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Abstract: Ultra-high-performance concrete with steel fibers (UHPC) stands out for its
exceptional mechanical properties and high ductility. The addition of steel fibers improves
the tensile strength, allowing for its use in the design of structural elements subject to
bending. The use of rice husk ash (RHA) as a natural mineral addition in the UHPC mixture
offers significant advantages in terms of environmental impact and mechanical properties.
Therefore, this work experimentally investigates the effect of RHA as a partial replacement
for active silica fume on the flexural tensile strength and compressive behavior of UHPC.
Additionally, a parametric study was conducted to examine the impact of varying prism
geometries on the flexural tensile strength of UHPC with and without CCR in ABAQUS
version 6.14. The experimental results made it possible to calibrate the UHPC parameters
using RHA for numerical simulations of UHPC behavior based on the concrete damaged
plasticity (CDP) model. The results indicated an increase of 4% in the compressive strength
and 20% in the flexural tensile strength of UHPC with the addition of RHA. Furthermore,
the numerical extrapolations of the flexural tensile strength test show that increasing the
dimensions of the prisms reduces the strength by up to 30% of UHPC with RHA, evidencing
the influence of geometry on the results.

Keywords: ultra-high-performance concrete (UHPC); flexural tensile test; rice husk ash
(RHA); finite element model; concrete damaged plasticity model

1. Introduction

Ultra-high-performance concrete (UHPC) has garnered considerable attention due to
its exceptional mechanical properties, including high tensile and compressive strengths
and good ductility. This quality comes from including ultrafine granular components, with
a maximum diameter of less than 2 mm, along with fibers in its composition. This provides
superior performance compared to conventional concrete available on the market [1]. Its
high resistance capacity makes it especially useful in large-scale projects, the production
of precast elements, and the recovery of structures, as it is widely used as a material for
structural repairs.
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The typical UHPC mix comprises the following materials: cement, non-densified silica
fume, quartz powder, fine sand, superplasticizer, water, and fibers, which can be made
from various materials, including steel, polypropylene, or glass. However, it is essential
to conduct experimental studies to evaluate how local materials affect the mechanical
properties of UHPC, including their granulometry and mineralogical composition [1].
The use of fine aggregates, such as quartz sand or fine sand, reduces weaknesses in the
interfacial transition zone (ITZ) between the cementitious matrix and the aggregates while
also enabling a more uniform stress distribution. Silica fume, with finer particles and a
spherical shape, improves the performance of UHPC by filling the voids between larger
particles [2]. Additionally, the production of UHPC utilizes a low water-to-cement (w/c)
ratio, which typically ranges from 0.15 to 0.25 [3,4]. This characteristic is essential for
achieving high material density; however, it negatively impacts the mix’s workability and
homogenization. The fluidity of the mix can be enhanced by incorporating superplasticizer
additives, which help to reduce the water-to-binder ratio [1,5]. This careful adjustment is
aimed at optimizing the mechanical properties of the concrete [6].

The proper combination of materials in UHPC contributes to a significant increase
in compressive strength. However, this behavior results in a lack of deformation capacity,
making the material more fragile and compromising its lifespan. To mitigate this limitation,
it is essential to incorporate fibers of various materials and dimensions to control microc-
racks and prevent brittle failures [7,8]. Among the options, steel fiber is the most commonly
used in the mixture, as it can improve the ductility properties of UHPC [9,10]. To reduce
production costs, research has explored alternative fibers, such as polypropylene [11] and
glass [12], which have also demonstrated satisfactory mechanical properties in the material.

UHPC has specific characteristics, such as low permeability and porosity, fewer as-
sociated materials, and reduced installation and labor costs [2,9,13]. Additionally, it can
be a more sustainable option compared to conventional concrete due to its greater dura-
bility, which enables reduced maintenance [14-16]. According to this definition, concrete
must achieve a minimum compressive strength of 150 MPa to be considered UHPC. How-
ever, other standards, such as ASTM C1856 [17], establish a lower limit of 120 MPa to
categorize some concrete as ultra-high performance [18]. The Canadian Standard Associa-
tion [19] specifies that the minimum design characteristic compressive strength for UHPC is
120 MPa, and the minimum design characteristic tensile strength is 5 MPa. Several studies
on UHPC corroborate that the compressive strength of concrete has an average value of
130 MPa [15,20,21], the flexural tensile strength is greater than 20 MPa [15,22], and the
direct tensile strength is greater than 5 MPa [23,24].

The mechanical properties of UHPC related to compression behavior are well estab-
lished in the literature. However, the tensile strength results still show significant variations,
both in direct tensile tests and in flexural tensile strength tests. It is known that the flex-
ural tensile test is more common due to the ease of molding concrete prisms. However,
variations in the geometry of the prisms can influence the tensile strength results, making
this variable relevant for further studies. The flexural strength of the prisms decreases
as the sample size increases, evidencing the influence of the specimen dimensions on the
properties of the UHPC material. This effect should be taken into account when developing
more accurate modeling approaches. The reduction in strength is attributed to the uneven
distribution of fibers in thicker elements, while in thinner specimens, the fiber distribution
is more uniform, resulting in greater flexural strength [25,26].

Even with this information, the use of UHPC remains restricted due to its high cement
content, which can reach up to 1100 kg/m?, resulting in significant environmental impacts,
including high carbon dioxide (CO,) emissions and high energy consumption, primarily
associated with the production of Portland cement. In addition, the high initial cost
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represents a significant barrier [27]. The cost of high-strength steel fibers accounts for
approximately 35% of the total cost of UHPC manufacturing [20]. However, reducing this
percentage is challenging since it is difficult to maintain or improve tensile performance
without an adequate amount of these fibers [27]. Another aspect is the extremely low
water-to-cement ratio and the limited extent of hydrated cement, which ranges from 30%
to 40% [28], resulting in a significant amount of non-hydrated cement in the matrix. Part
of the non-hydrated cement reacts directly with the superplasticizer additive used in the
mixture, and another part of its composition fills the voids. In order to economically
optimize the UHPC mixture and minimize environmental impacts, it is recommended to
partially replace the cement with mineral additives. Among these, we can mention ground
granulated blast-furnace slag, fly ash, metakaolin, and rice husk ash [27].

Rice husk ash is produced by burning direct residues from rice production, specifically
the rice husks discarded during the production process [29]. Controlled combustion of
rice husks is of fundamental importance for producing RHA with silica concentrations
above 90% [29,30]. When added to the concrete mix, it helps create hydrated calcium
silicate, resulting from the reaction of calcium hydroxide from cement hydration with silica
contained in pozzolan, thereby improving the mechanical properties and durability of the
concrete [29,31]. Furthermore, the use of RHA not only increases compressive strength
but also improves the water absorption of concrete by filling pores and voids within the
concrete matrix. However, RHA negatively impacts the workability of the paste if the
percentage of cement replacement by RHA exceeds 20%, accompanied by an increase in
the brittleness of the mixtures [29,30,32].

The use of rice husk ash to produce UHPC was investigated. The results showed that
the compressive strength of UHPC using RHA exceeded 150 MPa under normal curing
conditions [33]. Furthermore, the samples with 10% RHA incorporated as a replacement for
cement and silica showed better compressive strength than the control mix. The effect on
compressive strength when replacing 30% of Portland cement with 15% ground blast fur-
nace slag (GBFS) and 15% rice husk ash (RHA) was analyzed [2]. The mixture with mineral
additions exhibited a compressive strength of 143.5 MPa, whereas the compressive strength
of the reference mixture (i.e., without mineral additions) was 159.3 MPa. Furthermore, the
mixtures with mineral additions showed a lower embodied CO; emission index compared
to the reference mixture. In [29], the authors analyzed the effect of replacing silica with
rice husk ash (RHA) on the compressive strength, flexural strength, and permeability of
ultra-high-performance concrete (UHPC) at different curing ages. The results obtained
by the authors indicated that the addition of RHA to replace SF reduced the fluidity of
the fresh UHPC mix, resulting in the trapping of more air bubbles. On the other hand,
replacing 2/3 of the silica with rice husk ash increased the compressive strength from
119.3 to 136.6 MPa compared to UHPC without addition, i.e., a gain of 14%. With the
addition of RHA, the flexural strength at 3 days was improved, while at 28 and 120 days,
there were no significant changes, ranging from 20 to 23 MPa.

Vigneshwari et al. [34] reported an increase in the splitting tensile strength of approxi-
mately 15% to 46% and an increase in flexural strength of about 12% to 44% when using rice
husk ash (RHA) compared to controlled concrete under normal curing conditions. Under
steam curing conditions, the increases are approximately 10% to 36% for splitting tensile
strength and 11% to 38% for flexural strength, depending on different replacement levels.

Based on the aforementioned studies, it is evident that replacing silica with RHA has
a significant impact on the mechanical properties of UHPC, including compressive and
tensile strengths, as well as the modulus of elasticity. Flexural strength is a critical parameter
to study in the UHPC with rice husk ash, because, according to Silva [1], mineral additions
can significantly influence this property. However, there are few studies in the literature
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examining the impact of rice husk ash (RHA) on flexural tensile strength. Regarding
structural elements subjected to flexural tensile stresses, understanding the tensile strength
behavior of UHPC allows for an increase in the load-bearing capacity of these structures.
Furthermore, ductility analysis enables structures to operate under cracked conditions
without compromising structural integrity. Therefore, this work seeks to fill the knowledge
gap on the flexural tensile strength of UHPC with RHA, both experimentally, through
tests, and numerically, with the calibration of parameters from flexural tests carried out on
40 x 40 x 160 mm prisms, seeking to obtain parameters of UHPC with RHA to design safer
structures, reduce environmental impacts by reducing cement consumption in the UHPC
mixture, and also analyze whether variations in the geometry of the prisms influence the
flexural tensile strength based on parametric analyses of the numerical models.

2. Materials and Methods
2.1. Constituent Materials of Ultra-High Performance Concrete (UHPC)

The UHPC mixture used is composed of fine industrial sand (Jundu Mining, Descal-
vado, Brazil), quartz powder (Jundu Mining, Analandia, Brazil), steel fiber (Weixian
Jinzhuwang Steel Fiber Manufacturing Co., Ltd., Nanjing, China), non-densified silica
fume (Elkem Materials South America Ltda.~, Sao Paulo, Brazil), Portland cement (Na-
cional CPV, Brazil), and rice husk ash (RHA, Ekosil, Itaqui, Brazil). Burning rice husk ash
occurs in a boiler specifically designed to generate energy using rice husk as a fuel for heat.
The boiler’s average temperature reaches 800 °C. It features a horizontal design with a
grid system and is automated to regulate the feeding mechanism and oxygen inlet. Table 1
provides a characterization of the chemicals present in the materials used. This analysis is
crucial as it helps to understand the interactions among the components of the mixture,
particularly the pozzolanic materials like rice husk ash and microsilica. Additionally, it
verifies whether the waste materials used as additives possess effective pozzolanic or
filler properties. These materials react with the calcium hydroxide released during cement
hydration, forming additional cementing products, such as C-S-H, which contribute to the
increase in strength and durability of the concrete. In addition, knowing the proportion of
components such as silica, calcium, alumina, and metal oxides helps predict the formation
of hydration products, which is essential to promote the densification of the microstructure,
a key characteristic of UHPC. Another relevant aspect is that UHPC is highly sensitive
to material variability. Therefore, chemical characterization ensures uniformity between
production batches, which is crucial for high-performance structural applications. A semi-
quantitative analysis by X-ray fluorescence was performed to obtain the results, which
allowed the determination of chemical elements from fluorine to uranium. In addition,
the samples were prepared by fusion. The results indicate that SiO; is the predominant
chemical material in all samples.

The results of the crystallographic analysis by X-ray diffraction (XRD) are shown in
Figure 1. The same indicates that both SF and RHA primarily consist of amorphous silicon
dioxide. X-ray diffraction (XRD) analysis revealed the presence of a broad amorphous halo
in the region between 10° and 40° (20) for both silica fume (Figure 1a) and rice husk ash
(RHA) (Figure 1b). In the case of silica fumes, the amorphous halo was free of crystalline
peaks, indicating a fully amorphous structure. On the other hand, RHA presented a
diffracted peak within the same angular range, which is associated with the presence of
crystalline silica in its composition. Using the method of calculating the area under the
amorphous halo to estimate the degree of amorphicity (GA), as described in Equation (1), a
GA of 100% was obtained for micro silica. At the same time, for RHA, the value was 80%,
indicating that it is not fully amorphous. As for cement and quartz powder, Figure 1c,d
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show the absence of a wide amorphous halo, confirming that the silica present in these
materials is predominantly crystalline.

Aamorphous
GA (%) = P x 100 (1)
( 0) (Aumorphous + Acrystalline

where Agyorpnous 18 the area under the amorphous hump (broad, non-sharp signal) and
Acrystaliine 18 area under the crystalline peaks (sharp diffraction peaks).

Table 1. Chemical composition of cementing materials.

Microsilica Rice Husk Ash Quartz Portland Cement
ALO; 0.12% ALO; 0.07% ALO; 0.23% ALO; 5.27%
Br 0.07% Br 0.05% Br 0.05% Br 0.08%
CaO 0.27% CaO 0.55% CaO 0.06% CaO 58.85%
Cl 0.53% Cl - Cl 0.18% Cl -
Fe, O3 0.16% Fe, O3 0.26% Fe, O3 0.18% Fe; O3 4.2%
K,O 0.97% K,O 0.96% K,O - K,O 0.59%
MgO 0.59% MgO 0.49% MgO 0.21% MgO 1.54%
MnO - MnO 0.48% MnO - MnO 0.08%
Na,O 0.42% Na,O 0.18% Na,O - NayO 0.79%
P,0O5 0.28% P>,Os5 0.55% P>,0Os5 0.06% P>,0O5 0.29%
SiO, 96.22% SiO, 87.42% SiO, 98.9% SiO, 21.73%
SO3 0.37% SO;3 0.16% SO3 0.13% SO;3 5.95%
SrO - SrO - SrO - SrO 0.4%
TiO, - TiO, - TiO, - TiO, 0.23%
PE - PE 8.83% PE - PE -
Si0O2
10000 - 10000 +
8000 - 8000 |
? 6000 ‘g 6000 -{
- 4000 - Si0, - 4000 -
2000 - N 2000 ‘/) \LLLWM
° 0 10 20 30 40 50 60 0 T T T T T T
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Figure 1. Results of crystallographic analysis by X-ray diffraction (XRD) of cementing materials:
(a) rice husk ash; (b) non-densified silica fume; (c) cement; (d) quartz filler.
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A fine industrial sand with a maximum particle size of 0.42 mm and a fineness mod-
ulus of 0.8 was used in the mixture. The specific surface area and density of silica fume
and rice husk ash were 1790 m? /kg and 2200 kg/m?3, 2000 m? /kg and 2260 kg/m3, respec-
tively. For the quartz filler, the specific surface area was 234 m?/kg, and the density was
2700 kg/m?3. The mixture also included copper-coated steel fibers, which had a length of
13 mm, a diameter of 0.2 mm, and an ultimate strength of 2900 MPa. Figure 2 illustrates
samples of materials used in the production of UHPC.

—

industrial fine sand quartz powder steel fiber

a) b) C)

rice husk ash cement CPV non-densified silica fume

d) e) f)

Figure 2. Samples of materials used in the production of UHPC: (a) fine sand; (b) quartz filler;
(c) steel fiber; (d) rice husk ash; (e) cement; (f) non-densified silica fume.

2.2. Mixing and Molding of Ultra-High-Performance Concrete (UHPC)

A reference mixture of UHPC_R was prepared, with the proportions of materials
determined according to the study by Prado [35], without any rice husk ash (RHA) replace-
ment. Additionally, a second mixture (UHPC_RHA) was created, incorporating a 20% silica
replacement with RHA. The percentage of RHA used in this mixture was established based
on the results of optimization studies conducted by Huang [1,29] and preliminary tests
that assessed its potential. Table 2 presents the proportions of materials used in the two
analyzed mixtures.

The ultra-high-performance concrete (UHPC) was mixed in a properly sanitized mixer.
The tank was moistened beforehand to prevent moisture absorption from the mixture. The
materials were added in the following sequence: first, sand and 10% of the water were
mixed for 1 min. Next, the cementitious materials—namely, cement, non-densified silica
fume, rice husk ash, and quartz powder—along with the remaining water, were added,
and the mixture was beaten for an additional 5 min. Subsequently, the superplasticizer was
incorporated and mixed for 10 min. Finally, steel fibers were added, and the mixture was
beaten for an additional 5 min, bringing the total mixing time to 26 min. The superplasticizer
dosage with rice husk ash (RHA) did not need to be adjusted, as these mineral additives
did not affect mixture fluidity.
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Table 2. Mixing ratio for ultra-high-performance concrete (UHPC) in kilograms per cubic meter (kg/m3).

Quantity (kg/m?)
Materials UHPC Reference UHPC with 20% RHA
(UHPC_R) Content (UHPC_RHA)
Portland cement 757.2 757.2
Industrial fine sand 833.0 833.0
Quartz powder 378.6 378.6
Non-densified silica fume 189.3 151.4
Water 159 159.0
Superplasticizer 68.2 68.2
Fiber (volume fraction 2%) 157.0 157.0
Rice husk ash - 37.9

To test the mechanical properties of UHPC, samples were molded in specific formats:
40 mm x 40 mm x 160 mm prisms for the flexural tensile strength test (ABNT NBR
13279:2005 [36]), three prisms for the reference UHPC and three for the UHPC with RHA;
cylinders measuring 50 mm in diameter by 100 mm in height for the compressive strength
test (ABNT NBR 5739: 2018 [37]), three cylinders for the reference UHPC and three for the
UHPC with RHA. All mixtures were subjected to vibration for 1 min. After molding, the
samples were wrapped in plastic film and stored at room temperature for 48 h to undergo
initial curing. They were then demolded and submerged in a tank with normal water at a
temperature of 24 °C, where they remained until the test was performed 28 days later.

2.3. Experimental Tests Conducted at Ultra-High-Performance Concrete (UHPC)

The flexural tensile strength test was performed on prismatic specimens with di-
mensions of 40 mm x 40 mm X 160 mm, using a loading speed of 100 mm/min in an
Instron—EMIC type press (Figure 2). The adopted parameters followed the specifications
of ABNT NBR 13279:2005 [36].

The prismatic specimens were prepared with 7 mm high by 3 mm thick notches in the
center to induce crack formation. A clip gauge was also positioned in the central region of the
notch to measure the crack opening during the application of the load. Figure 3 illustrates the
loading application scheme and the geometry of the prism used in the three-point flexural
tensile strength test. The same is calculated according to Equation (2) [36].

1.5 Fgiture-L
fug = 2 o

where f, ¢ is the flexure strength (MPa); Fgipr is the failure load (N); L is the span length
(160 mm); b is the span width (40 mm); d is the span height at the interface (40 mm).

80 ' 80

p
Load

40

3

@ @
| |
| |
| |
| |
| |
| |
| |
| |
| |
|

A A
20 Pin : Notch Roller 20

| Support (Clip gage) Support |

160

Figure 3. Boundary conditions and geometry of the specimen used in the flexural tensile test. Unit (mm).
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The compression strength test was performed according to ABNT NBR 5739:2018 [37]
on 50 x 100 mm cylindrical test specimens with a load application speed of 100 mm /min
on an Instron—EMIC type press.

3. Results and Discussion

The results of the compressive strength test of the reference UHPC (UHPC_R) and
with 20% RHA (UHPC_RHA) (Figure 4a) at 28 days are presented in Table 3.

(b)

Figure 4. Test configuration and cracking pattern for: (a) compressive strength; (b) flexural tensile strength.

Table 3. Average compressive strength values of the studied ultra-high-performance concrete (UHPC).

UHPC Compressive Average Compressive Standard Coefficient of
Type Strength (MPa) Strength (MPa) Deviation Variation (%)
125.00
[fJHAPC. 127.00 127.67 3.06 2.39
referéncia 131.00
127.30
N 133.80 132.60 481 3.63
136.70

Comparing the results obtained, an increase of approximately 4% in compressive
strength is observed, representing a slight improvement for UHPC_RHA with 20% RHA
(132.60 MPa) compared to UHPC_R without replacement (127.67 MPa). This result aligns
with previous studies, confirming the potential of rice husk ash as a cementitious constituent
in the production of UHPC [33,38,39]. Furthermore, this approach promotes the reuse of
agricultural waste, such as RHA, thereby contributing to the mitigation of the inappropriate
disposal of these materials in the environment.

The results of the flexural tensile strength test for the reference UHPC (UHPC_R) and
the UHPC with 20% RHA (UHPC_RHA) are presented in Table 4 and Figure 4b.

Comparing the results obtained, an increase in flexural tensile strength was observed
with the addition of RHA to UHPC, from 26.05 MPa to 31.57 MPa, representing an approxi-
mately 20% increase. This increase was mainly due to the presence of amorphous silica
in the RHA composition. The effect of RHA presence on UHPC was more significant on
flexural tensile strength than on compressive strength. However, as already mentioned,
research on flexural tensile strength in UHPC-RHA mixtures is still quite limited [29,34].
Therefore, this work also included a numerical investigation of this property through the
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numerical simulation of UHPC with RHA. The results of this analysis are presented in the
next section to offer a more comprehensive understanding of flexural tensile strength.

Table 4. Average flexure tensile strength values of the studied ultra-high-performance concrete (UHPC).

UHPC Tvoe Tensile Strength Average Tensile Standard Coefficient of
yp (MPa) Strength (MPa) Deviation Variation (%)
2141
UHPC_R 27.37 24.79 3.06 12.34
25.6
28.88
UHPC_RHA 30.03 31.57 3.70 11.73
35.79

To further investigate the environmental impact of incorporating rice husk ash (RHA)
into UHPC formulations, a fundamental embodied CO; analysis was conducted consider-
ing the quantities of materials used in the two mixtures and adopting average emission
factors available in the [40-43] literature. The emission factors considered were: 0.84 kg
CO, /kg for Portland cement, 0.0031 kg CO, /kg for silica fume, 0.065 kg CO, /kg for quartz
powder, 0.0026 kg CO, /kg for fine sand, 2.68 kg CO, /kg for steel fibers, 0.75 kg CO, /kg
for superplasticizer, 0.00015 kg CO, /kg for water, and 0.1032 kg CO, /kg for RHA. The
embodied CO, emissions were estimated by multiplying the mass of each constituent per
cubic meter by its respective emission factor. For the reference UHPC mixture (UHPC_R),
the total embodied CO, was calculated as 1134.30 kg CO,/m?, resulting primarily from
the high contributions of Portland cement and steel fibers. For the RHA-modified mixture
(UHPC_RHA), incorporating 20% RHA in place of silica fume, the total embodied CO, was
calculated as 1138.09 kg CO,/m3. Thus, contrary to initial expectations, using RHA led to
a slight increase of approximately 0.34% in CO, emissions compared to the reference mix.
This result is attributed to the relatively low emission factor of silica fume compared to the
emission associated with the processing of RHA considered in this study. Nevertheless, it
is important to highlight that, beyond the carbon footprint analysis, the valorization of agri-
cultural waste and the promotion of a circular economy represent significant environmental
benefits associated with using RHA in high-performance concrete mixtures.

4. Numerical Modeling of the Flexural Tensile Strength Test

The flexural tensile strength values may vary depending on the prism geometry. To
investigate this influence, a set of analyses was performed using finite element simulations,
varying the specimen geometry. Additionally, input parameters for the numerical model
were proposed and calibrated to adequately represent the mechanical properties of UHPC
with the addition of RHA (rice husk ash).

4.1. Finite Element Modeling

The prism models used in the numerical simulations were developed in the ABAQUS
software version 6.14. To calibrate the numerical results with the experimental data, two
model configurations were considered: two-dimensional and three-dimensional. In the
two-dimensional model, the CPS4R finite element was utilized, whereas in the three-
dimensional model, the C3D8R finite element was employed. For both models, the mesh
size was set at 5 mm. After a mesh sensitivity study varying the finite element size between
2.5 mm, 5 mm, and 10 mm, the element size of 5 mm was chosen as it provides a reasonable
time processing with adequate representation of the cracking pattern. Two types of support
were adopted: pinned support, restricting displacements on the X, y, and z axes; and roller
support, allowing displacements only on the y and z axes, simulating a support base with
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less restriction on movement. The displacement was applied at the center of the span.
These configurations were identical to those used in the experimental tests (Figure 3).

The material behavior of UHPC_R and UHPC_RHA was simulated using the concrete
damage plasticity (CDP) model available on the ABAQUS software version 6.14 [44]. This
model was selected because it effectively captures the damage evolution under both tension
and compression and the inelastic behavior of concrete [45].

Regarding the elastic properties, the same values were considered for both UHPC_R
and UHPC_RHA. Young’s modulus adopted was 47,846.542 MPa, determined experimen-
tally by ABNT NBR 8522:2018 [46]. Poisson’s ratio adopted was 0.2, based on values found
in the literature [47,48].

Regarding the stress—strain behavior of UHPC_R in the CDP model, the input parame-
ters are the compression stress versus inelastic strains (. X e.) and tensile stress versus
cracking strain curves (o X &™), as determined from experimental tests and shown in
Figure 5. For UHPC-RHA, the same experimental curves as UHPC_R were considered.
The inelastic strains in compression and tensile were calculated as follows:

< o,
e =€ — fz 3)
in Ot
=g — — 4
&' =& — ¢ 4)

where ¢, and ¢; are the total compression and tensile strains, respectively; o, and o} are the
compressive and tensile stresses at the evaluated point and E, is the elasticity modulus.
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Figure 5. Mechanical properties of UHPC-R derived from the test results and imputed in

the numerical models: (a) compressive stress versus inelastic strain; (b) tensile stress versus
inelastic strain.

The input parameters in the CDP depend on several factors, including the dilatancy
angle (1), the eccentricity (e), the f;, /fco ratio, the shape factor K, in addition to the viscosity
parameter (). Table 5 displays the values adopted for the UHPC_R and UHPC_RHA,
calibrated according to the experimental results from Krahl et al. [8]. To match the ex-
perimentally obtained rupture strength of UHPC with RHA, adjustments were made to
the Concrete Damage Plasticity (CDP) parameters, specifically the dilatancy angle { and
viscosity W.
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Tensile stress (MPa)

Table 5. Parameters of the concrete damage plasticity (CDP) model in the Abaqus® software used for
the UHPC-R and UHPC-RHA.

Dilatancy

UHPC Type Angle () Eccentricity (e) frolfeo K. Viscosity (p)
UHPC_R 54 0.1 1.07 0.667 0.0001
UHPC_RHA 56 0.1 1.07 0.667 0.0005

Figure 6 shows the force versus horizontal displacement curves (crack opening) at
the notch, obtained from the experimental and numerical models, referring to the flexural
tensile strength test of UHPC_R and UHPC_RHA, for both the 2D and 3D models. Both
models presented similar behavior up to the flexural tensile strength. However, concerning
the post-peak behavior, the curve of the 3D model demonstrated a better approximation to
the experimental results when compared to the 2D model for both concretes. This indicates
that the adopted values of the viscosity and dilatancy angle parameters for UHPC_R and
UHPC_RHA in the CDP exhibit good representativeness and can be utilized in numerical
simulations for this material.

354
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Figure 6. Comparison between experimental and numerical (2D and 3D) results of flexure tensile
tests for (a) UHPC-R and (b) UHPC-RHA.

Table 6 presents the flexural tensile strength results obtained from the 2D and 3D
numerical models in comparison with the experimental results. The flexural tensile strength
results from the numerical simulations indicated that there was no difference in values
with those obtained experimentally. This suggests that two-dimensional modeling may
be a valid alternative for analyses where speed and economy of computational resources
are priorities.

Table 6. Comparison between experimental and numerical results of flexural tensile strength for
UHPC-R and UHPC-RHA using 2D and 3D finite elements.

Flexural Tensile Strength (MPa)

Tipo de UHPC ; . .
Numerical—2D Numerical—3D Experimental

UHPC_R 23.23 23.44 2479
UHPC_RHA 33.88 33.89 33.89
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4.2. Parametric Analyses: Influence of the Geometry of the Tests

After validating the numerical models to simulate material behavior, parametric anal-
yses were conducted to investigate the influence of increased geometry on flexural tensile
strength. The 3D model was adopted for numerical extrapolation as it provides a better
representation of post-peak behavior. Table 7 presents the variations in the dimensions of
the specimens used in the numerical model’s extrapolation, as well as the test spans were
the same as per ABNT NBR 12142:2010 [49].

Table 7. Geometry of the specimens and finite elements in the parameter analysis.

Distance Between

Numerical Model Variations Dimension (mm) Finite Element Size

Supports (mm)

l@

40 x 40 x 160 120 5
& A
100 x 100 x 350 300 10
g
- S h )
A A
@;
- S h i
. A A
450 x 450 x 1400 1350 45

l@

>

The three-dimensional element C3D8R was employed to analyze the variations in the
geometry of the prisms in the numerical model of Abaqus. The same support conditions and
CDP input parameters adopted in validating the numerical simulations were maintained
for the prismatic model 40 x 40 x 160 mm. Due to the larger dimensions of the prisms
considered in the numerical extrapolation, a sensitivity analysis and mesh refinement
were essential. After conducting several tests, it was determined that a variable mesh size,
set at 10% of the height of each prism’s cross-section, was necessary. The mesh size was
considered uniform throughout the prism. This strategy aims to optimize computational
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30

performance by reducing the number of elements while maintaining the accuracy of the
results. Table 7 presents the specific dimensions of the meshes used for each model,
illustrating the adaptation of mesh size to the dimensions of the prisms. This approach
not only ensured accurate results but also significantly reduced processing time—a crucial
factor for executing multiple simulations within a reasonable time interval. Thus, the choice
of the mesh size for each model represented a balance between the fidelity of the results
and the computational efficiency.

Figure 7 and Table 8 present the results obtained from the numerical simulations of
the flexural tensile strength test, which vary according to the geometry of the prisms.
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Figure 7. Influence of prism size on the flexural tensile strength of (a) UHPC reference specimens and
(b) UHPC-RHA specimens.

Table 8. Flexural tensile strength according to the prism geometry of the numerical model.

. . Flexural Tensile Strength  Flexural Tensile Strength
Dimensions (mm)

Without RHA (MPa) with RHA (MPa)
40 x 40 x 160 23.44 33.89
100 x 100 x 350 20.97 28.23
150 x 150 x 500 19.98 26.59
250 x 250 x 800 19.60 24.74
450 x 450 x 1400 19.14 23.24

The results presented in Table 8 indicate a slight increase in the flexural tensile strength of
the UHPC specimens with the addition of RHA, as shown in the experimental results. Both
UHPC_R and UHPC_RHA presented high flexural tensile strength values in the 40 x 40 x
160 mm prisms. As the geometry of the specimens increased to 100 x 100 x 350 mm,
reductions of approximately 10% and 17% in flexural tensile strength were observed
for the UHPC_R and UHPC_RHA models, respectively, compared to the 40 x 40 X
160 mm prisms.

In the case of UHPC_R, the flexural tensile strength values did not show significant
variations with the subsequent increase in the prism dimensions. On the other hand, for
the UHPC_RHA prisms, the variation in strength was more expressive, especially in the
transitions from smaller to larger dimensions. These results corroborate those obtained
by [26,50], which found that the flexural tensile strength varies according to the size of
the prismatic concrete specimens. As the size of the prism increases, the flexural tensile
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strength decreases. This result was also obtained by Lampropoulos [25], which confirmed
that the flexural strength of the examined prisms is reduced as the depth of the specimens is
increased, confirming the so-called “size effect”. Nguyen [26] also concluded that as the size
of the specimen decreased, the flexural strength of UHPFRC increased significantly, while
the average crack spacing on the bottom surface of the specimen noticeably decreased.

There was a 20% reduction in the flexural tensile strength of the UHPC-R from the
smallest prismatic model compared to the prism with the largest geometry. While in
the UHPC-RHA, this reduction in strength was 30% from the smallest prismatic model
(40 x 40 x 160 mm) to the largest prismatic model (450 x 450 x 1400 mm). A decrease in
flexural tensile strength of approximately 6% was observed with the increase in the geom-
etry of the cross-section specimens from 100 x 100 mm to 150 x 150 mm, 250 x 250 mm,
and 540 x 450 mm. This behavior indicates that the presence of RHA (rice husk ash) in the
mixture contributed positively to maintaining the flexural tensile strength of the UHPC,
even as the specimens’ dimensions increased.

In UHPC prisms, the size effect on flexural tensile strength arises from changes in
stress distribution during crack propagation. Larger specimens have a more nonuniform
stress field near cracks, leading to stress concentrations that accelerate unstable crack
growth. Unlike small specimens, which can redistribute stress more effectively around
microcracks, larger ones experience more localized failure. This results in a systematic
decrease in nominal strength with increasing size, as formalized by Bazant’s Size Effect
Law [45]. In addition, these findings agree with previous publications in this field [51,52].

The curves presented in Figure 7b indicate a smaller displacement (crack opening)
of UHPC_RHA at the maximum load compared to UHPC_R (Figure 7a). This behavior
suggests that the addition of rice husk ash (RHA) increased the stiffness of UHPC. This
effect can be attributed to the high degree of amorphicity of the RHA used in the mixture.
The silica present in the ash reacts with the calcium hydroxide released during cement
hydration, thereby promoting a stronger bond within the cementitious matrix, which
contributes to increasing the strength and stiffness of the concrete. Additionally, the fine
particles of RHA enhance the density of the cementitious matrix, thereby further reinforcing
its stiffness [53,54].

Another way to explain these results is that the denser (less porous) matrix of
UHPC_RHA improves the pre-cracking elastic stiffness and delays microcracking, con-
tributing to the overall flexural stiffness. Additionally, a stronger interfacial transition zone
(ITZ) between the matrix and fibers or aggregates reduces stress concentrations around
fibers, resulting in better stress transfer and higher stiffness during flexural loading [29,55].

Figure 8 illustrates the stress distribution in the UHPC-R prisms as a function of
geometry variation. In the smaller prisms (40 x 40 x 160 mm), it is observed that the
maximum tensile stress in bending is concentrated more widely in the central region of
the lower edge compared to the larger prisms. In the larger prisms, it is noted that the
maximum tensile stress in the central region gradually decreases as it moves away from
the lower edge, reaching minimum values at the upper edge. Furthermore, in the smaller
prisms, it is possible to perceive the influence of tensile stresses along the entire height
of the section, extending from the lower edge to the upper edge, especially in the central
region, until the moment of rupture. This indicates that, in the smaller prisms, tensile
stresses are more evenly distributed vertically, whereas in the larger prisms, rupture occurs
predominantly with minimum tensile stresses at the upper edge, with tensile stresses
concentrated mainly in the lower region of the section. According to Figure 4, a central
crack has formed and propagated towards the upper region. In the larger prisms, it is
observed that the maximum tensile stress in the central area gradually decreases as it moves
away from the lower edge, reaching minimum values at the upper edge. Nguyen [26] noted
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that as the size of the specimen decreases, the flexural strength of ultra-high-performance
fiber-reinforced concrete (UHPFRC) increases significantly, while the average crack spacing
on the bottom surface of the specimen decreases noticeably. Conversely, the average crack
spacing tends to be wider as the specimen size increases. According to Weibull’s theory
regarding the size effect, specimens can be modeled as chains with multiple elements. As
a result, larger specimens, which consist of more elements in the chain, have a higher
probability of failure compared to smaller specimens. This phenomenon is known as the
size effect on strength [56].

A A
(b)
A A

(c) (d)

A A
(©)

Figure 8. Tensile stress distribution in prismatic models: (a) 40 x 40 x 160 (mm);
(b) 100 x 100 x 300 mm; (c) 150 x 150 x 500 mm; (d) 250 x 250 x 800 mm; (e) 450 x 450 x 1400 mm.

5. Conclusions

This study analyzed the effect of adding rice husk ash (RHA) on the flexural tensile
strength of fiber-reinforced ultra-high-performance concrete (UHPC) prisms. In addition,
the calibration of UHPC parameters with RHA was proposed for numerical simulations
based on the CDP model. In the end, parametric analyses were conducted to investigate
the impact of prism size on flexural tensile strength for UHPC specimens both with and
without RHA addition. The main conclusions obtained in this work are listed below:

e  Comparing the results obtained, an increase of approximately 4% in compressive
strength is observed, representing a small improvement for UHPC with 20% RHA
(132.60 MPa) compared to UHPC without replacement (127.67 MPa).

e  Comparing the results obtained, an increase in flexural tensile strength is observed
with the addition of RHA to UHPC (from 26.05 MPa to 31.57 MPa), which represents
an increase of approximately 20%.
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e  The adjustments of the viscosity and dilatancy angle parameters for the UHPC-RHA
in the CDP, considering the UHPC-R input data, showed good representativeness and
can be used for numerical simulation.

e  Numerical extrapolations of the flexural tensile strength test indicate that the size of
the concrete prism geometry affects the final results; specifically, as the geometry of
the prisms increases, the resistance decreases.

e  There was a 20% reduction in the tensile strength of UHPC-R from the smallest
prismatic model compared to the prism with the largest geometry. While in the UHPC-
RHA, this reduction in strength was 30% from the smallest prismatic model to the
largest prismatic model.

e The tensile strength curves obtained from the numerical model showed that
UHPC_RHA exhibited a smaller displacement before reaching rupture compared
to UHPC_R, confirming that the presence of RHA enhances the stiffness of UHPC due
to its high pozzolanic activity and its filler effect on the microstructure.

The conclusions demonstrate that the inclusion of rice husk ash (RHA) in the UHPC
mixture yields satisfactory performance in terms of mechanical strength, particularly in
flexural tensile strength. However, this topic has not been fully explored, and further
experimental studies are needed to investigate the behavior of RHA in UHPC compositions.
In addition, the variation in the geometry of the prisms should be considered in the
calculation of the flexural tensile strength, especially in mixtures containing RHA, in which
this influence was shown to be more significant. Smaller prisms can be used in the tests;
however, the force obtained should be corrected to consider the influence of the smaller
geometry of the specimen.

As a suggestion for future work, it is recommended that experimental analyses of the
mechanical behavior of UHPC be performed with the addition of rice husk ash (RRA) and
different types of fibers, such as polypropylene and glass microfibers. The focus should be
on evaluating the tensile strength in bending, considering the variations in the geometries
of the prisms used in the tests, to verify whether such variations significantly influence
the results.
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