
exothermic peak, which is similar to the exothermic hydration curve produced by adding
blast furnace slag [54] or iron tailings [22] to cement. Second, the new exothermic peak is
related to the hydration reaction of C3A. In this process, sulfate ion concentration plays a
key role. C-S-H initially adsorbs the sulfate ion. When solid sulfate is consumed, the slope
of thermal evolution increases and C3A hydration leads to a new exothermic peak [55–58].

 
Figure 4. Differ exothermic hydration curves between ordinary cement-based materials [59] and CSTB.

3.2.1. Effect of TCR on the Heat Exotherm of CSTB Hydration

Figure 5 is the hydration reaction exothermic rate curve of different TCRs under the
same SC and the total exothermic amount curve of SC = 72%. Table 2 indicates the specific
changes in the hydration heat evolution of different TCRs under SC = 72%.
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Figure 5. Hydration heat release rate curve: (a) SC = 68%, (b) SC = 70%, (c) SC = 72%, (d) SC = 74%,
(e) SC = 76%, and total heat release: (f) SC = 72% of CSTB under different TCRs.
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Table 3 demonstrates that CSTB with low TCR entered the induction phase somewhat
later, but that the duration of this phase was shorter. For example, when TCR = 12, the
induction phase was entered 1.1 h after the beginning of the test, and the duration of this
phase was 6.6 h. When TCR was reduced to 4, the induction period was delayed by 0.3 h,
but the time was shortened by 1.8 h. In this case, the exothermic hydration curve in Figure 5
c shows that the exothermic angle of low TCR is sharper at this stage. This situation can
be explained as follows: when the dissolution reaction proceeds to a certain extent, the
clinker particles are wrapped by the hydration film, and the formation of the hydration film
hinders the hydration reaction, thus reducing the hydration reaction rate of CSTB, and the
hydration reaction enters the induction period. With time, the wrapped clinker particles
continue to dissolve and participate in the response slowly, the concentration of hydration
products C-S-H or calcium hydroxide (CH) increases, and the pressure difference between
the inside and outside of the hydrated film increases. The hydrated film breaks when
the concentration rises to a critical point, and the hydration reaction enters an accelerated
phase. The material with high TCR contains less cement, the water–cement ratio increases,
and the increase in available water reduces the concentration of Ca2+ in the pore solution.
This leads to a longer time being taken for Ca2+ to reach saturation and a longer duration
of the induction period [46,60].

Table 3. Variation in hydration exothermic rate for different TCRs (h).

TCRs Induction Stage
Acceleration

Stage
Second Hydration

Peak
Third Hydration

Peak
Deceleration

Stage

4 1.4 5.1 15.1 30.8 33.6
6 1.6 5.8 14.1 26.1 28.9
8 1.3 5.8 13.7 23.6 27.7

10 1.2 6.5 14.0 21.0 26.5
12 1.1 6.6 None 20.3 24.2

In the acceleration stage, it can be observed that the hydration heat release rate curve
of high TCR, seen in Figure 5a–e, is gentler. The slower the hydration heat release growth is,
the lower the height of the exothermic peak is, and the second exothermic peak completely
disappears as TCR rises to 12. Table 3 shows that the second and third exothermic peaks of
high TCR are advanced, and the duration of this phase is reduced. The hydration rate in
the accelerated degree is related to the heterogeneous nucleation and growth of C-S-H on
mineral surfaces, which has been supported by many scholars [61–63]. Under the same SC,
the cement content of CSTB with high TCR is reduced, and the amount of C-S-H generated
is relatively reduced. The hydration heat release rate increases more slowly as the hydration
heat release curve is flatter and the hydration heat release rate is lower. Hence, the second
heat release peak-to-peak value of high TCR is lower [60].

In the acceleration stage, the second hydration exothermic peak of high TCR appears
earlier. The acceleration stage’s duration is shortened, which is mainly related to the crystal
nucleation and crystal growth of C-S-H and CH. With the increase in TCR, tailing particles
increase and can be used as the nucleii for the precipitation and development of initial
hydration products such as C-S-H. Therefore, the rise in TCR accelerates the hydration
reaction and shortens the duration of the acceleration phase [64]. In addition, the increase in
TCR leads to the rise in the water–cement ratio (W/C), the expansion of free water content
per unit cement particle, and the decrease in cement that can participate in the hydration
reaction, all of which will accelerate the hydration reaction of cement. Therefore, the second
exothermic peak appears in advance [24,26]. This is because the tailing content increases
with the increase in TCR, resulting in fewer sulfate ions being dissolved in water and the
concentration of sulfate ions in the solution decreases. The time point of sulfate depletion
is advanced, and C3A is re-dissolved and hydrated, and so the occurrence time of the
third exothermic peak is advanced. In addition, with the advance in the third exothermic
peak, the second exothermic peak overlapped with the third exothermic peak, which was
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more evident at high TCR. When TCR = 12, the second exothermic peak could not be
observed. This is the same as what was found by Han et al. [27] and Yang [65], who
made the observation that the hydration exothermic peak changes with the increase in iron
tailing content.

In the deceleration and slow reaction stages, the heat release rate of the backfill material
with high TCR decreases more slowly than that of that backfill material with low TCR,
and its heat release curve is relatively flat. The hydration rate of backfill materials with
high TCR is still lower than that of backfill materials with low TCR. The diffusion process
determines the deceleration of the hydration reaction and the rate of the slow reaction
stage and is affected by the size of reaction particles, reaction water, and reaction space.
The hydration rate of the low-TCR product is relatively higher than that of the high-TCR
product because the cement content is higher. There are more reactive particles in the later
stage [66].

The total heat release curve, under different TCRs with SC of 72%, is shown in Figure 5f.
It can be observed in the figure that the total amount of hydration heat release increases
with the decrease in TCR. At 72 h, the difference reaches the maximum, and the whole
heat release from TCR = 12 to TCR = 10, TCR = 8, TCR = 6, and TCR = 4 increases by
3.1 J/g, 3.3 J/g, 2.2 J/g, and 7.5 J/g, respectively. This shows that with the decrease in TCR,
the water–cement ratio decreases correspondingly, which is conducive to the hydration
reaction. As a result, the hydration reaction speed is faster, and more hydration products
that can provide strength for CSTB can be produced simultaneously.

3.2.2. Effect of SC on the Heat Exotherm of CSTB Hydration

As shown in Figure 6, SC’s hydration heat release rate increased from 68% to 72%
under the same TCR and the total heat release amount of CSTB when TCR = 4. It can be
observed in Figure 6a–e that the exothermic hydration curves of different SCs are similar
under a given TCR—taking TCR = 4 as an example for analysis. The data in Table 4 show
that SC = 68% enters the induction phase after 1.5 h and enters the acceleration phase after
4.9 h. Although the SC increased to 72%, in the hydration heat release curve, the time to join
the acceleration phase is only 0.1 h ahead of schedule, and the duration of the acceleration
phase is only 0.3 h ahead. In addition, it can be seen from the hydration heat release curve
that the process of the acceleration stage is only 1.7 h. The appearance time of the second
exothermic peak was delayed by 0.5 h. The third exothermic peak was delayed by 1.7 h.
The changes in total heat release in different periods in Table 5 show that the complete
heat release Q did not change significantly in the early stage. For example, when T = 18 h,
Q only increased by about 13.0% as SC rose from 68% to 72%. The above experimental
results show that, compared with the effect of TCR on CSTB, SC has a limited impact in
the early stage. This is because when TCR is constant (cement content is consistent), the
change in sulfate ion concentration, caused by the shift in SC, is small. Therefore, although
SC increases from 68% to 72%, there was only a small difference in the time of sulfate
depletion point.

Table 4. Time of hydration exothermic phase of different SCs.

SCs
Induction
Stage (h)

Acceleration
Stage (h)

Second
Hydration
Peak (h)

Third
Hydration
Peak (h)

Deceleration
Stage (h)

68% 1.5 4.9 31.7 3.4 26.8
70% 1.5 4.7 31.9 3.2 27.2
72% 1.4 5.1 33.6 3.7 28.5
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Figure 6. Hydration heat release rate curve: (a) TCR = 4, (b) TCR = 6, (c) TCR = 8, (d) TCR = 10,
(e) TCR = 12 and total heat release: (f) TCR = 4 of CSTB under different SCs.
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Table 5. Total heat release Q (J/g) under different SCs.

SCs 18 h 36 h 54 h 72 h

68% 7.7 17.8 21.9 23.1
70% 8.6 19.3 23.5 24.7
72% 8.7 20.4 26.2 28.9

Meanwhile, when the cement content is constant, the increase in SC increases W/C to
a certain extent. However, its impact is not as great as the influence of TCR on W/C. There-
fore, the difference in hydration exothermic curve under different SC is not as significant as
that under TCR. However, with time, the influence of SC will be more evident due to the
different reaction rates in the slow reaction stage. For example, when t = 72 h, SC = 68%
increases to 72%, and Q increases by 25.1%.

3.2.3. Effect of TCR and SC Coupling on Hydration Heat Release of CSTB

The change in TCR and SC will cause the shift of W/C, which is proportional to
TCR and inversely proportional to SC. W/C is an essential parameter for studying the
cementation of cement-based materials. It can affect hydration rate, microstructure [67],
and porosity [68]. Table 6 lists the changes in W/C by different TCR and SC, and Figure 7
further shows the changes in the total hydration heat of CSTB when W/C changes. It can
be observed from Table 6 that the ratio of W/C increases by about 0.8 with each gradient of
TCR, and decreases by only 0.2–0.3 with each rise in SC. It can be seen from Figure 7 that the
total amount of heat released is inversely proportional to W/C. W/C changes faster with
the increase in TCR, and the total amount of heat released decreases more obviously. W/C
changes little with the rise in SC, and the change in entire heat release was insignificant.
Therefore, the effect of TCR on the hydration process is more significant than that of SC.

Table 6. Variation in W/C with TCR and SC under given conditions.

TCRs/SCs TCR = 4 TCR = 6 TCR = 8 TCR = 10 TCR = 12 SC = 68% SC = 70% SC = 72%

W/C 1.9 2.7 3.5 4.3 5.1 2.4 2.1 1.9

  
(a) (b) 

y x y x
R

Figure 7. The effect of W/C on the total heat release Q under certain conditions: (a) SC = 72%;
(b) TCR = 4.
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Besides the effect of TCR on the hydration heat release of CSTB due to SC can be
attributed to W/C, there may be other reasons. For example, the change in TCR will have
an impact on cement and tailings in CSTB. The decrease in TCR reduces the content of
tailings and leads to the reduction in nucleation sites of C-S-H/CH. However, compared
with the increase in cement content, the decrease in nucleation sites may have a limited
impact. The nucleation sites provided by tailings may have reached saturation when
TCR = 4. Therefore, with the decline in TCR, there is no reduction in hydration heat
release [66]. The increase in SC leads to the decrease in W/C and increases the content of
cement and tailings per unit volume. The spacing between particles in CSTB is smaller, the
dispersion effect on cement and tailings is weakened, and the hydration reaction speed
increases. Therefore, the heat release rate and total heat release are increased [69,70].

Figure 8 displays the relationship between the total heat release of hydration in 72 h
and the 3d compressive strength. The results show a positive correlation between the
intensity and the total heat release and the relationship equations obtained by fitting, which
is consistent with the conclusions of other scholars [47,64,71].

  
(a) (b) 

R
R

Figure 8. Hydration heat versus the compressive strength values at 3 days of CSTB: (a) SC = 72%;
(b) TCR = 8.

3.3. Hydration Products and Microstructure Analysis

The strength development of CSTB is closely related to the hydration products
formed [72]. After CSTB is mixed with water, calcium silicate in cement is hydrated
to create hydration products such as CH, C-S-H, and AFt. The XRD and SEM images of
CSTB can analyze the microstructure of CSTB, thus revealing the visible strength change in
CSTB from mineral composition and microscopic morphology.

3.3.1. Effect of TCR on Hydration Products and Microstructure of CSTB

Figures 9 and 10 show the XRD and SEM of CSTB samples at different curing ages
when SC = 72%. It can be observed in the XRD pattern that the 3-day and 7-day ages mainly
contain peaks corresponding to CH, C-S-H, and AFt, among which CH and C-S-H are due
to the hydration reaction of calcium silicate, as shown in Equations (3) and (4):

3CaO · SiO2 + H20 → xCaO · SiO2 · yH2O(C-S-H) + Ca(OH)2 (3)

2CaO · SiO2 + H20 → xCaO · SiO2 · yH2O(C-S-H) + Ca(OH)2 (4)
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Figure 9. XRD patterns of CSTB in 3d (a) and 7d (b) under SC = 72%.
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Figure 10. SEM patterns of CSTB in 3 d ((a) TCR = 4; (b) TCR = 12) and 7 d ((c) TCR = 4; (d) TCR = 12)
under SC = 72%.
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Since the generated CH provides an alkaline environment for CSTB, CH reacts with
SiO2 in tailings in the alkaline environment, as shown in Equation (5). At the same time,
with the participation of water, CH reacts with Al2O3 in tailings and CaSO4 in cement to
form AFt through Equation (6) [73]:

xCa(OH)2 + SiO2 + (y − x)H2O → xCaO · SiO2 · yH2O(C-S-H) (5)

Al2O3 + 3Ca(OH)2 + 3CaSO4 · 2H2O + 23H2O → 3CaO · Al2O3 · 3CaSO4 · 32H2O(AFt) (6)

The peaks corresponding to the hydration products can be observed in Figure 9, but
the peak intensities are not wholly consistent. For example, at the diffraction angle of
34◦2-theta, CH’s maximum relative peak intensity is TCR = 4, and the minimum peak
intensity is TCR = 12. Even the peak cannot be observed. This indicates that more CH is
generated at low-TCR conditions than high-TCR conditions. This phenomenon exists, not
only for CH, but also for other hydration products.

The hydration products generated and the pores between tailings particles can be
observed from the SEM of Figure 10 (a and c are TCR = 4; b and d are TCR = 12). In the case
of TCR = 12, it can be seen that there are a lot of pores between tailings particles. When
TCR = 4, AFt can be perceived on the surface of CSTB particles and connected. Hydration
products wrap tailings particles, and pores are effectively filled. Only a few pores can be
noted. At the same time, it can be observed that when the curing time reaches 7 days, the
structure is dense.

The reason for the above phenomenon is that with the decrease in TCR, more cement
can participate in the hydration reaction, and as such the hydration reaction speed is faster.
In the same curing time, more hydration products are produced. That is, the relative
intensity value of each hydration product in the XRD diffraction pattern is more significant,
and more hydration products can be observed in the SEM image. After the hydration
product is generated, it can effectively fill the pores between the tailings particles and
play a role in connecting the tailings particles. Therefore, the pores observed at the lower
TCR are relatively small, and the internal structure is more compact [74]. The compressive
strength of CSTB is closely related to its internal pores and hydration products. Therefore,
the compressive strength of CSTB with low TCR is higher than that of CSTB with high
TCR. The strength changes and hydration heat analysis results mentioned above have been
further confirmed.

3.3.2. Effect of SC on Hydration Products and Microstructure of CSTB

As shown in Figures 11 and 12 (a and c are SC = 68%; b and d are SC = 76%), it can
be observed that the hydration products of CSTB increase with the increase in SC. For
example, SC increases from 68% to 76%, and C-S-H peak intensity, corresponding to 31.7◦
2-theta, gradually increases. AFt corresponding to 18.8 ◦ 2-theta and CH corresponding to
34◦ 2-theta also follow the same law. The higher the relative intensity of the peak, the more
the hydration product is produced, and the hydration product increases with the increase
in SC.

By observing SEM images, it can be observed that when SC is 68%, the formation of
needlelike AFt is not seen when its age is 3 days, and only a tiny amount of needlelike
AFt and flocculent gelled product C-S-H can be observed when the age increases to 7 days.
When SC increased to 76%, the number of hydration products that could be observed
in 3 days was higher than that in 7 days when SC was 68%, which was the same as the
conclusion obtained by XRD.
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Figure 11. XRD patterns of CSTB in 3 d (a) and 7 d (b) under TCR = 4.
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Figure 12. SEM patterns of CSTB in 3 d ((a) SC = 68%; (b) SC = 76%) and 7 d ((c) SC = 68%;
(d) SC = 76%) under TCR = 4.
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The above phenomenon can be attributed to tailings, cement, and water reaction
after mixing with the increase in SC. The water–cement ratio decreases, and the relative
concentration of cement increases. The rise in concentration is conducive to producing
more hydration products. The XRD diffraction pattern’s relative intensity values of C-S-H
and CH are larger. These products will fill the pores of the particles in the backfill body,
increase the compactness of the tailing’s backfill body and reduce the pore spacing, so the
CSTB strength with higher SC will also be higher.

3.3.3. Effect of Coupling Action of TCR and SC on Hydration Products and Microstructure
of CSTB

TCR and SC do not affect the composition of hydration products of CSTB, and both
will produce hydration products such as CH, C-S-H, and AFt that can provide strength for
CSTB. The difference lies in the number of hydration products built. Hydration products
increase with the decrease in TCR, and at the same time, they grow with the increase in SC.
TCR and SC jointly determine the number of hydration products of CSTB.

At the same time, TCR and SC also impact the microstructure of CSTB, and the for-
mation of hydration products can fill the internal pores of CSTB. TCR and SC can affect
the appearance of hydration products and their structure. When SC is constant, the mi-
crostructure of CSTB with lower TCR is denser. When TCR is consistent, the microstructure
of CSTB with higher SC is more compact.

4. Conclusions

In this paper, the influence of TCR and SC on the early mechanical strength, hydration
characteristics, and microstructure of CSTB and the relationship between them are studied,
and the following conclusions are reached:

The early intensity of CSTB increased with the decrease in TCR and the increase in
SC. Still, the early power of CSTB had different sensitivity to TCR and SC and was more
susceptible to TCR. The results show that the early strength of CSTB is exponentially related
to TCR or SC, except that TCR = 4 at the curing age of 3 days.

With the increase in TCR, the peak values of the second and third hydration exothermic
peaks gradually decreased and appeared earlier. The second exothermic peak disappeared
when TCR = 12, the exothermic hydration rate slowly fell, the duration of the induction phase
was prolonged, the acceleration phase was shortened, and the total heat release decreased.

The second and third hydration exothermic peaks increased with SC, and the occur-
rence time was delayed. The exothermic hydration rate gradually increased, but TCR
did not significantly affect the difference. The total exothermic amount began to show a
significant difference 18 h after the start of the test.

The main hydration products of CSTB are CH, C-S-H, and AFt. With the decrease in
TCR, there are more hydration products, the corresponding XRD diffraction peak intensity
is higher, the densification degree of the matrix in SEM image is enhanced, and the internal
pores are reduced. The hydration products also increased with the increase in SC, which
was consistent with the decrease in TCR.

The early strength, hydration heat, hydration products, and microstructure of CSTB are
also affected by each other. The exothermic hydration rate of CSTB materials with low TCR
and high SC is faster. The total amount of exothermic hydration increases, indicating that
more hydration reactions are carried out and will generate more hydration products. These
hydrates can better fill the gap between the CSTB particles, make the internal structure of
CSTB more compact, and finally show higher CSTB strength.

Author Contributions: Software, C.Z.; Formal analysis, S.D.; Investigation, L.X.; Data curation, Y.L.;
Writing – review & editing, S.D. and P.Y.; Funding acquisition, L.L.; Supervision, L.L.; Validation, L.L.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the National Natural Science Foundation of China: Nos.
51674188, 51874229, 51504182, 51974225, 51904224,51904225, 51704229.

68



Materials 2022, 15, 8846

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data used to support the findings of this study are included in
the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Sahoo, M.; Atkinson, J.T.N. Magnesium-lithium-alloys—Constitution and fabrication for use in batteries. J. Mater. Sci. 1982,
17, 3564–3574. [CrossRef]

2. Feng, K.; Li, D.; He, C. Progress in Superlight Mg-Li Alloys for Aerospace Industry. Spec. Cast. Nonferrous Alloy. 2017,
37, 140–144. [CrossRef]

3. Martin, G.; Rentsch, L.; Höck, M.; Bertau, M. Lithium Market Research—Global Supply, Future Demand and Price Development.
Energy Storage Mater. 2016, 6, 171. [CrossRef]

4. China nonferrous metals news. The price of lithium carbonate exceeds 100,000 yuan/t SQM. The global demand for lithium is
expected to grow by about 40% this year. China Nonferrous Metall. 2021, 50, 48.

5. Chen, J.; Xie, H.; Liu, Y. Research progress on mineral processing of spodumene. J. Min. Metall. 2022, 31, 3.
6. Vm, A.; Drb, B. The potential of lithium in alkali feldspars, quartz, and muscovite as a geochemical indicator in the exploration

for lithium-rich granitic pegmatites: A case study from the spodumene-rich Moblan pegmatite, Quebec, Canada—ScienceDirect.
J. Geochem. Explor. 2015, 205, 106336. [CrossRef]

7. Chen, D.; Hu, X.; Shi, L. Synthesis and characterization of zeolite X from lithium slag. Appl. Clay Sci. 2012, 59–60, 148–151. [CrossRef]
8. Burritt, R.; Christ, K. Water risk in mining: Analysis of the Samarco dam failure. J. Clean. Prod. 2018, 178, 196–205. [CrossRef]
9. Wang, X. Experimental Study on Resource Utilization of Lithium Extraction Tailings; China University of Geosciences: Beijing,

China, 2021.
10. Yang, J.; Xu, L.; Wu, H. Preparation and properties of porous ceramics from spodumene flotation tailings by low-temperature

sintering. Trans. Nonferrous Met. Soc. China 2021, 31, 2797–2811. [CrossRef]
11. Lemougna, P.; Yliniemi, J.; Adediran, A. Synthesis and characterization of porous ceramics from spodumene tailings and waste

glass wool. Ceram. Int. 2021, 47, 33286–33297. [CrossRef]
12. Jie, Y.; Lxa, B.; Hwa, C. Microstructure and mechanical properties of metakaolin-based geopolymer composites containing high

volume of spodumene tailings. Appl. Clay Sci. 2022, 218, 106412. [CrossRef]
13. Zanelli, C.; Conte, S.; Molinari, C. Waste recycling in ceramic tiles: A technological outlook. Resour. Conserv. Recycl. 2020,

168, 105289. [CrossRef]
14. Pnl, A.; Aa, A.; Jy, A. Thermal stability of one-part metakaolin geopolymer composites containing high volume of spodumene

tailings and glass wool. Cem. Concr. Comp. 2020, 114, 103792. [CrossRef]
15. Wu, H.; Yang, J.; Xue, K. Effects of spodumene flotation tailings as aggregates on mechanical properties of cement mortar. Colloid

Surf. A 2022, 640, 128346. [CrossRef]
16. Zhu, M.; Liu, L.; Wang, S. Short- and long-walls backbackfill pillarless coal mining method. J. Min. Saf. Eng. 2022. [CrossRef]
17. Zhu, M.; Cheng, J.; Zhang, Z. Quality control of microseismic P-phase arrival picks in coal mine based on machine learning.

Comput. Geosci-UK 2021, 156, 104862. [CrossRef]
18. Fridjonsson, E.; Hasan, A.; Fourie, A.; Johns, M. Pore structure in a gold mine cemented paste backfill. Miner Eng. 2013,

53, 144–151. [CrossRef]
19. Behera, S.; Mishra, D.P.; Ghosh, C.N. Characterization of lead-zinc mill tailings, fly ash and their mixtures for paste backfill in

underground metalliferous mines. Environ. Geol. 2019, 78, 394.1–394.13.
20. Qiu, J.; Xiang, J.; Zhang, W. Effect of microbial-cemented on mechanical properties of iron tailings backfill and its mechanism

analysis. Constr. Build. Mater. 2022, 318, 126001. [CrossRef]
21. Li, Y. Investigation on the Early Hydration and Microstructure of Cement-Based Materials. J. Wuhan Univ. Technol. 2012.
22. Zhu, M.; Xie, G.; Liu, L.; Yang, P.; Qu, H.; Zhang, C. Influence of Mechanical Grinding on Particle Characteristics of Coal

Gasification Slag. Materials 2022, 15, 6033. [CrossRef] [PubMed]
23. Shao, X.; Tian, C.; Li, C.; Fang, Z.; Zhao, B.; Xu, B.; Ning, J.; Li, L.; Tang, R. The Experimental Investigation on Mechanics and

Damage Characteristics of the Aeolian Sand Paste-like Backfill Materials Based on Acoustic Emission. Materials 2022, 15, 7235.
[CrossRef] [PubMed]

24. Yin, B.; Kang, T.; Kang, J.; Chen, Y.; Wu, L.; Du, M. Investigation of the Hydration Kinetics and Microstructure Formation
Mechanism of Fresh Fly Ash Cemented Filling Materials Based on Hydration Heat and Volume Resistivity Characteristics. Appl.
Clay Sci. 2018, 166, 146–158. [CrossRef]

25. Zhang, J.; Ke, G.; Liu, Y. Early Hydration Heat of Calcium Sulfoaluminate Cement with Influences of Supplementary Cementitious
Materials and Water to Binder Ratio. Materials 2021, 14, 642. [CrossRef]

26. Han, F.; Li, L.; Song, S.; Liu, J. Early-Age Hydration Characteristics of Composite Binder Containing Iron Tailing Powder. Powder
Technol. 2017, 315, 322–331. [CrossRef]

69



Materials 2022, 15, 8846

27. ASTM C1702-14; Standard Test Method for Measurement of Heat of Hydration of Hydraulic Cementitious Materials Using
Isothermal Conduction Calorimetry. ASTM International: West Conshohocken, PA, USA, 2017.

28. Dong, Q.; Liang, B.; Jiang, L.; Jia, L.; Wang, K. Effects on short-term strength of cemented paste backfill under different sulfate
contents and cement-tailings ratios. J. Environ. Sci.-China 2016, 10, 5886–5892.

29. Li, W.; Fall, M. Sulphate effect on the early age strength and self-desiccation of cemented paste backfill. Constr. Build. Mater. 2016,
106, 296–304. [CrossRef]

30. Wang, P.; Feng, S.; Liu, X. Research approaches of cement hydration degree and their development. J. Build. Mater. 2005, 8, 646.
31. Scrivener, K.; Juilland, P.; Monteiro, P.J.M. Advances in understanding hydration of Portland cement. Cem. Concr. Res. 2015,

78, 38–56. [CrossRef]
32. Shuai, C.; Erol, Y.; Song, W. Evaluation of Viscosity, Strength and Microstructural Properties of Cemented Tailings Backfill.

Minerals 2018, 8, 352. [CrossRef]
33. Zhang, Q.; Wang, Z.; Rong, S. Early strength characteristics and microcosmic in fluence mechanism analysis of cemented backfill

body of full tailings in deep mine. Nonferrous Met. Eng. 2019, 9, 97.
34. Wang, X.; Hu, Y.; Wang, S. Orthogonal Test of Optimization of Ultrafine Whole-tailings Backfill Materials. Gold Sci. Technol. 2015,

23, 45.
35. Zhao, L.; Wang, N. Study on influencing factors of strength of cemented tailings backfill. Min. Technol. 2021, 21, 91. [CrossRef]
36. Yang, F.; Nie, Y.; Wang, X. Experimental study on early strength characteristics of whole tailings cemented backfill. Min. Res. Dev.

2018, 38, 58. [CrossRef]
37. Rao, G. Generalization of Abrams’ Law for Cement Mortars. Cem. Concr. Res. 2001, 31, 495–502. [CrossRef]
38. Currie, D.; Sinha, B. Survey of Scottish Sands and Their Characteristics Which Affect Mortar Strength. 1981. Available

online: https://xueshu.baidu.com/usercenter/paper/show?paperid=c118266079b9b823b665cc9b9ca0fd71&site=xueshu_se&
hitarticle=1 (accessed on 5 December 2022).

39. Nagaraj, T.; Banu, Z. Generalization of Abrams’ law. Cem. Concr. Res. 1996, 26, 933–942. [CrossRef]
40. Liu, S.; Sun, Y.; Li, G. Analysis of early strength performance of full tailings backfill in a gold mine. Min. Res. Dev. 2020,

40, 125. [CrossRef]
41. Yang, L.; Qiu, J.; Fan, K. Analysis on strength characteristics of super-fine unclassified tailings cemented backfills. Bull. Chin.

Ceram. Soc. 2017, 36, 249. [CrossRef]
42. Wang, L.; Yan, G.; Fu, J. Study on Influencing factors and proportion optimization of full tailings backfill material in a gold mine.

Min. Res. Dev. 2022, 42, 11. [CrossRef]
43. Fu, J.; Du, C.; Song, W. Strength sensitivity and failure mechanism of full tailings cemented backfills. J. Univ. Sci. Technol. B 2014,

36, 1149. [CrossRef]
44. Zhang, Z. Study on the Hydration Kinetics Model of Cement-Slag Composite Cementitious Materials; Tsinghua University: Beijing,

China, 2018.
45. Bullard, J.; Jennings, H.; Livingston, R.; Nonat, A.; Scherer, G.W.; Schweitzer, J.S.; Scrivener, K.L.; Thomas, J.J. Mechanisms of

Cement Hydration. Cem. Concr. Res. 2011, 41, 1208–1223. [CrossRef]
46. Liu, L.; Yang, P.; Zhang, B.; Huan, C.; Guo, L.; Yang, Q.; Song, K. Study on Hydration Reaction and Structure Evolution of

Cemented Paste Backfill in Early-Age Based on Resistivity and Hydration Heat. Constr. Build. Mater. 2021, 272, 121827. [CrossRef]
47. Shi, H.; Huang, X. Research on hydration heat of Portland cement and its progress. Cement. 2009, 4, 4–10.
48. Pratt, H. An Experimental Argument for the Existence of a Protective Membrane Surrounding Portland Cement during the

Induction Period. Cem. Concr. Res. 1979, 9, 501–506. [CrossRef]
49. Damidot, D.; Bellmann, F.; Mser, B.; Sovoidnich, T. Calculation of the Dissolution Rate of Tricalcium Silicate in Several Electrolyte

Compositions. Cem. Wapno Beton. 2007, 74, 57–67.
50. Ings, J.; Brown, P.; Frohnsdorff, G. Early Hydration of Large Single Crystals of Tricalcium Silicate. Cem. Concr. Res. 1983,

13, 843–848. [CrossRef]
51. Bullard, J.; Flatt, R. New Insights Into the Effect of Calcium Hydroxide Precipitation on the Kinetics of Tricalcium Silicate

Hydration. J. Am. Ceram. Soc. 2010, 93, 1894–1903. [CrossRef]
52. Garrault, S. Study of C-S-H Growth on C3S Surface during Its Early Hydration. Mater. Struct. 2005, 38, 435–442. [CrossRef]
53. Gruyaert, E.; Robeyst, N.; Belie, N. Study of the Hydration of Portland Cement Blended with Blast-Furnace Slag by Calorimetry

and Thermogravimetry. J. Therm. Anal. Calorim. 2010, 102, 941–951. [CrossRef]
54. Wu, X.; Roy, D.; Langton, C.A. Early Stage Hydration of Slag-Cement. Cem. Concr. Res. 1983, 13, 277–286. [CrossRef]
55. Bensted, J. Hydration of Portland Cement. Adv. Cem. Technol. 1983, 307–347. [CrossRef]
56. Gallucci, E.; Mathur, P.; Scrivener, K. Microstructural development of early age hydration shells around cement grains. Cem.

Concr. Res. 2010, 40, 4–13. [CrossRef]
57. Quennoz, A.; Scrivener, K.L. Interactions between alite and C3A-gypsum hydrations in model cements. Cem. Concr. Res. 2013,

44, 46–54. [CrossRef]
58. Study on the curing mechanism of cemented backfill materials prepared from sodium sulfate modified coal gasification slag.

J. Build. Eng. 2022, 62, 105318. [CrossRef]
59. Frías, M.; de Rojas, M.; Cabrera, J. The Effect That the Pozzolanic Reaction of Metakaolin Has on the Heat Evolution in

Metakaolin-Cement Mortars. Cem. Concr. Res. 2000, 30, 209–216. [CrossRef]

70



Materials 2022, 15, 8846

60. Thomas, J. A New Approach to Modeling the Nucleation and Growth Kinetics of Tricalcium Silicate Hydration. J. Am. Ceram. Soc.
2007, 90, 3282–3288. [CrossRef]

61. Bishnoi, S.; Scrivener, K. Ic: A New Platform for Modelling the Hydration of Cements. Cem. Concr. Res. 2009,
39, 266–274. [CrossRef]

62. Thomas, J.; Jennings, H.; Chen, J. Influence of Nucleation Seeding on the Hydration Mechanisms of Tricalcium Silicate and
Cement. J. Phys. Chem. C 2009, 113, 4327–4334. [CrossRef]

63. Li, Z.; Lu, D.; Gao, X. Analysis of correlation between hydration heat release and compressive strength for blended cement pastes.
Constr. Build. Mater. 2020, 260, 120436. [CrossRef]

64. Baran, T.; Pichniarczyk, P. Correlation factor between heat of hydration and compressive strength of common cement. Constr.
Build. Mater. 2017, 150, 321–332. [CrossRef]

65. Li, G.; Sheng, H.; Song, P.; Zhu, J. Study and Optimization on Rheological Properties of High-concentration Tailings Slurry with
Different Gradations in a Mine. Min. Res. Dev. 2021, 41, 55–59. [CrossRef]

66. Huang, Z.; Yuan, Y.; Chen, Z.; Wen, Z. Microstructure of Autoclaved Aerated Concrete Hydration Products in Different Water-to-
Binder Ratio and Different Autoclaved System. Adv. Mater. Res. 2013, 602–604, 1004–1009. [CrossRef]

67. Piasta, W.; Zarzycki, B. The Effect of Cement Paste Volume and w/c Ratio on Shrinkage Strain, Water Absorption and Compressive
Strength of High Performance Concrete. Constr. Build. Mater. 2017, 140, 395–402. [CrossRef]

68. Bentz, D.; Peltz, M.; Winpigler, J. Early-Age Properties of Cement-Based Materials. II: Influence of Water-to-Cement Ratio. J. Mater.
Civil. Eng. 2009, 21, 512–517. [CrossRef]

69. Bentz, D.; Aietcin, P. The Hidden Meaning of Water- Cement Ratio. Concr. Int. 2008, 30, 51–54.
70. Tian, X.; Fall, M. Non-Isothermal Evolution of Mechanical Properties, Pore Structure and Self-Desiccation of Cemented Paste

Backfill. Constr. Build. Mater. 2021, 297, 123657. [CrossRef]
71. Liu, L.; Yang, P.; Qi, C.; Zhang, B.; Guo, L.; Song, K. An Experimental Study on the Early-Age Hydration Kinetics of Cemented

Paste Backfill. Constr. Build. Mater. 2019, 212, 283–294. [CrossRef]
72. Li, Z.; Zhang, Y.; Zhao, H.; Chen, H.; He, R. Structure Characteristics and Composition of Hydration Products of Coal Gasification

Slag Mixed Cement and Lime. Constr. Build. Mater. 2019, 213, 265–274. [CrossRef]
73. Xu, W.; Tian, M.; Li, Q. Time-Dependent Rheological Properties and Mechanical Performance of Fresh Cemented Tailings Backfill

Containing Flocculants. Miner. Eng. 2020, 145, 106064. [CrossRef]
74. Wang, H.; Qiao, L. Coupled Effect of Cement-to-Tailings Ratio and Solid Content on the Early Age Strength of Cemented Coarse

Tailings Backfill. Geotech. Geol. Eng. 2019, 37, 2425–2435. [CrossRef]

71





Citation: Wu, H.; Qin, X.; Huang, X.;

Kaewunruen, S. Engineering,

Mechanical and Dynamic Properties

of Basalt Fiber Reinforced Concrete.

Materials 2023, 16, 623. https://

doi.org/10.3390/ma16020623

Academic Editors: Angelo Marcello

Tarantino, Hrvoje Smoljanović,
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Abstract: This study investigates the engineering and mechanical properties of basalt fiber-reinforced
(FRF) concrete, giving special attention to residual flexural strength and dynamic modal parameters.
These properties, which have not been thoroughly investigated elsewhere, are a precursor to structural
design applications for dynamic compliant structures (i.e., bridges, offshore platforms, railways,
and airport pavement). Accordingly, the standard notched flexural tests have been carried out to
assess the basalt fiber-reinforced concrete’s residual flexural strength with an additional 0.125%,
0.25%, 0.375%, and 0.5% of volume fraction of basalt fiber. In addition, dynamic modal tests were
then conducted to determine the dynamic modulus of elasticity (MOE) and damping of the FRF
concrete beams. The results indicate that concrete’s toughness and crack resistance performance
are significantly improved with added fiber in basalt fiber reinforced concrete, and the optimum
fiber content is 0.25%. It also exhibits the highest increment of compressive strength of 4.48% and
a dynamic MOE of 13.83%. New insights reveal that although the residual flexural performance
gradually improved with the addition of basalt fiber, the damping ratio had an insignificant change.

Keywords: basalt fiber reinforced concrete; residual flexural strength; modal test; damping ratio;
dynamic modulus of elasticity

1. Introduction

Fiber-reinforced concrete (FRC) has gained momentum in industrial applications in
recent decades, especially for bespoke products and components using a low-to-moderate
strength of concrete. With the pioneering publications of steel fiber reinforced in concrete
by Romualdi and Batson [1] and Romualdi and Mandel [2], the world has entered a new
era of fiber reinforced concrete. The research in fiber reinforced concrete (FRC) has a
profound history.

Generally, the improvement of fiber reinforced concrete from ordinary concrete in-
cludes flexural strength, spitting strength, compressive strength, elastic modulus, crack
resistance, self-healing ability, abrasion resistance, shrinkage and expansion resistance,
and thermal characteristics. Meanwhile, with the development of high-performance ma-
terials technology, there are more types of fiber, such as glass polypropylene and carbon
fiber, that have been applied in the research field of fiber reinforced concrete. The ad-
vanced fiber not only contributes to the improvement of mechanical properties, but is more
environmental-friendly and even more inexpensive than the traditional steel fiber [2–14].

Recently, basalt fiber, as one of advanced fibers applied in the field of fiber rein-
forced concrete, has drawn attention from concrete engineers due to its excellent work in
the improvement of mechanical properties and its contribution to sustainable develop-
ment [15]. However, most previous studies mainly focused on the mechanical properties
of basalt fiber reinforced concrete, and the dynamic properties of concrete have not been
identified anywhere.
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1.1. The Mechanical Properties of Basalt Fiber Reinforced Concrete

Basalt is known as a natural, solid, dense, and dark brown to black volcanic igneous
rock formed about 100 to 300 km under the Earth’s surface. It can turn the surface into
molten lava with a melting temperature ranging from 1500 to 1700 ◦C [15,16].

The condition of basalt is significantly influenced by the temperature of the quenching
process, which results in highly complete crystallization. As the two significant minerals,
plagiocene and pyroxene account for over 80% of basalts. By examining the chemical makeup,
Fiore V et al. [17] made it feasible to see that SiO2 and Al2O3 are the two primary components.

Basalt fiber is also regarded as a new highly-recommended reinforcement material in
concrete compared to the relatively common types, including carbon, aramid, and glass
fibers. As the quenching process is environmentally friendly with high security [17,18], such
an innovative material has several advantages, such as high thermal and chemical resistance
and excellent modulus [11,17,19,20]. Meanwhile, basalt fiber shows a higher tensile strength
than E-glass fibers. According to Branston J. et al. [21], it is many times stronger than
steel fibers and possesses a few comprehensive qualities, including acid and alkaline
resistance [22–24]. Therefore, the mechanical properties of basalt fiber reinforced concrete
have a comprehensive improvement in flexural strength, spitting strength, modulus of
rupture, fracture energy, and abrasion resistance [4,21,25–30]. Among the measurements,
compression, tension, flexural, and splitting strength have become the main factors in
understanding and accessing the fundamental engineering and mechanical properties.
After a critical review, the most widely used basalt fiber has a length of 10 to 65 mm with
a diameter of 13–20 μm. In addition, the density of basalt is about 1.3 to 2.75 g/cm3, the
tensile strength is between 2600 to 4840 MPa, and the range of the elastic modulus is
80–115 GPa [31].

Although basalt fiber can be relatively more expensive than some other fibers, it is
cheaper than carbon fiber and S-glass fiber. Meanwhile, basalt fiber is more stable in a
radioactive environment than synthetic and organic fibers. Since the appearance of related
research on the composition of basalt fibers in the 1980s, exhaustive studies of the features
and durability of concrete reinforced with basalt fiber have been conducted in the past five
years which shows the material’s comparatively good resistance to salt, water, corrosion,
and severe degradation in an alkaline environment [32,33].

Moreover, it is globally accepted that chopped basalt fibers can be added to concrete
to offset the defects. Therefore, in the past two decades, blending fibers into concrete
has been widely applied in some projects [34–38], such as dams, airport sidewalks, and
railway sleepers.

1.2. The Mechanical Properties of Basalt Fiber Reinforced Concrete

The dosage of basalt fiber and aspect ratio could deeply influence the mechanical
behavior of basalt fiber reinforced concrete [39]. Therefore, many researchers have investi-
gated the mechanical properties of basalt fiber reinforced concrete under static conditions.

By studying the impact of the length and volume fraction of basalt fiber on the
compressive and flexural strength test under three different lengths and three different
dosages, Iyer et al. [40] have further claimed that the optimal length, diameter, and volume
fraction under compression and moment of resistance are 36 mm, 16 μm, and 18 kg/m3,
respectively. According to the pervious study, the performance improvement with the
addition of basalt in normal strength concrete or high strength concrete are similar with
each other [41]. This shows that the optimal dosage of basalt fiber is 2% with the addition
of metakaolin, ranging from 1% to 3% for the compression strength, modulus of elasticity,
and split tensile strength.

Following the examination by Highet al. [42] of the usage of dry and procured discrete
basalt fiber under the compression and modulus of rupture, Girgin and Yıldırım [43] have
also studied the replacement of glass fibers with basalt fibers, showing that basalt fibers
are more operational compared to glass fibers under flexural performance. In addition,
Hannawi et al.’s [44] examination of the microstructure and mechanical properties of
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ultrahigh performance concrete with different types of fiber up to 1% shows that basalt
fibers can increase the ductility of the specimen, even with the lateral strain, which is the
result of its greater aspect ratio than steel fiber, PP-PE fiber, PVA fiber and Barchip fiber.

Furthermore, according to Algin’s [45] study on fresh and hardened concrete with
chopped basalt fiber with a length of 12 mm at 0.2%, and 0.4%. 0.6%, and 0.8% of the total
volume of concrete mix, the optimization analysis shows that a dosage of 0.356% with a
w/c ratio of 0.47 produces the best results.

Table 1 summarises different studies on the impact of dosage on the flexural strength
of basalt fiber reinforced concrete in the past decade.

Table 1. Research status of the optimal dosage of basalt fiber for flexural performance.

Scholar Test Methodology Flexural Properties Dosage (%) Vopt (%) Increment (%)

Kabay [3] Three-Point Bending Test
on Notched Beams Flexural Stress 0.07, 0.14 0.14 13

Jiang [19] Australian Standard,
As1012.11-1985

Strength-Effectiveness
and Flexural stress 0.05, 0.1, 0.3 0.3 25.51

Jun [46] Three-Point Bending Test Flexural Stress 0.1, 0.15, 0.2, 0.25,
0.3, 0.35 0.3 12.3

Arslan [25] Three-Point Bending Test
on Notched Beams Flexural Stress 0.021, 0.042, 0.084, 0.126 0.084 25.37

Branston [21] Astm C1609 Residual Flexural Stress 0.15, 0.31, 0.46 0.46 180
Jalasutram [27] Astm C1609 Residual Flexural Stress 0.5, 0.1, 0.15, 0.2 0.2 80
Katkhuda [47] Three-Point Bending Test Flexural Stress 0.1, 0.3, 0.5, 1, 1.5 1.5 74

Zhou [28] Three-Point Bending Test Flexural Stress 0.1, 0.2, 0.3, 0.4, 0.5, 0.6 0.3~0.4 40

1.3. Dynamic Properties of Concrete Properties

Limited studies have been conducted on the dynamic properties of basalt fiber rein-
forced concrete under dynamic loading conditions such as blast loading, impact response,
damping ratio, dynamic modulus of elasticity, and dynamic compression characteristics.

Several studies have recognised moisture content as a primary element of damping
capacity. For example, according to Jordan [48], the moisture content in the pore structure
will influence the addition of a viscous damping component. Meanwhile, the effect of
ageing has also been investigated. In fact, many studies [49–51] have suggested that the
damping property of concrete decreases as the concrete ages, proving that the interfacial
relations of the microstructure within the concrete matrix are the primary property of
damping, unlike the compressive strength [48] property.

Meanwhile, the effect of frequency [52] on damping properties has been investigated.
In fact, changes existed in the damping properties of the concrete beam under the three
main vibrational modes: longitudinal, flexural, and torsional. As a brittle material with
various levels of micro-cracks during dynamic bending, the cracks of concrete may cause
the matrix to rub on the fiber surface, resulting in energy loss during vibration and a larger
damping ratio for fiber reinforced concrete [53,54].

Although studies on the impact of adding steel fiber on the dynamic properties of
fiber reinforced concrete show that the damping property of wet-cured fiber reinforced
concrete is over 50% greater than plain concrete, the dynamic modulus of elasticity stays
relatively constant. Furthermore, ageing and drying can significantly decrease the loga-
rithmic decrement on both fiber reinforced concrete and plain concrete [55]. In addition,
as shown in related research [56] on the relation between the damping ratio and other
concrete matrix properties the damping ratio may be leveraged as an indication of changing
concrete mechanical properties, such as flexural strength, elastic modulus, and ductility.
These damping tests are usually advantageous because of their general non-destructive
characteristics, meaning that the structure, element, or specimen is unharmed afterwards.

According to Zhang et al. [57],the impact of basalt fiber at various strain rates on
the mechanical property of basalt fiber reinforced concrete under a dynamic load, the
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volume fraction of basalt fiber can vary from 1.325 to 6.625 kg/m3. Meanwhile, the concrete
specimen is also found to behave in a notably ductile manner due to the increased toughness
with the strain rate. In addition, basalt fiber has been tested to optimize the micropore,
which is also suitable for high-grade concrete.

After exploring the dynamic properties of basalt fiber reinforced concrete with various
fiber volume fractions (1~3%) under different temperatures, Ren et al. [58] have concluded
that the behavior of concrete specimens changes weakly under the impact loading due to
temperature changes.

Furthermore, according to the micro studies of Fu et al. [59], basalt fibers perform
better than polypropylene fibers in stopping fractures due to their increased stiffness.
As a result of the more vital relationships between the matrixes, there is no notable
change in the surface of the fiber. Meanwhile, some studies, such as those of Fu et al. and
Feng et al. [59,60] on basalt fiber reinforced concrete under blast loading show that basalt re-
bars performed better than steel rebars on many occasions, especially at higher reinforcing
ratios. As basalt fiber is far more resistant to blast forces than steel rebars, it can resist explo-
sion energy far better than steel rebars. In this way, the damage degree has been threshold
spall at the reinforcement ratio of 1.8%, indicating that micro cracks have occurred followed
by hollow sounds and considerable bulges in the concrete, scattering a few fragments on
the floor.

The amplitude and frequency content of the excitation source [61] can greatly impact
the vibrations in a structure generated by such dynamic loads. Hence, the dynamic
properties of concrete materials play a vital role in reducing noise and vibration.

However, the dynamic properties of basalt fiber reinforced concrete have not been
identified in the literature, and limited studies have been conducted on combining the resid-
ual flexural performance and dynamic properties of fiber reinforced concrete. Therefore,
this unprecedented study will primarily explore the performance of basalt fiber-reinforced
concrete on residual mechanical properties with the variation of fiber dosage and its dy-
namic modulus of elasticity test. Moreover, the micro-crack in the real construction work
can hardly be identified and some advanced non-destructive testing will be expensive.
However, the micro-cracks will be sensitive to vibrations, and the natural frequency is a
key parameter to describe the vibrations in concrete. In that case, using the model test
to get the natural frequency calculating the dynamic modulus of basalt fiber reinforced
concrete in real construction, then comparing the results with the dynamic modulus pro-
posed in this study, is beneficial for engineers to justify the location and number of micro
cracks. In this context, this study is the world’s first to identify the dynamic properties of
basalt fiber reinforced concrete and the potential relationship between the dynamic and
mechanical properties by a series of experimental studies. The new dynamic property tests
of basalt fiber reinforced concrete are essential to further clarify the performance of basalt
fiber reinforced concrete in shock absorption and sound insulation, and is beneficial to the
development of new non-destructive testing.

2. Materials and Methods

2.1. Material

The concrete specimens in this experiment are all made with Portland cement, well-
graded aggregates, water, and basalt fiber [62]. Portland cement (Normal Cem II A-L 42.5
N) [63] was adopted from O’Brien Cement Ltd. in Waterford, Ireland, up to European
cement standard I.S. EN197-1:2011. The coarse and fine aggregate materials are sand,
gravel, granite, gritstone, crushed rock with quartz, and limestone, all manufactured by
Tarmac Trupak of Plumtree Farm Industrial Estate in Birmingham, UK.

The alkaline-resistant basalt fiber is adopted from Deutsche Basalt Faser GmbH (DBF),
in which the basalt is chopped to the desired length under a high temperature. This type
of fiber also known as integral fibers, such chopped alkaline-resistant fibers have been
tested to show no damage when exposed to an alkaline environment at 40 ◦C and a pH
value of 13.5 for 365 days according to the description of Institute of Construction Materials
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of the Technical University of Dresden. Furthermore, they also present better adhesion
performance in concrete due to their special coating. In addition, as shown in Table 2,
which shows the mechanical properties of basalt fiber, alkaline-resistant basalt fiber has
many advantages compared to other types of fiber. For example, these fibers are not
moisture-absorbent compared to mineral wool. Meanwhile, they are not toxic according to
DIN 102. They are equipped with a high density at a low insulation thickness of 8 mm and
low thermal conductivity. Most importantly, all these characteristics have made them more
environmentally friendly than others.

Table 2. Parameter of basalt fiber in the study.

Basalt Type Short-chopped Filament Length [mm] 25
Single Diameter [μ] 13~17 Temperature Resistance [◦C] 750

Density [kg/m3] 2800 Thermal Conductivity [W/mK] 0.031
Areal Density [kg/m2] 1 Tensile Strength [MPa] 4840

Width × Run Length [mm] 1 × 10 Elastic Modulus (GPa) 89
Absorption of Humidity (%) ≤0.1 Elongation (%) 3.15

2.2. Concrete Mixes

Five concrete mixes have been designed for this study with a water-to-cement (w/c)
ratio of 0.55. For all the mixes, the proportions of each concrete mix are 1: 3.1: 2.25 by the
mass of cement, fine aggregate, and coarse aggregate, with the details of each concrete mix
shown in Table 3.

Table 3. Proportion of concrete mix design for 1 m3.

Materials Cement Gravel Sand Water

Weight (kg/m3) 317.3 713.925 983.63 174.515

The coarse aggregate has been prepared under full washing in case of sand’s adhesion
on the surface. In addition, both coarse and fine aggregates are dried at the temperature of
105 ◦C for 48 h.

As demonstrated in a review of previous literature, limited studies on the mechanical
properties of basalt fiber-reinforced concrete have shown that the optimal dosage of the
basalt fiber roughly ranges within 0.5% of the total concrete volume. Hence, four different
dosages are used for each type of basalt fiber reinforcement, ranging from a low dosage to
the maximum mixable dosage. In addition, the chopped basalt fiber is added at 0.125%,
0.25%, 0.375%, and 0.5% of content by the total volume of the concrete mix. Finally, the
concrete mixes were labelled as M0 (plain concrete), M1 (0.125%), M2 (0.25%), M3 (0.375%),
and M4 (0.5%).

According to the standard test method for fundamental transverse, longitudinal, and
torsional resonant frequencies of concrete specimens (ASTM C215-19), to test the hardened
concrete, two sizes of concrete specimen have been prepared for compression testing (Cube:
150 mm × 150 mm × 150 mm). This study employs the modal test and the three-points
load bending test (rectangular prism: 150 mm × 150 mm × 600 mm), while three beams
and five cubes have been made for each mix to ensure enough sample size and avoid errors.
Hence, each concrete specimen is labelled as MxC/Bx. For example, M1C2 means that
the concrete specimen is the second cube containing 0.125% of basalt fiber reinforcement.
Similarly, M2B3 shows that the concrete specimen is the third beam containing 0.5% of
basalt fiber reinforcement.

2.3. Experimental Setup

Some relevant tests in the laboratory have been conducted, including the slump test
(BS EN 12350-2:2019), the compression test (BS EN 12390-3:2019), the residual flexural
strength test (BS EN 14651:2005), and the dynamic modal test (ASTM C215-19).
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In these tests, the components have been placed in the remixing container in the
following order: aggregates, cement, basalt fiber, and water. When the cone and base plate
are dampened and the excessive moisture with the moist cloth is removed, the concrete
matrix is filled to the slump retention at a specific time with three layers compacted with
25 strokes of the compacting rod, respectively. The cone is then raised for 2 to 5 s to avoid
the lateral or torsional motion formed on the concrete. By measuring the heights of the
cone and the highest point of the slumped test specimen, the slump h can be calculated
and recorded, as shown in Figure 1.

 
Figure 1. Slump test of the M3 concrete mix.

When the mixing of the concrete matrix is done, it is cast in a mold with the sizes of
150 × 150 × 150 mm3 (cube) and 150 × 150 × 600 mm3 (rectangular prism). Moreover, the
5-mm-wide notch is placed on one side of the cuboid mold for a three-point bending test of
a single-side notched beam on the specimens. Finally, the specimens are demoulded after
48 h and cured under the water for at least 28 days.

The compressive strength of the cube specimens has then been tested under a universal
testing machine from Norton Hydraulics (Midland) in Birmingham, UK at the rate of
0.5 MPa/s. In fact, the flexural performance of the beam specimen can be determined by
the load-displacement curve obtained by simply testing the supported beam specimens and
load-CMOD (Crack Mouth Opening Displacement) curve obtained by the Crack Opening
Displacement (COD) gauges.

Furthermore, the resonant frequencies of the dynamic properties of specimens can
be obtained from the detected driving force with a hammer, which is shown in Figure 2.
Meanwhile, the amplifiers are adjusted in the driving and pickup circuits to provide a
noticeable indication. As the driver is positioned, the driving force can be perpendicular to
the specimen surfaces when the specimens are supported for free vibration in the transverse
mode. In this way, the specimen will be forced to vibrate at different frequencies, while the
different indications of the amplified pickup outputs are recorded.
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(a) (b) 

Figure 2. Modal test of the concrete specimen (ASTM C215-19). (a) The experiment setting; (b) details
of the equipment setting.

Lastly, the modal test is normally set ahead of the three-point loading test because it
causes no damage to the specimen. In addition, the mass and dimensions of the specimen
are measured to calculate the dynamic MOE (modulus of elasticity) from Equation (1) in
ASTM C215-19.

Dynamic E = CMn2 (1)

M = mass of the specimen, kg,
n = fundamental transverse frequency, Hz,
C = 0.9464 (L3T/dt3), m−1 for a prism,
d = diameter of cylinder, m,
t = dimension of prism cross section in the direction the prism is driven or impacted, m,
b = dimension of prism cross section perpendicular to t, m,
T = correction factor that depends on the radio of the radius of gyration, (This experi-

ment was scored as 1.39).

3. Results and Discussion

3.1. Fresh Concrete Workability

According to Table 4, which lists the slump of the basalt fiber-reinforced concrete, the
slump has slightly dropped with the increasing dosage of basalt fiber up to 0.5%, which
peaked at 43 mm in the plain concrete matrix M0. However, when adding basalt fiber with
the volume fraction of 0.125%, 0.25%, 0.375% and 0.5%, the slumps of the concrete matrix
has fell to 40 mm, 33 mm, 26 mm, and 18 mm, respectively. Therefore, the addition of fibers
in concrete can result in a reduction in the workability of the concrete. In this way, the
dispersed basalt fiber in the concrete, which might form a net-shaped structure, makes
this phenomenon possible because it has prevented the mixture’s segregation and flow.
According to the degree of workability suggested in the standard, the range of slump is
25–50 mm, which means that the workability of concrete is low and the slump between
0–25 mm is very low. It can be seen that the addition of basalt fiber led to a decrease in
the workability of concrete, and the level of workability dropped to very low workability
with a fiber content of 0.5%. Due to the fiber’s high content and surface area, it may absorb
more cement paste to wrap around the fiber itself, making the mixture more viscous while
reducing the slump [64].
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Table 4. The result of the compression and slump test.

Mix Slump (mm)
Compressive Strength (MPa) 28 Days

1 2 3 4 5 * fc ± SD (MPa) Increment (%)

Plain 43 42.02 40.25 43.08 42.06 42.06 41.91 ± 1.03 42.06

0.125% 40 41.22 42.41 44.26 42.99 42.99 42.68 ± 1.10 42.99
0.25% 33 41.78 44.01 43.97 43.98 43.98 43.56 ± 1.10 43.98

0.375% 26 43.17 42.21 43.56 42.51 42.51 42.88 ± 0.53 42.51
0.5% 18 42.98 42.87 43.11 42.92 42.92 42.68 ± 0.66 42.92

* fc is the compressive strength and SD is the standard deviation.

3.2. Mechanical Property Test
3.2.1. Compression Test

According to Table 4, which presents the results of the concrete cube specimen’s
compression after 28 days, the compressive strength of all the mixes does not show a
conspicuous change as the increment varies in the small zone while forming a slight trend.
Firstly, the results of five specimens from the same patch has shown stable properties
as the standard deviation value ranges within 1.00. Secondly, the trend has grown to
43.684 MPa with a 0.25% basalt fiber addition, before going down flatly to 41.5 MPa with a
0.5% basalt fiber addition. In addition, when it comes to M4, the value of the 0.5% volume
fraction appears to be flat on the M1 (0.125%). However, compared to plain concrete, certain
improvements can still be achieved.

According to Figure 3, the plain concrete specimen seems to have developed more
longitudinal cracks than specimens with added basalt fiber, because the cracks on the longi-
tudinal cross-section of M2 are shorter than plain concrete specimens after the compressive
loading. In other words, the distribution of cracks is considered more dispersed with the
increasing fiber in the concrete specimen. Figure 4 portrays the influence of fiber addition
on the compressive strength of basalt fiber reinforced concrete.

  
Figure 3. Cracks of the specimen after the compression test by contrast. (Left is cube of M0, and right
is cube of M2).

Besides, a previous Branston study [22] shows that there might be a monotonical
decrease with the increment of fiber. The applied basalt fiber is 36 mm and 50 mm.
Compared to its irregular result, the shorter length of the basalt fiber seems to show more
details to test the impact of the fiber dosage on the compressive performance of the basalt
fiber-reinforced concrete. In addition, the fiber-bridging force existing in fiber-reinforced
concrete can delay the macro crack propagation while restricting the development and
opening of the macro cracks [28]. Moreover, such a behaviour also helps to prevent the
concrete from lateral expansion by holding back the fracture formation. Therefore, although
adding more basalt fibers to concrete cannot reinforce its peak compressive resistance, a
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gradual decrease in the load capacity and the enhancement of structural integrity can be
seen. In this way, the long and chopped fibre can cause conjunction during the mixing,
resulting in blockages and clumps in concrete.

Figure 4. Compressive strength under different mixes.

3.2.2. Flexural Performance

Table 5 lists the experimental results of the basalt fiber-reinforced concrete beam
specimens. The values of the proportionality (LOP) presented as Ffc,t, the span length
shown as L, and the residual flexural tensile strengths referred to as FR,1, FR,2, FR,3, and FR,4
listed in Table 5 are the averages of the three beam specimens per test variable. Therefore,
the residual flexural strength has been calculated with the following Equation (2), which is
defined in the BS EN 14651: 12.

fR,j =
3PjL
2bh2

sP

(2)

L is the span length, mm;
Pj is the applied load, N;
b is the width of the specimen, mm;
hsP is the distance between the tip of the notch and the top of the specimen, mm.
Where fR,j and Pj are the residual flexural tensile strength and the applied load, respec-

tively, which correspond to CMODj. In this way, FR,1, FR,2, FR,3, and FR,4 are determined by
the corresponding CMOD values of 0.5 mm, 1.5 mm, 2.5 mm, and 3.5 mm, respectively.

Table 5. The result of residual flexural strength.

Flexural Strength (MPa) 28 Days

Mix Plain 0.125% 0.25% 0.375% 0.5%

Peak Load (kN) 9.078 9.455 10.949 11.684 13.331
Increment (%) 4.15% 20.61% 28.70% 46.85%

Displacement (mm) 0.003 0.055 0.042 0.032 0.028

fct, L 3.486 3.631 4.204 4.487 5.119

FR, 1 0.127 0.865 0.923 0.956 1.132
FR, 2 0.061 0.114 0.238 0.319 0.356
FR, 3 0.000 0.063 0.141 0.166 0.188
FR, 4 0.000 0.000 0.103 0.104 0.113

The results of the three specimens of each mix were obtained under the there-point
load bending test. Each median result of the three specimens has been taken as a reference
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for a more concise analysis on flexural performance considering the results of each mix
varied in a small proportion, as shown in Table 5.

The continuous growth of flexural strength can be observed to exist with the increasing
dosage of basalt fiber in the concrete specimens. Meanwhile, the LOP (fct, L) of the plain
concrete specimen stays at 3.49 Mpa with the peak load of 9.078 kN. With the increasing
volume fraction of basalt fiber from 0.125% to 0.5%, the increment amount ranges from
approximately 4.15% to 46.85%. In addition, the displacement at the peak load is shorter
and earlier than plain concrete when more fiber volume fractions are added. Therefore,
the increment has shown a uniform growth curve, with M4 (0.5%) having the peak load of
13.331 kN and the fastest speed to reach it.

From Figure 5, it can be seen that the residual flexural tensile strength is linearly
proportional to the CMOD before it reaches LOP, generally forming a relative elastic zone.
However, the curve is abruptly shifted once it reaches the LOP. Meanwhile, the peak load
value shows a trend of increase with basalt fibers in concrete, indicating that basalt fiber-
reinforced concrete can improve the initiation of tensile cracks. On the other hand, once the
first peak or cracking strength occurs, the flexural tensile strength sees a sudden decrease.
Therefore, the magnitude of the strength reinforcement is mainly dependent on the content
ratio of the fibers.

Figure 5. The Load-CMOD curve of the bending test (3.5 mm and 1.0 mm).

Comparatively, when the curves dropped after the peak, the curves of each mix can
be divided into two groups regarding the residual flexural tensile performance, with M0
and M1 showing a more drastic drop when reaching their peaks. As shown in Figure 6,
while the applied load values of M0 and M1 are 0.21 and 0.29 kN, respectively, those of M2,
M3, and M4 are 5.1, 7.0, and 7.4 kN, respectively. Moreover, the two groups have shown
different slopes when the CMOD comes to 0.1 mm. The curves of mixes containing less
than 0.25% volume fraction of basalt fiber remains at approximately 1 kN. On the other
hand, a load of mixes with over 0.25% volume fraction of basalt fiber shows a sign of
dropping at the relatively higher level but with a slower slope.

According to Figure 7, several cracks appeared on the plain concrete specimen when
the load increased, causing it to suddenly break into two pieces on the machine. Hence,
the load stopped at a CMOD of 1.7 mm. In this way, the M1 specimens can usually last
longer on the machine than the plain specimens. In addition, the M1 is likely to be broken
into two pieces when it is removed from the machine. When the volume fraction of basalt
fiber is over 0.25%, the load-CMOD curve will have a smooth downward trend until it is
over 3.5 mm of the test range. Moreover, the residual flexural tensile strengths of M2, M3,
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and M4 are higher when more fiber is added. As shown in Table 5, residual flexural tensile
strength will increase slightly between M2 and M3 with the trend being more conspicuous
from M3 to M4. In those cases, the addition of fiber contribution to the increment of residual
flexural strength from 0.125% to 0.5% of basalt fiber. Figure 7 shows that there are abundant
ruptured basalt fibers on the split cross-section of the beam specimens. The concretes [3]
perform the best with high ultimate loads, greater deflections, and higher fracture energy
values at the post-peak zone as the basalt fiber content rises. Therefore, the bridging
force of the fibers can significantly impact the property of plain concrete from brittleness
to ductility.

Figure 6. The load-displacement curve of the bending test.

  

  

Figure 7. The post-crack of the concrete specimen after the bending test by contrast (left upper is M0,
right upper is M1, left bottom is M2 and right bottom is M3).
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3.3. Modal Testing
3.3.1. Damping Ratio

The dynamic tests have been carried out above a strong floor with very little noise
and vibration in order to avoid the interference of external vibrations. The specimen is
placed above two layers of sponge cushion with a total thickness of 10 cm, which aims to
provide a free-free condition. To ensure the accuracy of the experiments, they have all been
performed by one operator and used a similar excitation force. Ten taps are performed
for each experiment, and the FRF curve (see Figure 8) is calculated based on the software.
According to Table 6, which shows the natural frequency and damping ratio in transverse
mode, the standard deviation value of the damping ratio of each three beams varies from a
small range, especially on M2 and M3, which have shown a high level of consistency. In
fact, the fiber-reinforced specimen has a similar damping ratio with plain concrete, which
is approximately 0.59%. Due to its variation, changes can be deduced with the addition of
basalt fiber. Furthermore, the 0.5% volume fraction of basalt fiber has no obvious impact
on the damping ratio of the basalt fiber-reinforced concrete.

Figure 8. The relationship between amplitude and natural frequency of each mix during the
modal test.

3.3.2. Dynamic MOE (Modulus of Elasticity)

The dynamic MOE value of each mix can be calculated with Equation (1). According
to the experimental result, the dynamic MOE and the natural frequency present a similar
trend when the basalt fiber is added. The natural frequency will increase to 1345.6 Hz when
0.25% of basalt fiber is added to the concrete, showing a dynamic MOE of 31.44 GPa. When
considering plain concrete as a benchmark, the increment of dynamic MOE is 13.83% at the
peak (0.25%). The dynamic MOE then sees a continuous decline with a slower slope than
the rising slope. In comparison, when adding 0.5% of basalt fiber, the dynamic MOE is
29.86 GPa, which is lower than the M2 (0.25%) value. However, compared to plain concrete,
it still has an 8.1% increment.

From the results of the modal test, as shown in Table 7, and the compressive test, as
presented in Table 4 and Figure 4, the compressive strength and dynamic MOE have shown
a similar trend when the volume fraction of basalt fiber is increased continuously, with M2
(0.25%) showing the highest compression and dynamic MOE value. In addition, according
to the load-displacement curve of the residual flexural tensile strength, M2 (0.25%) is the
mix that has reached its peak load, which, in another method, can represent the relationship
between the strength and strain of the concrete specimens.
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Table 6. The result of the modal test.

Concrete Mix
Natural Frequency (Hz) Damping Ratio

Sample Value Average SD Sample Value Average SD

Plain
M0B1 1267.2

1265.3 1.36
0.50%

0.56% 0.052M0B2 1264.1 0.55%
M0B3 1264.6 0.62%

0.125%
M1B1 1301.9

1298.9 2.10
0.64%

0.60% 0.033M1B2 1297.4 0.57%
M1B3 1297.5 0.57%

0.25%
M2B1 1347.4

1345.6 1.34
0.60%

0.60% 0.003M2B2 1345.2 0.59%
M2B3 1344.2 0.60%

0.375%
M3B1 1327.9

1323.967 2.79
0.58%

0.59% 0.008M3B2 1321.8 0.60%
M3B3 1322.2 0.59%

0.5%
M4B1 1321.2

1322.167 0.97
0.61%

0.58% 0.021M4B2 1321.8 0.56%
M4B3 1323.5 0.57%

Table 7. Dynamic MOE of each mix in the modal test.

Density of Beams
(kg/m3)

Natural Frequency
[Hz ± SD]

Damping Ratio
[% ± SD]

Dynamic—MOE
[GPa ± SD]

Plain 2277.04 1265.3 ± 1.36 0.56 ± 0.052 27.62 ± 0.06
0.125% 2264.44 1298.8 ± 2.10 0.60 ± 0.033 29.06 ± 0.09
0.25% 2275.56 1345.6 ± 1.34 0.60 ± 0.003 31.44 ± 0.06

0.375% 2282.22 1324.0 ± 2.79 0.59 ± 0.008 30.05 ± 0.13
0.5% 2276.30 1322.2 ± 0.97 0.58 ± 0.0021 29.86 ± 0.04

From the result of the modal test (Table 7) and compressive test (Table 4), the compres-
sive strength and dynamic MOE showed a similar trend when continuously adding the
volume fraction of basalt fiber. M2 (0.25%) has the highest compression and dynamic MOE
value. In addition, the load-displacement curve of residual flexural tensile strength also
showed that M2 (0.25%) is the fastest mix to reach its peak load, which, in another method,
could display the relationship between the stress and strain of the concrete specimens.

Research [65] shows that the dynamic modulus of elasticity could be correlated to
the compressive strength of high-strength self-compacting concrete. Lu et al. [64] stated
that both dynamic MOE and static MOE are relevant to compressive resistance. An em-
pirical equation was concluded for estimation purposes. Hence, concrete with higher
stiffness/MOE normally has a higher compressive performance.

Furthermore, a previous study [65] also shows that the dynamic modulus of elas-
ticity can be correlated to compressive high-strength self-compacting concrete. For ex-
ample, according to Lu et al. [66] and Li et al. [67–70], both dynamic and static MOE
are relevant to compressive resistance. Therefore, an empirical equation can be settled
for estimating, showing that concrete with higher stiffness/MOE usually has a higher
compressive performance.

4. Conclusions

Based on the results from a series of experiments, conclusions can be drawn to develop
new insights into basalt fiber reinforced concrete for industrial applications.

The workability of fresh concrete elicits signs of decline with the increasing dosage
of basalt fiber, with the slump decreasing from 44 mm to 18 mm from plain concrete to
concrete, with a volume fraction of 0.5% for basalt fiber. Among concrete with volume
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fractions of 0.125%, 0.25%, 0.5%, 0.375%, and 0.5% of basalt fiber in plain concrete, the
compression of concrete with 0.25% of basalt fiber dosage has the highest performance
(43.98 MPa), which is 4.48% higher than that of plain concrete. Meanwhile, the flexural
strength (LOP) has greatly improved, showing a monotonical trend of increase when the
volume fraction of basalt fiber is increased from 0.125% to 0.5%. The peak flexural strength
is 4.15%, 20.61%, 28.70%, and 46.85%, respectively. Furthermore, the residual flexural
tensile strength shows a smooth descending CMOD-load curve after the peak when the
basalt fiber content is above 0.25%. In addition, the damping ratio remains around 0.60,
which ranges from plain concrete to a volume fraction of 0.5% for basalt fiber. Given the
results of the experimental study, these new conclusions can be drawn:

• The addition of basalt reduces the workability of concrete significantly
• The compressive strength of basalt fiber concrete does not increase with the addition

of fiber, and the suggested fiber content is 0.25%
• The flexural strength increases sharply with the addition of basalt fiber when keeping

the fiber content lower than 0.5%
• The MOE of basalt fiber concrete is affected by the compressive strength, and there is

no significant impact on the damping ratio of concrete with the addition of basalt fiber.

This study is the first to demonstrate the essential parameters of mechanical and dy-
namic properties of basalt fiber concrete through experimental studies. Based on these new
insights, engineers can evaluate the performance of their basalt fiber concrete structures,
especially in aggressive environments. In addition, the dynamic moduli and damping
coefficients reported in this study can be applied for dynamic structural designs and the
non-destructive testing of basalt fiber reinforced concrete structures.
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Abstract: The retrofitting of existing RC slabs with an innovative system comprising FRP and HPC
has been demonstrated to be effective in strengthening and overcoming the logistical challenges
of installation. Nonetheless, the excessive improvement of flexural strength over shear strength
would cause the sudden failure of rehabilitated flexural members. The literature has previously
recommended failure limits to determine the additional moment strength compared with the shear
strength to prevent brittle shear failure of strengthened, continuous RC slabs. This study suggests
a design process for preventing shear failure and inducing the ductile-failure mode to improve the
safety and applicability of retrofitted RC slabs based on the proposed failure limits. The effectiveness
of the procedure in brittle-failure prevention for the end and interior spans of retrofitted RC slabs is
illustrated via a case study. The outcomes showed that the retrofit system with 0.53-mm-thick-CFRP
prevented brittle failure and significantly enhanced the design-factored load and ultimate failure
load by up to 2.07 times and 2.13 times, respectively.

Keywords: CFRP; high-performance concrete; brittle failure; reinforced concrete slab; retrofit

1. Introduction

Rehabilitating and improving reinforced concrete (RC) structures with fiber-reinforced
polymers (FRP) have recently seen enormous advances in methods and techniques thanks
to widespread interest in the engineering community [1,2]. It has emerged as one of the
preferred solutions to minimize environmental deterioration and save costs for upgrading
existing RC infrastructure compared to constructing entirely new structures [3–6]. A wide
range of literature confirmed the advantage of FRP as carbon FRP (CFRP), glass FRP
(GFRP), and basalt FRP (BFRP) in repairing and enhancing RC structures due to its high
tensile strength, lightweight, non-corrosion resistance, and flexible dimensions [7–12].
CFRP has superior tensile strength, whereas the others have lower material costs and
poorer mechanical properties [13,14]. Despite this, relying solely on these FRP materials’
high tensile strength will cause logistical obstacles and technical difficulties. For instance,
getting a well-prepared underneath surface for RC slabs or bridge decks can be challenging
and expensive since traffic under overpasses cannot be interrupted, or electrical wiring,
suppression systems, and ventilation ducts cannot be blocked [15,16].

In contrast, FRP installation on the top surface of slabs or bridge decks has not encoun-
tered many problems. Thus, Mosallam et al. [15] developed an innovative retrofit system
made of CFRP laminate and high-performance concrete (HPC) installed on top of slabs
for enhancing strength and ductility, as shown in Figure 1. The retrofitting mechanism
of strengthened slabs using retrofit systems based on ACI 440.2R [17] was proposed and
validated with experimental data. Nevertheless, one of the primary reasons retrofitted
slabs failed to achieve their ultimate carrying capacity was a premature debonding failure

Materials 2023, 16, 755. https://doi.org/10.3390/ma16020755 https://www.mdpi.com/journal/materials
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between CFRP and overlay interface [18]. A specialized adhesive layer permits interfacial
stress to be transferred from slab to CFRP or vice versa more effectively than from CFRP
to overlay concrete, resulting in a higher potential debonding failure between overlay
and CFRP [19,20]. Moon et al. [21] also suggested using shear connectors to enhance the
bond strength and flexural carrying capacity of retrofitted slabs. While these attempts
were valuable, the brittle shear failure and premature debonding failure of the FRP-to-
concrete interface have not been sufficiently noted to yield efficient and safe structures for
actual designs.

Figure 1. The existing RC slab with an HPC-FRP retrofit system.

Besides, the ductility of flexural members restored by FRP is also a matter of partic-
ular concern because it can warn of ultimate failure and reduce the impact of dynamic
loads [22–24]. In contrast with steel-reinforced concrete structures, strengthened RC struc-
tures tend to fail more brittle because of the intrinsic bond conditions between FRP and
concrete [25–30]. Additionally, a sudden failure of rehabilitated flexural-continuous mem-
bers would originate from an excessive enhancement in flexural strength over the shear
strength. The forewarning of potential failures and preventing sudden collapses requires
considering structural ductility as a critical design factor [31–33]. Thus, design limits to pre-
vent shear failure and induce ductile failure of retrofitted continuous slabs were established
for the end span by Nguyen et al. [34] and interior span by Kim et al. [35]. The method
is used to limit the moment-carrying capacities of the strengthened slab to less than or
equal to its shear-carrying capacities, which can prevent shear failure. Failure limit regions
are also defined according to moment-carrying capacities to limit the added moment at
the support compared to mid-span or vice versa. Even so, the difference in design limits,
span lengths, and slab structures between the interior and exterior spans promotes an
attempt to develop a single design guide to match the practice design purposes. The design
process based on the proposed failure limits and ACI committee 440 will help to simplify
a complicated and understudied problem in structural strengthening. Fortunately, it can
be achieved by simply adapting the retrofit system without a violent impact on existing
RC structures. CFRP and the overlay HPC significantly affect additional flexural and shear
strength at the support, whereas only the HPC overlay is responsible for these properties
at mid-span [36]. As a result, it is possible to adjust retrofit systems related to CFRP and
overlay HPC separately or simultaneously, depending on the design purpose.

This study describes the failure limits for the end and interior span of the continuous
RC slabs relevant to their bearing-carrying capacities. The limit equations for determining
the design-factored load and the ultimate failure load corresponding to the failure mode
are discussed. The design process for preventing brittle failure in strengthening RC slabs
with hybrid FRP-HPC retrofit systems based on novel failure limit classifications is rec-
ommended. The case study is also used to illustrate the efficiency of the proposed design
process. Based on the obtained result, modifications related to retrofit systems in sudden
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failure prevention for the end and interior spans of retrofitted RC slabs are discussed
and suggested.

2. Overview Theory and Proposed Process

2.1. Failure Limits Overview

According to ACI 318M [37], members of continuous construction should be designed
to withstand maximum-factored-load effects as defined by the elastic analysis theory.
Moments and shears can be achieved by elastic analysis using the strength design method.
The reasonably conservative moments and shears of flexural members subjected to the
uniformly distributed load can be estimated if they have more than two spans with a longer
span no greater than 1.2 times the shorter span. It can be conducted based on the applied
load, length of clear span, and approximate coefficients, as shown in Figure 2.

End span

l

Interior span

l

Mu= Cm(wul
wuln

2
Vu= Cv

Figure 2. Approximate coefficients for estimating moments and shears of flexural members on
continuous slabs with column supports in accordance with ACI 318M.

Nguyen et al. [34] and Kim et al. [35] established failure limits following shear limits for
flexural members of frames to prevent brittle failure based on the theory of elastic analysis,
as shown in Figure 3. The RC slab is considered a ductile failure when collapse occurs
after forming all plastic hinges at high-internal-forces locations such as the support and
mid-span. By contrast, it is supposed in brittle failure. Different failure modes according
to the order of forming plastic hinges for the end and interior span of continuous RC
slabs are summarized in Table 1. The proposed approach has contributed to simplifying a
complex issue that prevents the sudden failure of strengthened continuous structures using
external bonded FRP materials. Previous studies have demonstrated a positive effect on
strengthened slabs using FRP-HPC retrofit systems [15,18,21]. We can derive the failure
limits for each region of the end span from the expressions below:

Mn,N =
2Cm,N2

Cv2
Vnln1 (1)

Mn,P =
2Cm,P1

Cv2
Vnln1 (2)

MN1 =
2Cm,N1

Cv2
Vnln1 (3)

MN1

Mn,P
=

Cm,N1

Cm,P1
(4)

Mn,N

Mn,P
=

Cm,N2

Cm,P1
(5)

Mn,P + Mn,N

(
Cv2/8 + Cm,N1 − Cm,P1 − Cv2Cm,N1

Cm,N2
+ Cv2 − 1

)
=

1
4

Vnln1 (6)

Mn,P(2Cv2 − 1) + Mn,N

(
Cv2/4 + Cm,P1 − Cm,N1 − 2Cv2Cm,P1

Cm,N2
+ 1

)
=

1
2

Vnln1 (7)
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Mn,P

(
Cv2/8 − Cm,N2

Cm,P1

)
+ Mn,N =

1
4

Vnln1 (8)

Mn,P

(
Cv2/4 + Cm,N2 − Cm,N1 − 2Cv2Cm,N2

Cm,P1

)
+ 2Cv2Mn,N =

1
2

Vnln1 (9)

Additionally, the formulas define the failure limits for each region of the interior span
as follows,

Mn,N =
2Cm,N

Cv1
Vnln2 (10)

Mn,P =
2Cm,P

Cv1
Vnln2 (11)

Mn,N

Mn,P
=

Cm,N

Cm,P
(12)

Mn,N

(
Cv1/8 − Cm,P

Cm,N

)
+ Mn,P =

1
4

Vnln2 (13)

Mn,N + Mn,P

(
Cv1/8 − Cm,N

Cm,P

)
=

1
4

Vnln2 (14)
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Figure 3. A classification of continuous RC slab failure modes based on moment and shear capacities:
(a) the end span; (b) the interior span.

Table 1. Failure modes of continuous RC slabs according to the order of plastic hinge formation.

Span Type Failure Modes
First Plastic

Hinge
Second Plastic

Hinge
Third Plastic

Hinge
Shear Failure Failure Type

End span

D-1en N2 N1 M1 - Ductile failure
D-2en N2 M1 N1 - Ductile failure
D-3en M1 N2 N1 - Ductile failure

DB-1en N2 N1 - N2 Brittle failure
DB-2en N2 M1 - N2 Brittle failure

DB-3aen M1 - - N2 Brittle failure
DB-3ben M1 N2 - N2 Brittle failure

B-1en N2 - - N2 Brittle failure
B-2en - - - N2 Brittle failure
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Table 1. Cont.

Span Type Failure Modes
First Plastic

Hinge
Second Plastic

Hinge
Third Plastic

Hinge
Shear Failure Failure Type

Interior span

D-1in N3, N4 M2 - Ductile failure
D-2in M2 N3, N4 - Ductile failure

DB-1in N3, N4 - N3, N4 Brittle failure
DB-2in M2 - N3, N4 Brittle failure
B-1in - - N3, N4 Brittle failure

Based on the order to form plastic hinges, the ultimate failure loads considering
plastic redistribution of the slab can be determined using the superposition method. The
ultimate failure loads for the end and interior spans of continuous slabs will be calculated
in accordance with Table 2.

Table 2. Calculating ultimate failure loads of continuous RC slabs.

Failure Modes Failure Load

D-1en
wf = φf

8
l2
n1

(
Mn,P + Mn,N

(1/8 − Cm,P1)

Cm,N2

)
(15)

D-2en
wf = φf

4
l2
n1

(
Mn,P + Mn,N

(1/4 + Cm,N2 − Cm,N1 − Cm,P1)

Cm,N2

)
(16)

D-3en
wf = φf

4
l2
n1

(
Mn,P

(1/4 − Cm,N1)

Cm,P1
+ Mn,N

)
(17)

DB-1en, DB-2en, DB-3aen, DB-3ben, B-1en, B-2en
wf = φv

2Vn

Cv2ln1 (18)

D-1in
wf = φf

8
l2
n2

(
Mn,P + Mn,N

(1/8 − Cm,P)

Cm,N

)
(19)

D-2in
wf = φf

8
l2
n2

(
Mn,P

(1/8 − Cm,N)

Cm,P
+ Mn,N

)
(20)

DB-1in, DB-2in, B-1in
wf = φv

2Vn

Cv1ln2
(21)

2.2. Retrofitting Mechanism and Design Process Preventing Brittle Failure

The retrofitting mechanism for the strengthened slab originated from the sectional
compressive force in HPC and the sectional tensile force in FRP and steel according to ACI
440.2R. For the positive moment section, it is suggested to have enough thickness to pull
the neutral axis into the HPC overlay, as shown in Figure 4a. Besides, the minimum HPC
thickness is recommended due to its high self-weight. For the negative moment section,
the retrofitting mechanism can be predicted in a typical way, as shown in Figure 4b.

In this study, either evaluating the effects of long-term service loads or harsh envi-
ronmental conditions is beyond the scope. The FRP sheet’s thickness, which can increase
bending moments significantly of the strengthened slab, is considered a modifiable variable.
The design process is based on ACI 440.2R [17] and proposed failure limits [34,35]. Before
applying the design process, it is necessary to determine the input parameters related to the
reference slab (i.e., l, h, b, As, d, f′c, fy, Es) and retrofit system (i.e., f′H, f∗fu, Efe, CE) to perform
the relevant preliminary calculations. The flowchart of design for preventing brittle failure
is described in Figure 5 by the following steps:

(1) Assume FRP thickness (tF).
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(2) The overlay strength (f′H) should be greater than the limits in the following equations
to ensure the neutral axis within the overlay and FRP in the tensile zone [15]; otherwise,
re-assume FRP thickness.

f′H ≥ εcuEfe
1.445

(
tF

tH

)2
+

fy(As/b)
0.7225tH

(22)

f′H ≥ 0.15f′c +
εcuEfe

1.7

(
tF

tH

)2
+

fy(As/b)
0.85tH

(23)

(3) Compute the design strain of FRP (εfd) at support.

εfd = 0.41

√
f′c

nEfetF
≤ 0.9εfu (24)

(4) Assume the neutral axis depth (c).
(5) Compute FRP stress (ffe) corresponding to FRP strain (εfe) and concrete strain at

failure (εc) by applying similar triangles based on strain compatibility.

ffe = εfeEfe ≤ ffu (25)

For the support section:

εfe,N = εcu

(
h − cN

cN

)
− εbi ≤ εfd (26)

εc,N = (εfe,N + εbi)

(
cN

h − cN

)
(27)

For the mid-span section:

εfe,P = εcu

(
tH − cP

cP

)
≤ εfd (28)

εc,P = εfe,P

(
cP

tH − cP

)
(29)

(6) Compute reinforced steel stress (fs) and strain (εs).

fs = εsEs ≤ fy (30)

For the support section (εs,N):

εs,N = (εfe,N + εbi)

(
d − cN

h − cN

)
(31)

For the mid-span section (εs,P):

εs,P = εc,P

(
d + tH + tF − cP

cP

)
(32)

(7) Check the equilibrium condition by comparing c defined in Equation (33) with the
value in step 4. If it is satisfied, go to step 9; otherwise, return to step 4.

c =
Asfs + AFffe

α1f′c β1b
(33)
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(a) 

(b) 

Figure 4. Retrofitting mechanism for a retrofitted slab (a) positive-moment section; (b) negative
moment section.

Coefficients related to stress block (α1 and β1) are calculated as recommended in ACI
318M once concrete strain (εc) is equal to or greater than the ultimate value (εcu); otherwise,
these values shall be estimated following the Whitney stress block, as reported by the ACI

440 committee, where ε′c =
1.7f′c
Ec

; β1 =
4ε′c − εc

6ε′c − 2εc
; α1 =

3ε′cεc − ε2
c

3β1ε
′2
c

(8) Compute strength in flexure (φfMn) and shear (φvVn)

φfMn = φf(Mns +ψfMnf) (34)

φvVn = φv

(
d
√

f′c + tH

√
f′H

)
b
6

(35)

For the support section, the contribution of steel (Mns,N) and FRP (Mnf,N), as

Mns,N = Asfs,N

(
d − β1,NcN

2

)
(36)
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Mnf,N = AFffe,N

(
h − β1,NcN

2

)
(37)

For the mid-span section, the contribution of steel (Mns,P) and FRP (Mnf,P), as

Mns,P = Asfs,P

(
d + tH + tF −

β1,PcP

2

)
(38)

Mnf,P = AFffe,P

(
tH − β1,PcP

2

)
(39)

(9) Define the design factored load as specified in Figure 2.

wu = min(wu,M; wu,V) = min
(
φfMn

Cml2
n

;
φvVn

Cvln

)
(40)

(10) Define the failure mode and failure load (wf) in accordance with the failure limits.
If the failure mode is ductile, the design process preventing brittle failure can be
achieved; otherwise, re-assume FRP thickness.

Figure 5. Flowchart of design for preventing brittle failure.

3. Design Example

In this case, a calculation is performed on a continuous RC slab with three spans,
where the length of the end span of 2.6 m and interior span of 2.4 m are used. A uniformly
distributed load is applied to the strengthened slab using the HPC-CFRP retrofit system.
The moments and shears coefficients for the end and interior span are described in Figure 2.
According to ACI 440 committee [17], the reduction factors of CFRP for strength contri-
bution (ψf) of 0.85 and environment of 0.95 (CE) are used. Besides, the flexural and shear
strength reduction factors (φf and φv) are 0.9 and 0.75, respectively. Material properties
for the end and interior span of the continuous RC slab are given in Table 3. The reference
slab’s reinforcement detail and dimensions are shown in Figure 6. The adjustable CFRP
thickness with initial value and material properties of the retrofit system are provided in
Table 4. For retrofit systems, shear anchors and HPC are suggested to avoid potential shear
failures in overlay and premature debonding of CFRP. Previous work demonstrated that
shear connectors could increase the bond strength of retrofit systems. The integrity of the
retrofitted slab until reaching the ultimate bearing capacity is assumed. Table 5 shows
preliminary analyses for the reference slab and retrofit system before implementing the
proposed design process.
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Table 3. Dimensions and material properties of the existing RC slab.

Type l (mm) h (mm) b (mm) f′c (MPa) As (mm2) d (mm) fy (MPa) Es (GPa)

End span 2600 145 900 32 426 110 410 200
Interior span 2400 - - - - - - -

 

Top
Bottom

Figure 6. The reference slab’s reinforcement detail and dimensions (in mm).

Table 4. The initial CFRP thickness and retrofit system’s material properties.

HPC Overlay CFRP

tH (mm) f′H (MPa) tF (mm) f∗fu (MPa) Efe (GPa)

30 75 1 600 40

Table 5. Initial analyses of the retrofit system and reference slab.

Analysis Reference Slab

Sectional capacity φfMn,N = 16.73 kNm; φfMn,P = 16.73 kNm; φvVn = 70 kN

Design factored load
For end span: wu = min(39.6; 24.7; 34.6; 53.8; 46.8) = 24.7 kN/m

For interior span: wu = min(32; 46.5; 58.3) = 32 kN/m

Define failure mode and failure load
For end span: D-2en according to Figure 7a; Equation (16), wf = 31.3 kN/m

For interior span: D-1in according to Figure 7b; Equation (19), wf = 39.2 kN/m

Self-weight wc = γcbh = 24(0.9)(0.145) = 3.13 kN/m

Elastic modulus Ec = 4700
√

f′c = 4700
√

32 = 26,600 MPa

At support, kd kd = 24.65 mm

The crack moment at support Icr,N = 2.78 × 107 mm4

The ultimate strength and strain of CFRP ffu = CEf∗fu = 570 MPa; εfu =
ffu
Efe

= 0.0143

Moment due to dead load
At N2 section: MD,N2 =

1
10

(3.13)
(
2.62) = 2.12 kNm

At N3 and N4 sections: MD,N3 = MD,N4 =
1

11
(3.13)

(
2.42) = 1.64 kNm

The existing state of strain
At N2 section: εbi =

2.12 × 106(145 − 24.65)
2.78 × 107(26600)

= 0.00034

At N3 and N4 sections: εbi =
1.64 × 106(145 − 24.65)

2.78 × 107(26600)
= 0.00027
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(a) (b) 

Figure 7. Predict failure mode based on moment-carrying capacities of the reference slab: (a) the end
span; (b) the interior span.

4. Results and Discussion

For the reference slab, it can be seen from Table 5 that the design-factored load (wu)
and the ultimate failure load (wf) for the end span are determined to be 24.7 kN/m
and 31.3 kN/m, respectively. Figure 5a reveals that the failure mode is named D-2en.
Furthermore, there is a prediction of 32 kN/m design-factored load and 39.2 kN/m ultimate
failure load for the interior span with failure mode D-2in, as shown in Figure 7b. Before
applying the design process, a preliminary analysis is performed at the adverse load-
bearing section of support for the end span (section N2) and interior span (sections N3 and
N4) of the reference slab and retrofit system.

For the retrofitted slab, the design process is carried out with an initial CFRP thickness
of 1mm, as shown in Table 6. In step two, the compressive strength of the overlay is
checked and shown that it is large enough to ensure a neutral axis in the overlay and FRP
in the tensile zone. As a result of the analysis, the induction of tension in CFRP laminate
at the midspan can be accomplished using a relatively low-compressive-strength concrete
overlay. Nevertheless, it is preferred to use high-strength concrete to enhance the mid-span
flexural strength of the slab and avoid potential shear failures of the overlay. The design
strain of FRP is computed in step three before assuming the neutral axis depth in step four.
The CFRP stress corresponding to its strain and concrete strain at failure is calculated in
step five using similar triangles based on strain compatibility before the steel stress level
is calculated in step six. According to step seven, an iterative process to achieve force
equilibrium is performed as recommended by the ACI 440 committee before predicting
design flexural and shear strengths in step eight. At steps nine and ten, the retrofitted slab
was identified as a brittle failure for the end and interior span classified as DB-3aen and
DB-2in, respectively, as shown in Figure 8. There is an ultimate failure load at the end span
of 66.38 kN/m and the interior span of 82.69 kN/m. It is not the desired outcome for the
retrofitted slab to fail brittlely, regardless of the fact that its ultimate failure load is over
2.1 times that of the reference slab.

The failure mode of the strengthened slab is evaluated using the proposed process
regarding brittle-failure prevention by adjusting CFRP thickness. For the end span of the
strengthened slab, Table 6 shows the design process used to induce ductile failure. With a
CFRP thickness of 0.53 mm, the retrofitted slab can fail in ductile failure mode D-3en, as
shown in Figure 9a. There is a design-factored load of 51.05 kN/m and an ultimate failure
load of 62.59 kN/m, which are higher by 2.07 times and 2.01 times, respectively, than the
existing RC slab.
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Table 6. Analysis of the retrofitted slab considering brittle-failure prevention.

Process End Span Interior Span

1. Assume CFRP
thicknesses tF = 1 mm tF = 1 mm

2. Check overlay
strength

For both spans

f′H ≥ 0.003(40000)
1.445

(
1

30

)2
+

410(426/900)
0.7225(30)

= 9.05 MPa (OK)

f′H ≥ 0.15(32) +
0.003(40000)

1.7

(
1

30

)2
+

410(426/900)
0.85(30)

= 12.49 MPa (OK)

3. Compute the design
strain of FRP at
support

εfd = 0.41
√

32
1(40000)(1)

= 0.0116 ≤ 0.9εfu = 0.0128

4. Assume neutral axis
depth

At the N2 section: cN = 27.61 mm
At mid-span section: cP = 10.26 mm

At support sections (N3 and N4): cN = 27.64 mm
At mid-span section: cP = 10.26 mm

5. Compute FRP stress
(ffe), FRP strain (εfe),
and concrete strain
(εc)

At the N2 section

εfe,N = 0.003
(

145 − 27.61
27.61

)
− 0.00034 = 0.0124 > εfd

→ εfe,N = εfd = 0.0116

εc,N = (0.0116 + 0.00034)
(

27.61
145 − 27.61

)
= 0.0028

ffe,N = 0.0116(40,000) = 463.86 MPa
At mid-span section

εfe,P = 0.003
(

30 − 10.26
10.26

)
= 0.0058 ≤ εfd

εc,P = 0.0058
(

10.26
30 − 10.26

)
= 0.003

ffe,P = 0.0058(40,000) = 230.97 MPa

At support sections

εfe,N = 0.003
(

145 − 27.64
27.64

)
− 0.00027 = 0.0125 > εfd

→ εfe,N = εfd = 0.0116

εc,N = (0.0116 + 0.00027)
(

27.64
145 − 27.64

)
= 0.0028

ffe,N = 0.0116(40,000) = 463.86 MPa
At mid-span section

(same as the end span case)

6. Compute reinforced
steel stress (fs) and
strain (εs)

At the N2 section

εs,N = (0.0116 + 0.00034)
(

110 − 27.61
145 − 27.61

)
= 0.0084

fs,N = 0.0084(200000) = 1680 MPa > fy = 410 MPa
→ fs,N = fy = 410 MPa

At mid-span section

εs,P = 0.003
(

110 + 30 + 1 − 10.26
10.26

)
= 0.0382

fs,P = 0.0382(200,000) = 7640 MPa > fy = 410 MPa
→ fs,P = fy = 410 MPa

At the support sections

εs,N = (0.0116 + 0.00027)
(

110 − 27.64
145 − 27.64

)
= 0.0083

fs,N = 0.0083(200,000) = 1660 MPa > fy = 410 MPa
→ fs,N = fy = 410 MPa

At mid-span section
(same as the end span case)

7. Check the
equilibrium condition

At the N2 section, due to εc,N < εcu

ε′
c,N =

1.7(32)
26600

= 0.002;

β1,N =
4(0.002)− 0.0028

6(0.002)− 2(0.0028)
= 0.807

α1,N =
3(0.002)(0.0028)− (0.0028)2

3(0.807)(0.002)2 = 0.922

cN =
426(410) + 900(463.86)
0.922(32)(0.807)(900)

= 27.61 mm (OK)

At mid-span section, due to εc,P = εcu
β1,P = β1 = 0.65; α1,P = α1 = 0.85

cP =
426(410) + 900(230.97)

0.85(75)(0.65)(900)
= 10.26 mm (OK)

At support sections, due to εc,N < εcu

ε′
c,N =

1.7(32)
26600

= 0.002;

β1,N =
4(0.002)− 0.0028

6(0.002)− 2(0.0028)
= 0.806

α1,N =
3(0.002)(0.0028)− (0.0028)2

3(0.806)(0.002)2 = 0.923

cN =
426(410) + 900(463.86)
0.923(32)(0.806)(900)

= 27.64 mm (OK)

At mid-span section
(same as the end span case)

8. Compute strength
in flexure and shear
8.1 Compute strength
in flexure at the
support section

Mns,N =
426(410)

106

(
110 − 0.807(27.61)

2

)
= 17.27 kNm

Mnf,N =
(900 × 1)(463.86)

106

(
145 − 0.807(27.61)

2

)
= 55.89 kNm

φfMn,N = 0.9[17.27 + 0.85(55.88)] = 58.29 kNm

Mns,N =
426(410)

106

(
110 − 0.806(27.64)

2

)
= 17.27 kNm

Mnf,N =
(900 × 1)(463.86)

106

(
145 − 0.806(27.64)

2

)
= 55.89 kNm

φfMn,N = 0.9[17.27 + 0.85(55.88)] = 58.29 kNm

8.2 Compute strength
in flexure at the
mid-span section

Mns,P =
426(410)

106

(
110 + 30 + 1 − 0.65(10.26)

2

)
= 24.04 kNm

Mnf,P =
(900 × 1)(230.97)

106

(
30 − 0.65(10.26)

2

)
= 5.54 kNm

φfMn,P = 0.9[24.04 + 0.85(5.54)] = 25.88 kNm

same as end span case

8.3 Compute strength
in shear φvVn =

0.75
103

(
110

√
32 + 30

√
75

) 900
6

= 99.23 kN
same as end span case
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Table 6. Cont.

Process End Span Interior Span

9. Define design
factored load

wu = min(53.6; 66.38) = 53.6 kN/m
wu,M = min(53.6; 137.96; 86.23) = 53.6 kN/m

wu,V = min(76.33; 66.38) = 66.38 kN/m

wu = min(71.46; 82.69) = 71.46 kN/m
wu,M = min(71.46; 111.32) = 71.46 kN/m

wu,V = 82.68 kN/m

10. Define failure
mode and failure load

DB-3aen according to Figure 6a

Equation (18), wf =
2(99.23)
1.15(2.6)

= 66.38 kN/m

DB-2in according to Figure 6b

Equation (21), wf =
2(99.23)

1(2.4)
= 82.68 kN/m

Adjust iteratively
CFRP thicknesses to
achieve ductile failure
mode

It can be achieved with tF = 0.53 mm; wu = 51.05 kN/m;
failure mode D-3en; wf = 62.95 kN/m, as shown in Figure 9a.

It can be achieved with tF = 0.62 mm; wu = 68.92 kN/m;
failure mode D-2in; wf = 82.38 kN/m. However, to be

consistent with the end span, tF = 0.53 mm; wu = 68.17 kN/m;
failure mode D-2in; wf = 76.48 kN/m,

as shown in Figure 9b.

 

(a) (b) 

Figure 8. Predicting failure limits and failure mode for the retrofitted slab: (a) the end span; (b) the
interior span.

 

(a) (b) 

Figure 9. Predicting failure limits and failure mode considering brittle-failure prevention for the
retrofitted slab: (a) the end span; (b) the interior span.

The interior span of the retrofitted slab is also similarly analyzed. The design procedure
for preventing brittle failure can be achieved with 0.62-mm-thick CFRP laminate. Based on
Table 6, the design-factored load is 68.92 kN/m. Figure 9b shows that the ductile failure
mode D-2in is determined to correspond to the ultimate failure load of 82.38 kN/m. Once
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the thickness of the CFRP laminate applied for the interior span is thicker than the end
span or vice versa, it should be adjusted to be consistent with practical design requirements.
With 0.53-mm-thick CFRP, the design-factored load of the strengthened slab is estimated
at 68.17 k/m, which is 2.13 times higher than that of the reference slab. In accordance
with Figure 9b, the failure mode remains D-2in relevant to the ultimate failure load for the
retrofitted slab of 76.48 kN/m, increasing by 1.97 times over the reference slab.

The proposed design process allows for the optimization of bearing capacity and in-
creased safety required in strengthening slabs using CFRP-HPC retrofit systems. Compared
with the 1-mm-thick CFRP strengthening solution, it can reduce the amount of CFRP by up
to 47% without considerable changes in wu and wf by up to 5% and 8%, respectively, as
shown in Table 6. The failure mode of the end span or the interior span will determine the
failure mode of RC slabs depending on the length ratio of the end-to-interior span, slab
structure, and load characteristics. Thus, it is necessary to have detailed analyses for each
type of span in continuous RC slabs. The retrofit results for the end span and interior span
of the strengthened RC slab are shown in Table 7.

Table 7. Summarize the retrofit results of the strengthened RC slab.

Span Failure Mode wu (kN/m) wf (kN/m) tF (mm)

Existing end span D-2en 24.70 [100%] 31.30 [100%] -
Retrofitted end span D-3en 51.05 [207%] 62.95 [201%] 0.53
Existing interior span D-1in 32.00 [100%] 39.20 [100%] -

Retrofitted interior span D-2in 68.92 [215%] 82.83 [211%] 0.62
Retrofitted interior span (for consistency) D-2in 68.17 [213%] 76.48 [195%] 0.53

5. Conclusions

The present study describes the design process for preventing brittle failure in strength-
ening RC slabs with hybrid FRP-HPC retrofit systems based on novel failure limit classifi-
cations. The failure limits of the end and interior span of continuous RC slabs in relation to
moment- and shear- carrying capacities are discussed. The formulas for determining the
design-factored load and the ultimate failure load corresponding to the failure mode are
also recommended. Based on ACI 440.2R, the effectiveness of the proposed procedure of
strengthened slabs using FRP-HPC retrofit systems is confirmed via the design example.
The obtained results can be used to draw the following conclusions.

FRP thickness can significantly affect bearing carrying capacities and failure modes
of retrofitted slabs. The case study indicates that the retrofitted slab using 0.53-mm-thick
CFRP can increase the ultimate failure load by 2.13 times and fail in ductile failure mode.

The approach can optimize material strength while preventing brittle failure and
reducing CFRP quantification by up to 47% without noticeable changes in bearing capacities,
resulting in economic and safety benefits.

The proposed design process would encourage this strengthening technique to be
applied early in practice due to its simplicity and efficiency.

The study is theoretical. Consequently, further experimental studies are recommended
to confirm the suitability of the proposed method, along with evaluating the impacts of
overlay regarding thickness and compressive strength, and bond strength of concrete-to-
FRP interfaces.
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Nomenclature
AF, As Area of CFRP and tensile steel
b Width of an existing slab
c The distance between the extreme compression fiber and the neutral axis
CE Environmental reduction coefficient
Cm,Ni Moment coefficients at support section ith

Cm,Pi Moment coefficients at mid-span section ith

Cvi Shear coefficients at section ith

d The distance between the extreme compression fiber and the center of the steel
Ec, Es, Efe Elastic modulus of concrete, steel, and CFRP
f′c, f′H Compressive strength concrete of existing slab and overlay
ffe CFRP effective stress
ffu Design ultimate strength of CFRP
f∗fu FRP’s ultimate tensile strength, according to the manufacturer
fs Tension steel’s stress
fy Yield stress of tension steel
h Height of an existing RC slab
Icr Cracked moment
k The ratio of the neutral axis depth to tensile steel depth measured from extreme

compression fiber
lni Length of clear span ith

n The number of CFRP layers
Mn, Vn Moment and shear carrying capacity
Mn,P, Mn,N Mid-span and support sections’ moment-carrying capacities
Mns, Mnf Moments contributed by tensile steel and CFRP
MN1 Moment-carrying capacities of the N1 section
MD,N2 Moment-carrying of the N-2 section
Mu, Vu Factored moment and shear at sections
tF, tH The thickness of CFRP and HPC overlay
wf Ultimate failure load
wu Design factored load
wuM, wuV Design factored load follow moment and shear carrying capacities
φf, φv Flexural and shear strength reduction factors
ψf CFRP strength reduction factor
α1, β1 Stress block factors
εbi Existing state strain of CFRP installation
εcu, εfu Ultimate strains of concrete and CFRP
εfd Debonding strain of CFRP
εfe, εs Strains of CFRP and tensile steel
γc Concrete unit weight
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Abstract: Despite the advantageous benefits offered by self-compacting concrete, its uses are still
limited due to the high pressure exerted on the formwork. Different parameters, such as those related
to concrete mix design, the properties of newly poured concrete, and placement method, have an
impact on form pressure. The question remains unanswered on the degree of the impact for each
parameter. Therefore, this study aims to study the level of impact of these parameters, including
slump flow, T500 time, fresh concrete density, air content, static yield stress, concrete setting time,
and concrete temperature. To mimic the casting scenario, 2 m columns were cast at various casting
rates and a laboratory setup was developed. A pressure system that can wirelessly and continuously
record pressure was used to monitor the pressure. Each parameter’s impact on the level of pressure
was examined separately. Casting rate and slump flow were shown to have a greater influence on
pressure. The results also demonstrated that, while higher thixotropy causes form pressure to rapidly
decrease, a high casting rate and high slump flow lead to high pressure. This study suggests that
more thorough analysis should be conducted of additional factors that may have an impact, such as
the placement method, which was not included in this publication.

Keywords: formwork; pressure; self-compacting concrete; parameters

1. Introduction

The formwork pressure exerted by self-compacting concrete (SCC) is considerably
higher than that of normal concrete due to its high flowability ([1]). This has slowed down
the acceptance of SCC in civil engineering projects [2]. The current design models assume
full hydrostatic pressure while designing the form ([1,3,4]). International standards such
as ACI347R [5] and the European guidelines [6] have also suggested the design to be fully
hydrostatic. However, other findings have proven otherwise, showing that the actual form
pressure is less than the hydrostatic pressure [7–11]. This raises the question as to how
much lower the actual pressure can be when casting with SCC. This also introduces the
possibility of using SCC more often and shifting from a reliance on normal concrete.

Previous studies have shown that form pressure is affected by several parameters, and
these parameters are generally classified into parameters related to mixture design and
material properties, the fresh concrete properties of the mix, and the placement method and
speed of casting [12]. However, the degree of impact of these parameters is still unknown.

The parameters that affect the amount of pressure and its distribution over the form’s
height are relatively interrelated. For example, mixture design affects the flowability of the
concrete and has an influence on the pressure and its reduction over time. To understand
that phenomenon, [13] conducted a study incorporating factorial design to investigate the
impacting parameters of fresh normal concrete on pressure. Their analysis showed that
formwork shape and coarse aggregate have a minor impact on pressure, temperature has
an inverse relationship with pressure, and form size has a major effect on pressure, with
narrow sections producing less pressure. Similarly, [14,15] found that wall friction forces
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between concrete and formwork affect the amount of pressure, with higher friction leading
to higher pressure.

A different study by [16] investigated the effect of water-to-cement ratio and the
amount of water-reducing admixture and found that both thixotropy and form pressure
are affected by the w/cm ratio, whereby mixes with 0.46 w/cm showed greater initial
pressure compared to mixes with 0.4 and 0.36. The reason for this is thought to be the
increased water paste content and a reduction in coarse aggregate, which thus lowers
the shear strength of fresh concrete. Additionally, [17] studied the effect of viscosity-
enhancing admixtures (VEA) on the pressure of SCC and found that the use of VEA results
in lower form pressure, while water-reducing admixtures exhibited higher pressure with
higher dosages.

The important effect of reinforcing bars has also been demonstrated, as shown in
congested reinforcement where pressure was rather lower than it was when few reinforcing
bars were used [8,18,19]. The effect of mixture composition has also been shown to have
high importance in terms of form pressure [20]. For example, powdered materials in the
mix considerably affect the amount of pressure, with higher content increasing pressure
and reducing workability [21].

Casting rate and placement methods have a significant effect on pressure, with a higher
casting rate leading to higher pressure [1,4,16,22–28]. Similarly, casting characteristics
also affect pressure, with concrete temperature accelerating pressure decay and greater
casting depth leading to higher pressure [20,29]. In this article, an extended investigation
is performed while varying slump flow, T500 time, fresh concrete density, air content
in concrete, static yield stress, and the ambient and concrete temperature of concrete.
Additionally, their impact on the amount of form pressure and its distribution was also
investigated. The use of a state-of-the-art pressure system helped to realize more accurate
and real-time pressure monitoring during the casting process, which thus allowed for
instant decision making regarding the amount of pressure and casting rate.

2. Methodology

2.1. Experimental Setup

A laboratory setup was developed to simulate the casting process. A 2 m plastic pipe
was vertically fixed to the column and given rigid support to avoid any tilt, trembling, or
collapse (Figure 1). Pressure sensors were installed and mounted to the pipe by drilling
50 mm holes to enable direct contact with the concrete. Four sensors were installed. The
first sensor was placed about 0.05 m from the ground, the second sensor 0.5 m from the
ground, the third sensor 1 m from the ground, and the fourth sensor 1.5 m from the ground.
The concrete was prepared and mixed in the laboratory, and the number of batches was
governed by the casting rate (for example, casting 1 m/h required 2 batches of concrete).
The casting was performed from the top and a plastic cone was used to avoid any spillage
of concrete.

2.2. The Instrument for Measuring Pressure

With the help of cutting-edge sensors and the Internet of Things, a system developed
by PERI was used in the experiments with the idea of turning cast-in-place concrete into a
digital process. The sensor system consisted of data transmitters that provided readings
from the sensors to the cloud. As seen in Figure 2, the pressure sensors were mounted to
the pipe to facilitate direct contact with the concrete. Real-time data regarding pressure
during casting were displayed instantly on the computer. This made it simple to check the
pressure. If pressure was low, casting pace could be increased; if pressure was high, casting
could be slowed down.
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Figure 1. Laboratory setup.

Figure 2. Pressure measuring system (the system in the left is developed by PERI).

2.3. Mix Design and Test Plan

The mixture used for casting was a commercial mixture with fixed proportions, and
only the type of cement and superplasticizers were altered depending on the required
slump flow. Different variations were then used to study the significance level of different
parameters, such as slump flow, T500 time, fresh concrete density, air content, static yield
stress, concrete setting time, and concrete temperature.

For all batches, the water-to-cement ratio was kept at 0.59, and the superplasticizer
(SP) used was MasterGlenium 592. A small mixer was used in the laboratory to mix the
concrete in various batches. New batches of concrete were created for each layer of casting
while preserving the same characteristics. To ensure the same flowability, the measurement
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of the slump was kept track of and maintained for each batch. Table 1 shows the initial
mix design used for casting the pipes. The test plan used for varying the input parameters
is described in Table 2. The test plan and mix proportions are part of a pre-established
plan that was used by the authors in a different study to assess mathematical models for
forecasting form pressure when casting with SCC.

Table 1. Mix proportions.

Material Cement: BAS/ANLFA Filler Agg (0–8) mm Agg (8–16) mm Superplasticizer (MG592) Water

Kg/m3 350 140 978.1 652.08 Varies according to the
required slump flow 207

Table 2. Test plan and parameter variations.

Test No Targeted Slump Flow (mm) Casting Rate (m/h) Cement Type Variations

1

700–750

0.25

CEM II/A-V 52.5 N
(BAS)

Casting rate2 0.5
3 1
4 4

5 700–750

0.5 Slump flow6 600–650
7 500–550
8 400–450

9
700–750

0.25

CEM II/A-V 42.5 N
(ANLFA)

Cement type, casting rate10 0.5
11 4

12 700–750
0.5 Cement type, slump flow13 600–650

14 500–550

2.4. Cement Types

Two cement types were used. The first cement was Bascement (BAS) CEM II/A-V
52.5 N Portland-fly ash, which is recommended for use in normal concrete work, per
the supplier Cementa. This cement has a different setting time. The second cement,
known as Anläggningscement FA (ANLFA), is a Portland-fly ash cement type (CEM II/A-V
42.5 N MH/LA/NSR) used in mass concrete which has mild heat requirements in terms of
hydration (cementa.se).

2.5. Casting Rate

Casting rate is a significant parameter that affects the amount of lateral pressure when
casting with SCC. In the laboratory plan, casting rate was set at 0.25 m/h, 0.5 m/h, 1 m/h,
and 4 m/h. Using these diverse rates, the effect of casting rate was then investigated.

2.6. Slump Flow

Different types of slump flow were created by controlling the amount of superplasticizers
so as to produce the desired slump flow diameter, with the first interval being 700–750 mm,
the second 600–650 mm, the third 500–550 mm, and the fourth interval 400–450 mm.

3. Testing of Fresh Concrete

Before casting, the concrete was tested for different properties, including slump flow,
T500 time, air content, fresh density, setting time, and static yield stress. The tests were
performed according to the guidelines specified for each test in the European guidelines
for SCC [6], except for setting time, which was performed according to the German stan-
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dard [25], and static yield stress, which was performed according to the portable vane test
developed by [1].

The setting bag test was conducted as specified by [25] using a polyethylene plastic
bag containing around 8 L of concrete in a bucket. The consistency was checked every
30 min by manually applying a force of around 50 N to the bag surface via thumb press and
examining the concrete imprint. Setting time was indicated by the depth of the impression.
Setting time is calculated as 1.25 times the amount of time needed to dent something less
than 1 mm. For instance, if recording of setting time begins at te and kb = 5 h, the final
setting time is te = 1.25 × 5 = 6.25 h.

For each concrete recipe, the portable vane test or torque test was performed instantly
to measure static yield stress. This was used to investigate the structural behavior of SCC
at rest and involves using four-blade vanes and a torque gauge to measure the torque
required to break the structure. The static yield stress (in Pa) of the concrete at rest can be
determined from the measured torque value and vane geometry. The method is explained
in detail in [1].

4. Results

4.1. Form Pressure Monitoring

An example of pressure monitoring is shown below for one of the tests of SCC with
a casting rate of 0.25 m/h. Pressure was monitored over 8 h of casting, as demonstrated
in Figure 3.

Figure 3. Pressure monitoring over time for 0.25 m/h casting rate.

Figure 3 demonstrates pressure monitoring over an 8 h period of casting on a real-time
basis, with the system capable of sending a reading every minute. From the results, it can be
seen that the actual pressure exerted by the concrete is far less than the hydrostatic design
which the form is supposed to bear, thus suggesting that it is not a cost-effective design and
that there is a possibility of casting at a rate faster than 0.25 m/h. Hydrostatic pressure was
calculated using the principle formula pressure Phydro = ρgh, where ρ is concrete density in
kg/m3, h is casting height (m), and g is gravitational acceleration (9.8 m/s2).

Figure 4 shows selected values of the pressure across the height of the form. It is
indicated that pressure is affected by casting rate, with a higher casting rate resulting in
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higher form pressure. This was also proven by [10], who indicated that pressure is highly
affected by casting rate. By varying the amount of superplasticizer supplied, a modification
in slump flow was also achieved, and the results are shown in Figure 5.
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Figure 4. The effect of casting rate on pressure.

Figure 5. Effect of initial slump flow on pressure.

Figure 5 illustrates how higher form pressure is affected by higher initial slump flow.
It is indicated that when the initial slump flow is high, the pressure remains high even if
the casting level is near the top of the form. Similar findings were observed by [26]. This is
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explained by the pressure decay phenomenon, which is influenced by the thixotropy (or
structural development) of the concrete over time; concrete that dries out more quickly
starts to exert less pressure at the bottom cast layers. Observing how the type of cement
affects the form is equally important, as various studies have shown [3,10,17,20].

The impact of employing various types of cement on pressure is demonstrated in
Figure 6 through a comparison of BAS and ANLFA cement using the data collected from
the bottom sensor (0.25 m/h casting rate). The fresh density of concrete produced with
various types of cement varies, measuring 2331 kg/m3 for BAS concrete and 2382 kg/m3

for ANLFA concrete. The suppliers of the concrete claim that BAS takes 150 min to set,
whereas ANLFA takes 170 min. Figure 6 indicates that cement hardens more quickly, with
BAS showing a value of 12.0 kPa and ANLFA a value of 13.14 kPa at the bottom of the
form. According to the findings, cement type has a small impact on maximum pressure,
though a larger impact is seen when examining pressure decay.
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Figure 6. Effect of different types of cement on form pressure.

Figure 7 shows the effect of different concrete densities on pressure with a fixed casting
rate for both. It is indicated that higher concrete density results in higher form pressure.

Figure 8 shows the effect of different air content on form pressure while maintaining
the same casting rate and cement type, with the only change being the percentage of air
in the concrete. It is indicated that higher air content leads to initial low form pressure in
early fresh concrete, and the effect is diminished when the concrete starts to harden.
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Figure 8. The effect of different air content on pressure.

Figure 9 shows the effect of different ambient temperatures on the amount of form
pressure. It is indicated that it is rather difficult to observe the effect of concrete temperature
on pressure.
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Figure 9. Effect of ambient temperature on form pressure.

Concrete temperature affects the amount of form pressure reduced but not maximum
pressure (Figure 10), with concrete at higher temperatures tending to harden faster than at
lower temperatures due to the hydration rate of formerly cast concrete.

Figure 10. Effect of concrete temperature on form pressure.

Setting time was documented according to DIN18218 [25], which is formally known
as the setting bag test. The results in Figure 11 indicate that higher setting time leads to
higher pressure, which is due to the rate of hardening (concrete that hardens faster leads to
lower form pressure).
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Figure 11. The effect of concrete setting time on pressure.

The effect of static yield stress at 15 min is crucial to understanding the effect of
concrete viscosity as well, with high-viscosity concrete leading to lower form pressure.
From Figure 12, it is indicated that using concrete with higher stress at 15 min results in
lower pressure.
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Figure 12. Effect of static yield stress at 15 min on form pressure.

4.2. Correlation between Variables

Correlation denotes the form of relationship between variables, which in this case
includes either inputs such as density, height, and casting rate or the output, which is pres-
sure. A negative coefficient denotes that when one variable decreases the other increases,
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while a positive coefficient denotes that when a variable increases the other associated
variable also increases.

The results in Table 3 indicate how important the variables are in terms of their impact
on the parameters related to form pressure, not only through their direct importance,
but also in a cumulative sense, which was obtained by analyzing all the time series data
obtained during the laboratory tests. These data were sourced from random analysis in
order to estimate the correlation between the input variables stated in Table 3. Values
indicate the degree of relationship between the variables. The correlation falls between
−1 and +1. The focus of this study is the relationship between formwork pressure and the
input parameters (concrete properties). It is indicated that the parameters of density and air
temperature have a different correlation with maximum pressure. Fresh concrete density,
as a main parameter in hydrostatic pressure, has been identified in previous studies as a
parameter that significantly affects form pressure. This was specifically addressed by [7,12].
Air temperature was also identified by [1] as a parameter that significantly affects form
pressure over time.

Table 3. Correlation between input variables and form pressure.

Density

(Kg/m3)
Air Content

(%)
Air

Temperature ◦C
Concrete

Temperature ◦C
Setting

Time (h)

Initial
Slump

Flow (mm)

Initial T500
Time (s)

Static Yield
Stress at 15 min

Height
at Pmax

Pmax

Density (Kg/m3) 1.00 −0.16 −0.67 0.01 0.59 −0.29 0.60 0.10 0.22 −0.37

Air content (%) −0.16 1.00 0.19 −0.17 −0.51 −0.35 −0.05 0.28 −0.14 0.03

Air temperature ◦C −0.67 0.19 1.00 −0.64 −0.34 0.21 −0.27 −0.18 0.11 0.32

Concrete temperature ◦C 0.01 −0.17 −0.64 1.00 0.07 0.16 −0.25 0.03 −0.25 −0.08

Setting time (h) 0.59 −0.51 −0.34 0.07 1.00 0.58 0.72 −0.71 0.27 −0.04

Initial slump flow (mm) −0.29 −0.35 0.21 0.16 0.58 1.00 0.22 −0.94 0.15 0.15

Initial T500 time (s) 0.60 −0.05 −0.27 −0.25 0.72 0.22 1.00 −0.51 0.34 −0.08

Static yield stress
at 15 min 0.10 0.28 −0.18 0.03 −0.71 −0.94 −0.51 1.00 −0.18 −0.19

Form height (m) 0.22 −0.14 0.11 −0.25 0.27 0.15 0.34 −0.18 1.00 −0.42

Pmax −0.37 0.03 0.32 −0.08 −0.04 0.15 −0.08 −0.19 −0.42 1.00

5. Conclusions

This study explored the degree to which slump flow, T500 time, fresh concrete density,
air content, static yield stress, concrete setting time, and concrete temperature have an
impact on form pressure when casting with SCC. Extensive laboratory experiments were
conducted with a newly developed pressure system to monitor pressure and study the
effects of these parameters. Several conclusions are made:

1. Casting rate has a significant effect on the amount of pressure, with faster rates
resulting in more pressure.

2. Flowability, as measured by slump flow, also has a significant effect on pressure.
3. Cement type (ANLFA and BAS) had a minimal effect on form pressure during casting,

though a larger impact was observed when examining pressure reduction.
4. Higher density results in higher pressure.
5. Higher air content causes early fresh concrete to have lower initial form pressure, and

this impact lessens as the concrete begins to solidify.
6. It can be challenging to determine how concrete temperature affects pressure.
7. The temperature of the concrete affects the amount of form pressure that can be

reduced but does not affect maximum pressure; higher temperature concrete tends to
harden more quickly than lower temperature concrete due to the hydration rate of
previously cast concrete.

8. Concrete that sets more slowly leads to higher pressure, whereas concrete that sets
more quickly leads to lower form pressure.

9. Concrete with high viscosity has less form pressure, which is supported by evidence
that, after 15 min, pressure is lower in concrete with increased stress.
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10. The correlation matrix demonstrated that air temperature and density both have a
greater correlation with maximum pressure, as shown by measurements recorded
throughout the entire testing period.
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Abstract: We discuss experimental and numerical studies of the deformation and destruction of fine-
grained concrete B22.5 under dynamic loading. The experiments were carried out using the Kolsky
(or split-Hopkinson pressure bar) method, and its modifications in the strain rate range from 400 to
2000 s−1. The rate dependences of ultimate stresses and fracture energy in tension and compression
are obtained. Based on experimental data, the identification of the dynamic component of two models
from the LS-DYNA computational complex was carried out: *MAT_CONCRETE_DAMAGE and
*MAT_CSCM. The results of a comparative analysis of the identified models based on single-element
modeling and comparison with experimental data are presented. It is shown that the obtained
experimental strain rate dependences of the fracture characteristics can significantly improve the
predictive ability of the model compared to the default parameter set. Information about the rate
dependence of the fracture energy in *MAT_CSCM model makes it possible to more realistically
simulate the behavior of the material beyond the ultimate stress.

Keywords: ultimate stress; concrete; strain rate; Kolsky method; identification; behavior model;
fracture energy

1. Introduction

For reliable numerical simulation of the behavior of various structures made of con-
crete and fiber-reinforced concrete under conditions of high-speed impulse loading, the
deformation models and failure criteria are needed. These models should adequately
describe the behavior of the material in a wide range of strain rates and temperatures under
simple and complex loading conditions. These models should also adequately describe the
behavior of the material under various types of stress–strain state: uniaxial stress state in
compression and tension, uniaxial deformation in compression, shear, and combined state.
In addition, it is important to take into account the moisture content of concrete and the
temperature at which it is used.

To equip the deformation model and fracture criteria of concrete and fiber-reinforced
concrete with the necessary parameters, a complex experimental study of the dynamic
deformation of concrete samples under various loading conditions is required. As a result
of such experiments, deformation diagrams (strain–stress σ(ε)) are obtained. Furthermore,
the ultimate strength and deformation characteristics of concrete and fiber-reinforced
concrete are determined, taking into account the types of tests (compression, tension, shear,
complex stress) at various strain rates and stress growth rates. The energy intensity and
crack resistance are also evaluated. The dependences of the specified parameters on the
strain rate or the rate of stress growth are obtained as a result of data analysis. Based
on the obtained parameters of the mechanical properties of concrete and fiber-reinforced
concrete, a particular mathematical deformation model is identified. The parameters of
failure criteria are also determined.
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Then, the mathematical models and fracture criteria of concrete and fiber-reinforced
concrete are verified. That is, the adequacy of the model is assessed under conditions that
differ from those in which the mechanical properties were obtained to identify the models.

Thus, in order to obtain adequate deformation models and fracture criteria of concrete
and fiber-reinforced concrete, a system of basic experiments should be implemented. Based
on these results, a certain model of concrete and fiber-reinforced concrete is identified. A
system of verification experiments is needful, based on which the adequacy of the identified
model and failure criteria are assessed.

The dynamic properties of brittle materials are important in various fields of military,
industrial, and civilian activities. Due to the transient nature of the load, dynamic testing
of brittle materials is very different from that of the ductile materials. In addition, dynamic
tests are more complex than static ones. Dynamic tests are usually carried out according
to the Kolsky method using a split-Hopkinson bar. The Kolsky technique is a fairly
reliable method for measuring the dynamic properties of brittle materials at high strain
rates. This method was proposed by G. Kolsky in 1949 [1,2] to evaluate the dynamic
response of various metals under the influence of high loads or strain rates. Shortly
thereafter, various researchers began using various modifications of the Kolsky method
to test brittle materials, such as concrete, ceramics, and rocks [3]. Several comprehensive
reviews have been carried out regarding the dynamic behavior of brittle materials, such as
mortar, ceramics, concrete, and rocks [4–7]. Dynamic experimental methods [8–12] were
considered to obtain the properties of brittle materials under various types of stress–strain
states. Significant progress has been made regarding the quantification of the various
dynamic properties of rock-like materials thanks to advances in split=Hopkinson pressure
bar (SHPB) experimental techniques.

In the work, the Kolsky method and its modifications are used to obtain experimental
data on the natural laws of high-speed deformation and fracture of fine-grained concrete
samples, and several models from the library of the LS-DYNA calculation complex are
identified based on this data.

2. Materials and Methods

To test samples under dynamic compression and tension, we used installations that
implement the classical split-Hopkinson pressure bar (SHPB) method (Figure 1a) and its
modification (Figure 1b) [13]. The histories of changes in strains, strain rates, and stresses
in the samples were calculated using the formulas proposed by Kolsky [1,2,13] using the
strain pulses recorded in elastic measuring bars. The loading condition (strain rate) was
varied by changing the impactor speed. The speed of the impactor depends on the pressure
in the chamber of the air gun. It was measured using a light speed meter set.

The experimental setup for direct tension (Figure 1b) [13] differs from the traditional
SHPB setup for compression in that the tubular impactor is accelerated in the barrel by a
gas gun in the direction opposite to the sample. The tubular impactor hits the anvil, which
is fixed at the end of the incident measuring bar, thereby exciting an elastic tension wave in
it. The sample is glued either directly to the measuring bars or to special threaded nozzles
that are screwed into threaded sockets at the ends of the measuring bars. The processing of
experimental data in the split-Hopkinson tension bar (SHTB) setup is carried out using the
main dependences of the SHPB method.

Samples for direct tension were glued with epoxy glue with the addition of tungsten
powder to increase the strength of the adhesive seam with the replaceable threaded nozzles
(Figure 2). Threaded nozzles were screwed into the threaded holes of the measuring bars.
The test results showed that the strength of the adhesive joint exceeds the tensile strength
of the sample (Figure 2).
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(a) 

 
(b) 

Figure 1. Schemes of test setups: (a) for compression, (b) for tension.

Figure 2. Fixing the sample in a tensile experiment.

For experimental studies according to the SHPB and SHTB methods, both in com-
pression and in tension, cylindrical specimens of a circular cross section are required. The
test specimen is placed between the ends of two long coaxial measuring bars. To transfer
the shock pulse from the incident bar to the sample and then to the transmitted bar, it is
necessary to ensure a tight fit of the test sample to the end of the transmitted bar. In this
regard, the Kolsky method imposes a number of high requirements on the samples, such as
uniformity of the material and minimum roughness of the end surfaces of the sample. The
parallelism of the ends of the sample and their perpendicularity to the axis of the cylinder
must necessarily be ensured so that eccentricity does not occur, causing bending of the
sample. The optimum ratio of sample diameter to sample length should be between 1 and 2
to reduce the effects of inertia and friction. To reduce the scale effect when using measuring
bars with a diameter of 20 to 60 mm, it is desirable to test fine-grained concrete with filler
fractions from 1 to 3 mm.

Tests were carried out on samples of fine-grained concrete of class B22.5 obtained
via semi-dry vibrocompression. As part of fine-grained concrete, cement grade 500D
(consumption 430 kg per 1 m3), coarse sand (module 3 mm, consumption 1435 kg per 1 m3),
fine sand (module 1.6 mm, consumption 355 kg per 1 m3), plasticizing Murasan BWA
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16 additive (consumption 1.6 kg per 1 m3), and water (consumption 120 kg per 1 m3)
are used.

Concrete workpieces were cut into plates using a Cedima CTS-57-G stone-cutting
machine, and specimens of the required size were drilled from the plates using an NS-12M
table drilling machine and diamond crowns. Concrete samples for dynamic tests were
made with a diameter of 20 mm and a length of 10 mm.

Concrete workpieces for the manufacture of specimens were obtained in the factory.
Quasi-static strength, which corresponds to the concrete class B22.5, was provided by
the manufacturer.

3. Results of an Experimental Study

The test parameters for dynamic compression and tension, as well as some parameters
determined from their results, are presented in Tables 1 and 2.

Table 1. Parameters of experiments for uniaxial compression.

Mode
Experiment

Code
Stricker

Velocity, m/s
Max Stress,

MPa
Ultimate
Strain, %

Strain
Rate, 1/s

Lifetime,
ms

DIF
Specific Fracture

Energy, MPa

1

c637-19 14.13 78.14 0.89 665.74 25.00 3.47 2.70
c637-20 13.67 80.49 0.80 666.23 17.50 3.58 2.51
c637-21 13.44 65.24 0.83 676.59 21.25 2.90 2.30
c637-22 13.62 79.86 0.79 676.59 21.25 3.55 2.38
c637-23 14.2 71.28 0.83 748.59 20.00 3.17 2.47

2

c637-01 18.02 84.55 0.93 1019.51 16.25 3.76 3.61
c637-02 18.33 83.21 0.98 1032.09 17.50 3.70 3.51
c637-03 18.62 93.81 1.08 974.41 17.50 4.17 3.79
c637-04 18.68 83.54 1.10 1084.05 17.50 3.71 3.70
c637-05 18.09 100.56 1.12 1003.36 17.50 4.47 4.02

3

c637-06 25.86 98.75 1.46 1717.47 17.50 4.39 5.06
c637-07 25.77 100.64 1.29 1560.29 17.50 4.47 5.15
c637-08 26.45 105.76 1.50 1698.34 17.50 4.70 5.62
c637-09 26.2 99.50 1.32 1764.55 18.75 4.42 5.16
c637-10 25.75 105.75 1.47 1704.93 18.75 4.70 5.57

4

c637-11 31.05 108.61 1.65 1870.60 15.00 4.83 6.03
c637-12 30.72 108.94 1.44 2019.84 13.75 4.84 5.51
c637-13 31.11 103.71 1.46 1900.78 13.75 4.61 5.97
c637-14 30.73 108.00 1.80 1931.89 16.25 4.80 5.47
c637-15 31.45 108.20 1.59 1944.06 13.75 4.81 6.29

5

c637-24 18.4 66.96 1.21 403.13 50.00 2.98 2.34
c637-25 19.09 60.98 1.81 604.31 52.50 2.71 2.97
c637-26 18.46 59.65 1.72 572.70 52.50 2.65 2.83
c637-27 18.55 64.62 1.53 501.15 47.50 2.87 2.94

6

c637-28 18.6 64.45 1.51 487.37 51.25 2.86 2.77
c637-30 35.25 71.92 1.51 860.89 30.00 3.20 6.51
c637-31 35.65 72.07 1.30 800.43 28.75 3.20 6.43
c637-32 35.76 72.76 1.24 714.93 26.25 3.23 6.35
c637-33 35.63 69.39 1.62 937.20 32.50 3.08 6.64
c637-34 35.63 64.27 1.32 776.42 28.75 2.86 5.78

7

c637-46 60.98 90.10 1.68 1109.74 28.75 4.00 8.07
c637-47 60.27 85.94 1.33 961.21 21.25 3.82 7.97
c637-48 60.73 79.81 1.63 1258.44 25.00 3.55 8.46
c637-49 59.77 77.84 1.63 1215.06 27.50 3.46 7.42
c637-50 61.15 72.97 1.69 1245.61 26.25 3.24 7.19
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Table 2. Parameters of direct tensile experiments.

Mode
Experiment

Code
Stricker

Velocity, m/s
Max Stress,

MPa
Ultimate
Strain, %

Strain
Rate, 1/s

Lifetime,
ms

DIF
Specific Fracture

Energy, Mpa

1

t637-01 7.11 13.43 1.31 539.07 43 5.97 0.054
t637-02 7.87 13.79 1.1 567.69 34.5 6.13 0.108
t637-03 7.64 11.2 0.89 525.76 35 4.98 0.088
t637-04 6.38 13.04 0.831 380.64 34 5.80 0.052
t637-05 5.94 13.01 1 373.56 39 5.78 0.058

2

t637-06 10.85 8.94 0.92 723.52 25.5 3.97 0.093
t637-07 11.23 8.24 1.11 844.88 26.5 3.66 0.100
t637-08 11.39 10.75 0.95 750.21 21 4.78 0.080
t637-09 10.54 6.44 0.66 545 24 2.86 0.110
t637-10 10.95 8.49 0.93 727.69 29.5 3.78 0.079

Under conditions of dynamic compression, the concrete was tested at seven different
speed modes. Five repeated tests were performed for each mode. The strain rates were in
the range from 400 to 2000 1/s. To ensure a smooth increase in the load, three modes out of
seven were carried out using copper pulse shapers. Figure 3 shows the results of checking
the fulfillment of the force equilibrium conditions in the sample. It can be seen in the case
of using a pulse shaper (Figure 3b), the assumption of the equality of forces at the ends is
fulfilled more qualitatively.

  
(a) (b) 

Figure 3. Pulses in measuring bars: (a) without an impulse shaper at a strain rate of 1100 1/s and
(b) with an impulse shaper at a strain rate of 1250 1/s.

The strain pulses recorded in the measuring bars were synchronized in time. Accord-
ing to the Kolsky formulas, for each experiment, the stress σ(t), strain ε(t), and strain rate
.
ε(t) as a function of time were plotted. The obtained dependences were synchronized in
time for each strain rate condition. The time parameter having been excluded, a dynamic
deformation diagram σ(ε) was constructed for the known strain rate history

.
ε(ε). Further-

more, for loading modes of the same type, averaged diagrams σ(ε) and
.
ε(ε) as well as the

dependences of stresses on time σ(t) and strain rates on time
.
ε(t) were plotted. For each of

the resulting diagrams, characteristic points with the maximum achieved stresses (σmax)
were identified. Those points correspond to moment after which the fracture of the samples
occurred. For these points, the corresponding values of ultimate strains (εmax) and time to
failure (τmax) are determined. The strain rate (

.
ε) corresponding to the loading regime was

taken to be the maximum value in the interval before the onset of fracture of the specimens.
The ultimate (maximum) stress reached at point A (Figure 3a) is the strength of the

material. It should be noted that the process of loading from zero stress values to their
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maximum value proceeds at a variable strain rate both in the case of traditional loading
without a pulse shaper in the transmitting bar and when a shaper is used. As shown by
our studies with various materials (concrete, fiber-reinforced concrete, rocks), this effect
occurs for all tested brittle materials. In this regard, when analyzing the influence of the
strain rate, in some cases it is preferable to choose the value of the stress growth rate as a
characteristic of the process of high-speed loading. As experience shows, it remains almost
constant in active loading.

In the present study, the strain rate characteristic of ultimate stress was determined
from the moment of the maximum stress achievement (the moment of failure) based on the
history of stress and strain rate changes over time (Figure 4).

Figure 4. Strain rate characteristic of ultimate stress determination.

Figure 5 shows average strain diagrams over modes with a chronology of strain rate
changes. Figure 5a shows the strain dependencies of the stress (solid lines and left vertical
axis) and strain rate (dotted lines and right vertical axis), and the Figure 5b shows the
corresponding time dependencies. The color represents the loading mode. In the above
diagrams in the stress–strain axes σ(ε), the initial loading section is close to linear. With
further deformation, when the ultimate stress values are reached, the concrete is intensively
destroyed and is accompanied by a decrease in stresses and an increase in deformations. It
can be seen that in the cases with and without a copper pulse shaper, the influence of the
strain rate on the initial section of the diagrams is not observed under all loading modes.
The magnitude of the maximum stresses is determined by the amplitudes of the incident
pulses, that is, concrete samples during loading can withstand stresses that are significantly
greater than its structural strength. This is due to the presence of two opposing processes:
the rate of growth of longitudinal compressive loads, determined by the amplitudes of the
loading waves, and the rates of formation and merging of microcracks during transverse
expansion of the samples.

The dependences obtained demonstrate that with an increase in the strain rate, the
maximum stresses increase. The ultimate strains corresponding to them also grow accord-
ing to a linear law. The time before the onset of destruction decreases according to a power
law. It can be seen that the use of pulse shapers reduced the range of strain rates and
resulting stresses and increased the level of ultimate strains, and the process of loading the
sample was extended in time, as was the destruction of the sample itself.
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(a) (b) 

Figure 5. Average diagrams of dynamic deformation under compression: (a)—stress and strain rate
dependencies on strain, (b)—time dependencies of stress and strain rate.

Direct tensile tests were carried out with two speed modes. In the first mode (Figure 6),
there were five experimental shots; the average velocity of the impactor was 7 m/s, the
average strain rate was about 500 reverse seconds, and the average maximum stress was
12 MPa. In Figure 6, the straight line shows the dependence on stress; the dashed line shows
the dependence on the strain rate. In the second mode, there were also five experimental
shots; the average velocity of the impactor was 11 m/s, the average strain rate was about
700 inverse seconds, and the average maximum stress was 8 MPa.

 
(a) (b) 

Figure 6. Averaged diagrams of the dependence of stress on strain and stress on time of modes No. 1
and No. 2 (a)—time dependencies of stress and strain rate, (b)—stress and strain rate dependencies
on strain.

The dynamic strength of concrete is characterized by the dynamic increase factor
(DIF), which is obtained from the ratio of the maximum dynamic stress achieved in the
experiment to the static compressive strength of concrete 22.5 MPa. The DIF value in the
obtained strain rate range from ~400 to 2000 1/s varies from 1 to 5 (Figure 7).
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(a) (b) 

Figure 7. Rate dependences of ultimate stresses in compression (a) and tension (b).

4. Identification of Computational Models

Explicit and implicit finite element analysis (FEA) offers a fast, reliable, and cost-
effective solution for investigating the behavior of concrete and reinforced concrete struc-
tures under various load and strain rate conditions. Mathematical modeling is more
profitable in contrast to time-consuming and expensive full-scale tests. However, when us-
ing the FEA approach, accurate material models are needed to describe the actual behavior
of materials under various loading conditions. In case of impulse high-intensity loads, such
as explosion and impact, FEA modeling of building structures evokes a serious problem.

The development of mathematical models of concrete behavior has been carried out
for a long time [14–18], but due to the complex nonlinear behavior, a simple but accurate
behavior model has not yet been formulated. Several complex models of concrete materials
have been successfully used for dynamic analysis of concrete structures subjected to intense
impact and explosive loads using the programs LS-DYNA and AUTODYN [19,20]. The
number of required input parameters in these models ranges from 32 to 78.

At present, the materials library of the LS-DYNA software package contains about
250 models of materials of various physical natures [21], 31 of which are proposed to be
used to describe the behavior of geomaterials, concretes, or rocks. In this work, the two
most suitable models were selected from this list to describe the behavior of concrete:
MAT_CONCRETE_DAMAGE_REL3 (No. 72) and MAT_CSCM (No. 159).

Model No. 72 (concrete damage) and its improved version MAT_CONCRETE_DAMAG-
E_REL3 [21,22] are used to simulate the behavior of concrete considering the fracture and
the influence of the strain rate. This is a tri-invariant model that uses three fracture surfaces.
Initially, it was based on the pseudotensor model. The most significant improvement for
the user is the ability to generate model parameters based on the uniaxial compressive
(uniaxial stress) strength of the concrete. The strength scaling factor is given by the curve
for the entire range of strain rates. Tensile strain rates are defined by negative values.
Numerical simulation results can be improved using custom input parameters that control
the degradation of properties in compression and tension, the effect of strain rate, and the
kinetics of damage accumulation.

Model No. 159 (CSCM) [23,24] uses a smooth “cap”-type flow surface. The strain rate is
taken into account using the viscoplasticity model. The flow surface is formulated in terms
of three stress tensor invariants: j’1 is the first stress tensor invariant, j’2 is the second stress
tensor invariant, and j’3 is the third stress tensor invariant. These invariants are defined in
terms of the deviator components of the stress tensor Sij and pressure P. At each calculation
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step, the viscoplasticity algorithm interpolates between the elastic trial stress σij
T and the

inviscid stress (without considering the strain rate) σij
P to calculate the viscoplastic stress

σij
VP. The model makes it possible to take into account the influence of the strain rate on

the strength characteristics of the material under tension, uniaxial compression, and shear.
In addition, the user can take into account the influence of the strain rate on the fracture
energy. To prevent an endless rise in DIF with strain rate, it is necessary to use an overstress
intercept. For this purpose, Model 159 has two parameters: maximum overstress allowed
in compression (OVERC) and maximum overstress allowed in tension (OVERT). In the
present study, the maximum stresses were limited to the maximum stresses obtained in
the experiments.

In modeling the process of dynamic deformation and destruction, the strain rate sig-
nificantly affects the strength characteristics along with a significant difference of concrete
properties in tension and compression. These effects were studied experimentally and then
used to equip mathematical models with the necessary parameters.

The experimentally obtained strain rate dependences of strength are transferred
to the model as a dependence of DIF on the strain rate. DIF was approximated by a
power function:

DIF
( .
ε
)
= 1 + k· .

ε
n

The parameters of approximations of DIF velocity are presented in Table 3. A compar-
ison of data with approximating functions is shown in Figure 8a.

Table 3. Approximation parameters for the speed dependences of the strength of concrete class B22.5.

k n

Compression 0.125 0.446
Tension 0.65 0.28

 
(a) (b) 

Figure 8. Rate dependences of ultimate stresses in compression and tension: (a) is an approximation
of experimental data; (b) is a tabular dependence.

In the MAT_72 model, the speed dependence DIF is given by a table function. Negative
strain rates correspond to tension. The value of DIF at a strain rate equal to 0 should be
equal to 1. To obtain such a function, 20 points were uniformly selected in the range of
strain rates from −5000 1/s to 5000 1/s. The DIF values at the corresponding points were
calculated using the approximating dependences of the experimental data. The obtained
data are presented in Figure 8b.

There are two modes of using Model 159: automatic generation of model parameters
for concrete specified by static compressive strength (fc) and manual input of model
parameters. In the first case, it is impossible to correct part of the model parameters in
order to refine the behavior of a particular material. In the second case, it is necessary
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to set the values of 37 material constants. The work [23] describes the algorithms for
calculating the parameters that are used by default. These algorithms are based on the
interpolation of the values of the corresponding material parameters according to the
data obtained for concretes with different static compressive strength. The parameters
for concrete B22.5, independent of the strain rate and calculated in accordance with the
dependencies embedded in the model, are presented in Table 4.

Table 4. B22.5 concrete model parameters.

Modulus of elasticity

E [GPa] 23.947

Parameters defining the triaxial
expansion surface

α2 [-] 0.66

K [GPa] 11.4 λ2 [-] 0.16

G [GPa] 10.4 β2 [MPa−1] 0.077

ν [-] 0.15
θ2 [MPa−1] 0.0016

Static tensile strength ft [MPa] 1.79

Parameters defining the
surface of triaxial

compression

α [MPa] 13.3
Parameters of the “cap” surface

R [-] 5

λ [MPa] 10.5 X0 [MPa] 87.8

β [MPa−1] 0.01929 Porosity of concrete W [-] 0.05

θ [-] 0.27 Parameters that determine hardening
on the “pressure-volume

deformation” curve

D1 [MPa] 2.5 × 10−4

Parameters defining the
surface of torsion

α1 [-] 0.747 D2 [MPa2] 3.49 × 10−7

λ1 [-] 0.17

β1 [MPa−1] 0.0766

θ1 [MPa−1] 0.0013

To take into account the influence of the strain rate on the ultimate stresses of concrete,
the model provides the following six parameters:

• η0c and ηc—for compression;
• η0t and ηt—for tensile;
• η0s and ηs—for shear.

The dynamic limit stress is calculated using the formulas:

f dyn
c = fc + E· .

ε·η0c
.
ε

ηc

f dyn
t = ft + E· .

ε·η0t
.
ε

ηt

f dyn
c = fs + E· .

ε·η0s
.
ε

ηs

where the effective strain rate
.
ε is determined by the expression:

.
ε =

√
2
3

[( .
εx − .

εy
)2

+
( .
εx − .

εz
)2

+
( .
εz − .

εy
)2

+
.
εx

2
+

.
εx

2
+

.
εz

2
]

To determine these parameters, the previously obtained experimental velocity depen-
dences of the ultimate stresses in compression and tension were approximated as follows,
see Figure 9. Parameter values are given in Table 5.

Table 5. Parameters that determine the effect of strain rate on ultimate stresses.

η0c [-] ηc [-] η0t [-] ηt [-]

2.6 × 10−3 0.55 4.4 × 10−4 0.72
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(a) (b) 

Figure 9. Approximation of the rate dependences of the ultimate stress in compression (a) and tension (b).

Model No. 159 includes the possibility of taking into account the influence of the
strain rate on the fracture energy of the material (separately in compression, tension, and
shear). These dependencies are determined by the formulas:

Gdyn
f c = Gf c·

(
1 +

E· .
ε

fc
·η0c

.
ε

ηc

)repow

Gdyn
f t = Gf t·

(
1 +

E· .
ε

ft
·η0t

.
ε

ηt

)repow

To determine the values of the parameters Gfc, Gft, and repow for each test, the fracture
energy was determined. This energy corresponds to the area under the strain diagram of
the sample beyond the point of maximum stress that leads to fractures.

The results of the approximation of the rate dependences of the fracture energy in
compression and tension are shown in Figure 10. The parameters are given in Table 6.

(a) (b) 

Figure 10. Approximation of the rate dependence of the fracture energy in compression (a) and
tension (b).

Table 6. Parameters of rate dependences of the fracture energy.

Gfc [MPa] Gft [MPa] Repow [-]

0.341 3.5·10−3 1.681
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Thus, a complete set of parameters has been defined to describe the dynamic deforma-
tion and fracture of B22.5 concrete within the framework of the MAT_159 model.

Stress–strain diagrams obtained during compression and tension of an elementary
volume at a constant strain rate are compared in different models. In simulation, one hexa-
hedral element was loaded under one-dimensional stress conditions. Symmetry conditions
were set on three faces of the element. Two faces were free and normal displacement was
predefined of one face to obtain a constant specified strain rate. The results are shown
in Figure 11. The dotted line shows the results of the real-world tests; the mat_52 leg-
end corresponds to the calculation with the MAT_72 material, and the mat_159 legend
corresponds to the calculation with the MAT_159 model, in which the main part of the
parameters was determined from the dependencies embedded in the model and the param-
eters characterizing the strain rate effects were determined from the experimental data. The
mat_159_concrete curve was obtained using a model in which all parameters, including
those responsible for strain rate effects, were calculated according to the algorithms embed-
ded in the model for a given concrete strength class. It should be noted that for tension,
the slope of the initial section of the diagrams in the experiment and calculation are very
different, which is apparently due to the error in measuring deformations using measuring
bars. The strains realized under tension are an order of magnitude smaller than the strains
under compression.

 
(a) (b) 

Figure 11. Comparison of stresses in an elementary volume: experiment and prediction using
different models (a) compression, (b) tension.

It can be noted that the fracture branch of the curves is qualitatively best described
by Model 159, in which some parameters were set manually. Apparently, this is due to
the fact that in this case, the strain rate dependence of the fracture energy of the material
was explicitly specified. The model automatically generated from the static strength of
the material (line with square markers) predicts a significantly lower maximum stress and
correlates poorly with the experimental data beyond the fracture initiation point.

5. Conclusions

As a result of the experimental study, the strain rate dependences of the ultimate
stresses of concrete—as well as the fracture energy—under compression and tension were
obtained. The ultimate stresses during compression and tension are affected by the strain
rate. The dynamic strength values differ from static values by six times in the studied range.
Based on the series of experiments on concrete samples, the identification was carried out,
and the parameters for the MAT_CONCRETE_DAMAGE_REL3 (No. 72) and MAT_CSCM
(No. 159) models were determined taking into account the effect of strain rate on strength
characteristics as well as a significant difference in the properties of concrete in tension and
compression. As a result of testing the models by the single-element modeling method,
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it was shown that the verified models qualitatively and quantitatively, with an accuracy
acceptable for practical needs, make it possible to predict the results of real-world tests.
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Abstract: Compared with Portland cement, geopolymers have poor carbonization resistance, which
will greatly limit the application their application. To improve the carbonization resistance of
geopolymers, firstly, the carbonization behavior of the fly ash-metakaolin-based geopolymer was
studied through accelerated carbonization tests. Secondly, different amounts of Ca(OH)2 were
introduced into the composite system, and the modification effect of the carbonization resistance
of the modified geopolymer was studied. Finally, the modification effect of Ca(OH)2 on the fly
ash-metakaolin-based geopolymers was analyzed, and the modification mechanism was explored.
It was found that adding Ca(OH)2 to the fly ash-metakaolin-based geopolymer could significantly
improve its initial compressive strength, but its strength after carbonization remained basically
unchanged; meanwhile, the compressive strength of the terpolymer after carbonization clearly
decreased after adding Ca(OH)2. Compared with ordinary Portland cement, the carbonization
rate of fly ash-metakaolin-based geopolymer is faster, and the addition of Ca(OH)2 can inhibit the
development of its carbonization depth. With increased carbonization age, the alkalinity of the
geopolymer decreased, and the addition of Ca(OH)2 inhibited the decrease in the alkalinity of the
geopolymer. The addition of Ca(OH)2 improved the microstructure of the geopolymers, the pore
structure became denser, and the pore size became smaller size after carbonization. The hydration
products of fly ash-metakaolin-based geopolymer are mainly amorphous silicaluminate gel and
C–S–H gel, and Ca(OH)2 forms in the hydration products of terpolymer with the incorporation of
Ca(OH)2, which is conducive to improving the carbonization resistance. In summary, Ca(OH)2 can
play a good role in modifying the carbonization resistance of fly ash-metakaolin-based geopolymers.

Keywords: fly ash-metakaolin; geopolymer; Ca(OH)2; carbonization resistance; modification study

1. Introduction

Geopolymers are inorganic gel materials with a spatial network structure dominated
by ionic and covalent bonds, which dissolve and polymerize natural minerals or industrial
wastes that are rich in active silicon and aluminum by alkaline solution. The carbon emis-
sion of geopolymers in the preparation process is much less than that of traditional Portland
cement and it is a green cementitious material with the potential to replace Portland ce-
ment [1–3]. There are a variety of raw materials for the preparation of geopolymers, among
which fly ash is the most common. The geopolymers prepared with fly ash have good
stability, but their reaction and curing process is slow, and they usually need to be cured in a
high-temperature environment above 60 ◦C. At the same time, geopolymers prepared with
fly ash have poor permeability resistance [4–6]. Metakaolin has high pozzolanic activity
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and can also be used to prepare geopolymers. It can control the curing time well at room
temperature, and the resulting geopolymer prepared with it is more stable in composition
and performance. [7,8]. In addition, it was found that the hydration reaction when the
geopolymer is prepared by mixing raw materials can produce a variety of gels. The coexis-
tence of various gels improves the internal pore structure, and the prepared geopolymer
can have a more dense and stable internal structure, resulting in better performance [9–12].

At present, many scholars have carried out a large number of studies on the prop-
erties of geopolymers [13–15]. It has been found [3,16–18] that geopolymers are made
of silico-aluminum inorganic raw materials through mineral condensation, which is an
inorganic polycondensation three-dimensional oxide network structure composed of tetra-
hedral units of [AlO4] and [SiO4], the chemical formula is Mn{(SiO2)zAlO2}n·wH2O. Com-
pared with ordinary Portland cement, geopolymers have excellent properties such as
acid resistance, alkali resistance, impermeability, frost resistance and high-temperature
resistance [19–22]. However, since the hydration products of geopolymers do not contain
Ca(OH)2 as a buffer, their carbonation resistance is much lower than that of ordinary
silicate concrete [23,24]. The carbonization resistance of geopolymer is a key factor af-
fecting its durability and is an urgent problem to be solved. Many scholars have carried
out some research on carbonization behavior, and the modification of carbonization re-
sistance in geopolymers [25,26]. Lv et al. [27] summarized the current research status of
the carbonization properties of geopolymer cementing materials from aspects of the car-
bonization mechanism, carbonization rate, carbonization influence, and improvement in
carbonization resistance, and outlined the achievements and problems in this research
field. Gao K et al. [28] added nano SiO2 into the activator for modification when preparing
the geopolymer based on metakaolin. It was found that the compressive strength and
structure of the geopolymer improved after the addition of nano SiO2, and the permeability
resistance of the geopolymer improved; thus, the durability of the geopolymer, such as
its carbonation resistance, was improved. Park et al. [29] modified alkali-excited slag
cementing material by adding active MgO. It was found that the carbonization depth of
alkali-excited slag cementing material decreased significantly with an increase in MgO
content, and its carbonization resistance was enhanced. He et al. [30] added Ca(OH)2 into
alkali-excited slag cementing material and studied its carbonization resistance, finding
that CO2 could be absorbed and consumed by Ca(OH)2, thus improving the carbonization
resistance of alkali-excited slag cementing material. At the same time, Glukhovsky [31]
believed that the reaction of geopolymers in systems with high calcium content was mainly
a process of depolymerization and reaggregation, and C–(A)–S–H gel similar to cement
hydration products would be generated in the hydration products.

In summary, nano-SiO2, Ca(OH)2, MgO, and other admixtures can be used to modify
the carbonization resistance of geopolymers. However, at present, most studies on the
modification of admixtures on carbonization resistance in geopolymers are based on high-
calcium geopolymers prepared from slag and other raw materials, while few studies are
focused on geopolymers prepared from low-calcium raw materials such as metakaolin
and fly ash [24,27]. However, no Ca(OH)2 is generated in the hydration products of the
geopolymer system, whether or not there is a calcium source [32]. Based on this, in order
to explore the modification method of carbonization resistance of geopolymers with good
modification effect, this study prepared fly ash-metakaolin-based geopolymer with low
calcium content fly ash and metakaolin; As is shown in Figure 1, Ca(OH)2 was used as
an admixture to increase the content of calcium in the system. Accelerated carbonization
and carbonization behavior tests of the geopolymer, before and after modification, were
carried out. The modification effect of the carbonation resistance of the composite system
was analyzed, and the carbonization resistance of the composite system was compared
with that of ordinary Portland cement, to explore the modification mechanism of Ca(OH)2
admixture on the carbonization resistance of the system.
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Figure 1. Carbonization process of geopolymers. (a) Geopolymers with low calcium content;
(b) Geopolymers with high calcium content.

2. Experiment Design

2.1. Test Materials and Parameters

In this experiment, fly ash and metakaolin were used to prepare composite cementing
material geopolymer. Among them, metakaolin a KAOOPOZZ series of highly active
metakaolin produced by China Inner Mongolia Chaobrand Building Materials Technology
Co., Ltd., fly ash from China Henan Gongyi City Yuanheng water purification materials
factory. Industrial alkaline sodium silicate solution (SiO2/Na2O molar ratio of 3.28, solid
content of 34.89%) was used as the raw material of the activator. Sodium hydroxide solid
(purity of 99.5%) and deionized water were added to the raw material of the activator to
make modified sodium silicate as the activator. Among them, the industrial alkaline sodium
silicate solution comes from Qiulitian Chemical Co., Ltd., Xingtai City, Hebei Province,
China, solid sodium hydroxide is an industrial-grade flake sodium hydroxide produced
by Zhengzhou Qingyuan Chemical Products Co., Ltd., Henan Province, China. Before
the test, the water–binder ratio was controlled to 0.65, and the modulating modulator
and concentration were 1.2 and 36%, respectively. Ca(OH)2 used in this experiment was
produced by Xilong Science Co., Ltd., Shantou, China, and its main parameters were as
follows: white powdery solid with a mass fraction of Ca(OH)2 greater than 95%.

An X-ray fluorescence spectrometer (XRF) was used to determine the chemical com-
ponents of metakaolin (MK) and fly ash (FA). The specific mass fraction of chemical
composition is shown in Table 1.

Table 1. Mass fraction of chemical composition of metakaolin and fly ash.

Component (%) CaO SiO2 Al2O3 Fe2O3 MgO Na2O SO3 K2O TiO2 Others

MK - 54.5 43 1 0.8 0.1 - 0.4 - 0.2
FA 3.05 59.91 31.24 3.80 0.54 - 0.61 2.06 1.34 0.45

2.2. Test Mix Design and Specimen Preparation

With the total mass of fixed raw materials unchanged, fly ash mass ratios of 0% (F0),
20% (F2), and 40% (F4) were selected as test variables to prepare a batch of 50 × 50 × 50 mm
fly ash-metakaolin-based geopolymer net slurry samples. The modification effect of
Ca(OH)2 on the carbonation resistance of the polymer was studied by adding Ca(OH)2,
with mass fractions of raw material of 5% and 10%. A group of cement slurries with a
water-binder ratio of 0.65 were prepared as the control group, and the specific mix ratio
design is shown in Table 2.
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Table 2. Mixture proportions of fly ash-metakaolin-based geopolymer.

Serial Number
Incorporation Amount

of Ca(OH)2 (%)
FA (%) MK (%) The Water–Binder Ratio Mode of Maintenance

F0 -
0 100 0.65 Seal curingCa5F0 5

Ca10F0 10

F2 -
20 80 0.65 Seal curingCa5F2 5

Ca10F2 10

F4 -
40 60 0.65 Seal curingCa5F4 5

Ca10F4 10

PC0.65 - - - 0.65 Seal curing

In case of damage to samples during the test, 15 specimens were prepared for each mix
ratio for the test. The quantitative geopolymer raw materials were weighed and added into
the blender together with the prepared and aged activator for 24 h. First, the materials were
stirred in low-speed mode for 2 min, and then stirred in high-speed mode for 3 min, in order
to ensure that the mixture was uniform. The mixed slurry was poured into the mold, and
then cured in a standard curing box for 24 h. To ensure that no shrinkage cracking occurs
before sample carbonization, the temperature T = 20 ◦C and relative humidity RH = 95%
were maintained in the curing box. After 24 h from mold removal, the mixtures continued
curing for 28 days; then, accelerated carbonization tests and pre-carbonization compressive
strength tests were conducted.

2.3. Accelerated Carbonization Design

An accelerated carbonization test was conducted according to the GB/T 50082-2009
standard [33]. Samples were removed 2 d before the carbonization test, and one surface
was selected for exposure carbonization, while the remaining surfaces were sealed with
heated paraffin wax. The concentration of CO2 in the carbonization box was maintained at
(20 ± 3)%, the relative humidity was controlled at (70 ± 5)%, and the ambient temperature
was controlled within a range of (20 ± 2) ◦C. The samples were exposed to carbonization
for 0 d, 1 d, 3 d, 7 d, 14 d, 21 d, and 28 d. The carbonization depth and material alkalinity
were measured for specimens at different carbonation ages, and the compressive strength
was tested for specimens at 28 d carbonation ages.

2.4. Compressive Strength Test

A universal pressure testing machine was used to test the compressive strength of the
uncarbonized and 28 d carbonated clean pulp samples, respectively, to compare the changes
in the compressive strength of specimens before and after carbonization. The number of
compressive strength specimens in each group was three, and the arithmetic mean value
was taken as the compressive strength value of the group of samples. If the difference
between one of the maximum or minimum values of the three values and the median
value exceeds 15% of the median value, the median value is taken as the compressive
strength value of the group of specimens. If the difference between two measured values
and the median value is more than 15% of the median value, the test results of this group
of specimens are invalid, and another three specimens are selected for test until they meet
the requirements.

2.5. Carbonization Depth Test

The carbonation depths of samples with different carbonation times were measured
with phenolphthalein alcohol solution. The cube samples with different carbonation times
were taken out, and the samples were separated into two halves from the center line of the
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cube by a dry sawing method. The fresh section was sprayed with 1% phenolphthalein alco-
hol solution, the discoloration range of the section was observed, and the distance from the
carbonation boundary of multiple points to the surface was measured. The measurement is
accurate to 0.1 mm, and the average value was taken as the carbonation depth.

2.6. Material Alkalinity Test

After carbonation depth measurement, the other half of the cube specimen was taken
without spraying phenolphthalein, and the carbonized surfaces of each group of samples
were sliced from 0 to 10 mm inside. After crushing, the samples were dried to a constant
weight of 50 ◦C, and then ground. Powder (powder particles less than 75 μm) passed
through a 200 target quasi sieve was sealed and stored. The powder and deionized water
were mixed and soaked in a 1:3 ratio of powder to water. After standing, the pH of the
supernatant liquid was measured by a solid–liquid extraction method [34,35], in order to
characterize the change in material alkalinity. The result is accurate to 0.01. The pH formula
is as follows:

pH = 14 + lg
a
(
OH−)

5
(1)

where a is the amount of substance of OH−, and the unit is mol.

2.7. Microstructure Test

In order to study the effect of adding Ca(OH)2 to the microstructure of the fly ash-
metakaolin-based geopolymers, F2, Ca10F2, and PC0.65 were taken as examples, and
the pore structure and micromorphology of the geopolymers were analyzed via mer-
cury injection and scanning electron microscopy, before carbonization and at 28 days
of carbonization.

MIP: The samples before carbonization, and 28 d after carbonization, were crushed
from the carbonized surface to the inner (0~10) mm section. The pieces with a regular
shape and no larger than 1 cm3 were soaked in anhydrous ethanol for 48 h and then dried
at 50 ◦C to a constant weight. A Kanta PoreMaster 33 series automatic pore size analyzer
was used to test the pore size distribution and porosity.

SEM: The pre-carbonized and 28 d carbonized samples were crushed from the car-
bonized surface to the inner (0~10) mm section. The pieces with a flat surface and no
more than 1 cm3 in size were soaked in anhydrous ethanol for 48 h and then dried at
50 ◦C to constant weight. A Zeiss EVO MA 25 series high-resolution scanning electron
microscope was used to spray gold on the smooth section of the fragments and observe the
micromorphology of the samples.

2.8. Phase Composition Test

In order to study the influence of Ca(OH)2 on the phase composition and change of
the fly ash-metakaolin-based geopolymers before and after carbonization, F2, Ca10F2 and
PC0.65 were taken as examples. X-ray diffraction (XRD) and Fourier transform infrared
spectroscopy (FT-IR) was used to analyze the phase composition of the material before
carbonization and at 28 days of carbonization.

XRD: An Ultima IV series X-ray diffractometer was used to test the powder from
the sample carbonized surface to the inside (0~10) mm, before carbonization and at 28 d
carbonization. The XRD scanning range was 5~70◦, and the scanning speed was 4◦/min.

FT-IR: A Fourier transform infrared spectrum analyzer Shimazu IRTracer-100 series
in Japan was used to take powder from the sample carbonization surface to the inner
(0~10) mm, before carbonization and at 28 d carbonation age, after passing a 200 target
sieve mixed with KBr tablet for testing. The FT-IR scanning range was 400~4000 cm−1. The
resolution was 4 cm−1.
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3. Results and Discussion

3.1. Compressive Strength

Figure 2 shows the change in compressive strength of fly ash-metakaolin-based
geopolymer and cement before carbonization, and at 28 d carbonization age. As shown
in Figure 2, when the dosage of Ca(OH)2 was 5%, the initial compressive strengths of
the Ca5F0, Ca5F2, and Ca5F4 groups increased by 3.30%, 16.90%, and 10.60%, respec-
tively. When the dosage of Ca(OH)2 was 10%, the initial compressive strengths of Ca10F0,
Ca10F2, and Ca10F4 increased by 7.70%, 28.70%, and 38.80%, respectively. The results
showed that Ca(OH)2 could effectively improve the initial compressive strength of fly
ash-metakaolin-based geopolymer. With an increase in Ca(OH)2 content, the growth rate
of initial compressive strength of fly ash-metakaolin-based geopolymer became greater,
and the higher the mass proportion of fly ash in the composite system, the more obvious
the growth effect, because the increase in calcium content could promote the hydration
reaction of fly ash to some extent [31].

Figure 2. Compressive strength of cement and geopolymers before carbonization, and at 28 days of
carbonization. (a) F0; (b) F2; (c) F4.

By comparing the strength before and after carbonization, it can be found that the
change in compressive strength of the geopolymers without Ca(OH)2 before and after
carbonization was between −2.83% and 9.77% and that the change rate was small. The
change in compressive strength of cement paste before and after carbonization is 1.01%,
which is basically unchanged. Li [32] found through research that C–S–H and C–A–S–H gels
with low Ca/Si ratios would be generated in the geopolymers containing calcium sources.
The gels with low Ca/Si ratio were prone to decalcification in the carbonization process,
which would lead to the instability and destruction of the gel structure and adversely affect
the compressive strength. Therefore, the compressive strength of each group of geopolymer
mixed with Ca(OH)2 decreased significantly after carbonization, with a decreased range of
more than 48%, and the Ca10F2 group even reached 72.25%. The results showed that the
addition of Ca(OH)2 resulted in a significant decrease in the compressive strength of the fly
ash-metakaolin-based geopolymers after carbonization.

3.2. Carbonization Depth

Figure 3 shows the evolution law of carbonization depth of cement and fly ash-
metakaolin-based geopolymers after carbonization. As can be seen from Figure 3, with
an increase in carbonization age, the carbonization depth of the fly ash-metakaolin-based
geopolymers gradually increased, indicating that the erosion degree of the geopolymers
by CO2 continuously intensified. The carbonization depths of the F0, F2, and F4 groups
reached 25.5 mm, 33.4 mm, and 15.4 mm at 28 days of carbonization, respectively, while
the carbonization depth of the PC0.65 cement control group was 17.1 mm after 28 days
of accelerated carbonization. When 5% Ca(OH)2 was added into the geopolymer, the
carbonation depths of the Ca5F0, Ca5F2, and Ca5F4 groups at the carbonation age of
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28 days decreased to 17.7 mm, 13.8 mm, and 12.5 mm, respectively. When the content of
Ca(OH)2 was 10%, the carbonation depths of the Ca10F0, Ca10F2, and Ca10F4 groups at
the 28 d carbonation stage were 9.5 mm, 12.2 mm, and 11.7 mm, respectively. This indicates
that Ca(OH)2 inhibited the development of the carbonization depth of fly ash-metakaolin-
based geopolymers under the same carbonization age, and with an increase in Ca(OH)2
content in the system, the modification effect on the carbonization resistance of geopolymer
became better.

Figure 3. Evolution law of carbonization depth between geopolymers and cement. (a) F0; (b) F2;
(c) F4.

According to the literature [36–38], based on Fick’s first law, carbonation depth and
carbonation age are related as follows:

y = De
√

t (2)

where y is carbonization depth (mm); t is carbonation age (d); and De is the carbonization
coefficient.

Since there is a linear relationship between the square root of carbonation depth and
carbonation age, the carbonation coefficient De reflects the magnitude of the material
carbonation rate. The carbonation depth and carbonation age of each group were fitted,
and the fitting curve is shown in Figure 4. The carbonization coefficients De of F0, F2,
F4, and PC0.65 were 3.51, 4.36, 2.44, and 2.97, respectively. When the content of Ca(OH)2
was 5%, the carbonization coefficients De of Ca5F0, Ca5F2, and Ca5F4 were 2.85, 2.81, and
1.89, respectively. When the content of Ca(OH)2 was 10%, the carbonation coefficients De
of Ca10F0, Ca10F2, and Ca10F4 were 1.92, 2.43, and 2.08, respectively. The results show
that the addition of Ca(OH)2 in the fly ash-metakaolin-based geopolymers significantly
inhibited the carbonization rate of the geopolymers. With an increase in Ca(OH)2 content,
the carbonization rate of the composite system decreased gradually, and the modification
effect of carbonization resistance became more obvious.

Figure 4. The fitting curve of carbonation depth of cement and geopolymers. (a) F0; (b) F2; (c) F4.

141



Materials 2023, 16, 2305

3.3. Material Alkalinity

The change in material alkalinity of fly ash-metakaolin-based geopolymers and cement
with carbonization time is shown in Figure 5. As carbonization proceeded, the measured
pH decreased gradually. In the first seven days of carbonization aging, the material
alkalinity of the F0, F2, and F4 groups decreased rapidly, because a large amount of CO2
was dissolved in the pore solution to generate H2CO3, which then neutralized the OH-

in the pore solution and made the pore solution decline in alkalinity continuously. After
seven days of carbonization, the pH decline slowed down and gradually became stable; the
pH of some groups even showed a slight rising trend. This was because the ions in the pore
solution gradually reached the ionization equilibrium, and part of the alkali metal ions that
were solidified in the gel was re-released into the pore solution, affecting the ionization
equilibrium of the material, thus affecting its alkalinity. Lv et al. [27] believed that the
geopolymer was prepared with a strong alkaline activator, and the pore solution also had
a high pH value after the hydration reaction. However, due to the lack of Ca(OH)2 as a
base reserve, the pH value of the pore solution would rapidly decline with the diffusion
and dissolution of CO2. This was also verified in this experiment, the material alkalinity of
the fly ash-metakaolin-based geopolymers decreased more significantly in this experiment.
The material alkalinity of the F2 group at the carbonization age of 28 d even dropped
to 9.793, reaching a state where the passivation film on the steel bar surface was at risk
of failure.

Figure 5. The changes in material alkalinity of geopolymer and cement with carbonation age. (a) F0;
(b) F2; (c) F4.

It can be seen from Figure 5 that the addition of Ca(OH)2 played the role of an alkali
reserve in the composite system, and could better restrain the decline in alkalinity of the
fly ash-metakaolin-based geopolymers. When 5% Ca(OH)2 was added into the system,
the material alkalinities of the Ca5F0, Ca5F2, and Ca5F4 groups at 28 d carbonization age
were 10.958, 11.318, and 11.461, respectively. When the content of Ca(OH)2 was 10%, the
material alkalinities of the Ca10F0, Ca10F2, and Ca10F4 groups at the 28 d carbonization
stage were 10.835, 11.188, and 11.423, respectively. Since the ions in the pore solution of the
geopolymer basically reached ionization equilibrium after 28 days of carbonization, the
pH values of the final pore solutions of the F0, F2 and F4 groups with 5% or 10% Ca(OH)2
content were not significantly different.

3.4. Microstructure Analysis
3.4.1. Mercury Intrusion Method

Figure 6 shows the pore structure parameters of the fly ash-metakaolin-based geopoly-
mers and cement before and after carbonization. In Figure 6a, the solid line represents the
pore size distribution of each group before carbonization, while the dashed line represents
the pore size distribution of each group at the 28 d carbonization age. As can be seen from
Figure 6a, the pore size of both geopolymers and cement was mostly distributed between
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10 and 100 nm. Compared to the F2 group, the peak value of the pore size distribution of
the Ca10F2 group with Ca(OH)2 shifted to the left before and after carbonization, indicating
that the addition of Ca(OH)2 improved the microstructure of the geopolymer, and the
pore structure became denser. As can be seen from Figure 6b, the porosity of the F2 group
before carbonization was 22.14%, and that of PC0.65 before carbonization was 21.40%. The
addition of Ca(OH)2 reduced the porosity of the geopolymer before carbonization, and
the porosity of the Ca10F2 group before carbonization was 19.24%. For fly ash-metakaolin-
based geopolymers, the main hydration product was N–A–S–H gel. The incorporation of
Ca(OH)2 increased the calcium content in the composite system, and C–(A)–S–H gel was
generated in the system while the hydration reaction rate improved. The mutual filling of
various gels played a positive role in the development of the microstructure, making the
microstructure denser.

Figure 6. Effect of carbonization on geopolymers and cement pore structure. (a) Aperture distribution
variation; (b) Porosity variation.

After carbonization, the pores of both geopolymers and cement develop into a smaller
pore size. CaCO3 was generated after Ca(OH)2 carbonization in the cement PC0.65 group,
which filled some large pores and reduced pore connectivity. However, for the pre-modified
geopolymer F2 group, there was a lack of Ca2+ in the system, and the densification of the
pore structure was mainly due to the precipitation of sodium salt crystals in the gel to fill
the pores. As can be seen from Figure 6b, the porosity of the F2 and PC0.65 groups at the
28 d carbonization age both decreased, which is consistent with the change in pore size
distribution. Existing studies have shown that for the geopolymers containing calcium
source, N–A–S–H gel hardly changes in the carbonization process, and the calcium content
in pore solution is low, so the decalcification of C–S–H gel is the main carbonization reaction
in the sample [27,32]. For the Ca10F2 group, Ca(OH)2 was introduced into the system
as a calcium supplement after the addition of Ca(OH)2, and the CaCO3 generated in the
carbonization process played a role in refining pores. However, compared with cement,
it was still a system with low calcium content. When the Ca2+ concentration in the pore
solution dropped to a certain extent, the C–S–H gel generated in the system after the
introduction of the calcium source showed a decalcification phenomenon, and the gel
structure became unstable, which led to a significant reduction in the compressive strength
of the carbonized geopolymer mixed with Ca(OH)2 on a macro level [32].

3.4.2. Scanning Electron Microscopy

Figure 7 shows the comparison of the micro-morphology of fly ash-metakaolin-based
geopolymers and cement, before carbonization and at 28 d carbonization age. From
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Figure 7a, it can be found that there was unreacted metakaolin with plate structure on the
surface of the F2 group, as well as some hollow cavities and unreacted fly ash particles.
According to the comparison shown in Figure 7a,b, there was no obvious change in the
microstructure of the F2 group before and after carbonization. There were some particles of
sodium salt crystal precipitated by gel on the surface of the F2 group after carbonization,
but the sodium salt crystals had a limited role in filling pores, so the changes in pores after
carbonization were not obvious. This is consistent with the results of the pore structure
test. As can be seen from Figure 7c,d, carbonization led to a net volume increase and
precipitation of CaCO3 in the pore network of the PC0.65 group. After carbonization, the
microstructure became denser and its porosity decreased, which is consistent with the test
results of pore structure.

Figure 7. Micromorphology of geopolymers and cement before and after carbonization. (a) F2(pre-
carbonization); (b) F2(28 d carbonation age); (c) PC0.65(pre-carbonization); (d) PC0.65(28 d carbona-
tion age); (e) Ca10F2(pre-carbonization); (f) Ca10F2(28 d carbonation age).
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Figure 7e,f show the micro-morphology of the Ca10F2 group before and after car-
bonization, respectively. As can be seen from Figure 7e, after the incorporation of Ca(OH)2,
various gels such as C–(A)–S–H and N–A–S–H appeared in the hydration products of
the geopolymers, which formed a denser microstructure when filled with each other. At
the same time, part of the unreacted Ca(OH)2 was observed to be embedded in the gel.
Therefore, the initial compressive strength of the geopolymers greatly improved after the
addition of Ca(OH)2. As can be seen from Figure 7f, the carbonized slurry developed
many cracks, which may be because the Ca(OH)2 in the gel generated a large amount of
CaCO3, resulting in volume expansion and cracks. At the same time, the added Ca(OH)2
was not sufficient as a base reserve to resist the carbonization process, and a large number
of calcium-containing gels were decalcified under CO2 erosion. The cementation degree
of the composite gel decreased, the gel structure became unstable, and the compressive
strength decreased greatly after carbonization.

3.5. Phase Composition Analysis
3.5.1. XRD Phase Analysis

Figure 8 shows the XRD patterns of fly ash-metakaolin-based geopolymers and cement
before and after carbonization. As can be seen from Figure 8, the hydration products of the
F2 group were mainly quartz and mullite, and there was a small amount of muscovite. In
addition, there was a dispersed steamed bun peak between 2θ = 20◦ and 2θ = 40◦, which is
a typical spectrum characteristic of geopolymers. The results showed that the hydration
products of fly ash-metakaolin-based geopolymers are mainly amorphous silicaluminate
gels. The characteristic peaks of the Ca10F2 group after adding Ca(OH)2 at 2θ = 20◦~40◦
were also characteristic amorphous peaks. The main hydration products of the Ca10F2
group were basically the same as the geopolymers without adding Ca(OH)2. The main
crystalline phases were quartz, mullite and a small amount of muscovite. At the same time,
after Ca(OH)2 was added to the system, an obvious Ca(OH)2 diffraction peak appeared
in the hydration products [39]. In addition, due to the introduction of calcium sources,
some C–A–S–H and C–S–H gels formed in the hydration products, and the gels of the
geopolymers existed in an amorphous form. For ordinary Portland cement, the hydration
products of the PC0.65 group were mainly C–S–H gel and Ca(OH)2.

Figure 8. XRD patterns of geopolymers and cement before and after carbonization. (a) F2; (b) Ca10F2;
(c) PC0.65.

As can be seen from Figure 8, the diffraction peak of Ca(OH)2 in the PC0.65 group
after carbonization significantly weakened, mainly because Ca(OH)2 reacted with CO2 to
produce CaCO3 during cement carbonization. However, the characteristic peak value of
CaCO3 did not appear after carbonization of the F2 group, and only a small amount of
Natron was found. This is because the hydration products of fly ash-metakaolin-based
geopolymers hardly contain substances that can react with CO2. In the carbonization
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process, the development of carbonization was inhibited mainly by the alkalinity of its
pore solution. However, the Ca(OH)2 diffraction summit of Ca10F2 decreased significantly
after carbonization, because the Ca(OH)2 added into the system was consumed by the
CO2 reaction in the carbonization process to resist carbonization erosion, indicating that
the incorporation of Ca(OH)2 can significantly improve the carbonization resistance of fly
ash-metakaolin-based geopolymers.

3.5.2. FT-IR Chemical Structure Test and Analysis

Figure 9 shows the FT–IR diagrams of fly ash-metakaolin-based geopolymers and ce-
ment before and after carbonization. Based on an infrared spectrum analysis test, qualitative
analysis of material changes was conducted by studying fly ash-metakaolin-based geopoly-
mers and specific functional groups in hydration products or carbonization products of
cement. Figure 9 shows marked locations of major peaks, which are mainly functional
groups corresponding to the structure of bonded water, carbonate, and gel. As can be
seen from Figure 9, due to the stretching vibration of O–H in water, samples of F2, Ca10F2
and PC0.65 before carbonization appear absorption peaks at 3371 cm−1, 3373 cm−1 and
3316 cm−1 respectively [40]. The absorption peak of the F2 group at 1654 cm−1 corre-
sponded to the bending vibration of O–H, which was divided into bonded water in the
gel after the hydration reaction. The crest at 960–970 cm−1 corresponds to the asym-
metric stretching vibration of Si–O–T in the gel (where T is a tetrahedron of silicon or
aluminum) [32,41], while the corresponding crest of group F2 is located at 983 cm−1, which
is due to the influence of the Si/Al ratio of raw materials; the crest was offset to a certain
extent [42]. For the Ca10F2 group and PC0.65 group, the crest at 1403 cm−1–1481 cm−1

represents the stretching vibration of the C–O bond in the CO3
2− ion, and the crest at

954 cm−1–990 cm−1 is caused by C–(A)–S–H gel [42]. However, this absorption peak did
not appear in the F2 group without calcium, which indicates that the addition of Ca(OH)2
into the fly ash-metakaolin-based geopolymers generated part of the C–(A)–S–H gel in the
composite system, which is consistent with the XRD test results.

Figure 9. FT-IR images of geopolymers and cement before and after carbonization. (a) F2; (b) Ca10F2;
(c) PC0.65.

As can be seen from Figure 9, since the fly ash-metakaolin-based geopolymers mainly
rely on their own alkalinity to resist CO2 erosion in the carbonization process, the corre-
sponding gel peak value of group F2 was basically unchanged. However, the peak value of
the 874 cm−1 position of group F2 after carbonization was due to the C–O bond in CO3

2−,
because some of the sodium crystals precipitated in the gel during the carbonization process.
Carbonization led to the decalcification of calcium-containing gel and an increase in the
degree of silica gel polymerization. Although there was no obvious change, in Ca10F2 and
PC0.65 samples, the wave crest caused by the asymmetric stretching vibration of Si–O–T
originally located at 960–970 cm−1 was shifted to a higher position after carbonization [32].
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However, compared with cement, the calcium content of the fly ash-metakaolin-based
geopolymers mixed with Ca(OH)2 was still very low, so the peak deviation degree of the
PC0.65 group was more obvious, which is consistent with the XRD test results.

4. Conclusions

Fly ash and metakaolin were used as raw materials to prepare fly ash-metakaolin-
based geopolymers, and different dosages of Ca(OH)2 were introduced to modify the
carbonization resistance of the composite system. Through the accelerated carbonization
test, the carbonization behavior and modification effect of the geopolymer was studied.
The carbonization resistance of the geopolymer was compared with that of ordinary Port-
land cement, and the modification mechanism of the carbonization resistance of fly ash-
metakaolin-based geopolymers was analyzed by adding Ca(OH)2. The main conclusions
are as follows:

(1) The initial compressive strength of the fly ash-metakaolin-based geopolymers
mixed with Ca(OH)2 increases between 3% and 40%, and the higher the mass proportion
of fly ash in the composite system, the greater the increase. The variation of compres-
sive strength of the unmodified geopolymers before and after carbonization was between
−2.83% and 9.77%, while the reduction of compressive strength of the carbonized geopoly-
mers with Ca(OH)2 was more than 48%.

(2) The addition of Ca(OH)2 can inhibit the development of the carbonation depth of
geopolymers, and with the increase of Ca(OH)2 content, the carbonation rate of geopoly-
mers decreases greatly. When 10% Ca(OH)2 was added, the carbonization rate of geopoly-
mer was all below 2.43, while the carbonization rate of cement was 2.97, indicating that
Ca(OH)2 had an obvious modification effect on the carbonization resistance of fly ash-
metakaolin-based geopolymers.

(3) The material alkalinity of fly ash-metakaolin-based geopolymers without Ca(OH)2
decreased significantly during the carbonization process, and the material alkalinity of the
28 d carbonization stage decreased to 9.793. The addition of Ca(OH)2 can play the role of
an alkali reserve in the system, and the alkalinity of the material at the carbonation age of
28 d can be maintained at about 11, which plays a significant role in inhibiting the decrease
of material alkalinity during the carbonization of geopolymers.

(4) Most of the pore sizes of the fly ash-metakaolin-based geopolymers and cement
were distributed in the range of 10–100 nm; the addition of Ca(OH)2 can improve the mi-
crostructure of the geopolymers, and the pore structure becomes denser. Furthermore, the
pores of both geopolymers and cement developed to smaller pore sizes after carbonization.

(5) The hydration products of fly ash-metakaolin-based geopolymers were mainly amor-
phous silicaluminate gels, and after Ca(OH)2 was added into the system, an obvious diffrac-
tion peak of Ca(OH)2 appeared in the hydration products. The Ca(OH)2 diffraction summit
decreased significantly after carbonization, indicating that the addition of Ca(OH)2 can signifi-
cantly improve the carbonization resistance of fly ash-metakaolin-based geopolymers.

(6) A wave crest caused by C–(A)–S–H gel appeared at 954 cm−1–990 cm−1 for the
fly ash-metakaolin-based geopolymers mixed with Ca(OH)2. However, carbonization led
to decalcification of the calcium-containing gel, and increased silica gel polymerization to
a degree, so that the peak value corresponding to Si–O–T after carbonization of fly ash-
metakaolin-based geopolymers mixed with Ca(OH)2 shifted to a higher position, which is
consistent with XRD test results.

In this paper, the experiment successfully verified that Ca(OH)2 admixture can ob-
viously improve the carbonization resistance of fly ash-metakaolin-based geopolymers,
which will greatly promote the application of geopolymers in engineering. However, the
optimal dosage of Ca(OH)2 in the system needs to be determined by further tests. In addi-
tion, the modification effect of nano-SiO2, MgO and other admixtures on the carbonization
resistance of fly ash-metakaolin-based geopolymers remains to be explored.
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Abstract: Textile reinforcements have established themselves as a convincing alternative to conven-
tional steel reinforcements in the building industry. In contrast to ribbed steel bars that ensure a
stable mechanical interlock with concrete (form fit), the bonding force of smooth carbon rovings has
so far been transmitted primarily by an adhesive bonding with the concrete matrix (material fit).
However, this material fit does not enable the efficient use of the mechanical load capacity of the
textile reinforcement. Solutions involving surface-profiled rods promise significant improvements in
the bonding behavior by creating an additional mechanical interlock with the concrete matrix. An
initial analysis was carried out to determine the effect of a braided rod geometry on the bonding
behavior. For this purpose, novel braided rods with defined surface profiling consisting of several
carbon filament yarns were developed and characterized in their tensile and bond properties. Further
fundamental examinations to determine the influence of the impregnation as well as the application
of a pre-tension during its consolidation in order to minimize the rod elongation under load were
carried out. The investigations showed a high potential of the impregnated surface-profiled braided
rods for a highly efficient application in concrete reinforcements. Hereby, a complete impregnation of
the rod with a stiff polymer improved the tensile and bonding properties significantly. Compared to
unprofiled reinforcement structures, the specific bonding stress could be increased up to 500% due to
the strong form-fit effect of the braided rods while maintaining the high tensile properties.

Keywords: carbon-reinforced concrete; bond behavior; tensile test; braided rods; bond test; profiled
roving; non-metallic reinforcement

1. Introduction

In civil engineering, carbon-reinforced concrete (CRC) is of great interest to both
research and industry in order to decrease the tremendous CO2 emissions of up to 38%
globally in the building industry significantly [1,2]. Due to corrosion resistance and a high
load-bearing capacity compared to conventional steel bars, CRC allows up to 80% reduced
concrete overlay and a lifespan of more than 200 years, making it a perfect material for
a sustainable building of the future [3]. It is especially suitable in the use of thin-walled
and lightweight concrete components with high load-bearing capacities as well as for
reinforcing existing constructions [4].

In order to exploit the excellent properties of CRC, the bonding between the textile
reinforcement and the surrounding concrete matrix (outer bond) as well as the bonding
between the single filaments (internal bond) is of great importance. Especially when consid-
ering the energy-intensive production of the carbon fiber textiles, a high material utilization
is needed for an efficient and resource-saving application of CRC for a sustainable building
of the future.
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In accordance with this, the bond mechanisms in textile reinforcements have long
been the subject of extensive research [5–10]. A major prerequisite for the effective material
utilization of the reinforcement potential in concrete is a strong internal bonding, since
otherwise the core filaments of the rod will be significantly less or not at all involved in
the load transmission, and the bond will fail accordingly early [5,9]. Furthermore, the
strain (ε) at tensile failure of the reinforcement rod must be limited (ε ≤ 0.2%) in order to
transmit the full load at small deformations of reinforced concrete structures and in order
to ensure small crack widths in the composite as soon as the concrete matrix fails under
tensile stress at app. 0.2% strain. Increased structural elongation of the reinforcement rod
results in excessively wide cracks (bad durability) or high deflections (bad functionality) [7].
Therefore, a suitable rod structure (surface profiling) and consolidation as well as complete
impregnation must ensure a good internal bonding [8].

As a result, various impregnations were developed to improve the internal bonding
between the filaments [9]. Impregnations for rovings commonly used today are based on
styrene-butadiene rubber (SBR), epoxy resin (EP), vinyl ester resin (VE), or polyacrylate
(PA) [8,10]. All of these improve the internal bonding compared to unimpregnated rods
and improve the structural stability as well [9]. SBR-impregnated reinforcements are more
flexible and are therefore suitable for curved shapes and thus for retrofitting of existing
buildings [11], whereas stiff EP-impregnated reinforcement structures are preferably used
for precast concrete structures [12].

The outer bond between the rod and concrete matrix is based primarily on three
mechanisms as shown in Figure 1 [13–16]. The Adhesive bond is based on adhesion
(chemical bonding) between impregnation and hydrated cement. A relative displacement
between the rod and the concrete overcomes the adhesion and activates the frictional bond.
It primarily depends on the roughness in the boundary layer between rod and concrete
matrix [15,17]. The highest outer bond is achieved through a form-fit-based shear bond
(mechanical interlock) between a profiled rod structure and the surrounding concrete.

 
Figure 1. Schematic bond mechanisms of impregnated yarns for concrete reinforcements.

The first studies with continuously profiled carbon rovings showed that the bonding
behavior could be adapted by surface profiling and variations in the profile depth (form
fit) [18]; however, the exact mechanisms and principles of mechanical interlocking between
the rod and concrete through profiling remain to be researched. For the analysis of the
bond mechanisms, the bond behavior is characterized using the derived pull-out force–slip
deformation relationships or the derived bond stress–crack-opening relationship [14,19].
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An approach to increasing the bonding behavior of reinforcement yarns is the pro-
filing of carbon rovings through a shaping process that was developed at the Institute of
Textile Machinery and High Performance Material Technology (ITM). Hereby, the patented
tetrahedral profile [20] is created by shaping the freshly polymer-impregnated roving with
interlocking profile tools. The profiled yarn/roving is permanently stabilized through the
cross-linking of the impregnation polymer via infrared (IR) radiation during the shaping
process. This method allows the production of profiled rovings with different profile
configurations. They show different and well defined bonding behaviors depending on the
profile parameters [18,21].

Reinforcement structures with a large cross section compared to grid-like textile
reinforcements can be produced by pultrusion from a single-fiber system [22]. Using
polymeric matrix material in combination with thermal processes, fiber-reinforced plastics
(FRP) profiled along the yarn axis can be generated by embossing [22]. The milling of
rib-like structures into pultruded reinforcement bars (rebars) has also become a sufficient
solution to produce rigid rebars with, in some cases, very high and reproducible bond
parameters [23]. However, the methods are not suitable for reinforcements with smaller
yarn cross-sections such as those required in flat components or for building reinforcements
in combination with a low concrete layer thicknesses. Furthermore, the separated filament
course of the milled structure results in shearing of the ribs and telescopic pull-out failures
of concrete embedded rebars [24] in addition to a reduced efficiency with regard to material
use and resource savings.

Other established and well-known methods for creating undulated yarn architectures
in favor of a profiled surface and reproducible characteristic are, for example, braiding,
twisting, and cabling [25]. With these technologies, the formation of a defined yarn geome-
try is realized by alternately inserting, intertwining, or winding of the individual threads.
As a result, an improvement in the internal fiber bond and outer bond with the surrounding
concrete matrix connection to the yarn surface is achieved [26].

This paper presents braiding technology for the development of novel rod structures
from carbon rovings with defined yarn properties; e.g., a defined force–strain behavior; a
stretched, shear-resistant anchored yarn structure; and surface profiling. The reinforcement
structures made from these rods are expected to have significantly improved shear stress
transmission in concrete with adjustable property profiles (Young’s modulus, structural
elongation, bond stress, and tensile strength) in combination with a high tensile strength.

The following Table 1 gives a brief overview of critical work and the state of the art
this paper was based on.

Table 1. A brief overview of the literature and the state of the art.

Topic State of the Art References

Basic properties of
carbon-reinforced concrete
(CRC)

Use of carbon filament yarns with smooth surface structure;
use of warp knitted grid-like structures with low rod count;
high tensile properties; minimal structural elongation for
initial load transfer with concrete matrix

[4,5,7,9–12,27]

Bond properties of CRC
Mainly adhesive bond; no dominant form fit or shear bond;
yarn pull-out due to insufficient bonding properties;
increased bond lengths for load transfer

[8,13–19,21–24,28]

Profiled textile reinforcement
structures

Modified yarn structure by twisting and cabling; increased
inner bond by fiber friction; no sufficient outer bond; surface
profiling of thick rebars through additive/subtractive
methods, reduced shear resistance and material efficiency;
profiling through reshaping with defined bond properties

[18,20,21,23,25,26]
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2. Materials and Methods

The focus of the study was the characterization of tensile and bond properties of
different braided rods in comparison to unprofiled carbon rovings. In order to reduce
the structural elongation of the braided rods, a purposeful impregnation and subsequent
consolidation was investigated. Hereby, the influence of different impregnation agents
and the solid content of the impregnation was studied to derive process recommendations.
In the case of braided rods with a very high rod count and therefore a high predicted
structural elongation, a pre-tension force was applied during the consolidation process
in order to stretch out the rod and stabilize this condition for a further reduction in the
structural elongation (improvement in the Young’s modulus). For the characterization
of the braided rods, tensile and pull-out test are performed. Furthermore, micrographic
analyses were conducted to evaluate the impregnation quality and rod geometry.

2.1. Braided Rods Composed of Carbon Fiber Heavy Tows

For a broad characterization of the tensile and bonding properties of braided rods,
different reinforcement rods consisting of several carbon fiber heavy tows (CFHT) from
the Teijin Carbon Europe GmbH (Wuppertal, Germany) [29] were produced. An overview
of the used fiber material is shown in Table 2. The tensile properties were characterized
according to ISO 3341 [30] (Section 3.3) at the ITM. The tensile strength and Young’s
modulus refer to the filament area, which is determined by the density and count of the
CFHT (for 3200 tex CFHT: 1.81 mm2).

Table 2. Characteristics of the used carbon filament yarn [29].

Properties of the Carbon Fiber Heavy Tows

Product Name
Filaments

in k
Count
in Tex

Density in
g/cm3

Area
in mm2

Tensile Strength
in MPa

Young’s Modulus
in Gpa

Tenax®-E HTS45 E23 12 800 1.77 0.45 1632 219
Tenax®-E STS40 E23 48 3200 1.77 1.81 1687 232

A 4 × 4 variation braider VF 1/4-32-140 from Herzog GmbH (Oldenburg, Germany)
was used as a basic braiding machine for targeted further development of the machine
technology and for the development of braided rods (Figure 2).

   
(a) (b) (c) 

Figure 2. Illustration of the VF 1/4-32-140 braiding machine (a), the machine bed (b), and scheme (c).
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The specifications of the variation braider were:

• 4 × 4 impellers to “park” several bobbins;
• Central control of the impellers;
• Up to 32 clappers and 24 pneumatic switching points;
• Clappers with closed ceramic yarn guides;
• 9 core inlet tubes Ø 8 mm between the impellers for core yarns;
• 16 drilled paddle wheel pillars for standing threads.

The variation braider was specifically further developed for gentle processing of brittle
fibers (e.g., carbon filament yarn) with regard to the following points:

• Optimization of the bobbin design;
• Optimization of the deflection rollers with regard to surface properties and geometry;
• Optimization of the yarn tension compensation.

Using the modified VF 1/4-32-140 variation braider, continuous braided rods with
different surface profiles were produced according to Table 3 with a 4-strand flat braid
composed of 800 tex CFHTs (total rod count: 3200 tex) and a 6-strand flat braid composed
of 3200 tex CFHTs (total rod count: 19,200 tex).

Table 3. Overview of the braided rod structures.

Overview of Dry Braided Rod

Rod Type
Sample

Designation
Count
in Tex

Braiding
Structure

Pitch Length
in mm

Illustration

Braided rod

4_800 4 × 800 4-strand flat braid 120

 

 
 

6_3200 6 × 3200 6-strand flat braid 120

 

 

2.2. Impregnation and Consolidation

In order to increase the internal bonding and for structural fixation, the produced
braided rods were impregnated in an immersion bath method with water-based polymeric
dispersions and consolidated using direct IR radiation. For the investigation, different
impregnation agents were used (Table 4).

Table 4. Characteristics of the impregnation agents [31,32].

Overview of the Impregnation Agents

Product Name Characteristics Base Material
Solid Content

in %
Linking Temperature

in ◦C
TECOSIT CC 1000

(CHT Germany GmbH)
Aqueous polymer

dispersion Polyacrylate (PA) 47 ± 1 160

Lefasol VL 90
(Lefatex Chemie

GmbH)

Styrene-butadiene
dispersion

Styrene-butadiene
rubber (SBR) 50 ± 1 130–160

In a series of experiments, the resulting solid polymer content in the impregnated
rods was varied (Table 4) by adding normal water to the polymeric dispersion. For the
consolidation (drying and stabilization), the impregnated rods were positioned between
two opposite positioned IR modules from Heraeus Noblelight GmbH (Kleinostheim, Ger-
many) with the specification Typ MW Gold B 9755255 2500 W (230 V) with fast middle
wave and 50% power (1.25 kW) and a distance of 10 mm to the roving. To minimize
structural elongation, the braided rods were subjected to different pre-tension forces during
the impregnation and consolidation process.

155



Materials 2023, 16, 2459

As a reference structure for the braided rods with a low count (3200 tex), an impreg-
nated straight roving (with a circular cross section) consisting of a single 3200 tex CFHT
was produced (called impregnated roving).

In the case of braided rods with a very high rod count and therefore a high predicted
structural elongation, a pre-extension force was applied during the consolidation process
in order to stretch out the rod and stabilize this condition for a further reduction in the
structural elongation (improvement in the Young’s modulus). The levels of the applied pre-
extension force in order to reduce structural elongation and increase the Young’s modulus
were determined in tensile tests of dry braided rods and are further justified in Section 3.1.

In order to apply the pre-extension force during consolidation for minimizing the
structural elongation of the braided rods with a high count, a test stand consisting of a
frame, two opposite IR radiators, and a suspension was used. The schematic setup for the
production of the samples composed of pre-extended braided rods with a high count is
shown in Figure 3.

  

Figure 3. Schematic setup for consolidation with applied pre-extension force.

An overview of all test series of the different reinforcing rod architectures is given in Table 5.

Table 5. Overview of the tested rod architectures (common roving and braided rods) with impregnation.

Overview of Samples with Impregnation

Material Type
Sample

Designation
Rod Count

in tex
Impregnation

Agent
Polymer Content

in Mass %
Pre-Extension

Force in N

Impregnated roving as reference

Impregnated
roving 1_3200_PA 1 × 3200 PA ~22 2

Impregnated braided rods with low count

Impregnated
braided rod

Variation in impregnation agent

4_800_SBR 4 × 800 SBR ~22 2
4_800_PA 4 × 800 PA ~22 2

Variation in solid content

4_800_PA_18 4 × 800 PA ~18 2
4_800_PA_15 4 × 800 PA ~15 2
4_800_PA_12 4 × 800 PA ~12 2
4_800_PA_10 4 × 800 PA ~10 2
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Table 5. Cont.

Overview of Samples with Impregnation

Material Type
Sample

Designation
Rod Count

in tex
Impregnation

Agent
Polymer Content

in Mass %
Pre-Extension

Force in N

Impregnated braided rods with high count

Impregnated
braided rod

6_3200_PA 6 × 3200 PA ~22 20

Variation in Pre-Extension force

6_3200_PA_1000 6 × 3200 PA ~22 1000
6_3200_PA_2000 6 × 3200 PA ~22 2000
6_3200_PA_3000 6 × 3200 PA ~22 3000

The three different investigated braided rods for concrete reinforcement are illustrated
in Table 6.

Table 6. Illustrations of the impregnated braided rods and references.

Overview of Braided Rods

Sample Designation
Rod Count

in Tex
Illustration

1_3200_PA 1 × 3200  
 

4_800_PA 4 × 800  
 

6_3200_PA 6 × 3200  
 

2.3. Concrete Matrix

Fiber-based reinforcements are very often embedded in cementitious matrices with a
small maximum grain size of 1–2 mm [6].

For the characterization of the bond and tensile behaviors of concrete-embedded
braided rods, two different fine concretes were used. The used high-performance concrete
for the pull-out tests consisted of a fine concrete dry-mix called BMK 45-220-2. The detailed
composition is presented in [21].

For the tensile test on carbon-reinforced concrete (CRC) specimens, the fine concrete
TF 10 CARBOrefit® was used; it consisted of the fine concrete dry mix TF10 by the company
PAGEL Spezial-Beton GmbH & Co. KG (Essen, Germany). The plastic consistency of
concrete is suitable for laminating in layers and therefore for production of sample plates
of CRC tensile test specimens.

The basic mechanical properties of the concrete were determined on prisms (dimensions
40 × 40 × 160 mm3) according to DIN EN 196-1 [33]; the mean values are listed in Table 7.

Table 7. Characteristics of the concrete composition.

Characteristics of the Concrete Matrix

Product Name
Maximum Grain Size

in mm
Compressive Strength

in MPa
Flexural Strength in MPa

BMK 45-220-2 [21] 2 ≥105 ≥11.5
TF 10 CARBOrefit® fine concrete [27] 1 ≥80 ≥6
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2.4. Characterization of the Rods’ Tensile Properties and Bond Behavior in Concrete as Well as
Tensile Properties of the Composite

For the determination of the tensile properties, the different dry and impregnated
braided rods were tested at the Institute of Textile Machinery and High Performance
Material Technology (ITM), TU Dresden. The dry braided rods were tested according to
ISO 3341 [30] with wrap clamps. Due to the stiffness of the impregnated braided rods,
which resulted in filament damage when wrapped around the clamps, the ends of the
rods were resinated, clamped by metal clamps with a free clamping length of 200 mm, and
tested acc. to DIN EN ISO 10618 [34]. The detailed test setup and testing parameters are
presented in [18,21]. All tensile tests were performed with a Zwick Z100 testing machine.
The tests were performed in a normal climate according to DIN EN ISO 139. A minimum
of 10 specimens for each series were tested.

In order to determine the quality of the impregnation and the cross-sectional geometry
of the different impregnated reinforcement rods, a micrographic analysis was conducted.
Hereby, resin-embedded samples of the reinforcement rods were cut through the circum-
ference and were analyzed with the AXIOImager.M1m microscopic workstation by the
company Carl Zeiss AG (Germany) at the Institute of Textile Machinery and High Perfor-
mance Material Technology (ITM), TU Dresden, with a magnification factor of 200:1 in a
bright field and a reflective light microscopy method.

For the computer-supported analysis of the impregnation agent amount, its distri-
bution, and the presence of air voids, the open source image-processing software ImageJ
Version 1.54b was used to color the different components (filaments, polymer, embedment
resin, and air gaps) by assigning new colors to detected color ranges. Hereby, the picture
was transformed into a four-color image with one assigned color for each component.
Once calibrated by manual selection of the color values for each component, the software
allowed batch processing for similar images. The open source software ilastik enabled
the image classification and segmentation of the colored images by counting the different
pixel values of the colored microsection in a histogram. The diameter of the cross-section
was determined by manual evaluation of the microsection dimension. In case of elliptical
deformed geometries, its major axis and minor axis (the longest and shortest dimension)
were measured and averaged.

For the tensile behavior composite composed of concrete and embedded braided rods
with low fineness, tensile tests of composite specimens (reinforcement rod and concrete
matrix) were performed at the Institute of Concrete Structures (IMB), TU Dresden. All
tests took place at 20 ◦C exactly 28 days after casting according to the recommendations
in [15]. Detailed information about the test setup and specimen production is given in [21].
Three composite samples (each reinforced by three braided rods) were tested.

For the characterization of the bonding behavior of the single reinforcement rod, pull-
out tests acc. to [28] were conducted at the Institute of Construction Materials (IfB), TU
Dresden. The specimen for the pull-out testing consisted of an upper concrete block to
cause the pull-out of the reinforcement rod with an embedding length of 50 mm (bond
length) and a lower concrete block for the rod fixation with an anchoring length of 90 mm.
The test setup and specimen production are described in [21].

The test setup comprised a tensile strength testing machine by Instron 8802 with
one upper, smaller specimen holder composed of metal and one lower specimen holder
(Figure 4). The specimens had a free length of 120 mm. The test velocity was 1 mm per
minute. The concrete-embedded specimens were tested at 20 ◦C, 65% relative humidity,
and a standard ambient pressure of 1 bar. At least five specimens for each series were tested.
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Figure 4. Schematic pull-out test setup of concrete-embedded braided rods (measured in mm) [8].

2.5. Specimens Manufacturing

For the microscopic examinations, 10 mm-long roving sections were placed in cylinders
with a 20 mm diameter and fully resinated. After one day of drying, the front side was
ground with sandpaper several times from rough to fine and finally polished with a
polishing agent.

For the rod tensile tests, 450 mm-long rod sections were cut to size. Then, the rods
were stretched and clamped in a frame. With the help of metal molds, the ends were
embedded in epoxy resin at 125 mm each.

For the determination of the tensile strength of rods embedded in TF10 CARBOrefit©
fine concrete, six tensile specimens with three profiled rods each and a concrete cover of
5 mm were produced for each rod series by laminating. This was done in a formwork in
which the individual rods were fixed and aligned with a rod spacing of 13 mm. Then, the
fine-grained concrete was filled in; first a bottom layer was created that was subsequently
slightly compressed. In a second step, the top concrete layer was filled in and smoothed.
The 120 cm-long, 1 cm-thick, and 33 cm-wide plate was then covered with damp cloths.
From the 2nd to 7th days, the plate was stored in water. From day 8 to day 28, the plate
was stored in a climate chamber at 20 ◦C and 65% relative humidity. Before the tensile tests,
the plate was sawn into 5.2 cm-wide strips containing three rods each.

Specimens for the yarn pull-out (YPO) tests were created by embedding single braided
rods as well as rovings with no profile (reference) in self-compacting, fine-grained concrete
(BMK 45-220-2) in a cube formwork. The specimens consisted of two centered concrete
blocks at the rod ends and a free rod segment of 120 mm in between the blocks. This clearly
defined the area in which composite failure could occur. The specimens were stored for
7 days under water and stored for additional 21 days in a climate chamber (20 ◦C and 65%
relative humidity).
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3. Results and Discussions

3.1. Tensile Properties

The diagrams in Figures 5 and 6 illustrate the mean values of the tensile test results
of the different series of reinforcement rod configurations with their standard deviations.
For each of the following series, at least 10 single specimens were tested according to DIN
EN ISO 10618 [34] (impregnated rods) and ISO 3341 [30] (dry braided rods). In order to
analyze the influence of the braiding as well as the impregnation parameters, an important
part of the study was a comparison between the tensile properties of dry braided rods
(4_800, compare Table 5), impregnated braided rods with different impregnation agents
(4_800_SBR, 4_800_PA), and impregnated rovings with a circular geometry (1_3200_PA) as
well as impregnated braided rods with reduced polymer content (4_800_X).

 

Figure 5. Influence of the polymer content on the tensile properties of 4 × 800 tex braided rods.

 
 

Figure 6. Tensile properties of impregnated 4 × 800 tex braided rods.

The determined tensile strength (in N/mm2) refers in all tests (dry and impregnated
rods) to the measured force (in N) divided by the net filament area (actual area of rein-
forcement). For the 3200 tex single roving and the braided rods with a total rod count of
3200 tex (4 × 800 tex), the compact filament area was 1.81 mm2. The braided rods with a
high fineness of 6 × 3200 tex had a compact filament area of 10.86 mm2 (6 × 1.81 mm2).

The following Figure 5 shows the influence of a varied polymer content of the rod on
the tensile properties of 4 × 800 tex PA-impregnated braided rods.

The study’s results showed that a reduced polymer content in the impregnated rod
resulted in reduced tensile properties (tensile strength and Young’s modulus). The braided
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rods with 22% mass content of the impregnation (4_800_PA) showed a result of 3524 MPa,
which was the highest tensile strength, as well as the highest Young’s modulus at 211 GPa
in addition to the smallest standard deviation, indicating a good and even impregnation
quality (complete impregnation) and an improved internal bond between the filaments that
resulted in a more even load distribution. Furthermore, the tensile properties were in the
range of approved textile reinforcements for concrete applications according to the general
building approval [27] (values according to [27]: tensile strength ≥2700 MPa; Young’s
modulus ≥170 GPa) with an additional safe limit of up to 20%. Further reducing factors
were regarded in the design of the reinforcement structure as described in [27].

With reduced mass content of the impregnation down to 10 M.-% (4_800_PA_10), the
tensile properties dropped almost 25%, and the standard deviation increased significantly
to almost ±20%. As deduced from that, the reduced solid content of the impregnation
resulted in an uneven and incomplete impregnation of the braided rods and therefore
an uneven load distribution between the filaments when stressed. The reduced Young’s
modulus especially indicated an increased structural elongation under load. The thesis
was that a higher impregnation mass-content impregnation and therefore a higher polymer
content in the braided rod resulted in a polymer accumulation in the gaps of the braided
structure between the single fibers and reduced or limited the transverse contraction of the
braided rod under load depending on the polymer proportion and stiffness, resulting in a
higher tensile stiffness (Young’s modulus) and a reduced structural elongation.

Figure 6 shows the mean values of the tensile properties with a single standard
deviation of four different braided rods with a total count of 3200 tex. All impregnated
rods in Figure 6 had an averaged polymer content of ~22 M.-%, which was determined as
favorable in order to achieve high tensile properties (see Figure 5).

The diagrams in Figure 6 show that the impregnated heavy tow roving (1_3200_PA)
had the highest tensile strength at app. 3830 MPa and Young’s modulus at app. 236 GPa
and thus only typical structural elongation under load. The impregnated braided rod
with PA as an impregnation agent (4_800_PA) had very high tensile properties as well: an
app. 10% decrease compared to the impregnated roving (3524 MPa tensile strength and
211 GPa Young’s modulus), which resulted from the slight deviation in the individual
filaments in the braided rods compared to the perfectly uniaxial orientated filaments in
the straight roving. Therefore, no complete uniform load distribution was possible, and
lateral forces were introduced in the filaments due to the transverse contraction of the
braided structure, thereby resulting in a slightly premature failure compared to the straight
impregnated roving. However, no structural elongation under load was recognizable.
The SBR-impregnated braided rod (4_800_SBR) had (at a 2190 MPa tensile strength and
a 188 GPa Young’s modulus) significantly lower tensile properties compared to the PA-
impregnated braided rod and an evident structural elongation of app. 0.3% due to the
soft SBR impregnation. The lowest tensile properties show unimpregnated, dry braided
rods (4_800) with a tensile strength of 1773 MPa, a Young’s modulus of 93 GPa, and a
significant structural elongation under load of ca. 0.5% resulting from the undulated
braided rod structure.

The results showed that impregnation increased the tensile behavior of the braided
rods significantly and that the PA impregnation was much stiffer compared to the SBR
impregnation and therefore more suitable in the use of reinforcement rods with reduced
structural elongation. A PA-impregnated braided rod showed no evident structural elonga-
tion under load and similar tensile properties compared to straight impregnated rovings.

Figure 7 shows the averaged force–strain behavior of the dry braided rods with a high
rod count of 6 × 3200 tex as well as the linear behavior (tangent), the structural elongation
under load Δε (non-linear behavior, red dotted line) and the determined pre-extension
forces for stretching out of the braided rod during consolidation (dotted lines).
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Figure 7. Structural elongation and pre-tension levels of dry 6 × 3200 tex braided rods.

In contrast to the braided rods with a relatively low count of 4 × 800 tex (total rod
count 3200 tex), the dry braided rods with 6 × 3200 tex (total rod count 19,200 tex) had
very low tensile properties with a tensile strength at 684 MPa (6420 N breaking strength), a
Young’s modulus of about 17 GPa, and a structural elongation of app. 1.2% (elongation at
failure app. 2.4% composed of 1.2% structural and 1.2% material elongation under load).
Compared to the braided rod with a low count, the braided rod with a high count had a
60% lower tensile strength but a 250% higher structural elongation. This inefficient use
of the performance potential was due to the strongly undulated braided structure of the
six braided 3200 tex CFHTs with significant voids between the single CFHTs compared
to a more dense braided structure of the braided rod with a low count. The undulated
structure increased the transverse contraction of the braided rod under load, resulting in
higher structural elongation, lateral forces, and therefore premature failure compared to a
roving with a comparable count but straight filament orientation.

Such a high structural elongation under load would be unsuitable for use as rein-
forcements in concrete structures because after the failure of the concrete matrix at ~0.2%
strain, a further structural elongation of the reinforcement rod resulted in increased crack
openings and deflection of the structure. For a reduction in the structural elongation of
the impregnated braided rod with a high count, a pre-extension force was applied during
consolidation (after impregnation) according to the load levels measured in the force–strain
curve (1000 N/2000 N/3000 N). The thesis was that the applied load would stretch out the
1.2% structural elongation of the dry braided rod according to the load level as shown in
Figure 7 and that the consolidation process stabilized the structure in the outstretched condi-
tion and therefore reduced the structural elongation under further load application. Hereby,
a pre-extension force of 1000 N would reduce the structural elongation by 0.8% down
to 0.4%, 2000 N would reduce elongation to 0.1%, and 3000 N would reduce elongation
completely to 0%.

The diagram in Figure 8 shows the averaged stress–strain curve of the impregnated
and outstretched braided rods with a high rod count in comparison to the dry braided rod.
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Figure 8. Influence of the pre-tension on tensile properties of impregnated 6 × 3200 tex braided rods.

It was evident that the impregnation of the braided rods with a high count increased
the tensile properties and reduced the structural elongation under load significantly, which
was similar to the braided rods with a low count. Figure 9 compares the averaged ten-
sile properties.

  
 

Figure 9. Tensile properties of 6 × 3200 tex braided rods with and without pre-tension.

Hereby, the impregnation with the stiff PA impregnation agent and a high polymer con-
tent increased the tensile strength by almost 250% to 1634 MPa, and the Young’s modulus
was at about 97 GPa (five times higher). The structural elongation was almost eliminated.

The application of a pre-extension force resulted in an up to 10% increase in the Young’s
modulus (ca. 110 GPa) and a similar tensile strength at around 1574 MPa compared to the
impregnated braided rods. Therefore, the tensile stiffness was increased and the structural
elongation could be reduced. Higher pre-extension forces resulted in a slightly lower tensile
strength at 1420–1470 MPa and an increased single standard deviations with up to 15%
(probably due to increased fiber damage) but a higher Young’s modulus at ~110 GPa.

In summary, the investigations showed that an impregnation with high polymer
content of at least 22 mass-% (see Figure 5) and a stiff impregnation agent on a PA basis (see
Figure 6) were favorable to achieve the highest tensile properties of braided rods. In the case
of braided rods with a high rod count (e.g., 6 × 3200 tex), the application of a limited pre-
extension force during consolidation increased the Young’s modulus (see Figure 9), making
them suitable for transmission of high initial forces with reduced structural elongation.
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3.2. Micrographic Analysis

In order to validate the quality of the impregnation, the ratio of the polymer content
as well as to examine the dimensions of the impregnated reinforcement rods, microsec-
tion analyses were conducted as described in Section 3.4 in addition to a gravimetric
analysis for the determination of the polymer content. The microscopic tests were per-
formed at the textile physical testing laboratory at the Institute of Textile Machinery and
High Performance Material Technology (ITM), TU Dresden. At least four cross-sections
of each following series were analyzed. Hereby, the following colors of the original mi-
crosections indicate different components: white—filament; grey (outside)—embedment
resin; light grey (inside)—impregnation/polymer; and black—air gaps (see Table 8). For a
computer-supported analysis of the impregnation ratio (filament/polymer/air content),
image-classification programs were used for a coloring of the components (see Section 3.3).

Table 8. Micrographic analysis and geometry parameters of different reinforcement rods.

Micrographic Analysis and Geometry Parameters of Different Reinforcement Rods

Rod Type Properties Values Illustration

1_3200_PA

Total rod count
in tex 3200

 

 

Comparable diameter
in mm 2.0

Circumference
in mm 6.3

Polymer content
in mass.-% ~22

4_800_PA

Total rod count
in tex 3200

 

 

Comparable diameter
in mm 2.0

Circumference
in mm 6.3

Polymer content
in mass.-% ~22

6_3200_PA

Total rod count
in tex 19,200

 

Comparable diameter
in mm 4.5

Circumference
in mm 14.1

Polymer content
in mass.-% ~22

Table 9 shows an exemplary comparison of an original and colored microsection of a
braided rod and the component assignment.

The results of the micrographic and gravimetric analysis showed that all rod types had
at ca. 22 mass.-% a similar polymer content. In contrast to the straight, impregnated roving
with no evident polymer accumulations and a comparatively dense fiber arrangement, due
to linear orientation of the filaments without undulation, the braided rods, which consisted
of several braided filament yarns, showed an increased accumulation of the polymer in
the voids between the single filaments in the internal yarn structure. Furthermore, the
micrographic analysis showed minor air voids of the impregnated rod structure (≤1%
for braided rods with low count) with up to 2% for braided rods with a high count.
Such air voids or inclusions could destabilize the rod structure and result in reduced
tensile properties.
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Table 9. Micrographic analysis of an impregnated reinforcement rod (left—original; right—colored).

Computer-Supported Micrographic Analysis

Real Microsection Components Colored Microsection

 

 
Filament 

(white/yellow) 
Polymer 

(light grey/pink) 
Embedment resin  
(dark gray/white) 

Air void 
(black/green)  

 

The micrographic analysis presented in this study used a computer-supported eval-
uation of the quality of the impregnation (polymer content, distribution, air voids, etc.).
It allowed a fast and exact investigation of the rods’ material and structural properties
such as polymer accumulations and air voids as well as the dimensions and filament
arrangement, which were needed to verify a high impregnation quality and for calculation
of the bond stress on the basis of the rod dimensions. Especially when deriving correlations
between rod structures with defined surface-profiles and the resulting tensile and bonding
properties, such investigations are needed for further understanding of the inter-relations.

3.3. Tensile Properties of Concrete-Embedded Braided Rods

Figure 10 shows the force–strain behavior of three individual composite test speci-
mens, which consisted of three concrete-embedded braided rods with a low count and PA
impregnation (4_800_PA) with a very low scatter.
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Figure 10. Tensile behavior of CRC-specimens (left) and tested specimen after failure (right).
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The evaluation of the CRC tensile test specimens is compared in Table 10.

Table 10. Evaluation of the tensile tests on CRC specimens.

Sample
First Crack

in kN
Crack-
Count

Splitting/
Cracking

Longitudinal
Crack

Failure Force
in kN

Tensile Strength in
MPa

Failure
Pattern

1 1.91 7
Cracking at

failure
at failure

16.00 2946
complete
spalling

2 1.37 9 17.40 3204
3 1.49 9 17.27 3174

Mean 1.59 8 16.89 3110

A mean failure force of 16.9 kN or a mean rod tensile strength of 3110 MPa, referring
to the dry and compacted filament cross section of 1.81 mm2 for each rod, was determined.
These values were in the range of the tensile strength of the single rod tensile tests (see
Section 3.1) and therefore confirmed a high material utilization due to an almost uniform
load distribution. According to the general building approval [27], the concrete-embedded
rod required a tensile strength ≥2250 MPa. The braided rods achieved up to 40% higher
tensile properties and therefore had a very high safety factor and great suitability for use as
concrete reinforcement.

In all tests, rod rupture occurred, indicating a full load transfer between the textile
and concrete matrix. The braided structure was still visible after testing. The rods were
not pulled out from the load transfer areas, indicating a sufficient outer bond between the
braided rods and the concrete matrix. After appearance of several cracks (an average of
eight cracks before failure) in an evenly distributed pattern during the test, speaking for an
even load distribution, the concrete was completely spalled in the measuring area at the
moment of rod failure (see Table 10). During the tests, no splitting or delamination cracks
could be observed.

In conclusion, the force–strain behavior curve or the tensile strength was similar to
that of the reference expansion specimens composed of construction-approved reference
textiles (e.g., CARBOrefit® variant 3 with 3200 tex CFHT and PA impregnation [27]).

3.4. Bond Properties

The following Figure 11 shows the averaged pull-out force–slip-deformation curves of
the PA- and SBR-impregnated braided rods with a low count (4_800_PA/SBR) in compari-
son to the impregnated roving (1_3200_PA).

 

Figure 11. Bond behavior of impregnated braided rods (3200 tex) and different impregnation agents.
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Due to the improved mechanical interlock of the braided rods, the resulting bond
strengths were well above that of the impregnated rovings with no profile. The PA-
impregnated braided rods (4_800_PA) transmitted with approximately 5.1 kN, which was
almost five times higher than the pull-out forces for impregnated rovings with no profile
(0.8 kN), and showed a distinct shear bond. In addition to that, they showed a steep
increase in the pull-out force, emphasizing a high bond stiffness and strong anchoring
(mechanical interlock and dominant shear bond). The sudden drop in the bond force
was due to the filament failure at 5.1 kN, indicating that the embedment length of 50 mm
was sufficient for a complete anchoring and load transmission of the braided rod in the
concrete matrix. In contrast to that, the impregnated roving with no profile (1_3200_PA)
was pulled out completely due to a lack of a sufficient shear bond and mainly an adhesive
or frictional bond. The SBR-impregnated braided rod (4_800_SBR) initially showed a steep
increase in the pull-out force due to an initial shear bond, but the mechanical interlock
failed prematurely at about 1.2 kN, and the braided rod was pulled out and showed only
frictional bond. A possible reason for the premature destruction of the mechanical interlock
was a deformation of the braided structure due to the “soft” SBR impregnation. The results
showed that the stiff PA impregnation was suitable for creating profiled reinforcement
rods with a strong mechanical interlock, a distinct shear bond, and significantly increased
bond performance.

Due to the different rod count and therefore the different load distribution among the
filaments, the transferable pull-out force of the rods with a total count of 3200 tex were not
comparable to the braided rods with a total rod count of 19,200 tex (6_3200_PA). For a direct
comparison, the bond stress (in N/mm2) had to be determined by dividing the measured
pull-out force by the rods’ outer surface area. The outer surface area was hereby calculated
by the product of the initial bond length (50 mm) and the averaged rod circumference of
the different reinforcement rods. For simplification of the complex surface geometry of the
braided rods, the circumference was calculated based on a circular cross-section with the
comparing diameter of the rods, which was determined in the micrographic analysis in
Section 3.2 (see also [23] for the comparing diameter) multiplied by pi.

Figure 12 shows the averaged bond stress–slip deformation curves of the different
reinforcement rods, in which the comparison of the standardized bond stress of the braided
rods between low and high rod count can be seen.

 

Figure 12. Bond stress of different braided rods.
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Hereby, the braided rod with a low count (4_800_PA) and a high count (6_3200_PA)
had an almost identical bond stress–slip deformation behavior. The initial bond stiffness
was identical, yet the braided rod with a high count showed, at 19.3 N/mm2, an almost 20%
higher bond stress than braided rods with a low count, which possibly resulted from the
rougher and more undulated braided structure and therefore strong mechanical interlock.
In comparison with the impregnated roving without profile (2.5 N/mm2), the braided rod
with a low count (4_800_PA) showed a 544% higher bond stress behavior, and the one with
a high count (6_3200_PA) showed a 672% higher bond stress behavior. The bond stress
of the braided rod with a low count and SBR impregnation agent (4_800_SBR) was 44%
higher compared to the impregnated roving without profile.

4. Conclusions

The results showed that the developed braided rods were able to transmit much higher
pull-out loads than common carbon fiber architectures without profile and demonstrated
a significantly improved bond-slip behavior with up to five times the maximum bond
strength compared to straight carbon rovings with no profile, yet maintained high tensile
properties with almost no structural elongation and properties above the required values in
the general building approval with sufficient safe limits, making them particularly suitable
as concrete reinforcement. Hereby, the investigation of different coating agents and coating
agent contents showed that a complete impregnation with a stiff polymeric impregnation
resulted in very high tensile and bond properties and a strong mechanical interlock due
to a reduced rod deformation under load. Braided rods with a high count showed similar
results to braided rods with a low count, yet the tensile performance potential was not
fully used because the high rod count resulted in an more undulated braided structure.
Nonetheless, a complete impregnation eliminated the structural elongation under load,
and the rough structure increased the bond behavior. As expected, the application of a
pre-extension force increased the modulus of elasticity but had no significant effect on the
tensile strength of the braided rods with a high count.

As a result of the bond investigations, fundamental knowledge was gained about the
force transmission between the textile reinforcement and the fine concrete matrix. These
are required for the subsequent design and dimensioning of the anchorage lengths of
the new carbon concrete. As a major result, the braided rod designs developed were
able to significantly increase pull-out forces while maintaining the concrete composite’s
tensile strength.

5. Outlook

The developed braided rods with a low count are perfectly suitable for the use in
rollable, grid-like textile reinforcement structures, whereas the braided rods with high count
can be used for rigid reinforcement mats known from conventional steel reinforcements or
for individual reinforcement bars used as additional reinforcement elements.

For a production of profiled, grid-like textile reinforcement structures for concrete
applications in form of rollable or rigid reinforcement mats, the conventional textile manu-
facturing processes such as the multiaxial warp knitting process as well as robot supported
rod placement will be adapted and further developed. Further research is planned on
braided rods with various braiding structures for specific surface profiles and defined
tensile and bond properties for application specific designs of CRC-structures and highest
material efficiency. Furthermore epoxy-resin impregnated braided rods with a high rod
count will be investigated for further improvement in the tensile behavior.

Such carbon fiber reinforcements with high tensile and bonding properties will clearly
increase the material efficiency of carbon-reinforced concrete in the future, especially in the
areas of new construction and strengthening. In the case of component strengthening, for
example, shortened end anchorage and overlap lengths will improve handling. Addition-
ally, the lower material consumption will reduce costs, which increases competitiveness
compared to other reinforcement methods.

168



Materials 2023, 16, 2459

Author Contributions: Conceptualization, A.A., L.H. and C.C.; methodology, P.P., A.A., M.O. and
D.F.; software, P.P. and D.F.; validation, A.A., P.P. and D.F.; formal analysis, A.A., P.P. and D.F.;
investigation, A.A., P.P., D.F. and M.O.; resources, A.A.; data curation, P.P., D.F. and M.O.; writing—
original draft preparation, A.A., P.P. and D.F.; writing—review and editing, M.O., L.H., M.B., V.M.
and C.C.; visualization, A.A., P.P. and D.F.; supervision, L.H., M.B., V.M. and C.C.; project adminis-
tration, C.C.; funding acquisition, C.C. All authors have read and agreed to the published version
of the manuscript.

Funding: This article presents parts of the results achieved within the Project C3 V2.4 and the ZIM
research project ZF4008344KI9, which were supported by the Federal Ministry for Economic Affairs
and Energy (BMWi) on the basis of a decision by the German Bundestag. The IGF research project
21375 BR of the Forschungsvereinigung Forschungskuratorium Textil e. V. was funded through the
AiF within the program for supporting the “Industriellen Gemeinschaftsforschung (IGF)” from funds
of the Federal Ministry for Economic Affairs and Climate Action on the basis of a decision by the
German Bundestag. The Article Processing Charge (APC) was funded by the joint publication fund
of the TU Dresden, the Medical Faculty Carl Gustav Carus, and the SLUB Dresden. The funding is
gratefully acknowledged.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or
in the decision to publish the results.

References

1. Witsch, K. Klimakiller Beton: So will die Zementbranche Klimaneutral Werden. Handelsblatt 25 November 2020. Available online:
https://www.handelsblatt.com/unternehmen/energie/klimaschutz-klimakiller-beton-so-will-die-deutsche-zementindustrie-
co2-neutral-werden-/26652040.html (accessed on 29 April 2022).

2. vdz gGmbH: CO2 Capturing in Cement Production. Available online: https://www.vdz-online.de/fileadmin/Forschung/01
_Ruppert_2019_08_22_CO2_capturing_in_cement_production_EN.pdf (accessed on 22 September 2022).

3. Seifert, W.; Lieboldt, M. Ressourcenverbrauch im globalen Stahlbetonbau und Potenziale der Carbonbetonbauweise. Beton
Stahlbetonbau 2020, 115, 469–478. [CrossRef]

4. Friese, D.; Scheurer, M.; Hahn, L.; Gries, T.; Cherif, C. Textile reinforcement structures for concrete construction applications—A
review. J. Compos. Mater. 2022, 56, 002199832211271. [CrossRef]

5. Hahn, L.; Rittner, S.; Nuss, D.; Ashir, M.; Cherif, C. Development of Methods to Improve the Mechanical Performance of Coated
Grid-Like Non-Crimp Fabrics for Construction Applications. Fibres Text. East. Eur. 2019, 27, 51–58. [CrossRef]

6. Hahn, L. Entwicklung einer In-situ-Beschichtungs- und Trocknungstechnologie für multiaxiale Gelegestrukturen mit hohem
Leistungsvermögen. Ph.D. Thesis, Technische Universität Dresden, Dresden, Germany, 2020.

7. Jesse, F. Tragverhalten von Filamentgarnen in zementgebundener Matrix. Ph.D. Thesis, Technische Universität Dresden, Dresden,
Germany, 2004.

8. Kruppke, I.; Butler, M.; Schneider, K.; Hund, R.-D.; Mechtcherine, V.; Cherif, C. Carbon Fibre Reinforced Concrete: Dependency
of Bond Strength on Tg of Yarn Impregnating Polymer. Mater. Sci. Appl. 2019, 10, 328–348. [CrossRef]

9. Curbach, M.; May, S.; Egbert, M.; Schumann, A.; Schütze, E.; Wagner, E. Verstärken mit Carbonbeton. In BetonKalender 2022; John
Wiley & Sons, Ltd: Hoboken, NJ, USA, 2022; pp. 761–804.

10. Köckritz, U. In-Situ-Polymerbeschichtung zur Strukturstabilisierung offener nähgewirkter Gelege. Ph.D. Thesis, Technische
Universität Dresden, Dresden, Germany, 2007.

11. Curbach, M.; Hauptenbuchner, B.; Ortlepp, R.; Weiland, S. Textilbewehrter Beton zur Verstärkung eines Hyparschalentragwerks
in Schweinfurt. Beton Stahlbetonbau 2007, 102, 353–361. [CrossRef]

12. Hegger, J.; Kulas, C.; Horstmann, M. Realization of TRC Façades with Impregnated AR-Glass Textiles. Polym. Concr. 2011, 466,
121–130. [CrossRef]

13. Schütze, E.; Curbach, M. Zur experimentellen Charakterisierung des Verbundverhaltens von Carbonbeton mit Spalten als
maßgeblichem Versagensmechanismus/Experimental characterisation of the bond behaviour of carbon reinforced concrete with
concrete splitting as significant failure mode. Bauingenieur 2019, 94, 133–141. [CrossRef]

14. Lorenz, E. Endverankerung und Übergreifung textiler Bewehrungen in Betonmatrices. Ph.D. Thesis, Fakultät Bauingenieurwesen,
Dresden, Germany, 2014.

169



Materials 2023, 16, 2459

15. Bielak, J.; Spelter, A.; Will, N.; Claßen, M. Verankerungsverhalten textiler Bewehrungen in dünnen Betonbauteilen. Beton
Stahlbetonbau 2018, 113, 515–524. [CrossRef]

16. Preinstorfer, P.; Kromoser, B.; Kollegger, J. Kategorisierung des Verbundverhaltens von Textilbeton/Categorisation of the bond
behaviour of textile reinforced concrete. Bauingenieur 2019, 94, 416–424. [CrossRef]

17. Banholzer, B. Bond Behaviour of a Multi-Filament Yarn Embedded in a Cementitious Matrix. Ph.D. Thesis, RWTH Aachen
University, Aachen, Germany, 2004.

18. Penzel, P.; May, M.; Hahn, L.; Cherif, C.; Curbach, M.; Mechtcherine, V. Tetrahedral Profiled Carbon Rovings for Concrete
Reinforcements. Text. Mater. 2022, 333, 173–182. [CrossRef]

19. Li, Y.; Bielak, J.; Hegger, J.; Chudoba, R. An incremental inverse analysis procedure for identification of bond-slip laws in
composites applied to textile reinforced concrete. Compos. Part B Eng. 2018, 137, 111–122. [CrossRef]

20. Waldmann, M.; Rittner, S.; Cherif, C. DE 10 2017 107 948 A1. Bewehrungsstab zum Einbringen in eine Betonmatrix Sowie Dessen
Herstellungsverfahren, ein Bewehrungssystem aus Mehreren Bewehrungsstäben Sowie ein Betonbauteil. 12.04.17. Available
online: https://patentscope.wipo.int/search/de/detail.jsf?docId=WO2018189345 (accessed on 27 February 2023).

21. Penzel, P.; May, M.; Hahn, L.; Scheerer, S.; Michler, H.; Butler, M.; Waldmann, M.; Curbach, M.; Cherif, C.; Mechtcherine, V. Bond
Modification of Carbon Rovings through Profiling. Materials 2022, 15, 5581. [CrossRef] [PubMed]

22. Böhm, R.; Thieme, M.; Wohlfahrt, D.; Wolz, D.; Richter, B.; Jäger, H. Reinforcement Systems for Carbon Concrete Composites
Based on Low-Cost Carbon Fibers. Fibers 2018, 6, 56. [CrossRef]

23. Schumann, A.; May, M.; Schladitz, F.; Scheerer, S.; Curbach, M. Carbonstäbe im Bauwesen. Beton Stahlbetonbau 2020, 115, 962–971.
[CrossRef]

24. Schumann, A. Experimentelle Untersuchungen des Verbundverhaltens von Carbonstäben in Betonmatrices. Ph.D. Thesis,
Technische Universität Dresden, Institut für Massivbau, Dresden, Germany, 2020.

25. Kolkmann, A.; Wulfhorst, B. Garnstrukturen für den Einsatz in textilbewehrtem Beton (Lehrstuhl für Textilmaschinenbau und
Institut für Textiltechnik). Available online: http://publications.rwth-aachen.de/record/102203 (accessed on 27 February 2023).

26. Kolkmann, A. Methoden zur Verbesserung des Inneren und äußeren Verbundes Technischer Garne zur Bewehrung zementge-
bundener Matrices. Ph.D. Thesis, RWTH Aachen University, Aachen, Germany, 2008.

27. CARBOCON GMBH: CARBOrefit®—Verfahren zur Verstärkung von Stahlbeton mit Carbonbeton: Allgemein bauaufsichtliche
Zulassung/Allgemeine Bauartgenehmigung. 2021. Available online: https://cloud.carborefit.de/index.php/s/PgMiAwyYMTz8
Gse?dir=undefined&path=%2FCARBOrefit%C2%AE%20Zulassung&openfile=27808 (accessed on 27 February 2023).

28. Schneider, K.; Michel, A.; Liebscher, M.; Mechtcherine, V. Verbundverhalten mineralisch gebundener und polymergebundener
Bewehrungsstrukturen aus Carbonfasern bei Temperaturen bis 500 ◦C. Beton Stahlbetonbau 2018, 113, 886–894. [CrossRef]

29. Teijin Limited. Teijin Carbon Europe GmbH: Tenax Filament: YarnProduct Datasheet; Teijin Limited: Tokyo, Japan, 2020.
30. ISO 3341:2000-05; Textilglas-Garne-Bestimmung der Reißkraft und Bruchdehnung. Beuth Publishing Din: Berling, Germany.
31. CHT Germany GmbH: TECOSIT CC 1000: Technical Datasheet; CHT Germany GmbH: Tübingen, Germany, 2022.
32. Lefatex Chemie GmbH: Lefasol VL 90. Technical Datasheet; Lefatex Chemie GmbH: Brüggen, Germany, 2017.
33. DIN EN 196-1:2016; Prüfverfahren für Zement-Teil 1: Bestimmung der Festigkeit. Beuth Publishing Din: Berling, Germany.
34. DIN EN ISO 10618:2004-11; Kohlenstofffasern—Bestimmung des Zugverhaltens von harzimprägnierten Garnen. Beuth Publishing

Din: Berling, Germany.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

170



Citation: Xu, Z.; Ma, Y.; Wang, J.;

Shen, X. Preparation and Hydration

Properties of Steel Slag-Based

Composite Cementitious Materials

with High Strength. Materials 2023,

16, 2764. https://doi.org/10.3390/

ma16072764

Academic Editors: Nikolina Zivaljic,

Hrvoje Smoljanović and Ivan Balić
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Abstract: Steel slag (SS) has been largely discharged but little utilized, causing an environmental
problem in China. In this paper, SS-based composite cementitious materials with high strength
were prepared by the high volume of SS (≥40%), granulated blast-furnace slag (GBFS), fly ash (FA),
flue gas desulfurization gypsum (FGDG) and cement to promote the effective utilization of SS. The
hydration and hardening properties were studied through setting time, compressive strength, length
change, isothermal calorimetry (IC), X-ray diffraction (XRD), mercury intrusion porosimetry (MIP),
and scanning electron microscopy equipped with energy dispersive spectroscopy (SEM-EDS) tests.
The results show that SS-based composite cementitious material exhibited a lower hydration heat
release, an appropriate setting time, and volume stability. The SS cementitious material with 40% SS
could obtain high strength of over 65 MPa at 28 days and 80 MPa at 90 days. The strength value of
> 60 MPa is present in the binder, with 50% SS at 56 days. GBFS promotes hydration reactions and
the formation of AFt and C-(A)-S-H gel, thus enhancing compressive strength. FA has a beneficial
effect on later strength. The small and fine pore structures contribute to the development of strength.
The main hydration products of SS composite cementitious materials are C-(A)-S-H gel, and ettringite
(AFt), with less Ca(OH)2. The C-(A)-S-H gel with a lower Ca/Si ratio and a higher Al/Ca ratio in
cementitious material, promotes mechanical properties.

Keywords: steel slag; solid wastes; compressive strength; hydration; microstructure

1. Introduction

Steel slag (SS) is an industrial solid waste discharged during steelmaking. Its emissions
were 160 million tons, and the utilization rate was less than 30% in China. A great part of
SS is randomly discarded, resulting in land occupation and environmental pollution. The
improvement of efficient utilization of SS is conducive to ecological environment protection
and achieving sustainable development of the steel industry.

The mineral composition of SS contains C3S, γ-C2S, C4AF, C2F, RO phase (CaO–FeO–
MnO–MgO solid solution), free-CaO, and free-MgO [1]. SS has been mainly used as
aggregate substitution [2–4] and supplementary cementitious materials [5,6] in building
materials. Some mechanical properties and durabilities of concrete with complete or
partial substitution of SS aggregate were examined. The compressive strength of concrete
would increase as the substitution ratio of SS aggregate replacing traditional aggregate
increased [4,7–9]. There was a reduction in the compressive strength of concrete containing
SS aggregates after freezing-thawing cycles due to high porosity [10]. It was proposed that
the replacement ratio of SS aggregate at 15% and 30% are beneficial to the compressive
strength [11].

SS has a low reactivity with respect to the high amount of γ-C2S resulting from
the slow and natural cooling during SS production. Low reactivity calcium silicate in SS
participates in cement hydration to generate hydrated calcium silicate. SS as supplementary
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cementitious materials could improve the workability, decrease hydration heat and decrease
compressive strength [5]. The compressive strength decreases with the increase in the SS
replacement ratio [12–14]. The 28-day compressive strength of mortar is about 37 MPa
when the SS content reaches 30% [15].

It should be noted that the use of high-volume SS (≥40%) in steel slag-based cemen-
titious material can efficiently promote the utilization of SS. Low compressive strength
was reported in cementitious materials with high-volume SS. A low 28-day compressive
strength of 30 MPa was exhibited in cement paste with 50% SS [16] and with the replacing
ratio increase to 70%, the strength of cement paste was only 20.8 MPa [17]. He et al. [18]
reported that 80% SS-20% cement paste has a 28-day compressive strength of about 35 MPa
and decreases by 60 MPa compared with that of pure cement paste.

Due to the low activity of SS, activation is necessary to promote the activity and hydra-
tion properties of SS-based composite binders. Alkali and calcium sulfur activation were
primarily used in low-activity cementitious materials. Potassium and sodium compounds
were commonly used as activators in alkali-activated cementitious materials. Under alkali
conditions, the silicate and aluminate minerals dissolve and hydrate to produce C-S-H, C-A-
S-H and N-A-S-H. A typical calcium sulfur-activated cementitious material (supersulfated
cement) is composed of 70% to 90% slag, 0% to 5% Portland cement (clinker) or calcium
hydroxide, and 10% to 20% sulfate activators (hemihydrate and gypsum dihydrate). The
activity of SiO2 and Al2O3 is activated by calcium and sulfate and undergoes a hydration
reaction to form C-(A)-S-H and AFt.

The steel slag-based composite cementitious material with a high volume of SS could
be prepared based on the activity matching between the aluminate and silicate phases
in SS, GBFS, FA with the calcium and sulfate phases in cement (clinker) and gypsum. It
hydrates to generate C-S-H, Aft, or AFm, and potentially results in high cementitious
properties. It was proposed that the addition of SS of less than 20% could slightly improve
the compressive strength of SS-GBFS-FGDG mortar [19]. But a higher content of SS would
have a negative impact on the compressive strength [19,20]. The hydration degree of the
composite cementitious materials was improved by GBFS with higher activity, thereby
improving the compressive strength. [16,21,22]. The compressive strength of the SS-FA-
FGDG ternary system decreases with the substitution ratio of FA replacing SS. The strength
of 60% SS-20%FA-20%FGDG paste is 30 MPa, and the strength decreases to 15 MPa while
the replacing ratio of FA increases to 40% [23]. The previous studies indicate that composite
cementitious materials can possess a higher strength with a lower volume of SS (≤20%),
and for a high volume SS, low compressive strength occurred for SS-based composite
cementitious material [24].

This study aims to prepare a high-strength SS-based composite cementitious material
using high volume SS (≥40%) along with GBFS, FA, FGDG and less Portland cement. The
hydration and hardening properties of SS-based composite cementitious materials were
analyzed through hydration heat evolution, setting time, compressive strength, length
change, XRD, MIP, and SEM-EDS tests. This study will further promote the effective
utilization of steel slag, sustainable development of resources and environmental protection.

2. Experimental

2.1. Raw Materials

Fine powders of SS from Jigang Group Co., Ltd., Shandong, GBFS from Jintaicheng
Environmental Resources Co., Ltd., Hebei, and low calcium FA were used in the experiment.
Flue gas desulfurization gypsum was treated through a 200-mesh sieve in size of 75 μm.
PC-II 52.5 Portland cement from Jiangnan Onoda was used. Particle size distributions of
these fine materials were measured and shown in Figure 1. The medium diameter (D50) of
SS, GBFS, PC, FGDG and FA were 11.51, 6.58, 11.56, 29.02, and 8.36 μm, respectively.

172



Materials 2023, 16, 2764

 
Figure 1. Particle size distributions of raw materials.

The chemical and mineral compositions of raw materials were measured by X-ray
fluorescence (XRF) and XRD as shown in Table 1 and Figure 2. The main chemical composi-
tion of SS is CaO, followed by Fe2O3 and SiO2, MgO, and MnO. Its mineral composition
includes C2S, Ca2Fe2O5, RO and Ca(OH)2 phases. The alkalinity coefficient of the SS is 1.94
regarded as medium alkalinity according to Mason’s theory [25]. GBFS is composed by
CaO and SiO2, followed by Al2O3 as well as the amorphous phase. Fly ash consists of SiO2,
CaSO4, Ca3Al2O6, etc. The main mineral phases of FGDG were dihydrate (CaSO4·2H2O),
anhydrite (CaSO4) along with calcium carbonate (CaCO3).

Table 1. Chemical composition of raw materials (wt. %).

Materials CaO SiO2 Al2O3 SO3 MgO Fe2O3 Na2O K2O MnO P2O5 LOI

SS 36.46 16.64 5.71 0.24 7.42 21.03 0.29 0.09 6.06 2.14 1.06
GBFS 40.38 30.42 16.74 1.34 7.56 1.24 - 0.43 0.23 0.14 -

PC 62.13 21.75 5.21 1.97 2.09 2.91 - 0.63 0.05 0.16 2.40
FGDG 32.06 1.65 0.80 42.46 0.70 0.20 - 0.08 0.02 0.02 21.59

FA 7.95 46.41 31.18 1.91 1.30 4.97 0.60 0.86 0.08 0.60 2.40

2.2. Preparation and Curing Procedures

The experimental flowchart of this study is shown in Figure 3. The mixture proportions of
SS-based composite cementitious materials are shown in Table 2. The water-to-binder ratio of 0.3
was used. The fluidity of SS-based composite cementitious material is a range of 190–250 mm.
The moulds in sizes of 20 mm × 20 mm × 20 mm and 20 mm × 20 mm × 80 mm were
used for compressive strength and length change measurements, respectively. The raw
materials were premixed, and the paste was mixed by a mixer for 4 min. The paste with
the mould was vibrated by a vibrating machine. After casting, that was placed in a curing
box (20 ± 2 ◦C and RH 95 ± 2%) for 24 h. Then, the cubes were demoulded and cured
in water at 20 ± 1 ◦C until certain periods. At the ages of 3, 7, 14, 28, 56, and 90 days,
parts of the samples were taken out and prepared for compressive strength and length
change tests. Moreover, other parts of the samples were broken into pieces and soaked
in anhydrous ethanol for 24 h [26] to stop the hydration. The sample pieces were dried
in a vacuum oven at 40 ◦C for 24 h. The prepared sample pieces were used for MIP and
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SEM-EDS analysis. Parts of the sample pieces were ground and passed through a 200-mesh
sieve for the XRD test.

  
(a) (b) 

(c)

Figure 2. XRD patterns of (a) SS and GBFS, (b) FGDG and (c) FA.

 

Figure 3. Experimental flowchart of this study.
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Table 2. Mixture proportions (wt. %) of SS-based composite cementitious materials.

Binders SS FGDG PC FA GBFS

SS40 40 13 15 0 32
SS43 43 13 15 0 29

SS40-FA7 40 13 15 7 25
SS40-FA12 40 13 15 12 20
SS50-FA2 50 13 15 2 20

2.3. Test Methods

The hydration heat evolution of SS-based composite cementitious materials was tested
and recorded for 72 h using an isothermal calorimeter (TAM Air). The weight of 1.8 g
of deionized water and 6 g of the binder were used. The slurry was mixed outside and
immediately loaded into the isothermal calorimeter. The temperature was set and stable
at 20 ◦C.

The fluidity of binders was tested according to GBT/2419-2016.
The initial and final setting times were conducted by using a Vicat apparatus according

to the Chinese standard of GB/T 1346-2011.
The compressive strength was measured by a pressure testing instrument (AEC-201

type) with 2.4 KN/s according to JGJ/T 70-2009. The strength value was calculated by
taking the average of at least four cubes. The length change was measured according
to GB/T 29417-2012. The data on length change was collected by a digital comparator
(precision of 0.001 mm). The average value of three cubes was used. The linear expansion
ratio was obtained by calculating the length value at specific periods corresponding to the
initial length value.

The hydration products of pastes were identified by XRD tests. XRD analysis was
performed by a Rigaku-Smart-lab 3000A X-ray diffractometer with Cu Kα radiation at
35 mA and 40 kV. The scanning range is between 5◦ and 70◦ at 5◦ per minute with a step
of 0.01◦.

The pore parameters of samples were measured by using a MIP (Auto Pore V 9600,
Micromeritics). The pressure was 0.1 to 33,000 psi, and the pore size was in a range of 5.48
to 10,000 nm.

The samples were coated with a gold layer for SEM-EDS measurement. The micro-
morphology of samples was observed by a ZEISS instrument (Ultra 55 FESEM) at the
age of 90 days. Elements in the selected micro-regions were determined by the EDS at an
accelerated voltage of 10 kV.

3. Results

3.1. Hydration Heat Evolution and Setting Time

The hydration heat flow and cumulative hydration heat of cementitious materials
are shown in Figure 4. Three exothermic peaks were observed on heat flow curves for
pastes except for the SS50-FA2 group. The first exothermic peak which corresponds to
the dissolution of mineral ions and initial hydration of pastes is not accurate and fully
displayed because of the limitation of the device and mixing way. The first exothermic peak
was followed by an induction period with relatively small amounts of heat release and
a short duration. The duration time shortens with the increase in SS. The heat flow then
begins to enter the acceleration period, and the starting time is ordered by SS50-FA2 < SS43
and SS40 < SS40-FA7 < SS40-FA12.

A high exothermic peak II occurred in the SS50-FA2 paste. Other cementitious ma-
terials show a relatively lower exothermic peak II at around 10 to 14 h. The occurrence
time of peak II is prolonged with the rise of FA content in SS40-FA7 and SS40-FA12 pastes
compared with the SS40 group. The cement is replaced by SS with medium alkalinity,
and the second exothermic peak appears around 10 h [27]. It is inferred that the second
exothermic peak would be caused by the hydration of SS particles based on the high heat
release at peak II for SS50-FA2 paste with a high content of SS.
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(a) (b) 

Figure 4. (a) Hydration heat flow and (b) cumulative hydration heat of SS-based composite cementi-
tious materials.

The peak III appeared in SS40, SS43, and SS40-FA7 pastes after 17 h. SS40-FA12 paste
presents a small peak III after 28 h resulting by a high addition of FA. The third exothermic
peak is considered in relation to the main hydration of active mineral phases of binders as
a result of the formation of C-S-H gel and Ca(OH)2 [28].

The cumulative hydration heat presents about 117.52–152.92 J/g for SS-based compos-
ite cementitious materials, which is lower than Portland cement systems. The cumulative
hydration heat of SS43 paste at 1 and 3 days is slightly higher than that of SS40 paste. The
cumulative hydration heat of SS40-FA7 and SS40-FA12 paste decreased with the increase of
FA compared to SS40 at 1 and 3 days. It has been recognized that FA leads to a lower cumu-
lative heat release than GBFS and Portland cement [29]. The fact that SS50-FA2 paste has a
larger cumulative hydration heat than SS40-FA12 paste shows that SS releases more heat
than FA. It is indicated that the activity of SS is higher than FA in cementitious materials at
an early age.

The initial and final setting times are important indicators of early hydration. The
initial and final setting times of pastes are shown in Figure 5. The initial and final setting
times of pastes are at ranges of 282–348 and 460–512 min respectively, which meets the
requirement of the standard of GB/T 1346–2011 [30]. Compared with SS40 paste, the initial
and final setting times of SS40-FA7 and SS40-FA12 pastes were prolonged by the addition
of FA. SS40-FA12 and SS50-FA2 pastes exhibited similar initial and final setting times. The
proper setting time of steel slag paste facilitates the placement and handling.

Figure 5. Initial and final setting times of SS-based composite cementitious materials.
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3.2. Compressive Strength

Results of the compressive strength of cementitious materials at different ages are
shown in Figure 6. It can be seen that the compressive strength increases as hydration time
increases. The compressive strength of SS40 paste exceeds 60 MPa at 28 days and 80 MPa
at 90 days, while the compressive strength of other pastes exceeds 70 MPa at 90 days. The
SS40 specimen had higher compressive strength values. The continuous hydration of SS
and GBFS increases the amount of C-(A)-S-H gel, which greatly improves the pore structure
of pastes and results in the development of compressive strength.

 
Figure 6. Compressive strength of SS-based composite cementitious materials at different ages.

Compared to the SS40 specimen, SS40-FA7 and SS40-FA12 pastes possessed lower
compressive strength at all test ages because of the addition and the lower activity of FA
in binders [31]. A high rise in compressive strength occurred for SS40-FA7 and SS40-FA12
pastes after 56 days, and the increase ratio is 35% and 29% from 56 to 90 days. It indicates
that the FA plays an advantageous role in the development of compressive strength, due to
the activation of the pozzolanic activity of the FA by the Ca(OH)2 formed in the paste at
later ages. The C-S-H gel formed from the hydration of FA can fill the pores [32], resulting
in a rapid rise in compressive strength at 90 days. The compressive strength of SS50-FA2
paste was higher than that of SS40-FA12 within 56 days, indicating that SS is superior to FA
in the development of compressive strength.

3.3. Hydration Products

The hydration products of all pastes at different ages (up to 90 days) determined by
XRD are shown in Figure 7. It is observed that the phases, of AFt, Ca(OH)2, and various
unhydrated phases including RO, γ-C2S, and gypsum, are produced in cementitious
materials. A stronger intensity of AFt and a relatively weaker intensity of Ca(OH)2 are
exhibited in SS cementitious materials, while amorphous C-S-H cannot be detected.
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(a) (b) 

  
(c) (d) 

 
(e) 

Figure 7. XRD patterns of (a) SS40, (b) SS43, (c) SS40-FA12, (d) SS40-FA12 and (e) SS50-FA2 at
different ages.

When the binders were mixed with water, cement minerals hydrated first and pro-
duced C-S-H gel and Ca(OH)2. The Si-O and Al-O bonds in GBFS, FA [33] and SS particles
are decomposed in an alkaline environment to produce Ca2+, SiO4−

4 and AlO5−
4 , respec-
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tively. These ions can participate in hydration reactions to form hydrated calcium silicate
and hydrated calcium aluminate according to Equations (1) and (2). The latter can react
with SO2−

4 released from FGDG to produce AFt [20], as shown in Equation (3). The skeleton
structure formed by AFt is conducive to the formation of early strength, and the continuous
formation of C-S-H gel and AFt promotes the development of compressive strength.

Ca2++xSiO4−
4 +yH2O → CaO·xSiO2·yH2O (1)

5Ca2+ + 2AlO5−
4 +8H2O → 3CaO·Al2O3·6H2O + 2Ca(OH)2 (2)

3CaO·Al2O3·6H2O + 3CaSO4+26H2O → 3CaO·Al2O3·3CaSO4·32H2O (3)

It can be seen that the diffraction peak intensity of AFt increases and the diffraction
peak of gypsum gradually decreases with the development of hydration time, due to the
consumption of gypsum during the formation of AFt. The disappearance of the gypsum
diffraction peak can be observed in SS40 and SS43 pastes after 28 days. After 56 days, there
were no obvious signs of a gypsum diffraction peak in other cementitious materials. The
higher amount of GBFS in SS40 and SS43 pastes results in faster consumption of gypsum,
which would be caused by a greater hydration reaction between the aluminate of GBFS and
gypsum to produce AFt [34,35]. The gypsum diffraction peak of SS50-FA2 is lower than
that of SS40-FA12 indicating that more steel slag leads to faster consumption of gypsum.

The diffraction peak of γ-C2S decreases with the hydration time. The presence of
CaCO3 would be caused by carbonization, but most of it comes from FGDG. The diffraction
peak of the RO phase remained and exhibited insignificant change up to 90 days.

3.4. Length Variation

The linear expansion ratio of SS-based composite cementitious materials is presented
in Figure 8. All pastes expended and the values of the expansion ratio are less than 0.46%
and cured in water for up to 90 days. There is a rapid increase in the linear expansion ratio
before 28 days and then a steady increase afterward.

 
Figure 8. The linear expansion ratio of SS-based composite cementitious materials under water curing
up to 90 days.
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SS40 and SS43 pastes showed similar length changes, and the linear expansion ratios
are less than 0.25%. It cannot be observed an increase in the expansion ratio up to 90 days
when the amount of SS increases from 40% in SS40-FA12 to 50% in SS50-FA2. The potential
volume instability has been proposed because the reaction between f-CaO and f-MgO in
the SS and water produce Ca(OH)2 and Mg(OH)2 as a result of expansion [36]. The volume
stability of SS cementitious materials exhibited a relatively weak variation with the rise of
SS content up to 50% in this paper.

It can be seen that cementitious materials incorporating FA occurred a larger length
change at 90 days. SS40-FA12 paste exhibited a higher expansion ratio than SS40-FA7 and
SS50-FA2 specimens. The linear expansion ratio rises with the increase in FA content. The
expansion development is dominated by AFt formation in the expansion performance of
cement pastes with FA at early ages [37].

3.5. Pore Parameters

The pore size distribution curves and pore volume fractions of cementitious materials
are shown in Figure 9. Pore sizes smaller than 5.48 nm were not detected due to the
limited method of testing. To gain more insights into the pore structure, the measured
pore size distribution was divided into three size ranges: gel pores (<10 nm), medium
pores (10–50 nm) and large pores (>50 nm) [38]. Table 3 summarizes the pore parameters
including average and median pore diameter as well as the total porosity of specimens at
90 days. In general, the smaller the average pore size, the denser the pore structure, and
the higher the strength [39]. Previous studies have shown that compressive strength is
inversely proportional to the size of the porosity [40,41].

 
 

(a) (b) 

Figure 9. (a) Pore size distribution curves and (b) pore volume fractions of SS-based composite
cementitious materials at 90 days.

Table 3. Pore parameters of SS-based composite cementitious materials at 90 days.

Groups Average Pore Diameter (nm) Median Pore Diameter (Volume) (nm) Porosity (%)

SS40 19.07 27.77 23.61
SS43 23.10 34.35 20.91

SS40-FA7 20.60 31.00 22.84
SS40-FA12 19.19 28.91 23.37
SS50-FA2 18.35 27.29 30.28

The gel and medium pores possess roughly 75%–89% of the volume fractions, meaning
most occurrence pores in specimens (Figure 9). SS40 paste possesses a high-volume fraction
of up to about 72% in the medium pore range, and the proportion of <50 nm pores accounts
for 89%. The SS40 specimen exhibited a lower average pore diameter, and its porosity
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is 23.61%. It is predicted that its small and fine pores contribute to its high compressive
strength (Figure 6). A large proportion of large pores and small porosity occurred in the
SS43 paste. SS40-FA7 and SS40-FA12 specimens present similar pore parameters. A high
fraction of gel pores but a low proportion of medium pores were observed in the SS50-FA2
paste. SS50-FA2 specimen has the smallest average pore size, but the highest porosity
than other pastes. The lowest compressive strength would be mainly attributed to its
high porosity.

3.6. Micromorphology

SEM micrographs of pastes at 90 days are shown in Figure 10. The presence of AFt
needles with a width of around 200 nm and C-(A)-S-H gels was found in all pastes. The
dot-like substances, which may be the initial C-S-H gel [28] were observed in the SS40 paste.
The structure of AFt interlaced with C-(A)-S-H gels occurred in other samples. It can be
observed the spots of net structure with regard to the interconnection between AFt and
C-(A)-S-H in SS40-FA12 and SS50-FA2 samples.

(a) (b) 

(c) (d) 
 

(e)  

Figure 10. SEM images of SS-based composite cementitious materials at 90 days.
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The percentages of Ca and Si atoms as well as Ca/Si and Al/Ca atomic ratios in C-(A)-
S-H of pastes were explored by EDS analysis at 90 days, as shown in Figure 11. The Ca/Si
ratio of C-(A)-S-H gel in cementitious materials is in the range of 1.32–1.84. Relevant works
of literature [42–44] suggest that the Ca/Si of C-S-H for cement-based materials ranges from
1.50 to 2.58. SS cementitious materials exhibit a lower Ca/Si ratio of C-(A)-S-H compared
to cement-based materials. The average silicate chain length of C-(A)-S-H increases with
the decrease in the Ca/Si ratio [45]. Longer silicate chains contribute to the development of
mechanical properties [43].

  
(a) (b) 

Figure 11. (a) Ca and Si atoms percentage, (b) Si/Ca and Al/Ca atomic ratios of C-(A)-S-H.

The Al/Ca ratio of pastes ranges from 0.02 to 0.34, and the average Al/Ca is 0.12
(Figure 11b). Al enters C-S-H mainly through silicic acid chain bridging sites [46], forming
dense C-A-S-H gels [47]. The Al substitutes Si in C-S-H and high Al/Ca provide excellent
mechanical properties [48].

4. Conclusions

In this paper, the high-strength SS-based composite cementitious materials were
prepared by high volume SS (≥40%) along with GBFS, FA, FGDG and less Portland cement.

SS-based composite cementitious materials exhibited a low hydration heat release.
The second exothermic peak before the main peak on the heat flow curves is caused by
the hydration of SS particles. The increase in SS or FA prolongs the initial and final setting
times. The setting times of SS-based composite binders satisfy the requirement.

The SS-based composite cementitious material (40% SS) could obtain a high com-
pressive strength of over 65 MPa at 28 days and 80 MPa at 90 days. The strength value
of >60 MPa is present in the binder with 50% SS at 56 days. GBFS with a higher activity
promotes the hydration reaction and the formation of AFt and C-(A)-S-H gel, thus facilitat-
ing the compressive strength of the binder. The FA performs an advantageous effect on
the strength at later periods. Meanwhile, the SS-based composite binders exhibited good
volume stability.

The main hydration products of SS-based composite binders are AFt and C-(A)-S-H gel,
with less Ca(OH)2. The network structure of the interconnection between the needles AFt
and C-(A)-S-H gel formed, which is conducive to the dense structure. A lower Ca/Si ratio
and a higher Al/Ca ratio of C-(A)-S-H gel formed, which promotes mechanical properties.

Small and fine pores contribute to the high compressive strength of paste with 40% SS,
and a higher SS volume (50%) would lead to an increase in porosity, resulting in a reduction
in the strength of the paste (SS50-FA2).
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The results could provide a reference for the preparation and application of high-
strength steel slag-based composite cementitious materials, which facilitate the efficient
utilization of steel slag.
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Abstract: Textile reinforcements are increasingly establishing their position in the construction
industry due to their high tensile properties and corrosion resistance for concrete applications. In
contrast to ribbed monolithic steel bars with a defined form-fit effect, the conventional carbon rovings’
bond force is transmitted primarily by an adhesive bond (material fit) between the textile surface
and the surrounding concrete matrix. As a result, relatively large bonding lengths are required to
transmit bond forces, resulting in inefficient material utilization. Novel solutions such as tetrahedral
profiled rovings promise significant improvements in the bonding behavior of textile reinforcements
by creating an additional mechanical interlock with the concrete matrix while maintaining the high
tensile properties of carbon fibers. Therefore, simulative investigations of tensile and bond behavior
have been conducted to increase the transmittable bond force and bond stiffness of profiled rovings
through a defined roving geometry. Geometric and material models were thus hereby developed, and
tensile and pullout tests were simulated. The results of the simulations and characterizations could
enable the optimization of the geometric parameters of tetrahedral profiled rovings to achieve better
bond and tensile properties and provide basic principles for the simulative modeling of profiled
textile reinforcements.

Keywords: carbon-reinforced concrete; bond behavior; bond simulation; profiled rovings; pullout
test; 3D scan

1. Introduction

In recent years, the textile concrete sector has increasingly established itself as an
innovation driver in both the construction and textile industries [1]. According to the
forecasts of leading German research institutes, around 20% of today’s reinforced concrete
will be replaced by carbon concrete within the next ten years [2]. Since the start of research
on textile-reinforced concrete in the mid-1990s [3], its development has been pushed
forward continuously and intensively [4,5], and rapid transfer to practice has been ensured
through close cooperation with companies. Interest is growing steadily and networks
for textile-reinforced concrete, such as Composites United-Bau e.V. and Carbon Concrete
Composite (C3) e.V., belong to over 122 companies. The primary areas of application are
plate- and shell-like constructions [6,7], so flat structures made of carbon fibers with a
primarily biaxial structure are of particular relevance.

The bond between rovings and concrete is—similarly to steel-reinforced concrete—mainly
based on three mechanisms: adhesion, mechanical interlock and friction [8–10].

Due to the high load-bearing behavior and small cross-sections required for textile-
reinforced concrete, the bond between the textile reinforcement and concrete matrix is of
great importance. In order to effectively transfer the forces between concrete and textile,
a permanently rigid and non-slip bond is essential, which was severely limited using
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previous impregnation technologies. So far, the bonding forces have only been transmitted
via material-to-material solutions based on the impregnation agents used.

These solutions have been extensively examined and further developed through
numerous research projects and the limits of this technology have been worked out, for
example, within the SFB 528 project [11] and the BMBF project C3 [12]. With the latest
impregnation systems, these limits have a transferable shear flow of up to 40 N/mm.
However, the high impregnating agent content of around 30% by volume results in very stiff
structures. In addition, the bond parameters are still insufficient and require overlapping
lengths of up to 1 m. The results of national and international research groups, as well as
our own preparatory work, show that the profiling of textile reinforcements is essential for
a sufficient mechanical bond and load transmission between textile and concrete [12–16].

The modification of the yarn structure necessary for profiling influences yarn char-
acteristics, particularly in terms of the stiffness and strength properties of the yarn. Due
to deviation or interruption in a linear filament course, tensile properties are reduced by
using common yarn profiling techniques. Moreover, for effective use in concrete structures,
textile reinforcement must absorb the tensile forces to be dissipated even with expansions
of around 0.1–0.2%. Known processes for generating a profiled yarn surface are cabling,
twisting, conventional braiding or the Kemafil process. In all cases, the principle is the
formation of a defined yarn geometry by alternately inserting, intertwining or winding the
individual threads. As a result, this leads on the one hand to an improvement in the fiber
structure inside the yarn and on the other hand, to an improved matrix connection on the
yarn surface [17]. However, the principle-related disadvantage of all of the above methods
is the associated structural expansion when a load is applied for the first time, which is
often in the order of at least 1% elongation and thus represents a clear exclusion criterion
for use as concrete reinforcement. In addition, without special consolidation measures,
such profiled yarns usually have an insufficient dimensional stability in their cross-section.
Especially in the case of core-sheath structures, such as in conventional braiding or Kemafil
technology, this causes the shear structure to slide open and thus leads to a telescoping
structural failure in the concrete bond, which usually occurs early on.

An alternative is a method in which, after yarn and/or textile fabric formation, contour-
shaped fiber polymer composites are produced in a downstream processing step using
polymeric matrix material in combination with thermal processes in the pultrusion pro-
cess [18]. Strong and rigid rods are created, which achieve high bond values by the profiled
geometrics, but can no longer be processed in terms of their textile technology.

For the development of carbon-reinforced concrete (CRC) structures with controllable
and predictable bond behavior based on a defined form-fit effect, profiled rovings with a
patented tetrahedral geometry were developed [19]. Therefore, a new profiling unit for
a continuous production of tetrahedral profiled rovings was developed. The tetrahedral
roving geometry is illustrated in Figure 1.

(a) (b) (c) 

Figure 1. Profiled carbon roving with a tetrahedral geometry: (a) photography; (b) schematic
illustration; (c) schematic cross-section (acc. to [20,21]).

A detailed presentation of the profiling unit as well as the general production process
and the tetrahedral roving geometry is given in [20,21].

Preliminary investigations have shown that due to their profiling technology and rov-
ing geometry, tetrahedral profiled rovings transmit up to 500% higher bond forces [20,21]
compared to impregnated rovings without profiling while maintaining high tensile proper-
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ties. An extensive presentation of the profiling technology and roving properties is given
in [20,21].

The numerical modeling and simulation of the structural–mechanical properties of
textile structures based on the finite element method (FEM) enables their computer-aided
design and design with significantly reduced experimental effort. However, the prediction
quality of an FEM analysis of a textile structure depends heavily on the model, i.e., its
geometry, the material model and the associated boundary conditions as well as the contact
conditions. For this purpose, a large number of models for homogeneous textile structures
has been successfully developed and validated. With macroscopic approaches, the textile
is modeled as a material with homogenized properties [22–25]. Discrete approaches are
based on the representation by yarns, individual fibers or filaments [26–31].

To realize composite-optimized profiled reinforcement yarns, a simulation model for
the geometric and material description of tetrahedral profiled rovings was developed in this
study. It enables the prediction of the structural–mechanical and composite-side properties
in simulated yarn pull and concrete pullout tests. Simulation allows for the selection and
further development of promising roving configurations. In contrast to profile-free rovings,
tetrahedral profile rovings have an inhomogeneous structure, which must be taken into
account when modeling their geometric and material properties. This paper presents
simulative approaches for the generation of realistic geometric and material behavior of
tetrahedral profiled rovings.

2. Materials and Methods

2.1. Rovings with Different Configurations

A carbon fiber heavy tow (CFHT) from Teijin Carbon Europe GmbH (Wuppertal,
Germany) called Teijin Tenax-E STS 40 F13 48 K 3200 tex was selected to investigate the
influence of profiling on mechanical properties. All of the different rovings in this study
were produced with this CFHT. Tensile strength was determined in single yarn tensile tests
according to the ISO 3341 [32,33]. The manufacturers’ specifications are given in [34].

The rovings were impregnated using a polymeric dispersion on an acrylate base, i.e.,
TECOSIT CC 1000 from CHT Germany GmbH (Tübingen, Germany) as an impregnation
agent. The properties of the impregnation agent are given in [21].

The mass content of the impregnation agent (polymer) of the impregnated rovings,
Mimpregnated (in mass %), was determined by a weight comparison of dry and impregnated
rovings according to

Mimpregnated =
mimpregnated − mdry

mimpregnated
· 100% (1)

where mdry is the mass of the dry roving and mimpregnated is the mass of the impregnated
roving (in g).

The fiber–volume content of the impregnated rovings Vroving (in vol. %) was de-
termined by transforming the mass content of the impregnated rovings into a volume
considering the density of single roving components as follows:

Vroving =
mdry · ρ f iber−mimpregnated · ρpolymer

mimpregnated
· 100% (2)

where ρ f iber is the density of the fiber of the dry roving and ρpolymer is the density of the
polymer of the impregnation agent (in g/cm3).

For the development of the material and geometric model of the profiled rovings,
impregnated rovings with different mass contents and, therefore, different fiber–volume
contents and cross-sections, as well as tetrahedral profiled rovings with different profile
configurations, were produced on a continuous working laboratory profiling unit. The
characteristics of the different rovings are detailed in Table 1.
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Table 1. Profile characteristics of different rovings.

Roving
Configuration

Roving Geometry Specimen Illustration Schematic Cross-Section
Dimension of
Cross-Section

Dry yarn Band-shaped
 

Variable
(no internal bond)

Impregnated roving Circular
 

d = 1.8–2.4 mm

Tetrahedral profiled
roving

Light profile ddi f f = 0.8 mm
α = 4◦

Strong profile  
 

ddi f f = 1.0 mm
α = 5◦

The profile of the tetrahedral-shaped rovings is characterized by the difference between
the minimum and maximum diameter in a profile indentation (smallest cross-section) and
the angle of the filament orientation. The angle α is determined as the tangent between the
distance of two neighboring profile indentations (profile spacing t in mm) of the vertical and
horizontal plane (set to 10 mm) and the difference between the minimum and maximum
diameter (dmin and dmax in Figure 1), ddiff, as follows:

α = arctan
(ddi f f

t/2

)
(3)

An impregnated roving with no profile has a circular shape. Due to the different mass
contents and, therefore, different fiber–volume contents, the diameters of the impregnated
rovings without profiles varied between 1.8 mm and 2.4 mm.

To investigate the influence of the fiber–volume content, the consolidation parameters
and profiling on tensile properties for the development of a material model, different
test specimens of impregnated rovings with and without profiling were produced on
the laboratory unit (see Table 2). Therefore, impregnated rovings without profiles and
different fiber–volume contents were produced using different squeezing devices made of
silicon-defined circular punctures (1.5 mm/2.0 mm/2.5 mm/3.0 mm). To investigate the
influence of the consolidation parameters, profiled rovings with intensified consolidation
were produced by reducing the production speed and therefore increasing the consolidation
time using IR radiation according to the setup described in [21]. The tetrahedral profile
varied (light or strong) by changing the vertical distance between the upper and lower
profiling chain.

Table 2. Properties of different rovings.

Roving
Configuration

Parameters

Roving Geometry Impregnation Agent Fiber–Volume Content (%) Consolidation Time (min)

Rovings without profiles

Dry roving Band-shaped – 100 –

Impregnated
roving

Circular tiny

Tecosit

~78

4Circular small ~76

Circular middle ~69

Circular large ~44
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Table 2. Cont.

Roving
Configuration

Parameters

Roving Geometry Impregnation Agent Fiber–Volume Content (%) Consolidation Time (min)

Profiled rovings from laboratory unit with different profiles and impregnation agents

Tetrahedral
profiled roving

Light profile
Tecosit ~74

4

Strong profile 4

10

2.2. Concrete Matrix

Fiber-based reinforcements are often embedded in cementitious matrices with a small
maximum grain size, also called mortars [1,35]. For such fine concrete matrices, compressive
strength and flexural tensile strength are determined according to the DIN EN 196-1 [36]
after 28 days.

For the investigation of bond behavior, a fine concrete dry mix called BMK 45-220-2
was used for the pullout tests at the Institute of Construction Materials (IfB) of TU Dresden.
The detailed composition and properties of the concrete are presented in [21].

2.3. Test Program and Test Setups

To analyze the roving geometry, the impregnated 100 mm long rovings with and
without tetrahedral profiles were digitized by an optical measuring machine using the
GOM ScanCobot in connection with the structured-light 3D scanner ATOS Q 12M MV100
from Carl Zeiss GOM Metrology GmbH (Braunschweig, Germany). This measurement
setup allowed for the accurate and repeatable acquisition of a measurement uncertainty of
1 μm, a maximal divergence of 20 μm and a minimum measuring point distance of 29 μm
per single capturing view. All capturing views were automatically registered through
0.8 mm reference points, while the rovings were surface-treated by an air-dissolving
scanning spray as a matting agent to cover up reflective and transparent surface parts. For
the exact evaluation of the roving geometry, the software Geomagic Wrap from 3D Systems,
Inc. (Rock Hill, SC, USA) and ANSYS SpaceClaim from ANSYS, Inc. (Canonsburg, PA,
USA) were used.

The tensile tests were conducted based on the DIN EN ISO 10618 [32] (see also [33,36]).
The test setup and testing parameters are described in [20,21].

The characterization of the bond between textile reinforcement and concrete is pos-
sible in different ways. However, there is no standardized test method yet. Therefore, a
preliminary test method suitable for single yarn pullout tests was examined, mainly to
understand whether this test method was suitable for investigating profiled yarns.

Single yarn pullout (YPO) tests were conducted at the Institute of Construction Mate-
rials (IfB) at TU Dresden to analyze the characteristic bond–slip behavior of single rovings
with different profile properties (see, e.g., [37]). In this type of experiment, individual
rovings were embedded in cubic concrete blocks. The upper block provided an embed-
ment length of 50 mm in the top roving section. The lower block possessed an increased
embedment length of 90 mm in the bottom roving section for a defined roving fixation.
The concrete cover was 40 mm. The specimens were fixed to an upper and lower speci-
men holder and the pullout force–slip deformation curve was measured by a single-sided
pullout in the upper concrete block with a controlled quasi-static load. The pullout (slip)
deformation was measured by an optical system consisting of laser sensors and aluminum
clips that were fixed to the yarn. The detailed test setup is presented in [21].

2.4. Specimen Manufacture

For microscopic examinations, resonated short roving sections of about 10 mm were
placed in cylinders of 20 mm in diameter. After one day of drying, the front side was
grinded with sandpaper and finally polished.
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For the yarn tensile tests, 450 mm long rovings were cast on each end in a 125 mm
long epoxy resin embedment. Further details are given in [21].

Specimens for the YPO tests were made by embedding single profiled carbon rovings
as well as rovings with no profile in the self-compacting fine-grained concrete BMK 45-220-2
in a cube formwork according to [20,21].

2.5. Modeling and Simulation of Tetrahedral Profiled Rovings

A geometric model and a material model were developed to simulate the tensile and
bond tests of the tetrahedral profiled rovings. The challenge was the realistic representation
of the complex structure of the roving, taking into account the geometric parameters and
the type of impregnation and consolidation. A parametric geometric model was therefore
derived from 3D scans of real profiled rovings.

Due to the profiling and changing roving cross-section with slight deviations in its
linear filament orientation, an inhomogeneous material model was implemented. Therefore,
a correlation between the roving area with respect to fiber–volume content and the tensile
properties was derived by analyzing and testing impregnated rovings with different fiber–
volume contents.

2.5.1. Geometric Model of Tetrahedral Profiled Rovings

In a first step, 3D scans of real impregnated rovings without a profile and tetrahedral
profiled rovings were made. Exemplary illustrations of the different roving configurations
are shown in Table 3.

Table 3. 3D scans of different rovings as the basis for the geometric models.

Roving Geometry 3D Scan

No profile
 

Light profile
 

Strong profile
 

Thus, the strong profiled roving shows a dominant tetrahedral geometry, whereas the
impregnated roving without a profile shows a circular cross-section and a smooth surface
structure. In order to validate the quality of the impregnation as well as the roving cross-
section and roving area, microscopic analyses of different roving sections were made. For
this purpose, cross- and longitudinal sections in profile and transition segments between
neighboring profile indentations were made according to Figure 2.

Figure 2. Schematic cross-sections for the microscopic analysis.

The comparison of the cross-sections of tetrahedral profiled rovings is illustrated in
Table 4. There is a distinctive difference between the roving cross-sections of the profile
segments of light and strong profiled rovings. The strong profiled rovings show a dominant
rectangular cross-section due to the profiling, whereas the light profiled rovings show a
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more quadratic cross-section. The strong profiled rovings have a more significant difference
between their minimum and maximum diameter (~1.0 mm), and according to Equation (3),
a greater angle α (~5◦). Both profiled rovings show a circular cross-section in the transition
area between the neighboring profile segments. The longitudinal cross-section illustrates
the transition and changing diameter along the transition between the horizontal and
vertical profiles of the rovings. The different components of the microsection analysis
(filament—white, polymer—light grey, embedment resin—dark grey, air void—black) are
highlighted in the longitudinal sections.

Table 4. Comparison of the microscopic analysis of different cross-sections of tetrahedral profiled rovings.

Profiled Roving—Cross Section

Profile Segment (Light Profile) Profile Segment (Strong Profile) Transition Segment
 

 
 
 

 

 
 

 

 
 

Profiled Roving—Longitudinal Section (profile and transition segment)
 

 

Filament (white) 

Polymer (light grey) 

Air void (black) 

Embedment resin (dark grey) 

For the purpose of modeling the yarn geometry, a parametric geometry model was
determined, in which the tetrahedral geometry could be adapted by defined parameters.
To approximate the geometric model parametrization by the 3D scans, a superelliptical
function [38] was chosen as a base for the surface modeling of the periodic geometric model
as follows:

(x(s, t)
y(s, t)
z(s, t)

)
=

(±(a
2) · cos(t)(

2
n)

±(b
2) · sin(t)(

2
n)

s

)
f or 0 ≤ s ≤ zper; 0 ≤ t ≤ π

2
(4)

Therefore, a and b describe the maximum axis dimensions of the superellipse in the
x- and y-directions, respectively, while the exponent n influences the general shape. By
varying the exponent n, the rectangular cross-sections of the tetrahedral profiled yarns can
be reproduced as can be seen in Figure 3.

 

Figure 3. Superelliptical curves with varying curvatures (depicted by exponent n, aspect ratio 2).

191



Materials 2023, 16, 2767

To consider a profile progression in dimension with the variable s, trigonometrically
based functions were selected for a and b accordingly:

Profile dimension along y-axis : a(s) = am + sin
(

2π · s
ap

+ ao

)
· ah (5)

Profile dimension along x-axis : b(s) = bm + cos
(

2π · s
bp

+ bo

)
·ah (6)

Therefore, the parameter am describes the offset, ah, the amplitude, ap, the period and
ao, the phase shift of the function (without units). The parameters bm, bh, bp and bo are
used analogously for the profile dimensions along the x-axis. In order to determine the
variation in the profile progression over a period length, the parameters were fitted with
the measured 3D scans. The yarn profiles were determined from equidistant cross-sections
(distance 0.5 mm) along the yarn axis. For each cross-section, a minimum bounding box was
computed to determine the yarn profile in the x- and y-directions. Equations (5) and (6) were
adjusted to the consecutive profile dimensions using a non-linear least squares optimization.
The exponent n was determined by adapting the superelliptical function to contours of
multiple cross-sections. The optimizations were carried out using the toolbox available in
scipy [39]. Finally, the geometric surface was modeled by using Equation (4) (see Figure 4a)
and meshed with hexahedral elements (Figure 4b) for further use in LS-DYNA.

  

(a) (b) 

Figure 4. Parametric geometry models of the profiled rovings. (a) Parametric surface model,
(b) Hexahedral mesh of geometry.

2.5.2. Material Model of Tetrahedral Profiled Rovings

Due to the profile-dependent and thus changing geometric and material properties
along the yarn axis, an inhomogeneous material model for the profile yarns with varying
material parameters along the yarn axes was created. The material parameters are based
on roving tensile tests of impregnated rovings with varied yarn cross-sections and fiber–
volume contents, to approximate the profile-dependent changes in each cross-section.
In Table 5, the microscopic analysis of impregnated rovings with different fiber–volume
contents is compared. For this purpose, the impregnated rovings were produced with
different punctured silicon squeezers (squeezing gap 1.5/2.0/2.5/3.0 mm), defining the
fiber–volume content of the rovings.

Due to the defined squeezing of the impregnated rovings, the fiber–volume contents
of the rovings and, respectively, the roving areas varied. The results presented in Table 5 are
mean values of five test specimens together with exemplary illustrations. As expected, the
fiber–volume content decreased and, respectively, the roving area increased with greater
squeezing gaps from approximately 78 vol. % and 2.3 mm2 (squeezing gap 1.5 mm) to
44 vol. % and 4.1 mm2 (3.0 mm). The impregnated rovings with 1.5 mm and 2.0 mm squeez-
ing gaps thereby show a relatively circular cross-section with a dense fiber arrangement,
whereas the impregnated rovings with a 3.0 mm gap show a deformed cross-section and
relatively loose fiber arrangement with great polymeric accumulation.
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Table 5. Microscopic analysis of impregnated rovings with different fiber–volume contents.

Squeezing gap: 1.5 mm
Fiber–volume content: 78.2%

Roving area: 2.31 mm2

Squeezing gap: 2.0 mm
Fiber–volume content: 76.2%

Roving area: 2.37 mm2

 

 

Squeezing gap: 2.5 mm
Fiber–volume content: 68.6%

Roving area: 2.63 mm2

Squeezing gap: 3.0 mm
Fiber–volume content: 43.8%

Roving area: 4.1 mm2

 
 

 

In order to derive a material model that considers the dependency of tensile properties
and fiber–volume content, the tensile properties of the impregnated rovings with different
fiber–volume contents were determined. Figure 5 shows the resulting correlation between
Young’s modulus based on the roving area and the fiber–volume content of the dry and
impregnated carbon rovings (dots) with a single standard deviation (error bar) and a linear
trend line (dotted line).
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Figure 5. Tensile properties of the dependence of the fiber–volume content of impregnated rovings
(3.200 tex with Tecosit as the impregnation agent) tested acc. to the DIN EN ISO 10618.
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Dry rovings had the highest Young’s modulus of 235 GPa. They furthermore had,
at 100% fiber–volume content, a dry filament area of about 1.81 mm2 and therefore the
smallest area resulting in the highest Young’s modulus based on the roving area. With
decreasing fiber–volume content, the roving area increases, resulting in a reduced Young’s
modulus. Therefore, a linear correlation could be approximated between the data points,
resulting in the following function:

Ef iber−volume−content ≈ 2.15 ∗ Vroving + 15.36 (7)

This correlation was considered in the developed material model of the tetrahedral
profiled rovings by cutting the profiled rovings into 0.1 mm long segments along the roving
axis (see Figure 6a), determining the averaged roving area and resulting fiber–volume
content in each segment and assigning each segment to an averaged fiber–volume content
based on Young’s modulus according to the trend line in Figure 5.

 
 

(a)  (b)  

Figure 6. Detail view of yarn model with (a) Segmented yarn model, (b) Vector field for material
orientation definition.

The deviation in the filaments from the linear course due to the tetrahedral geom-
etry was taken into account by corresponding directional vectors in the material model.
The required vector field was generated from the geometric description in Equation (4)
(see Figure 6b). The tensile properties of each roving segment were correlated with the
corresponding vectors.

The tensile tests of the tetrahedral profile rovings were simulated in LS-Dyna. In
accordance with the tensile tests, the rovings were fixed at one end and a displacement
in the uz-direction was applied to the other end. Figure 7 shows the preset boundary
conditions for the virtual tensile test.

Figure 7. Boundary conditions for simulated tensile test (colors acc. to roving segmentation).

2.5.3. Modeling of the Bond Behavior of Tetrahedral Profiled Rovings

The created FE models of the tetrahedral profiled rovings were transferred to a simula-
tion model of the concrete pullout test. Figure 8a shows an example of the modeled pullout
test setup.

To mesh the concrete volume, fully integrated hexahedral elements were chosen. The
mesh between the roving and concrete was refined with a 3 mm mesh size (Figure 8c).
Since the focus was not on modeling the concrete matrix, an existing, simplified material
approach was used according to [40,41] with the material parameters presented in Table 6.
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(a)  (b)  (c)  

Profiled roving 

Concrete matrix 

Figure 8. Simulated pullout test setup. (a) Schematic setup, (b) Meshed model, (c) Detail view of
model mesh.

Table 6. Concrete material parameters for bond simulation.

Parameter Symbol Value Unit

RO ρconcrete 2.26 g/cm3

A0 f ′
c −101 MPa

RSIZE – 0.03937 In/mm

UCF – 145 Psi/MPa

MXEPS εmax 0.08

Therefore, the parameter ρconcrete describes the density and f ′c , the negative of the
unconfined compression strength. The parameters RSIZE and UCF are needed for the
conversion from imperial units to SI units. The parameter εmax specifies the maximum
principal strain and was added in addition to the previously described material model as a
variable for element erosion.

The concrete body consists of a rectangle with an edge length of 80 mm in length and
width and a height of 50 mm, in the middle of which the geometry of the profiled roving
was cut out, and the profiled roving was set into the mold for the bond simulation. The
contact area is the surface between the profiled roving and the negative in the concrete
mold. The geometry of the profiled roving creates a form-fit-based bond. The mesh of
the two surfaces is designed such that the nodes of the finite element mesh of the profiled
rovings are congruent with the nodes of the concrete body mesh.

In LS-DYNA, the contact was modeled using the *CONTACT_SURFACE_TO_SURFACE
keyword [42]. This model for describing the contact is a two-way contact, i.e., the contact is
tested for penetration in both directions, both on the surface of the concrete body and on
the surface of the profiled roving.

The model is also based on a penalty contact algorithm. For example, if a node of the
profiled roving penetrated the surface of the concrete body, the penetration depth DP was
calculated. A force FN was applied to the node. This penalty force is calculated as follows:

FN = k · DP (8)

Hereby, stiffness was also considered. The stiffness constant k is

k =
fs · AK · K

V
(9)
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where fs is the static penalty factor, AK is the contact area and K is the compressive modulus
of the material with the lowest stiffness. Therefore, K is calculated according to

K =
E

3(1 − 2υ)
(10)

when the penalty force was applied, the node was projected back onto the surface of the
concrete body. The force balance between the nodes of the profiled roving and the concrete
body resulted in a force that acted in the opposite direction of the penalty force on the
concrete body, which absorbed the force. In addition, the node was assigned a friction
force as a product of FN and the material dependent friction coefficient μ (without units)
according to

FF = μ · FN (11)

At this point, the friction coefficient was set to 0.5 on the bases of [43,44].
The friction force simulates the friction-based bond. However, this contact description

body cannot simulate the adhesion between the profiled roving and the concrete.
Figure 9 shows the boundary conditions for the simulated pullout test.

 

Figure 9. Boundary conditions for simulated pullout test (colors acc. to roving segmentation).

3. Results and Discussions

3.1. Geometric Validation of Tetrahedral Profiled Roving Model

By following the previously described approach, models were derived from scans
of the profiled rovings. Based on the optimization, an optimal set of parameters for the
Equations (5) and (6) was found. The resulting parameters are provided in Table 7.

Table 7. Fitted geometric parameters (see Equations (5) and (6)).

am ap ao ah bm bp bo bh n

Unit mm mm 1 mm mm mm 1 mm 1
Value 1.0563 19.9115 −3.4164 0.1995 0.8387 19.7746 −1.9632 0.3611 3.4301

In Figure 10, the fitted curves are compared to the test data by superimposing them.
The graph in Figure 10a shows the curves depicting the dimension in the x- and y-directions.
The local minima of each measured curve lead to an asymmetric curve trajectory, which
therefore could be completely depicted by the trigonometric curves. Since the curves are in
overall agreement, the fit was considered sufficient. From Figure 10b, the yarn cross-section
perpendicular to the yarn axis is shown.
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(a)  (b)  

Figure 10. Comparison of derived roving geometry with experimental data. (a) Comparison of
profile curves, (b) Comparison of hull curves.

3.2. Simulation of the Tensile Properties of Tetrahedral Profiled Rovings

The simulation of a yarn tension test provided the force–strain behavior and the
geometric changes occurring under load. In addition, the influence of the geometric
parameters was analyzed using simulations. Figure 11 shows a comparison of the measured
and simulated force–strain behavior of the strong profiled rovings.

 

Figure 11. Comparison of the measured and simulated force–strain behavior of profiled rovings with
a strong profile.

A good correspondence between the measured and simulated force–strain behavior
was achieved. Furthermore, the profiled rovings showed a generally good tensile behav-
ior in the range of the impregnated rovings without a profile (tensile strength approx.
3.100 MPa, Young’s modulus approx. 210 GPa). A comparison of rovings with different
profile configurations is shown in the diagrams in Figure 12.

Thus, the profiled rovings showed similar tensile properties to the impregnated rov-
ings without a profile, indicating an even load distribution among the single filaments. The
configuration of the profile itself had a minor influence, resulting in about 5% less tensile
properties of the strong profiled roving in comparison to the light profiled roving. The
intensity of the consolidation had an influence on the tensile properties as well. The long
consolidated profiled roving showed a 5% higher tensile strength and Young’s modulus
compared to the profiled roving with a short consolidation.
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(a) (b) 
* in dependence on the net–filament cross-section (A = 1.81 mm²)
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Figure 12. Measured and simulated tensile behavior of different profiled rovings. (a) Young’s
Modulus, (b) Tensile strength.

For the increased tensile properties, it was assumed that a more intensive consolidation
would result in longer and uniform polymer chains and higher impregnation stiffness,
therefore increasing the resistance of the profile against deformation under stress (also
called pliability).

The simulation results significantly correlated to the real tensile tests with a 2–5%
deviation range. Only Young’s modulus of the profiled rovings was about 10% higher than
the real tests. A possible reason for this is the linear approach (see Section 2.5.2) of the
fiber–volume-based tensile properties and deviation of the fitted profile geometry, resulting
in smaller roving areas and, therefore, higher tensile properties.

3.3. Simulation of the Bond Properties of Tetrahedral Profiled Rovings

With the simulated pullout test, the qualitative bond behavior of the different roving
variants could be determined. The average measured (five test specimens each) and simu-
lated bond–slip relationships of the profiled rovings with different profile configurations
as well as the bond strength at 0.5 mm pullout are shown in Figure 13. The bond strength
represents the specific pullout load (in N/mm) and refers to the measured bond force (in
N) divided by the bond length (in mm).

It is clearly visible that the profiled rovings transmit much higher pullout loads than the
impregnated roving without a profile. The strong profiled roving with a long consolidation
achieved a bond strength at about 100 N/mm, an almost 500% higher bond strength
than the roving without a profile. The roving with normal consolidation showed a 20%
decreased bond behavior at about 80 N/mm. A possible reason for this is the mentioned
resistance of the profile against deformation under a load. A higher consolidation increases
resistance and allows for the transmission of higher bond forces. The light profiled roving
showed a bond strength at about 55 N/mm, with 30% smaller bond properties due to the
reduced form-fit effect with the surrounding concrete matrix. Nevertheless, it had 250%
higher bond properties than the impregnated roving without a profile.

Furthermore, the dependence of bond properties on profile configuration shows the
possibility of a predictable design of bond properties through defined profiling. All rovings
showed a similar initial bond stiffness, but in correlation with the maximum bond strength,
the linear rise flattened out eventually. For the restriction of the crack openings in the
concrete structure, the bond strength at the first 1% pullout, which was 0.5 mm in the case
of a 50 mm embedment length, was decisive for the selection and design of the textile
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reinforcement structure. The profiled rovings thus showed a significant increase compared
to the impregnated rovings without profile (see Figure 13b).

(a) Bond strength–pullout curve (b) Bond strength at 0.5 mm pullout 
 Impregnated roving without profile  Light profiled roving  Strong profiled roving 
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Figure 13. Measured and simulated bond behavior of different profiled rovings. (a) Bond-strength–
pullout curve, (b) Bond strength at 0.5 mm pullout.

In general, the simulated bond test showed a very good correlation with the real bond
test. Especially in the initial 0.1–0.8% pullout length, the simulation was very accurate
(± 5%). With increasing pullout, the simulated bond test showed a slightly higher bond
stiffness. Especially in the case of long consolidated profiled rovings, the bond stiffness
was very high, resulting in an early failure. In the case of the profiled rovings with normal
consolidation with strong and light profiles, the simulation showed a good correlation
until 1.0% pullout, but showed a higher bond strength and stiffness. In the case of the
impregnated rovings without profile, a very good correspondence was achieved.

Because only the initial 1.0% pullout is significant, the derived model for the simulated
bond test is suitable for well-founded statements and predictions of the bond behavior of
profiled rovings. Furthermore, the simulation shows the apparent form-fit effect between
the profiled roving and the surrounding concrete matrix, resulting in increased bond prop-
erties. This can be clearly illustrated by an exemplary stress distribution between rovings
(two profile segments) and the surrounding concrete matrix as is shown in Figure 14.

 
Figure 14. Simulated pressure in a concrete matrix (data in N/mm2).

With the developed FE model, pullout tests with different profile configurations were
simulated in order to predict their bond behavior and derive suitable profile geometries.
For example, Figure 15 shows the bond behavior of strong tetrahedral profiled rovings
with a profile spacing of 10 mm and 7.5 mm between neighboring profile indentations.
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Figure 15. Simulated bond behavior of strong profiled rovings with different profile spacings.

Based on the simulated bond test, profile spacing has an evident influence on bond
behavior. On the one hand, a reduction of the profile spacing from 10 mm to 7.5 mm
increased the simulated bond strength from 100 N/mm to almost 140 N/mm (+40%). A
major reason for this is that the 50 mm long embedment length included six instead of
four profile indentations, resulting in an increased mechanical interlock. On the other
hand, the tensile strength of the profiled rovings with reduced profile spacing increased
by 3.800 MPa due to the mentioned correlation between the fiber–volume content and the
tensile properties (see Equation (4) and Section 3.1). A smaller profile spacing results in
more profile indentations and therefore higher fiber–volume content, leading to improved
tensile properties. This correlation has to be validated in further studies on real profiled
rovings with reduced profile spacing.

4. Conclusions

In summary, the presented tetrahedral profiled carbon rovings transmitted up to 500%
higher pullout loads compared to impregnated rovings without a profile. In order to predict
the tensile and bond behavior of profiled rovings and enable a requirement-based design
of textile reinforcement structures, an FE model was derived. For this purpose, a new
geometric and material model was developed for the tetrahedral profiled roving. Based
on 3D scans and microscopic analyses, a realistic and parametric geometric model with
high accuracy was achieved. Due to the profiling and changing roving cross-section with
slight deviations of the linear filament orientation, an inhomogeneous material model was
implemented. Therefore, correlations between the roving area and fiber–volume content,
respectively, and the tensile properties, were derived.

The simulated tensile tests showed a very good correlation with the measured test
results. Nevertheless, the FE model showed slightly higher tensile properties due to the
overrepresentation of the high fiber–volume content in the profile indentations.

In the simulated bond test, a clear correlation with the real test could be achieved,
especially in the initial and most important pullout of about 1.0%. Increased pullouts
showed a slight deviation in bond simulation due to higher stiffness of the roving. Thus,
the simulation was suitable for predicting the bond behavior of the profiled rovings for
concrete applications.

A further parametric study of bond tests with different roving geometries enabled the
prediction of the bond behavior of the profiled rovings with reduced profile spacing based
on well-founded statements.

In summary, it can be stated that this developed geometric and material model of tetra-
hedral profiled rovings is suitable for a simulative design and allows for the prediction of
their tensile and bond behavior. Furthermore, there is potential in the further development
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of roving geometry as well as the profiling process to maximize bond strength and bond
stiffness by optimizing geometric parameters and the consolidation process. Therefore,
extensive further research is planned to find an optimized roving geometry as well as
a method for the targeted adjustment of strength and composite properties through the
defined and variable profiling of carbon rovings in addition to a numerical description of
their bond behavior.
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Abstract: One of the most promising ways to solve the problem of reducing the rate of depletion
of natural non-renewable components of concrete is their complete or partial replacement with
renewable plant counterparts that are industrial and agricultural waste. The research significance of
this article lies in the determination at the micro- and macro-levels of the principles of the relationship
between the composition, the process of structure formation and the formation of properties of
concrete based on coconut shells (CSs), as well as the substantiation at the micro- and macro-levels
of the effectiveness of such a solution from the point of view of fundamental and applied materials
science. The aim of this study was to solve the problem of substantiating the feasibility of concrete
consisting of a mineral cement–sand matrix and aggregate in the form of crushed CS, as well as finding
a rational combination of components and studying the structure and characteristics of concrete. Test
samples were manufactured with a partial substitution of natural coarse aggregate with CS in an
amount from 0% to 30% in increments of 5% by volume. The following main characteristics have
been studied: density, compressive strength, bending strength and prism strength. The study used
regulatory testing and scanning electron microscopy. The density of concrete decreased to 9.1% with
increasing the CS content to 30%. The highest values for the strength characteristics and coefficient of
construction quality (CCQ) were recorded for concretes containing 5% CS: compressive strength—
38.0 MPa, prism strength—28.9 MPa, bending strength—6.1 MPa and CCQ—0.01731 MPa × m3/kg.
The increase in compressive strength was 4.1%, prismatic strength—4.0%, bending strength—3.4%
and CCQ—6.1% compared with concrete without CS. Increasing the CS content from 10% to 30%
inevitably led to a significant drop in the strength characteristics (up to 42%) compared with concrete
without CS. Analysis of the microstructure of concrete containing CS instead of part of the natural
coarse aggregate revealed that the cement paste penetrates into the pores of the CS, thereby creating
good adhesion of this aggregate to the cement–sand matrix.

Keywords: concrete; sustainable concrete; coconut shell; natural coarse aggregate; compressive strength

1. Introduction

The relevance of the ongoing research is due to the environmental agenda and the
economic feasibility of finding new recipes and technologies for building materials in
general, and concrete in particular, that can be used in sustainable construction. The
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concept of sustainable development implies a full cycle of waste disposal that occurs in
various spheres of human activity, enterprise and society [1–3]. Of course, growing fruits
and crops are important aspects of the economies of many countries. These countries, in
their economic development, reflect the need for the development of agriculture but at
the same time all plant production is characterized by an accompanying problem. This
problem is the accumulation of waste of plant origin in the absence or shortage of rational
methods for their disposal [4,5]. This is why modern scientists direct applied as well as
fundamental research to determine the fundamental nature of and, thereby, substantiate
the practical expediency of the applicability of plant waste in other areas of the economy.
One of the most suitable areas for the disposal of plant waste is in building materials
science and the production of building materials [6–12]. At the same time, materials
scientists are faced with the question of studying the fundamental nature of the processes
and physicochemical processes that take place during the formation of the structure and
properties of building materials using plant waste. Of particular difficulty and at the same
level of interest is the determination of the most rational quantities and the degree of
compatibility and effectiveness of the combination of plant wastes in the body of mineral
components of other materials, including concrete [5,13–15]. Recently, the question of
the inconsistency of the concept of sustainable development with this approach of using
natural mineral resources, for example river sand and crushed stone, for the needs of the
construction industry has been increasingly raised [16]. It is becoming promising to develop
technologies that can reduce the rate of depletion of natural non-renewable components of
concrete [4,17,18]. One of the most promising methods to solve this problem is the complete
or partial substitution of the mineral components of concrete with natural renewable plant
analogues that are industrial and agricultural waste; this solves a number of problems for
these industries [14,15,19,20]. However, new renewable materials should not reduce the
strength characteristics of concrete or adversely affect its durability [21].

The promising candidate for partial replacement of the mineral components of concrete
is machined coconut shell (CS), which has good potential to become an alternative to coarse
aggregate in concrete [22–25]. CS is a by-product of the agricultural processing of coconuts.
It is part of the endocarp of the coconut, namely a strong shell that protects the seed from
mechanical stress. A schematic composition of the coconut palm fruit is shown in Figure 1.

Figure 1. The structure of the fruit of the coconut palm.

After harvesting the fruit of the coconut palm and separating the fibrous part (coir)
from the coconut, the CS is mechanically opened and discarded after the pulp has been
removed. Both the burial and incineration of the CS waste are often used; both methods,
as mentioned earlier, are harmful to the environment [5,26]. The use of CS as a partial
or complete replacement for large aggregates in concrete will make it possible to utilize
large volumes of this raw material practically without waste or significant damage to the
environment [27,28]. The process of making coarse aggregate for concrete from CS is shown
in Figure 2.
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Figure 2. Manufacturing process of coarse aggregate for concrete from CS.

Therefore, CS is a natural raw material with a high degree of renewal, which makes it
possible to use it in significant volumes without the risk of depleting it. Additionally, the
application of CS in the composition or reinforcement of materials is presented in a number
of the following works [13,29–48]. The introduction of CS as a component is studied in
detail in [29,30]. It was shown in [29] that using CS as 53% of the fine aggregate was
the most optimal amount and made it possible to obtain concrete with a lower thermal
conductivity (0.59 W/m K) than concrete with the control composition (0.76 W/m TO). The
study in [30] evaluated the permeability of concrete with the introduction of CS as a fine
component. It was established that replacement of up to 50% of the fine aggregate with CS is
rational and makes it possible to obtain good quality concretes with low penetrating quality
(less than 2.7 × 10−11 m/s) and water absorption up to 5%. In the studies [31–35,45], the
authors studied the possibility of using CS as a coarse aggregate in the technology of heavy
concrete. For example, in [31], the authors found that the use of CS in concrete as a coarse
aggregate in an amount of 10–20% “has a negative effect on the strength characteristics
of concrete” and contributes to an increase in drying shrinkage. In one study [32], the
authors estimated the strength properties of concrete with partial replacement of coarse
aggregate with CS. It was found that CS concretes have a moderate permeability to chloride
ions. In the works [33–35,45], the authors reported that the inclusion of CS in heavy
concrete in rational quantities made it possible to produce concrete without deteriorating
performance. In [13,36–40], lightweight concretes with the addition of CS were studied. In
study [36], it was found that with an increase in the CS content, the density and strength
of lightweight structural concrete decreased. In [37], the authors studied the properties of
high-strength lightweight concretes with crushed CS as a coarse component and found
that the use of this aggregate in rational amounts made it possible to obtain high-strength
lightweight concretes with characteristics in terms of compressive strength, elastic modulus
and tensile strength in splitting that were approximately equal to the concretes of the control
composition. In [38], lightweight self-compacting concretes with 75% CS content showed
good results in properties such as water absorption, sorption capacity and resistance to
chloride penetration, which were comparable to the results for concretes of the control
composition. The results obtained in studies [13,39] prove the possibility of using CS waste
as an aggregate in the technology of lightweight structural concrete without significant
deterioration in the properties of these concretes at rationally selected amounts of the CS
waste and the other concrete components.

In [41–47], the behavior and properties of various reinforced concrete elements made
using CS were studied. For example, in [41], the authors produced and studied two series
of reinforced plates for manhole covers that were 600 × 600 × 100 mm in size. One series
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of covers was made on normal concrete and the second series was made on concrete with
CS. Additionally, steel fibers and microsilica were added to the concrete mix. The test
results showed that the performance characteristics of concrete caps with coconut filler were
approximately comparable with those of conventional concrete caps, meeting the regulatory
requirements and being suitable for use. In [42], the authors proved the possibility of using
concrete beams containing a 5% replacement of coarse CS and a 10% replacement of part
of the cement with coconut ash as an alternative to traditional reinforced concrete beams.
In [43], the characteristics of plastic shrinkage and the deflection of concrete slabs with
different CS contents were studied. It was found that in slabs with CS there was a decrease
in plastic shrinkage cracking; however, at the same time there were deformability increases
compared with slabs made of ordinary concrete.

Summarizing the literature and analyzing the references devoted to research on the
use of coconut shell in concrete, specific research scientific problems can be identified. One
of the main problems is the lack of clearly formulated mechanisms and explanations of
the physical and chemical processes that occur during the formation of the structure of an
organo-mineral composite, including a cement–sand matrix and a coconut shell aggregate,
from the fundamental and applied point of view. Such a generalizing experience will be
extremely useful for forming a new scientific and technical basis for future research, as well
as for applied developments carried out by engineers and concrete factories, especially in
interested countries with a large amount of coconut waste.

The above brief review shows that the use of coconut shell as a replacement for part
of the coarse filler is an interesting and relevant scientific problem. However, there is a
gap in this area. The processes of the formation of the structure of concrete containing
coconut shells has not been studied enough. The strength characteristics of concrete and
the optimal compositions of the concrete mix have not been quantitatively evaluated.
Thus, the scientific novelty of the study lies in the establishment of new dependencies and
relationships of a fundamental and applied nature that occur during the formation of the
structure and properties of an artificial organo-mineral conglomerate—a coconut shell in
the body of a cement concrete matrix. These new dependencies and relationships are the
chains we have obtained:

− “the composition of the conglomerate—the microstructure of the boundaries of the
phases of the conglomerate”. The macrostructure of the conglomerate—the properties
of concrete. The applied methodological and phenomenological approaches made it
possible to provide a high degree of verification of the results. These approaches are
primarily characterized by the observance of the fundamental principle of materials
science “composition—structure—properties”, as well as the determination of the
most characteristic, relative indicator for non-standard concretes—the coefficient of
constructive quality.

In this study, the scientific hypothesis is the possibility of obtaining high-quality build-
ing concrete consisting of a mineral cement–sand matrix and aggregate in the form of plant
waste, namely crushed CS. The aim of the study is to solve the problem of substantiating
the feasibility of such concrete, as well as to find a rational combination of components and
study the structure and characteristics of concrete with CS as a replacement for coarse ag-
gregate. Thus, two research problems are solved. Fundamental—study of the mechanisms
of structure formation and the formation of properties of concrete using CS. Applied—
searching for a rational combination of components and identifying the influence of various
recipes and technological factors on the structure and properties of concretes based on CS
and, thereby, finding the optimal value of the ratio of concrete strength to its density when
using the maximum possible amount of plant waste (in the form of CS) as an aggregate in
concrete.

The practical significance of the study thus lies in obtaining an important performance
indicator of the proposed concrete, which can be used in the calculations and design of
lightweight coco-concrete eco-structures.
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2. Materials and Methods

2.1. Materials

Portland cement CEM I 42.5N (CEMROS, Stary Oskol, Russia), which does not contain
additives, was used as a binder for the manufacture of prototypes. The main characteristics
and mineralogical composition of the Portland cement used in the study are presented in
Tables 1 and 2.

Table 1. Physical and mechanical characteristics of Portland cement.

Property Value

Specific surface area (m2/kg) 338

Soundness (mm) 0.5

Fineness, passage through a sieve No 008 (%) 98.1

Setting times (min)

-start 165

-end 230

Compressive strength (MPa):

-2 days 18.5

-28 days 49.2

Table 2. Mineralogical composition of Portland cement.

Mineral Content (%)

C3S (alite) 66

C2S (belite) 14

C3A (tricalcium aluminate) 8

C4AF (tetracalcium aluminoferrite) 12

Table 2 data provided by cement manufacturer. Fine aggregate is represented by sand
(LLC “DON-RESURS”, Kagalnik, Russia). The characteristics of the fine aggregate are
shown in Table 3.

Table 3. Grain composition and physical characteristics of sand.

Residues on
Sieves (%)

Sieve Diameter (mm) Fineness
Modulus2.5 1.25 0.63 0.315 0.16 <0.16

Partial 1.5 2.0 10.5 50.5 34.0
1.5 1.82

Total 1.5 3.5 14.0 64.5 98.5

Bulk density (kg/m3) 1464

The content of dust and clay particles (%) 0.3

Content of clay in lumps (%) 0.1

Organic and contaminant content No

Crushed sandstone (RostMed, Kamensk, Russia) and CS (Auriki Gardens, Yaroslavl,
Russia) were used as natural coarse aggregates. The shell was stored in a dry, ventilated
room at an air temperature of 25 ◦C and a humidity of 65% for at least 48 h before use. The
characteristics of crushed sandstone are presented in Table 4 and those of CS in Table 5.
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Table 4. Characteristics of crushed sandstone.

Indicator Title Actual Value

Particle size (mm) 5–10

Bulk density (kg/m3) 1397

Apparent density (kg/m3) 2548

Resistance to fragmentation (wt.%) 12.6

The content of lamellar and acicular grains (wt.%) 9.1

Voids (%) 45

Table 5. Characteristics of CS filler.

Indicator Title Actual Value

Particle size (mm) 5–10

Moisture content (%) 4.6

Water absorption (%) 26.1

Bulk density (kg/m3) 592

Apparent density (kg/m3) 1082

A general view of the CS used to make the samples is shown in Figure 3.

 

Figure 3. Appearance of the applied CS.

The superplasticizer Poliplast-SP1 (LLC Poliplast-South, Krasnodar, Russia) was used
as a plasticizing additive. This additive is a dark brown aqueous solution with a density of
1.17 g/cm3 and pH 8 ± 1.

2.2. Methods

The designs of the concrete mixture of the control composition and the mixtures with
different CS contents are compiled in Table 6.
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Table 6. Concrete Mix Design.

Composition
Type

Concrete Mixture Proportion per 1 m3

Portland
Cement
(kg/m3)

Water
(L/m3)

Crushed
Stone

(kg/m3)

Coconut
Shell

(kg/m3)

Sand
(kg/m3)

Poly-Plast-
SP1
(%)

Density
(kg/m3)

[49]

Slump
(cm)
[50]

0 CS 340 195 1002 0 690 0 2227 8.4

5 CS 340 195 952 21 690 0 2198 8.3

10 CS 340 195 901 43 690 0.5 2169 7.9

15 CS 340 195 851 64 690 1.0 2140 7.7

20 CS 340 195 801 85 690 1.0 2111 7.6

25 CS 340 195 751 106 690 1.0 2082 6.8

30 CS 340 195 701 128 690 1.5 2053 6.7

The choice of the proportions of the concrete mixtures (water–cement ratio, percentage
of CS and other parameters) was based on the concrete compositions already selected by us
in previous works [14,15] and the works of other authors [33,34,46], with their adjustment
related to the properties of the components used [51].

With the partial replacement of natural coarse aggregate with coconut shell, the water
demand of the concrete mixture increases due to the greater porosity of the structure of the
organic component [52]. Accordingly, the slump of the mixture decreases with increasing
coconut shell content. Therefore, to maintain the same workability for all mixtures, a
superplasticizer was used in the study.

Freshly made sample cubes and prisms of concrete are shown in Figure 4.

  
) b) 

Figure 4. Freshly made concrete samples: (a) cubes; (b) prisms.

The manufacture of concrete mixtures and laboratory samples was developed in the
following sequence: measurement of the quantities of the raw materials and preliminary
mixing of these components in dry mold; the inclusion of mixing water with a plasticizing
additive; mixing the mixture until homogeneous; laying the mixture in molds; vibrating
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molds for 60 s. The finished samples were kept for 1 day and removed from the molds.
Then, these samples were kept for 27 days in a normal hardening chamber at a temperature
of 20 ± 2 ◦C and a relative air humidity of 95% [53].

For the manufacture of concrete mixtures and concrete samples, the following techno-
logical equipment was used:

− Laboratory concrete mixer BL-10 (ZZBO, Zlatoust, Russia);
− Laboratory scales HT-5000 (NPP Gosmetr, St. Petersburg, Russia);
− Cube shape 2FK-100 and beam shape FB-400 (RNPO RusPribor, St. Petersburg, Russia);
− Normal hardening chamber KNT-1 (RNPO RusPribor, St. Petersburg, Russia).

The program of experimental research is shown in Figure 5.

Figure 5. Mechanical test program.

The assessments of the compressive strength and bending strength (four-point) were
produced in accordance with document [53], the requirements of which correspond to the
main regulations regarding the manufacture and testing of concrete samples given in the
following European regional standards [54–58].

Prism strength was determined in accordance with document [59], corresponding to
the main regulations given in ASTM C1314-23 “Standard Test Method for Compressive
Strength of Masonry Prisms”.

The compressive strength was calculated by Formula (1):

R = α
F
A

(1)

where F is the breaking load (N), A is the area of the working section of the sample (mm)
and α is the scale factor (for cubes with a rib size of 100 mm it is equal to 0.95).

The process of determining the compressive strength, bending strength and prismatic
strength of the samples is presented in Figures 6–8, respectively.
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a) b) 

Figure 6. Compressive strength testing of concrete specimens: (a) specimen before failure; (b) sample
at the time of destruction.

 

Figure 7. Four-point bend test setup.

  
a) b) 

Figure 8. The process of testing concrete specimens for prismatic strength: (a) sample before failure;
(b) sample at the time of destruction.
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The bending strength was calculated by Formula (2):

Rtb = δ
Fl
ab2 (2)

where l is the distance between the supports (mm), a and b are the width and height of the
cross section of the prism, respectively, and δ is the scale factor (for cubes with a rib size of
100 mm it is equal to 0.92).

Prism strength was calculated by Formula (3):

Rpr =
F
A

(3)

The density of hardened concrete was determined according to [60]; the main provi-
sions of which are in accordance with EN 12390-7:2019 “Testing hardened concrete—Part 7:
Density of hardened concrete”.

The density was calculated using Formula (4):

ρw = 1000
m
V

(4)

where m is the mass of the sample (g) and V is the sample volume (cm3).
The coefficient of constructive quality (CCQR) determined by compressive strength R

was calculated by Formula (5):

CCQR =
R
ρ

(5)

where R is compressive strength (MPa) and ρ is the density of hardened concrete (g/cm3) [61,62].

3. Results and Discussion

3.1. Study of the Physical and Mechanical Characteristics of Concrete

The effects of the partial replacement of natural coarse aggregate with organic CS
aggregate on concrete density (ρ), compressive strength (R), prismatic strength (Rpr) and
flexural strength (Rtb) are shown in Figures 9–12, respectively.

 

Figure 9. Relationship of concrete density with the proportion of CS.
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Figure 10. Relationship of concrete compressive strength with the proportion of CS.

 
Figure 11. Relationship of the prism strength of concrete with the proportion of CS.

 
Figure 12. Relationship of concrete flexural strength with the proportion of CS.
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Alterations in the characteristics of concrete depending on the proportion of CS in-
troduced to substitute a part of the natural coarse aggregate are shown in Table 7 and are
presented as a percentage compared with the control composition.

Table 7. Change in the characteristics of concrete (Δ) in %, depending on the amount of CS replacing
natural coarse aggregate in %.

Characteristics of Concrete
Δ in % with Coarse Aggregate from Coconut Shell; % by Volume of Coarse Aggregate

0 5 10 15 20 25 30

Density (kg/m3) 0 −2.0 −3.0 −4.2 −5.5 −7.4 −9.1

Compressive strength (MPa) 0 4.1 −4.7 −12.6 −25.2 −34.2 −39.5

Prism strength (MPa) 0 4.0 −4.7 −13.3 −23.7 −34.9 −41.4

Bending strength (MPa) 0 3.4 −3.4 −15.3 −23.7 −33.9 −40.7

The dependencies shown in Figures 9–12 are approximated by polynomial Func-
tions (6)–(9) of the following form:

ρ = −6.407 x + 2215, R2
d = 0.991 (6)

R = 36.570 + 0.7053 x − 0.112 x2 + 0.00328 x3 − 2.848 × 10−5 x4, R2
d = 0.997 (7)

Rpr = 27.87 + 0.5125 x − 0.0846 x2 + 0.00262 x3 − 2.667 × 10−5 x4, R2
d = 0.997 (8)

Rtb = 5.902 + 0.1324 x − 0.02248 x2 + 0.000804 x3 − 9.697 × 10−6 x4, R2
d = 0.998 (9)

Equations (6)–(9) show the high level of the determination coefficient R2
d. The eval-

uation of the coefficients of the regression equations in the form of Equations (6)–(10)
was carried out using the least squares method. The assessment of the significance of the
regression equation as a whole was carried out using the Fisher test with the F-criterion at
a significance level of α = 0.05. In this case, the null hypothesis (H0) is put forward: the
regression coefficient is zero (b = 0); therefore, the factor x does not affect the result y and
the regression line is parallel to the x-axis. For all equations, the regression coefficients are
significant with a high degree of confidence.

From Figure 9 and Table 7, it can be seen that with an increase in the percentage of CS as
a replacement for coarse aggregate, the density of the concrete decreases. The dependence
of the change in concrete density on the percentage of CS content is almost linear.

By analyzing the results presented in Figures 10–12 and Table 7, it was established that
the highest compressive strength, prismatic strength and bending strength were determined
for composition of concrete with a CS content of 5% (which was used instead of a part of
the natural coarse aggregate). In comparison with the control composition, the enlargement
in the compressive strength was 4.1%, the prismatic strength grew by 4.0% and the bending
strength increased by 3.4%. This slight increase in strength properties takes place on the
basis of the natural properties of CS. Due to its rough and porous surface, the CS introduced
as a replacement for part of the natural aggregate has a fairly high degree of adhesion to the
mortar part and acts as an additional sealing component in the cement–sand mortar coarse
aggregate. During the production of the concrete mixture, the CS absorbs a small amount of
water; then, in the process of the hardening of the cement composite, this water is used as a
reserve and the hydration process is more intensive at the phase boundaries [52]. Almost
all cement particles enter into a hydration reaction and additional crystallization centers
are formed, which, in turn, increase the adhesion strength of CS with the components of
the concrete mixture. This is also in good agreement with other studies [33,34,52,63,64].
However, this effect is not so significant, and further increases in the CS content of concrete
have no effect and the strength characteristics decrease, which is confirmed by the results
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of our experimental studies and in [33,63]. With the introduction of 10% CS, the drop in
strength characteristics is not so significant. The compressive strength decreased by 4.7%,
the prism strength decreased by 4.7% and flexural strength decreased by 3.4%. With the
introduction of 15–30% CS significant losses in strength characteristics are observed. Thus,
the introduction of more than 10% CS instead of a part of the natural coarse aggregate
already leads to significant strength losses from 13 to 42%. The drop in the strength
characteristics of concrete with the introduction of more than 5% CS is associated with the
characteristics of this material. CS has a significantly lower strength than natural coarse
aggregate and is also a lighter material. Therefore, the use of CS in the technology of heavy
concrete will inevitably lead to a decrease in the strength characteristics [31–35,46,63,64].

Analyzing the obtained dependences of the strength of concrete on the content of
coconut shell in the concrete mixture, the following should be noted. The change in
the strength is largely due to the rate of water absorption of the coconut shell and the
physical and mechanical characteristics of the shell. Coconut shell as a whole has average
characteristics that have been determined experimentally and theoretically; at the same
time, there is some difference in the characteristics of specific types of nuts and shells. Thus,
a factor may arise that should be learned to manage and regulate it. Thus, the conducted
experiment is also useful from the point of view of the analysis of the shell itself as a
component of concrete. A very important factor in controlling the strength of concrete is to
control the characteristics of the shell from the point of view of preventing increased water
absorption of the coconut shell, which can lead to an increase in the water demand of the
concrete mixture and, in the case of an excessively low water demand for the coconut shell,
there may be a risk of surface underwetting and hence problems for the adhesion of the
shell to the composite matrix. Thus, this factor is one of the main ones and deserves special
attention.

However, due to its lower density, CS leads to a decrease in the weight of concrete,
which contributes to an increase in the CCQ of concrete. The values of the structural quality
factors for concrete with different CS contents are shown in Figure 13.

 
Figure 13. Change in the CCQ of concrete depending on the content of CS.

The dependency of the CCQ shown in Figure 13 is approximated by polynomial
Function (10) of the following form:

CCQR = 0.0164 + 0.000468 x − 7.97 × 10−5x2 + 3.39 × 10−6 x3 − 4.885 × 10−8 x4, R2
d = 0.998 (10)

From Figure 13, it follows that the best value for the coefficient of structural quality is
also concrete with a CS content of 5% (up to 6% more than that of the control composition
concrete). The CCQ values of the control composition concrete and concrete with 10% CS
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are approximately equal, which confirms the range of effective percentages of CS obtained
in the study of the strength characteristics of concrete.

After analyzing the test results, we can say that the use of up to 10% CS instead
of a part of natural coarse aggregate is justified and does not lead to significant loss of
strength characteristics. The value of the compressive strength when replacing natural
coarse aggregate with 5% CS was 38.0 MPa, it was 34.8 MPa at 10% CS, for prismatic
strength—28.9 MPa at 5% CS and 26.5 MPa at 10% CS and for bending strength—6.1 MPa
at 5% CS and 5.7 MPa at 10% CS.

Above 10% CS, the compressive, flexural and prismatic strengths begin to decrease
significantly. When the content of CS is in a percentage from 15% to 30%, the loss of
compressive strength ranged from 13% to 40%, the loss of prismatic strength ranged from
13% to 42% and the loss of bending strength ranged from 15% to 41%.

3.2. Analysis of the Microstructure of Concrete Samples

Figures 14 and 15 show images of the microstructure of concrete samples with 5%
CS content. Figure 14 shows sections of the phase boundary “natural coarse aggregate—
cement-sand matrix”, and Figure 15 shows sections of the interface “aggregate of organic
origin—cement-sand matrix”.

  
a) b) 

Figure 14. Photographs of the microstructure of the sample illustrating the phase boundary “natural
coarse aggregate—cement-sand matrix”: (a) 500×; (b) 2000×.

At the phase boundary “natural coarse aggregate—cement-sand matrix” shown in
Figure 14, there are areas of accumulation of CSH and microcracks. A distinctive feature is
that the cement–sand matrix envelops the grain of natural coarse aggregate (Figure 14b).
In Figure 15, which illustrates the section of the phase boundary “aggregate of organic
origin—cement-sand matrix”, one can also see accumulations of calcium hydrosilicates
(CSH) and microcracks. Figure 15b clearly illustrates the porous structure of the CS, into
which the cement paste penetrates, thereby creating the good adhesion of this aggregate
into the cement–sand matrix. Due to the rough and porous surface, CS particles have a high
coefficient of adhesion to the cement–sand matrix of concrete, which significantly compacts
the material at the interface “aggregate of organic origin—cement-sand matrix”. In addition,
due to the absorption of a small amount of water by CS particles during the hardening of
the composite, the hydration at the phase boundaries proceeds more intensively. These two
factors allow, at certain small percentages of such an organic aggregate, the maintenance
of the strength characteristics of concrete at approximately the same level as ordinary
concrete by compensating for the lower strength characteristics of coconut shell compared
with natural coarse aggregate. The drop in the strength characteristics of concrete with
the introduction of more than 5% CS as a replacement for part of the natural coarse
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aggregate is associated with the characteristics of the CS. CS has a significantly lower
strength compared with natural coarse aggregate and is also a lighter material, which, at
high shell amounts (more than 10%), leads to a significant decrease in the strength of the
concrete [31–35,46,63,64]. This makes it possible to involve almost all cement particles in
this process and create additional crystallization centers that increase the adhesion strength
of CS particles with the cement–sand matrix of concrete, which is in good agreement with
the studies reported in [33,34,63,64].

  

a) b) 

Figure 15. Photographs of the microstructure of the sample illustrating the phase boundary “aggre-
gate of organic origin—cement-sand matrix”: (a) 500×; (b) 2000×.

Summing up the results of experimental studies, it is necessary to discuss the results
obtained. As mentioned above, when establishing rational recipe technological factors
and identifying the optimal amounts, it is possible to obtain high-quality concrete using
CS as an aggregate. This confirms our working hypothesis that was put forward above;
the confirmation of this hypothesis is in good agreement with the works of other authors,
namely [33,34,63,64]. In this study, the optimal percentage for replacing a part of the coarse
aggregate with CS is considered to be an amount of up to 10%. For example, in [33,63],
an amount of CS up to 10% was also optimal. This makes it possible to obtain concrete of
the required quality without a significant loss of strength. In [34], the authors managed to
obtain concrete without a deterioration in performance with 15% of CS introduced instead
of part of the coarse aggregate. Additionally, in [64], based on the results of experimental
studies, it was established that it is possible to use up to 20% of CS instead of part of the
natural coarse aggregate without a significant deterioration in strength characteristics. In
our study, the increase in the obtained characteristics was 4.1% for compressive strength,
the density decreased to 9.1% and the CCQ increased by 6.1% compared with the control
sample. In [19,20,42], the compressive strength decreased to 25% and the density decreased
to 7%; the indicator of CCQ also decreased. In [65], the values of the CCQ varies from
0.00989 to 0.01950 for fine-grained concrete depending on the cement type and the amount
of microsilica added, which is comparable with the CCQ values in the current study.
In [66], the authors managed to increase the CCQ of lightweight concrete from 0.0252 to
0.0331, which exceeds the CCQ values in the current study. The bending strength values
in [48], expressed as a percentage of the compressive strength (16.42% and 17.53%), are
comparable with the values obtained in the current study (15.7–16.5%). Moreover, the
drops in density and compressive strength in the current study (9.1% and 42%, respectively)
were greater than in [33] (7.5% and 22%, respectively), which may be due to differences in
the proportions of the mixture and the density of the control composition of concrete, as
well as in the characteristics of the coconut shell.
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It should be noted that at optimal amounts of CS, an important aspect is not only a
slight increase in the strength characteristics but also, to some extent, maintaining them
at the same level, provided that the density of concrete is simultaneously reduced. This
is achieved through the same mechanism that occurs by replacing a heavy and dense
aggregate with a light aggregate of plant origin [67]. Reducing the density of the aggregate
automatically leads to a reduction in the weight of the concrete, and this is a great advantage
for the concrete created on this basis. Concrete with a carefully selected amount of CS
(up to 10%) has strength characteristics that are comparable with ordinary concrete and
can be used when high requirements for long-term characteristics are not imposed on
the concrete [68,69]. It should be noted that we are the first to propose evaluating the
feasibility of such replacements using the parameter “coefficient of constructive quality;
other researchers have evaluated the effectiveness of introducing CS into concrete in terms
of an absolute indicator such as an increase in strength.

In addition to the obvious advantages of the new concrete, namely its environmental
friendliness and economy, we would like to emphasize the features of the structure for-
mation of such concrete. We have carried out studies at the micro and macro levels that
confirmed the good joint work of the cement–sand matrix and aggregates of plant origin.
At the macro level, the effectiveness of such a recipe and such a composition of concrete
is confirmed by good strength characteristics. At the micro level, as can be seen in the
photographs of the microstructure, the cement–sand matrix–CS grain interface has good
adhesion and there is no or little microcracking. This confirms the good joint work and
the high degree of adhesion of the aggregate with the cement–sand matrix, which provide
good properties for the resulting concrete. It should be noted that the shell is similar to
natural crushed stone and has a rough, angular structure that contributes to the creation
of a more developed surface and, thereby, good joint work between the aggregate and
the cement–sand concrete matrix. Thus, both practically (at the level of test results) and
fundamentally (at the level of structure formation processes), with the help of micro- and
macro-approaches, the effectiveness of the developed concrete composition is confirmed.

4. Conclusions

The formulations of concrete mixtures with different CS contents were developed and
tested. The main characteristics, such as density, compressive strength, bending strength
and prism strength, as well as the coefficient of constructive quality of concretes, were
investigated. The study used normative tests and scanning electron microscopy.

It was established that the density of concrete decreases with an increase in the CS
content. The best strength characteristics of concrete were recorded at a CS percentage
of 5%, which replaced a part of natural coarse aggregate by volume. The effectiveness
of the introduction of CS into concrete was also evaluated in terms of the “coefficient of
constructive quality”, which showed the ratio of the strength of the material to its density.
Its highest values were recorded when the CS percentage was 5%.

An analysis of the microstructure of concrete containing CS instead of part of the
natural coarse aggregate showed that the cement paste penetrated into the pores of the CS,
thereby creating good adhesion of this aggregate to the cement–sand matrix. This factor, at
small percentages of CS (up to 10%), compensates for the lower strength of CS compared
with natural coarse filler; therefore, the strength of the composite does not significantly
decrease.

CS contents in concrete of up to 10% are the most rational; a further increase in the
content of CS inevitably leads to a significant drop in strength characteristics in comparison
with concrete without CS.

The continuation of this research is planned in the direction of studying the complex
partial replacement of the binder and aggregates in concrete with vegetable waste and the
use of natural fibers as a reinforcing element, as well as the design and manufacture of
more environmentally friendly and economical structures from such concretes.
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Abstract: In engineering practice, one can often encounter issues related to optimization, where the
goal is to minimize material consumption and minimize stresses or deflections of the structure. In
most cases, these issues are addressed with finite element analysis software and simple optimization
algorithms. However, in the case of optimization of certain structures, it is not so straightforward. An
example of such constructions are bubble deck ceilings, where, in order to reduce the dead weight,
air cavities are used, which are regularly arranged over the entire surface of the ceiling. In the case
of these slabs, the flexural stiffness is not constant in all its cross-sections, which means that the use
of structural finite elements (plate or shell) for static calculations is not possible, and therefore, the
optimization process becomes more difficult. This paper presents a minimization procedure of the
weight of bubble deck slabs using numerical homogenization and sequential quadratic programming
with constraints. Homogenization allows for determining the effective stiffnesses of the floor, which
in the next step are sequentially corrected by changing the geometrical parameters of the floor and
voids in order to achieve the assumed deflection. The presented procedure allows for minimizing the
use of material in a quick and effective way by automatically determining the optimal parameters
describing the geometry of the bubble deck floor cross-section. For the optimal solution, the concrete
weight of the bubble deck slab was reduced by about 23% in reference to the initial design, and the
serviceability limit state was met.

Keywords: lightweight structures; bubble deck concrete slabs; numerical homogenization; weight
minimization; sequential quadratic programming

1. Introduction

Over the last few decades, concrete structures, in particular prefabricated reinforced
concrete structures, have gained popularity and found wide application in many construc-
tion sectors around the world [1]. They are used not only in industrial, commercial, or
residential facilities, but also in infrastructural construction. Prefabricated reinforced con-
crete elements, among others, mainly include columns, foundation footings, and retaining
walls, as well as prefabricated walls with window and door openings. However, the most
commonly used prefabricated concrete elements are girders and floor slabs [2].

This type of construction has numerous advantages, including: (a) saving formwork,
(b) high durability and resistance of the structure, (c) high strength, (d) short construction
time, (e) quality standards, and (f) reducing the amount of work on construction sites. In
addition, prefabricated structures can be shaped in many ways using modern technologies
and adapted to local conditions that occur in the designed facilities. Moreover, during
the production stage, it is possible to make cuts and openings which allow for carrying
out installation, e.g., pipes or cables after mounting the element at the site. It is extremely
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important to have already planned and anticipated all required openings in the design
stage. On the other hand, prefabricated elements also have disadvantages. One of the
main disadvantages is their cost, which consists of production, transport, and the need
for cranes for their assembly [3]. However, the latter is not a problem, because on large
construction sites, in which such structures are used, heavy equipment is available to
unload and assemble them.

The main idea of the floor technology has remained unchanged in its general concept
for years. Each type of ceiling should meet specific requirements that determine the
selection of the appropriate structure and technology [4]. Technical requirements, including
thermal and acoustic insulation, adequate strength, stiffness, fire resistance, and durability,
have the greatest impact. Another important aspect is economic requirements, which
include minimization of costs during construction and the project design stage. In the case
of large spans between supports, prefabricated floors are used. The basic types of such
floors are solid slabs, filigree slabs, multi-hole slabs, and TT double-rib slabs [5]. In such
structures, an important aspect is to increase the span, and at the same time, reduce the
weight of the panels [6]. Therefore, lightweight concrete structures are increasingly used,
e.g., channel slabs or bubble deck slabs. This approach aims to eliminate the concrete that
does not fulfill any structural functions to reduce the weight, and thus, the dead load [7,8].

Over the last few decades, many numerical models have been developed to represent
the global behavior of prefabricated concrete structures and to understand their mechanical
behavior. These models serve as valuable tools for simulating and analyzing the structural
response of prefabricated elements, enabling engineers to evaluate their performance under
various loading conditions and optimize their design. For instance, the authors of [9]
presented a full 3D model of prefabricated bridge slabs for the purpose of modeling their
non-linear behavior using the constitutive model of concrete damage plasticity. In turn, the
bending behavior of composite slabs was analyzed by Tzaros et al. [10]. Gholamhossein
et al. [11] proposed a three-dimensional solid finite element model to investigate the
connection between concrete and steel. Information regarding the puncture resistance of
concrete slabs can be found in [12]. Using the finite element method (FEM), it becomes
possible to analyze structures with complex shapes and geometries, and to gain insight
into the non-linear behavior of concrete and steel [13–15]. However, the detailed modeling
of three-dimensional prefabricated slabs requires a lot of work, specialist knowledge, as
well as the use of specific software, and it is very time-consuming in terms of calculations.
The solution to the problem may be the use of one of the homogenization methods.

Homogenization is a mathematical technique used to analyze and model the behavior
of heterogeneous materials or structures. It aims to capture the effective properties of an
entire material or structure, taking into account its constituent materials or components.
In the context of construction and structural calculations, homogenization refers to the
simplification or adoption of uniform material or structure properties in order to facilitate
calculations. For materials with an irregular structure or composition, simplifications
can be used, where the material is treated as having uniform properties such as strength,
stiffness, and density. Homogenization can also refer to simplification in structural analysis,
where complex models of structural elements or details are replaced by simpler models
that account for similar structural behavior. One can distinguish, among others, the method
of periodic homogenization [16], non-linear homogenization [17], or the method of multi-
scale homogenization based on genome mechanics [18]. A slightly different approach can
be found in the work of Garbowski and Marek [19], where a method based on reverse
analysis was used. On the other hand, in [20], a method of homogenization based on strain
energy for sandwich panels with a honeycomb core was presented. Furthermore, Biancolini
developed a method of strain energy equivalence between the simplified model and the
representative volumetric element (RVE) model [21]. This method was then extended
in [22]. Homogenization may introduce some simplifications and approximations, so its
use should be carefully assessed in the context of a specific project and the fulfillment of
relevant load-bearing and safety requirements.
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Homogenization methods are also used in structural optimization analyses. This refers
to the process of designing and modifying a building or structural elements to achieve the
best possible results in terms of strength, cost-effectiveness, and energy efficiency. In addi-
tion, structural optimization is a complex process that requires consideration of multiple
parameters and various engineering disciplines. It includes the integration of knowledge
from structural engineering, materials science, mechanical engineering, and other relevant
fields. The goal of the optimization is to find the best compromise between individual
design requirements, so that the construction is as efficient, durable, and economical as pos-
sible, taking into account factors such as structural loads, material properties, construction
techniques, and environmental impacts. This process may include the analysis of various
scenarios, e.g., changing the geometry, materials, and configuration of structural elements
to find the most suitable solution. The use of advanced tools such as structural analysis
software and computer simulations can greatly facilitate the optimization process and help
in obtaining optimal design solutions. These tools allow engineers to model and simulate
the behavior of the structure under various conditions, accurately predict its performance,
and evaluate different design alternatives.

Many studies have been conducted that provide information on the optimization of
building construction, e.g., prefabricated elements, steel, or wooden structures. Sotiropou-
los et al. presented a conceptual design method based on topology optimization using
prefabricated structural elements [23]. The hybrid optimization method was used to op-
timize cellular beams in [24]. The optimization of thin-walled cross-sections was shown
in [25]. Furthermore, the work by Sojobi et al. [26] presented a multi-objective optimization
of a prefabricated carbon fiber-reinforced polymer (CFRP) composite sandwich structure.
Additionally, Xiao and Bhola [27] presented the design of prefabricated building systems
using building information modeling (BIM) technology and structural optimization. In the
work by Xie et al. [28], a genetic algorithm was utilized for optimal planning of prefabri-
cated construction projects.

In addition, many studies have been performed on the plates analyzed in this pub-
lication. Abishek and Iyappan investigated the bending behavior of a reinforced FRP
(fiber-reinforced polymer) bubble deck [29]. Additionally, in [30], the evaluation of the
plasticity of reinforced concrete structures with voids was analyzed. Experimental testing
of slabs with modified openings was discussed in [31], and the study of concrete using
plastic waste applied to hollow plates was presented in [32]. John et al. [33] demonstrated
the bubble deck behavior using a model in ANSYS. They analyzed service load deflection,
crack pattern, concrete stress distribution, and ultimate load capacity.

In our previous paper [34], a sensitivity study regarding the main bubble deck pa-
rameters was performed, i.e., it was checked how the changes of a single engineering
parameter (such as bubble dimensions, class of concrete, reinforcement diameter, number
of bars, etc.) influence the particular effective stiffnesses of the BD230 and BD340 slabs.
In the current paper, the optimal design for a particular slab is sought by employing the
minimization technique. According to the prior state-of-the-art review, there are no studies
on the optimal design of the bubble deck plate, although this slab technology has many
advantages. Determining the optimal design of the bubble deck slab through the numerical
homogenization technique is the main novelty of the paper.

This paper presents an algorithm for the optimal design of bubble deck construction in
order to minimize the amount of concrete and ensure that the permissible deflection arrow
of the structure in the serviceability limit state is not exceeded. To simplify the model and
speed up the analysis, the numerical homogenization method based on the equivalence of
the strain energy between the simplified shell model and the three-dimensional reference
RVE bubble deck model was used. The analyzed concrete slab contains evenly distributed
voids over the entire surface and both upper and lower steel reinforcement, which increases
the complexity and time of the calculations. Therefore, the original numerical homoge-
nization method, initially developed for shell structures, was modified. In the work, an
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extension of the method was used to simultaneously include continuum and truss elements,
similar to in [34,35].

One of the most important limitations of this study is that currently, the stress analysis
cannot be included while using the homogenization technique considered [21,22]. There-
fore, the ultimate limit state is beyond the scope of the current study. Another limitation is
that the results from optimization with respect to the parameters of continuous domains
may not be straightforward to be implemented in the industry. The use of concrete will be
less in the optimal solution, but it is likely that bubble deck voids will be more expensive
than the traditional bubble deck solution.

2. Materials and Methods

2.1. Lightweight Concrete Slabs
2.1.1. Voided Floor Slabs

The expression “voided floor slabs” refers to a special type of construction where the
concrete slab contains a system of regular hollows or empty spaces inside. The hollows
may have various shapes, such as spheres, cylinders, clovers, etc. In addition, they can
be arranged in a specific pattern or grid. Voided floor slabs are used to achieve greater
efficiency in terms of material use and to reduce the weight on the structure, while ensuring
the required strength and performance of the floor structure. One of the most common
types of voided floor slabs is the bubble-type ceiling.

The bubble deck is a modern ceiling solution compared to traditional slabs, in which
the ineffective concrete in the middle of the cross-section is replaced by voids. This floor
slab was invented in the 1990s by Danish engineer Jorgen Breuning [36]. It is used in
residential, office, industrial, and utility buildings. In addition, the bubble deck ceiling is
used in factories, parking structures, schools, and hotels.

Bubble deck has spherical or elliptical voids [37] evenly distributed over the entire
surface, without changing the two-way action of the element. This solution allows to reduce
the amount of concrete by 33% and the price by 30% compared to traditional solid slabs
with the same parameters [38]. One of the main differences between solid slabs and bubble
deck is their shear resistance [39]. In addition, by adjusting the appropriate reinforcement
mesh and hole geometry, an optimized concrete structure can be achieved, allowing for the
simultaneous maximum utilization of both moment and shear zones.

The height of such slabs can achieve up to 600 mm, which allows for a span of up
to 20 m. On the other hand, the diameter of the bubble made of HDPE (high-density
polyethylene) varies between 180 and 450 mm, depending on the designed thickness of
the slab. The HDPE material used comes from recycled plastic waste. Therefore, the
above solution contributes to the reduction of pollution and has a positive impact on
environmental protection. However, the distance between the individual voids in the
bubble deck system must be at least 1/9 of the bubble diameter. This requirement ensures
adequate structural integrity and optimal load distribution in the floor slab. By keeping the
distance between voids to a minimum, the system can effectively reduce the weight of the
structure, while providing sufficient strength and stability. The voids are fixed in special
steel baskets between the upper and lower reinforcements of the plate to prevent their
displacement during concrete pouring [40,41]. In addition, the slab is directly connected to
concrete columns or walls in situ without any beams, providing a wide range of structural
costs and benefits. This eliminates the need for additional structural elements, simplifies the
construction process, and allows for more flexible design options. Such a direct connection
between the slab and columns or walls enhances the structural efficiency and optimizes the
construction costs.

There are three methods of manufacturing the bubble deck: (i) the in situ approach—
Figure 1a, (ii) semi-prefabricated elements (Filigree element)—Figure 1b, and (iii) prefabri-
cated panels—Figure 1c [42]. In the case of the in situ approach (i), the slabs are made onsite
at the place of their installation. Voids are placed in specific places between the bottom and
top reinforcements of the floor. In the next step, the finished modules are placed on the
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prepared formwork. Then, the slab is concreted. It is worth noting that this solution is very
effective in buildings where the floor is not flat, e.g., there is a domed or curved ceiling. In
the case of approach (ii), the deck is a semi-prefabricated bubble deck. This means that
elements are created in the production plant, which then require additional concreting at
the construction site. This is a combination of methods (i) and (iii). The lower part of the
ceiling, which is also the permanent formwork, is in the form of a concrete slab with a
thickness of approximately 6 cm. In addition, it has both lower and upper reinforcements,
with spaced voids. Then, the whole element is transported to the construction site and
concreted after moving to the appropriate place. In contrast, approach (iii) deals with com-
ponents that are fully manufactured. The finished prefabricated elements are transported
to the construction site. This solution partially limits the ability of the plates to function as
bi-directional. The solution to this problem may be the proper design of the connection
between the prefabricated slabs, which will enable the use of prefabricated elements as
two-way floors, similar to approaches (i) and (ii).

(a) 

 

(b) 

 

(c) 

 

Figure 1. Types of bubble deck: (a) in situ element, (b) semi-prefabricated element, and (c) fully
prefabricated element.

The bubble deck is generally designed using conventional solid-ceiling design meth-
ods, in accordance with applicable international and local design standards. The above
floor system is a true bidirectional monolithic slab and behaves as a solid slab in both
elastic and plastic modes. This means it can effectively carry and distribute loads in a
manner similar to traditional solid slabs, ensuring structural integrity and performance.
Besides, it mainly uses two analysis methods in its design, such as the linear elastic and
yield line methods. Thanks to the optimized geometry and spherical bubbles, every part
of the concrete in the slab is actively involved and relevant in the calculation of different
types of forces.

2.1.2. Serviceability Limit State of Bubble Deck Concrete Slabs

During the design and analysis of structures, it is important to check two main limit
states to ensure the safety and strength of the structure: the ultimate limit state (ULS)
and the serviceability limit state (SLS). The first one concerns the assessment of the load
capacity of the structure and checking whether it is able to withstand loads, in accordance
with the adopted standards, building regulations, and design requirements. For different
types of structures, such as floors, columns, foundations, bridges, etc., the ULS refers to the
evaluation of their strength in response to various forces, such as compression, bending,
tension, bending moments, shear forces, etc. The strength of the bubble deck is typically
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determined by structural analysis and calculation, taking into account factors such as the
flexural strength, shear capacity, and the ability to efficiently distribute loads.

The serviceability limit state (SLS) refers to the conditions in which the structure can
be operated without unacceptable deformations or damage that may affect its functionality
and safety. In the case of bubble boards, the key aspect is to ensure that the bubbles inside
the board are stable and do not undergo deformation or damage that could affect the load
capacity and stiffness of the board. The SLS covers various aspects, including deflections
and cracks. In the case of slabs, there are certain permissible deflection limits that should not
be exceeded to ensure the stability and functionality of the structure. Excessive deflections
can lead to improper functioning of finishing elements, problems with water drainage, or
deterioration of interior aesthetics. Usually, when assessing the SLS, it is recommended
to examine the cracks to determine their nature, size, and their impact on the safety and
functionality of the structure.

In this work, analyses of the optimization of the bubble deck ceiling in terms of the
SLS were carried out. It was assumed that the maximum plate deflection cannot exceed the
permissible value equal to 1/250 of the span between supports, according to [43], for the
quasi-permanent load case. In addition, it was assumed that the floor is located in an office
building and is subjected to the following loads, evenly distributed over the entire surface
of the slab. One of them is the useful load with a characteristic value of: qk = 3 kN/m2

(according to [44] for office rooms). In addition, it was assumed that an equivalent load
from partition walls equal to: qk = 0.8 kN/m2, and a permanent load outside the weight of
the slab structure with a value of: gk = 1.5 kN/m2, are applied to the ceiling. The ceiling
weight is a variable value and depends on the geometrical parameters of the slab and bubble
cross-section, so it was directly taken into account in the cost function of the optimization
algorithm. The deflection arrow was determined for the case of quasi-permanent loads
in the serviceability limit state; therefore, the factors reducing the load values according
to [44] were applied.

2.2. Numerical Homogenization of the Slab

In the following work, the method of numerical homogenization based on the equiva-
lence of strain energy between the three-dimensional reference model and the simplified
shell model was used [19,34,35,45–48]. The above method has already been adapted to
prefabricated concrete slabs reinforced with spatial trusses [35] and reinforced slabs with
voids, such as the bubble deck [34]. This approach uses the classical formulation of the
displacement-based finite element method, extracting individual values for internal nodes—
subscript “i”, and external nodes—subscript “e”:

Ku = F →
[

Kee Kei
Kie Kii

][
ue
ui

]
=

[
Fe
0

]
. (1)

where: K is the stiffness matrix, u is a displacement vector of nodes, and F is the external
nodal load vector.

For this purpose, it is necessary to separate a representative volume element (RVE)
from the model and perform static condensation. Condensation is the elimination of
secondary degrees of freedom; in this case, internal nodes. Then, it is necessary to redefine
the stiffness matrix with a reduced number of degrees of freedom only at the external nodes
(see Figure 2a).

Additionally, the presented method of homogenization uses the relationship between
the total energy of elastic deformation stored in the system after static condensation and
the work of external forces on appropriate displacements:

E =
1
2

uT
e Fe (2)
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(a) (b) 

Figure 2. RVE: (a) external (in red color) and internal nodes and (b) parametrized for optimization
purposes.

The homogenization method, as in [34,35], has been modified here to include only
translational degrees of freedom (for two types of finite elements used in the models—truss
and continuum). Therefore, the relationship between the generalized strain constants and
the location of the external RVE nodes is expressed by the following transformation:

⎡
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⎤
⎦
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=
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⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

i

, (3)

Using the definition of the elastic strain energy for a discrete model:

E =
1
2

uT
e Kue =

1
2
εT

e AT
e KAeεe. (4)

Taking into account the finite element model including bending, tension, and transverse
shear, the elastic internal energy for the plate or shell can be expressed as:

E =
1
2
εT

e Akεe{area} (5)

Thanks to this, the stiffness matrix for the homogenization method can be extracted from
the discrete matrix:

Ak =
AT

e KAe

area
. (6)

Then, after appropriate transformations, we can obtain the stiffness matrix Ak, which is
the ABDR matrix, consisting of all the required compression, bending, and shear stiffnesses:

Ak =

⎡
⎣A3×3 B3×3 0

B3×3 D3×3 0
0 0 R2×2

⎤
⎦ (7)
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More information on numerical homogenization based on strain energy equivalence
can be found in [19,34,35,45–48].

The design parameters, x, that were used to determine the representative RVE for a
specific design of the bubble bridge slab in the analyzed optimization problem are shown
in Figure 2b. The assumed designed parameters read:

x = {B, H, d1, d2} (8)

in which B is the width and length of the RVE concrete unit, H is the height of the RVE
concrete unit, and d1, d2 are the dimensions of the ellipsoidal void, height, and horizontal
diameter, respectively.

2.3. Study Framework and Optimization Problem Definition

In everyday challenges, structural engineers tackle various problems, and one of the
most common is the optimal design of the structure. In this paper, the optimal design of the
bubble deck slab in regard to not exceeding the serviceability limit state (SLS) and minimal
use of the concrete is analyzed. The problem is not trivial since the bubble deck slabs have
variable cross-sections. In regions with full concrete cross-sections, the plate has a higher
stiffness, while for bubble void regions, the plate is less stiff. The properties of the plate
periodically vary across the span, which makes it difficult to calculate the displacement
field of such slab. Additionally, the minimal use of the concrete is opposed to limiting plate
deflection. Therefore, the typical approach for computations must be extended in order to
meet the requirements of the SLS and limit the use of material.

In this paper, the numerical homogenization technique was used to determine the
effective bending stiffness for computing the plate displacement via the analytical for-
mula. The homogenization technique used here was that presented by Garbowski and
Gajewski [22]. The bending stiffnesses of D11, D22, D12, and D33 were determined by the
homogenization technique in [22], which was used in multiple papers [34,45–48].

The square and symmetric bubble deck concrete slab was considered here, and the
structure was reinforced with upper and lower steel mesh with φ10 steel bars. The cross-
section design of the concrete bubble deck was described by a parametric RVE model with
the design parameters gathered in x (see Section 2.2). The span dimensions of the slab
were assumed to be 12 × 12 m2, with evenly distributed load q0. See Section 2.1.2 for more
details of the assumed load.

The governing equation for the Kirchhoff–Love plate takes the following form [49,50]:

D11
∂4w
∂x4 + 2(D12 + 2D33)

∂4w
∂x2∂y2 +D22

∂4w
∂y4 = q. (9)

in which w is the transverse deflection, x and y are the in-plane coordinates of the plate,
and q is the transverse load.

The assumed plate was simply supported for all edges; therefore:

a : x1 = 0, w = 0, M1 = 0.
b : x2 = 0, w = 0, M2 = 0.

(10)

in which a, b are the dimensions of the floor slab (here, a = 12 m and b = 12 m were assumed),
and x1, x2 are the orthogonal coordinates along the perpendicular edges, respectively.

It was assumed that the orthotropic plate was subjected to a transverse, uniformly
distributed load, labeled as q0:

q(x1, x2) = q0 =q0(x). (11)

For more details regarding the determination of the uniformly distributed load, q0,
please refer to Section 2.1.2.

The final form of the plate deflection read:
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w(x) =
16q0
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∞

∑
m=1

∞

∑
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a sin nπx2

b

mn
[

D11(x)
(m

a
)4

+ 2(D12(x) + 2D33(x))
(mn
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)2

+ D22(x)
( n

b
)4
] . (12)

in which m, n are the odd numbers.
The total cost function, F, in the optimization problem to be solved takes the two

following components:
F(x) = ωFvol(x) + Fde f l(x). (13)

in which Fvol is responsible for decreasing the concrete use and Fde f l regards not exceeding
the serviceability limit state due to the Eurocode standard [43]. The dimensionless factor ω
is the scaling factor of the previous two and was selected by trial and error, with the aim of
balancing the influence of both components on the objective function. Therefore, in this
study, ω was set to 0.2 × 10−9. The mathematical details of the optimization algorithm
used for minimizing the cost function, F(x), were included in Section 2.4.

The total volume of the bubble deck floor slabs, Fvol , was calculated by using a single
representative volume element of the bubble deck unit:

VRVE(x) = B · L · H − 4
3

π
d1

2

(
d2

2

)2
. (14)

Therefore, the first component of the cost function, Fvol , read:

Fvol(x) =
ab
BL

VRVE(x). (15)

The second component of the cost function, Fde f l , was computed based on the max-
imum slab deflection (computed by Equation (12)), combined with the serviceability
limit state:

Fde f l(x) =
∣∣∣∣w(x)− min(a, b)

250

∣∣∣∣. (16)

In the optimization problem, the boundary limits of each design parameter of the
concrete bubble deck were assumed and are presented in Table 1, where bmin is the lower,
while bmax is the upper boundary of the physical dimensions. In Section 2.2, full details
regarding the meaning of the symbols are presented, including exemplary graphics.

Table 1. The lower and upper boundary values of the parameters selected for optimization of the
concrete part of the bubble deck slab.

Boundary
B

(mm)
H

(mm)
d1

(mm)
d2

(mm)

bmin 100 100 50 50
bmax 500 500 500 500

Since the dimensions of the bubble changed in the optimization process and the bubble
was immersed in concrete with a variable height and width of the RVE module, physical
inequality restrictions should be introduced. Therefore, the following inequality constraints
were adopted:

d1 − H + 40 ≤ 0
d2 − B + 40 ≤ 0

(17)

In Equation (17), 40 represents the concrete bubble cover in mm that is, the distance
between the surface of the bubble void and the outer surface of the concrete at cardinal
points. The assumed nominal value of the concrete cover regarding the steel mesh was
35 mm.

Local search algorithms, such as the one used in this paper, are vulnerable to find the
locally optimal solutions. Therefore, in order to minimize the probability that a globally
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and not locally optimal solution will be found, the optimization algorithm was run many
times from different starting points (initial guesses) (see Table 2). This is a typical approach
for better exploration of the multi-dimensional space of the design parameters.

Table 2. The initial guesses of the design parameters selected for optimization of the concrete part of
the bubble deck slab.

No.
B

(mm)
H

(mm)
d1

(mm)
d2

(mm)

x0
1 150 300 100 70

x0
2 250 200 150 80

x0
3 220 200 160 100

x0
4 200 250 110 180

x0
5 170 150 90 90

All computations in the research, apart from computing the stiffness matrices of RVEs
(see Section 2.2), were performed using MATLAB software (ver. 2023a) [51].

2.4. Mathematical Optimization Procedure

Among the many available methods of optimization, the sequential quadratic pro-
gramming (SQP) method is one of the most reliable and trustworthy. This mainly regards
its efficiency, namely, the smallest number of cost function evaluations is obtained in the
benchmark examples and sufficient accuracy is maintained [52–56]. Therefore, in this study,
the SQP method was used, as in [57].

The classical optimization problem read [56]:

minF(x), (18)

in which F(x) is the cost function of the sought parameters, x. The sough parameters may
be constrained with equalities:

Ceq(x) = 0,
Aeq · x = beq,

(19)

and/or more complex constraints may be more adequate. For instance, the nonequality
constraints:

C(x) ≤ 0,
A · x ≤ b,

bmin ≤ x ≤ bmax,
(20)

in which b, beq are one-column matrices, A, Aeq are matrices, C, Ceq are functions, and bmin
and bmax represent the lower and upper boundaries of the sought parameters, x.

Constraints in the function F(x) were computed by utilizing the Lagrange’s function
approach, L. Thus, the mathematically equivalent subproblem is defined by the following:

L(x, λ) = F(x) +
m

∑
i=1

λi · g(x), (21)

in which λi are the so-called Lagrange multipliers, while gi(x) are the constraints of
nonequality.

In the SQP method, the following form of quadratic programming was solved:

min
d∈Rn

1
2

dT Hk +∇F(xk)
Td, (22)
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in which Hk is the positive definite approximation of the Hessian matrix, which approx-
imates Equation (21). The approximation of the Hessian matrix was modified at each
primary iteration by the Broyden–Fletcher–Goldfarb–Shanno (BFGS) method:

Hk+1 = Hk +
qkqT

k
qT

k sk
− HksksT

k HT
k

sT
k Hksk

, (23)

in which:
sk = xk+1 − xk, (24)

qk =

(
∇F(xk+1) +

m

∑
i=1

λi∇gi(xk+1)

)
−

(
∇F(xk) +

m

∑
i=1

λi∇gi(xk)

)
. (25)

A new step was computed based on the solution of the quadratic programming
problem:

xk+1 = xk + αkdk, (26)

in which αk is the step length obtained by minimization of the objective function [52–56].

3. Results

In local search optimization algorithms, it is recommended to solve multiple opti-
mization problems to determine the solution, which is not locally but globally optimal.
Therefore, the optimization procedure was conducted for several initial guesses of the
design parameters to find the best solution, and the solutions of the initial assumed guesses
were presented in Section 2.3. The results obtained from solving the optimization problem
stated in Section 2.3 by the optimization method shown in Section 2.4 are summarized in
Table 3. The second to fifth columns present the optimal parameters of the concrete bubble
deck designs. In column six, the slab deflection obtained for the optimal designs due to the
uniformly distributed load can be found. Moreover, the seventh to ninth columns show the
components of the cost function and the total value of the cost function.

More details of the convergence of the solutions are presented for selected examples
from Table 3 in Figures 3–5. In each figure, the minimization of the cost function, F,
is demonstrated with its components for iterations of the optimization algorithm, i.e.,
ωFvol—component of minimizing the volume of the concrete, and Fde f l—component of
minimizing the maximum plate deflection (see Figures 3a, 4a and 5a). Additionally, in
Figures 3b, 4b and 5b, the maximum plate deflection was confronted with the SLS condition
from the Eurocode standard [43]. For the analyzed case of the slab, namely, 12 × 12 m2, the
limit computed from the 1/250 condition was equal to 48 mm. In Figures 3b, 4b and 5b,
the limit is marked with a dashed line. In addition, in Figures 3c, 4c and 5c, the changes of
the sought parameters of B, H, d1, and d2 within the optimization are shown, showing the
convergence to the final sought parameters of the bubble deck slab.

Table 3. Optimal designs of the concrete bubble deck slab with corresponding cost function values
obtained by the optimization algorithm.

No.
B

(mm)
H

(mm)
d1

(mm)
d2

(mm)
w

(mm)
ωFvol

(–)
Fdefl
(–)

F
(–)

x0
1 100.0 158.6 115.8 50.0 47.94 4.1314 0.0616 4.1930

x0
2 122.1 158.5 109.1 55.9 48.02 4.2193 0.0164 4.2357

x0
3 158.2 157.5 99.7 89.1 48.01 4.0593 0.0121 4.0714

x0
4 110.7 156.0 52.8 70.5 48.12 4.2505 0.1165 4.3669

x0
5 144.8 155.6 53.8 104.4 48.04 4.0600 0.0390 4.0990
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(a) 

(b) 

(c) 

Figure 3. The convergence of the optimal selection of geometrical parameters of the bubble deck slab
for initial guess x0

1: (a) cost function, (b) verification of the serviceability limit state, and (c) derived
bubble deck parameters.

(a) 

Figure 4. Cont.
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(b) 

 
(c) 

Figure 4. The convergence of the optimal selection of geometrical parameters of the bubble deck slab
for initial guess x0

2: (a) cost function, (b) verification of the serviceability limit state, and (c) derived
bubble deck parameters.

(a) 

(b) 

Figure 5. Cont.

237



Materials 2023, 16, 4897

(c) 

Figure 5. The convergence of the optimal selection of geometrical parameters of the bubble deck slab
for initial guess x0

3: (a) cost function, (b) verification of the serviceability limit state, and (c) derived
bubble deck parameters.

4. Discussion

The optimal design of the bubble deck slab floor regarding concrete use and the SLS
is not a trivial task. The main difficulty is determining the mechanical properties of the
periodically changing cross-section of the plate. Fully detailed finite element modeling of
such structures is time-consuming in modeling and computations. Therefore, for this reason,
for engineering purposes, the method presented in the paper is highly attractive. It does
not require full formal finite element analysis of the floor slab, but only building the global
stiffness matrix of the single periodic RVE unit and straightforward post-computations to
obtain effective stiffnesses.

Therefore, in this paper, the complex structure of the bubble deck slab was considered
to determine the optimal solution without using a typical, less accurate method. In this
paper, the minimization of Fvol and Fde f l components was in contrast; therefore, it was
typical that the Fvol component decreased, while the Fde f l component increased (for instance,
see iterations 2 and 9 in Figure 4a). The rapid increase of the deflection plots was related to
the principle of operation of the optimization algorithm, which changed the slab parameters
so that the concrete volume was reduced. This increased the deflection, which, when L/250
was exceeded, activated a kind of penalty function (Fde f l) that increased the total value of
the objective function.

However, as presented in the optimization summary in Section 3, it was possible to
obtain the deflection very close to the design standard limit, i.e., 48 mm. As shown in
Table 3, all differences in the deflections achieved in relation to the design standard limit
were approximately not bigger than 0.15 mm. Therefore, those components in the cost
function outcomes were relatively small, not bigger than 0.12; however, the smallest was
computed for the initial guess of x0

3, i.e., 0.0121. In Figures 3b, 4b and 5b, it can be observed
that occasionally, the optimization algorithm broke the deflection limitation (for instance,
see iterations 2 and 4 in Figure 3b), but it returned to respecting the limit after one or a
few iterations. Similar features are visible in Figure 4b, iterations 2 and 9, and in Figure 5b,
iterations 2, 12, and 15.

On the other hand, it was observed that the component related to the minimization
of the concrete use yielded much greater values, that is, between 4.06 and 4.25. Since this
component is the scaled volume of the concrete of the slab, it cannot be minimized to 0.
Still, significant decreases of this component were observed compared to the initial guess
values (see red plots in Figures 3a, 4a and 5a). Here, the lowest value was obtained for the
initial guess of x0

3, i.e., 4.0593.
The best solution, that is, the globally optimal solution, was obtained for the initial

guess of x0
3. Compared to the initial design of the bubble deck, the weight loss of the

concrete was 23% (4.06, compared to 5.26 of Fvol). Therefore, the optimal parameters of the
simply supported bubble deck slab of 12 × 12 m2 for the uniformly distributed load were:
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B = 158.2 mm, H = 157.5 mm, d1 = 99.7 mm, and d2 = 89.1 mm. Optimal parameter H
was similar for all locally optimal solutions, as can be observed in Table 3, where it changed
from 155.6 mm to 158.6 mm.

The main advantage of the methodology shown in the paper is the computational time
of the analysis. The single evaluation of the cost function lasted less than 15 s. Therefore, in
less than approximately 20 min, the single optimization procedure was finished. Going
further, after about 2 h, the reasonable exploration of the design space can be achieved, and
finally, the globally optimal solution can be expected.

5. Conclusions

The main aim of this paper was to find the optimal designs of the bubble deck slab
subjected to a uniformly distributed load with regard to minimal concrete use and not
exceeding the serviceability limit state of the Eurocode standard. In the research study,
the numerical homogenization technique was used to determine the effective properties
of the bubble deck slab within the cost function. Moreover, the local search algorithm
of sequential quadratic programming was used in the minimization problem with linear
constraints to derive the bubble deck slab module; that is, its length/width and height, but
also the geometry of the ellipsoidal bubble void, i.e., its height and horizontal diameter.

As confirmed in the research, the optimization allowed to determine designs of the
bubble deck slabs that ensured the minimum mass of concrete and met the serviceability
limit state. Compared to the initial design of the bubble deck, the weight loss of the
concrete was 23%. It was shown that the homogenization method used in this paper is
highly attractive because it does not require solving complex structural problems through
the computationally expensive finite element method. Achieving an optimal bubble deck
design from a computational point of view would be carried out in just a few hours, instead
of the heavy calculations of a single design case that would take the same amount of time.
Due to the method used, the complex structure of the bubble deck slab was considered
without using the typical method of substituting the cross-section of the concrete, which is
less accurate due to shape simplification.
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Abstract: The utility of geotechnical centrifuge tests depends on how correctly they predict the
physical and mechanical behaviour of concrete. In this study, a model concrete material that consisted
of α-gypsum plaster, fine silica sand, and water was developed. An orthogonal test design was used
to evaluate the effect of the mix proportion on the model concrete performance. The physical (i.e.,
flowability and bleeding rate) and mechanical (i.e., compressive and flexural strength) characteristics
were considered as indices. Various mix ratios resulted in remarkable relative contributions to model
concrete performance, and each raw material dosage exhibited positive or negative synergy. The
water–plaster ratio (W/P) and aggregate–plaster ratio (A/P) strongly influenced the mechanical and
physical characteristics, respectively. Multiple linear regression analysis (MLRA) was carried out
to determine a forecast model for various small-scale test demands. Finally, the applicability and
outlines of the presented forecasting method in proportioning design were evaluated by typical use
of model concrete in small-scale model tests.

Keywords: model concrete; small-scale physical test; α-gypsum plaster; hydration; mechanical
strength; prediction model

1. Introduction

Simple concrete, which has relatively high strength and stiffness, is an efficient and
effective solution for geotechnical infrastructure in soft soil [1–5]. In addition to full-scale
field testing, small-scale modelling is pertinent to investigating the mechanical and failure
behaviour of simple concrete structures and soil–structure interactions [6–9]. Appropriate
modelling of the prototype stress level is crucial in small-scale physical tests for capturing
the stress-dependent characteristics in geotechnical engineering. Centrifuge modelling
can produce a prototype stress by using centrifugal acceleration (g). On this basis, re-
searchers can test small-scale physical models at stress levels identical to those experienced
at field-prototype scale [10]. To reliably simulate the behaviour of concrete structures in
small-scale model tests, the material properties of the element should be correctly scaled.
However, the particle size of coarse aggregates in concrete is difficult to scale accurately
(e.g., for the 1:40 scale, a 5 mm grain diameter of the aggregate is the same as the size of a
0.2 m prototype), which overestimates the strength of the model material. Furthermore,
conventional simple concrete usually requires 28 d to reach the expected strength, which is
inefficient for model tests.

A gypsum-based mixture mortar is useful in small-scale modelling and can reflect
the quasi-brittle nature of concrete; especially in centrifuge model tests, which require
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large-scale factors [11,12]. Knappett et al. [11] evaluated various types of gypsum-based
mixture mortar and uniformly graded silica sand, which they used to geometrically scale
the coarse aggregate. Such model concrete was able to simulate the quasi-brittle failure
behaviour of concrete and exhibited typical mechanical strengths. This type of mixture
mortar was recently used in modelling concrete in centrifuge model tests [13–15]. However,
the formulations of model concrete in literature studies are only applicable to specific test
conditions and cannot be extended in generalized applications. Generally, excellent perfor-
mance of mixture mortar requires favourable fluidity, stability, and sufficient mechanical
strength [16–18]. Therefore, an approach that can describe the relationship between the
various mix proportions and performance is necessary; a quantitative analysis should be
applied to evaluate the effects of each mix factor and determine the optimal formulations
for use in different small-scale tests.

In this study, a total of 20 groups of gypsum-based mortar samples with various water–
plaster ratios and silica sand dosages were tested by orthogonal test design. The flowability,
bleeding rate, and compressive and flexural strength were considered as evaluation indices
of model concrete materials. Prediction models of the relationship between the evaluation
indices and various mix proportions are proposed by using multiple linear regression
analysis (MLRA). Finally, by typical application in a centrifuge model test, guidance for
general application of gypsum-based materials for modelling concrete elements in small-
scale physical tests are provided.

2. Raw Materials and Methodologies

2.1. Raw Materials

To satisfy the spatial and physical scaling laws between small-scale test and those of
a corresponding prototype, the raw materials of the emulation model concrete column
consisted of α-gypsum plaster (model concrete; Jing-men, Hubei, China), water, and fine
silica sand (coarse aggregate; Zhengzhou, Henan, China). The chemical composition of the
α-gypsum plaster was analysed with an X-ray fluorescence spectrometer (model Panalytical
Axios, Malvern Panalytical, Malvern, UK) [19], as shown in Tables 1 and 2. Figure 1 shows
the grading curve of the fine silica sand. The particle size distribution was consistent with
a typical coarse aggregate grading specified in BS 882 [20], scaled between 1:30 and 1:50.

Table 1. Chemical compositions of α-gypsum plaster (wt%).

Material MgO Al2O3 SiO2 SO3 CaO SrO

α-gypsum 1.28 0.084 0.143 38.291 59.605 0.597

Table 2. Physical properties of α-gypsum plaster.

Material Consistency (%)
Initial Setting

Time (min)
Final Setting
Time (min)

Bulk Density
(kg/m3)

7 Days
Compressive

Strength (MPa)

α-gypsum 58.0 8 17 1200 15

2.2. Orthogonal Test Approach

To investigate the effect of various mixing ratios on the performance of model concrete,
an orthogonal test design was used. The advantage of orthogonal testing was to select
representative test points from a comprehensive test plan for minimizing the experimental
quantity and obtaining comprehensive test results. Thus, the water/plaster (W/P) ratio
and coarse aggregate content were considered as the pertinent variables in the orthogonal
tests. Remarkably, the mass fraction of plaster (A/P) was used as the content of fine silica
sand, which served as the coarse aggregate for model concrete. In accordance with relevant
research and previous experiments, the standards of each mixing ratio were determined by
choosing typical values [11]. Table 3 shows the experiment composition of 20 groups of
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test samples. The influence of the W/P and A/P ratios on the flowability, bleeding, and
compressive and flexural strength performance is discussed in subsequent paragraphs.

μ  

Figure 1. Particle size distributions of coarse aggregate (fine silica sand) [20].

Table 3. Composition of the orthogonal tests.

Parameters
Water

Quantity
(g)

Plaster
Quantity

(g)

Aggregate
Quantity

(g)
W/P A/P

A1 300 500 500 0.6 1
A2 300 600 1.2

A A3 300 700 1.4
A4 300 800 1.6
A5 300 900 1.8

B1 350 500 500 0.7 1
B2 350 600 1.2

B B3 350 700 1.4
B4 350 800 1.6
B5 350 900 1.8

C1 400 500 500 0.8 1
C2 400 600 1.2

C C3 400 700 1.4
C4 400 800 1.6
C5 400 900 1.8

D1 450 500 500 0.9 1
D2 450 600 1.2

D D3 450 700 1.4
D4 450 800 1.6
D5 450 900 1.8

2.3. Preparation of Model Concrete Specimens

All 20 groups of model concrete mortar samples (Table 3) consisted of α-gypsum
plaster, fine silica sand, and water. The preparation process was as follows.

The weighted powder, including the alpha-gypsum plaster and fine silica sand, was
added into the mixer and dry-mixed for about 60 s.
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The sand plaster mixture was poured into the water and quickly stirred in the mixer
for 120 s.

Fresh paste and casted samples were prepared for further testing.

2.4. Test Methods

The flowability characteristic of the model concrete mortar was determined by measur-
ing the spread diameter of fresh mixture slurry by a mini-slump test [21,22]. A 40 × 40 cm
glossy glass plate was used in the test and a typical steel mould was placed in the centre of
the glossy glass. The mould filled with the slurry was rapidly lifted from the glass plate and
then the slurry flowed freely onto the glass plate for measuring the maximum expanded
diameter length of the slurry. Figure 2 shows typical results of mini-slump tests.

Figure 2. Flowability characteristic of mini-slump tests: ((a) A2; (b) B2; (c) C5; (d) A5).

The standing observation method indicates the stability of the mixture paste by mea-
surement of the percentage of the upper bleeding water volume of fresh slurry compared
with the total volume (Figure 3). A larger water bleeding ratio corresponds to lesser stability
of the fresh mixture slurry [17,18,23].

Cubic model concrete specimens of a standard size (50 × 50 × 50 mm) were prepared
for unconfined compression tests. The specimens were made by pouring the sand plaster
mixture into the mould and were subsequently demoulded. Afterwards, the standard cubes
were cured for 3, 7, 14, and 28 days under standard curing conditions at a temperature of
25 ± 2 ◦C and a relative humidity of 95% [24]. The compressive strength of the specimens
was tested with an MTS servo-hydraulic testing machine under a loading of 2.4 kN/s
(Figure 4) [23,24].
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Figure 3. Schematic of bleeding rate test.

 

Figure 4. Schematic of unconfined compressive strength test system.

Compared with the direct flexural strength using standard specimens, the modulus of
rupture (f r) was considered to be more suitable for representing the flexural behaviour of
concrete under bending-induced flexural stress [11,25,26]. The f r has a substantial size effect.
For each bending test, prismoid-shaped specimens (size: 20 mm × 20 mm × 450 mm) were
used to obtain the average f r for each mixing composition. These dimensions can provide
corresponding values of f r for subsequent centrifuge model tests of a model concrete pile at
1:40 scale [26]. Figure 5 shows installation details of the test. Bending tests were performed
with a microcomputer-controlled electronic universal testing machine (model WDW-100E);
vertical concentrated load was applied in a displacement-controlled mode (0.5 mm/min)
until specimen rupture [27].
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Figure 5. Schematic of three-point bending test.

3. Orthogonal Experiment Results and Correlation Analysis

3.1. Flowability

Flowability is a significant index for fresh mixture mortar and must be sufficiently
large to meet the requirements of homogeneity [28,29]. Figure 6 shows the influence of the
A/P ratio on the flowability of mixture slurries with various W/P ratios. The flowability
decreased gradually with increasing A/P ratio, and more substantially so at lower W/P
ratios (e.g., W/P = 0.6, 0.7). At a given A/P ratio, the flowability depended on the W/P
ratio; the aggregate content required to achieve a decreasing flowability was lower with
decreasing W/P ratio. In accordance with the range analysis, the significance of the
influence of the aggregate content on the flowability decreased with the increasing W/P
ratio. Higher W/P ratios led to increasing relative content of free water in the slurry, and
the free water caused an increase in the overall flowability by reducing the friction contact
among the particles [18]. As a result, the mixing proportion of the maximum flowability of
the slurry was W/P = 0.9 and A/P = 1.

3.2. Bleeding

Bleeding refers to separation of water from the pores between filled particles. A higher
bleeding rate results in instability of the mixture mortar, which leads to large volume
change of the specimen during hardening and deviation from the design volume [25].
Figure 7 shows the variation of the bleeding rate for all the specimens with various ratios.
The bleeding rate decreased with increasing A/P ratio. This result is possibly because
free water in the paste was absorbed by sand particles with a large specific surface area.
Therefore, the stability of the slurry can be improved by reducing the content of water
in the formulation. When the A/P ratio exceeded 1.6, the effect of the aggregate content
on reducing the bleeding rate lessened. Moreover, the range analysis indicates that the
significance of the impact of the A/P ratio on the bleeding rate was almost invariable under
various W/P ratios.
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Figure 6. Influence of each composition on the flowability of the mixture slurry.

3.3. Compressive Strength

Figure 8 shows the variation in the compressive strength of all of the specimens from
curing 3–28 days. A remarkable compression strength diversity was found between 3
and 7 days for all sets of test specimens. For example, regarding group No. 6, the 3 d
compressive strength value only accounted for 51.2% of the 7 d compressive strength. In
addition, the compressive strength exhibited a significant correspondence to the W/P ratio;
the specimens with W/P = 0.6 (no. 1–5) exhibited the highest compressive strength after
28 days of curing.

Figure 9 shows the influence of pertinent variables on the compressive strength. The
compressive strength increased significantly with the decreasing W/P ratio, whereas the
A/P ratio exhibited a negligible effect on the compressive strength. This phenomenon is
because the corresponding content of plaster particles in the paste increased with smaller
water/plaster ratios, and the active ingredients in the plaster formed more high-strength
hydration products after adequate hydration, which led to an increase in the compressive
strength [19,30]. The optimum for the 28 d compressive strength of the sample was group
No. 1. The range analysis results indicate that the significance of each composition on
compressive strength was (RW/P) > (RA/P).

3.4. Flexural Strength

To describe the behaviour of the concrete under bending-induced flexural stress (i.e.,
flexural strength of the model concrete), the modulus of rupture was used [31]. Figure 10
shows the variation of the modulus of rupture from curing 3–28 days. Compared with the
compressive strength, the flexural strength of the model concrete was relatively low, which
is in accordance with a quasi-brittle material that exhibits low flexural fracture energy. After
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curing for 14 days, the modulus of rupture value tended to be stable, indicating that the
hardening of the model concrete was nearly complete.

Figure 7. Influence of each composition on the bleeding rate of the mixture slurry.

 

Figure 8. Variation in compressive strength of specimens from curing 3–28 days.
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(a) 

(b) 

Figure 9. Influence of each mix proportion on the compressive strength: (a) water/plaster ratio;
(b) aggregate/plaster ratio.
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Figure 10. Variation in flexural strength of specimens from curing 3–28 days.

Figure 11 shows the effects of pertinent variables on the flexural strength. After curing
for 3 days, the influence of the mix proportion on the flexural strength was slight; the
maximum range differences of the W/P ratio and A/P ratio were 0.24 and 0.14 MPa,
respectively. With increasing curing time, the influence of each composition on the flexural
strength became obvious. After curing for 28 days, the significance of each composition on
the flexural strength lessened, illustrating that the hydration was nearly complete in the
specimens and stable strength was achieved.

(a) 

Figure 11. Cont.
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(b) 

Figure 11. Influence of each variable on the flexural strength: (a) water/plaster ratio; (b) aggre-
gate/plaster ratio.

3.5. Correlation Analysis

The correlation between various indices in this study was further investigated by
Pearson correlation analysis [32]. Pearson’s correlation coefficient is defined as

ρ(X, Y) =
cov(X, Y)
σXσY

(1)

where ρ is the population correlation coefficient; X, Y are the two datasets of indices; and
σx and σy are the standard deviation of X, Y, respectively. A large coefficient indicates a
significant relationship between the two indices.

Figure 12 shows a heatmap of the interrelation between each index. A Pearson’s
coefficient value of |ρ| > 0.7 indicates a significant correlation, 0.4 < |ρ| < 0.7 indicates a
medium correlation, and |ρ| < 0.4, indicates a weak correlation [33]. The aforementioned
correlation analysis demonstrates that the correlation between the flowability and bleeding
rate was significant (Pearson’s coefficient: 0.92). This phenomenon is attributable to the
fact that the flowability and bleeding rate are determined by the free water content in
the mixture paste. For the mechanical properties, there is a positive correlation between
the compressive and flexural strength at different curing times. The highest correlation
between these two strength indicators is observed after a curing period of 14 days, with
a corresponding Pearson correlation coefficient of 0.79. Furthermore, there is a relatively
weak correlation between the physical and mechanical characteristics of the model concrete,
indicating that there is no inherent connection between them and they are independent of
each other.
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Figure 12. Heatmap of Pearson’s correlation coefficients.

4. MLRA

The significance of each composition on the performance indices could be determined
by an analysis of the orthogonal test results, and then the most appropriate ratio can be
selected to simulate the concrete structure behaviour in small-scale models. However, the
specific mixing ratio of model concrete is frequently modified to satisfy the requirements
for various small-scale model test conditions. To conveniently determine the optimum
mixing ratio, MLRA was performed to forecast the ratio parameters of the model concrete
in this study. SPSS statistics (version 26; IBM, Armonk, NY, USA) were used to develop the
predicting regression models by MLRA by 20 set results of orthogonal tests.

4.1. Validation of MLRA Models

To verify the feasibility of the MLRA models developed in this study, all of the test
indices (flowability; bleeding rate; 3-, 7-, 14-, and 28 days compressive strength; and 3-,
7-, 14-, and 28 days flexural strength) should be statistically verified. Table 4 shows the
correlation coefficients between the dependent variables (orthogonal test results) and the
independent variable (W/P and A/P ratios). The fitted linear regression coefficients (R2)
reveal excellent linear relationships between the independent and dependent variables.
Moreover, the significance of variance analysis in Table 5 was all <0.05, confirming the
highly statistical significance.

4.2. Multiple Regression Coefficients

Table 5 shows the results of the regression coefficients; the importance of various mix
proportions on the indices can be revealed by standardized regression coefficients. For
example, in the model Fflowability, the standardized coefficients of the A/P and W/P ratios
were −0.82 and 0.48, respectively. Thus, the aggregate contents negatively influenced the
flowability of the slurry, whereas the water/plaster ratio exhibited positive synergy. In
addition, the significance of the two mix proportions on the flowability—which considers
the absolute value of standardized coefficients—was A/P > W/P, and it is consistent with
the orthogonal test result analysis. On the basis of the regression coefficients in Table 5,
linear relationship models between the mix proportion and indices of model concrete

254



Materials 2023, 16, 5784

were developed. For example, the relationships between flowability, bleeding rate, and
7 days compressive and flexural strength with various compositions of model concrete
were proposed as

Fflowability(cm) = 27.3 + 26.67 × W/P − 18.09 × A/P (2)

Fbleeding(%) = 8.2 + 8.33 × W/P − 7.78 × A/P (3)

F7−d compressive (MPa) = 18.038 − 9.499 × W/P − 1.962 × A/P (4)

F7−d flexural (MPa) = 6.22 − 1.942 × W/P − 1.268 × A/P (5)

where Fflowability, Fbleeding, F7-d compressive, and F7-d flexural are the prediction equations of
the flowability, bleeding rate, and 7 days compressive and flexural strength of model
concrete, respectively.

Table 4. Description of fitting models.

Model R R2 Adjusted R2 Std. Error of the Estimate

Fflowability 0.956 0.914 0.904 1.983
Fbleeding 0.933 0.871 0.855 0.992

F3-d compressive 0.972 0.945 0.939 0.509
F3-d flexural 0.85 0.722 0.69 0.2539

F7-d compressive 0.926 0.858 0.841 0.916
F7-d flexural 0.958 0.91 0.907 0.136

F14-dcompressive 0.877 0.769 0.723 1.172
F14-d flexural 0.846 0.715 0.679 0.367

F28-d compressive 0.884 0.781 0.724 0.61
F28-d flexural 0.843 0.71 0.677 0.188

Table 5. Results of regression coefficients.

Model

Unstandardized
Coefficients Standardize

Coefficients
(Beta)

Statistic
(t)

Sig.
Regression
Coefficients

Std. Error

Fflowability Constant 27.30 3.805 / 7.715 <0.001
A/P −18.09 1.602 −0.82 −11.29 <0.001
W/P 26.67 4.054 0.48 6.58 <0.001

Fbleeding Constant 8.20 1.219 / 6.73 <0.001
A/P −7.78 0.513 −0.89 −15.16 <0.001
W/P 8.33 1.298 0.38 6.41 <0.001

F3-d compressive Constant 9.54 1.147 / 8.32 <0.001
A/P −1.30 0.483 −0.41 −2.69 0.015
W/P −5.44 1.222 −0.67 −4.45 <0.001

F3-d flexural Constant 2.82 0.355 / 6.07 <0.001
A/P 0.02 0.387 −0.33 −1.85 0.031
W/P −1.73 0.149 −0.61 −3.46 0.003

F7-d compressive Constant 18.038 1.72 / 12.89 <0.001
A/P −1.962 0.724 −0.33 −3.47 0.003
W/P −9.499 1.832 −0.61 −7.56 <0.001

F7-d flexural Constant 6.22 0.256 / 8.09 <0.001
A/P −1.942 0.108 −0.819 −7.11 <0.001
W/P −1.268 0.273 −0.496 −11.74 <0.001
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Table 5. Cont.

Model

Unstandardized
Coefficients Standardize

Coefficients
(Beta)

Statistic
(t)

Sig.
Regression
Coefficients

Std. Error

F14-d compressive Constant 22.16 0.355 / 7.96 <0.001
A/P −2.51 0.149 −0.37 0.12 0.003
W/P −13.85 0.378 −0.81 −4.57 <0.001

F14-d flexural Constant 7.73 0.688 / 8.09 <0.001
A/P −0.96 0.29 −0.69 −4.27 0.001
W/P −3.44 0.733 −0.86 −1.77 0.024

F28-d compressive Constant 25.04 0.471 / 16.38 <0.001
A/P −2.4 0.198 −0.34 −5.236 <0.001
W/P −16.3 0.502 −0.91 −6.491 <0.001

F28-d flexural Constant 7.15 0.921 / 7.048 <0.001
A/P −0.88 0.388 −0.638 −1.57 0.035
W/P −2.54 0.981 −0.562 −3.245 0.005

5. Guidelines for the Optimal Parameter Selection

To verify the feasibility of the prediction model and further explain the guidelines for
parameter selection of the model concrete for small-scale modelling, a typical application of
model concrete piles in a geotechnical centrifuge test is presented. The aim of the presented
centrifuge test is to investigate the failure behaviour of a concrete column-supported
embankment. In general, concrete columns undergo bending failure in practice, which
causes global failure of the embankment [5,34]. Therefore, the flexural strength of model
concrete is the most important performance index and must satisfy the requirements
put forward by the design criterion in prototypes. The target flexural strength of the
model concrete in this centrifuge test case was about 2.81 MPa and the bleeding rate was
≤ 5%, which satisfies engineering criteria [5,34–37]. Combined with predicted model and
orthogonal test results, two formulations (W/P = 0.7; A/P = 1.6 and W/P = 0.8; A/P = 1.4)
that satisfied the requirements were selected.

Figure 13 shows the relationship between the model concrete performance and
the minimum–maximum index values of the orthogonal tests. Considering the multi-
performance criteria of model concrete, such as high flowability, good structural stability
(low bleeding rate), and sufficient compressive strength, the recommended water/plaster
and aggregate/plaster ratios by the prediction model are 0.7 and 1.6, respectively. The
optimal formulation achieves sufficient flexural strength after 7 days of curing, whereas
other indices could also meet the material performance requirements.
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f

 

Figure 13. Range of optional aggregate dosages and W/P ratios for target flexural strength.

6. Conclusions

In this study, orthogonal test design was applied to quantitatively evaluate the effects
of various compositions on model concrete performance. On the basis of the test results, a
forecast model for determining the optimal formulations of model concrete was proposed to
satisfy various small-scale model test requirements. The following conclusions were drawn.

(i) The effects of aggregate content and water/plaster ratio on the performance of
model concrete were interdependent. The aggregate content negatively influenced the
flowability and the bleeding rate of the slurry, whereas the water/plaster ratio exhibited
positive synergy. Increasing the aggregate content and water/plaster ratio negatively
corresponded to the mechanical characteristics, which was pertinent to compressive and
flexural strength.

(ii) The correlation between the flowability and bleeding rate was significant (Pearson
correlation coefficient: 0.92) because of the high content of free water in the mixture slurry.
Moreover, the correlation between the compressive and flexural strength was positive; a
significant correlation coefficient was found after curing for 14 days.

(iii) On the basis of the MLRA, a prediction model for the performance of model
concrete was proposed. The significance level of each mix was proposed in the following
sequence: for optimum flowability and bleeding rate, A/P > W/P. However, regarding the
compressive and flexural strength, A/P < W/P.

(iv) Outlines for parameter selection of the model concrete were summarized based on
a typical application case in geotechnical centrifuge testing. Combined with the specific test
target, a reasonable range of water/gypsum ratios and aggregate content can be precisely
determined by the prediction model.
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