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Abstract

The rapid expansion of urban areas has increased the prevalence of impermeable surfaces,
intensifying flooding risks by disrupting natural water infiltration. Permeable pavements
have emerged as a sustainable alternative, capable of reducing stormwater runoff, improv-
ing surface friction, and mitigating urban heat island effects. Nevertheless, their broader im-
plementation is often hindered by issues such as clogging and limited mechanical strength
resulting from high porosity. This study examines the design of interlocking permeable
blocks utilizing ultra-high-performance concrete (UHPC) to strike a balance between en-
hanced drainage capacity and high structural performance. A topology optimization
(TO) strategy was applied to numerically model the ideal block geometry, incorporating
105 drainage channels with a diameter of 6 mm—chosen to ensure manufacturability and
structural integrity. The UHPC formulation was developed using particle packing opti-
mization with ordinary Portland cement (OPC), silica fume, and limestone filler to reduce
binder content while achieving superior strength and workability, guided by rheologi-
cal assessments. Experimental tests revealed that the perforated UHPC blocks reached
compressive strengths of 87.8 MPa at 7 days and 101.0 MPa at 28 days, whereas the solid
UHPC blocks achieved compressive strengths of 125.8 MPa and 146.2 MPa, respectively. In
contrast, commercial permeable concrete blocks reached only 28.9 MPa at 28 days. Despite
a reduction of approximately 30.9% in strength due to perforations, the UHPC-105holes
blocks still far exceed the 41 MPa threshold required for certain structural applications.
These results highlight the mechanical superiority of the UHPC blocks and confirm their
viability for structural use even with enhanced permeability features. The present research
emphasizes mechanical and structural performance, while future work will address hy-
draulic conductivity and anticlogging behavior. Overall, the findings support the use of
topology-optimized UHPC permeable blocks as a resilient solution for sustainable urban
drainage systems, combining durability, strength, and environmental performance.
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1. Introduction

Rapid urban growth has led to significant changes in land use and occupation, bringing
a complex set of economic, social, and environmental impacts. This exponential urbaniza-
tion leads to the construction of new buildings, pavements, and sidewalks, which increase
the impermeable areas of cities, thereby intensifying flooding by disrupting natural water
cycles [1]. In this context, pavement infrastructure plays a crucial role in the sustainabil-
ity of urban systems [2]. Specifically, permeable pavements contribute to enhancing this
ecosystem, significantly benefiting the urban environment by reducing stormwater runoff
volume, increasing skid resistance on pavement surfaces, and minimizing traffic noise and
the urban heat island effect [3].

Although permeable pavements offer promising benefits to both built and natural
environments, challenges that threaten their long-term effectiveness—especially concerning
maintenance and clogging of pores—remain key barriers to their widespread application [3].
Additionally, the inverse relationship between porosity and concrete strength limits the
use of permeable paving blocks to light traffic roads or pedestrian pathways, as conven-
tional permeable pavements rely on high porosity to achieve sufficient permeability and,
consequently, are low-strength systems [4].

While the hydraulic capacity, drainage potential, and anticlogging performance of the
proposed interlocking permeable blocks are recognized as essential for the effectiveness of
permeable pavements, these aspects are not the primary focus of the present study and will
be comprehensively addressed in a future publication dedicated to evaluating hydraulic
performance. Instead, this article concentrates on the innovative application of ultra-
high-performance concrete (UHPC) combined with topology optimization, emphasizing
the structural design and mechanical performance. The research explores how UHPC’s
exceptional strength enables the creation of optimized geometries that balance mechanical
resistance with permeability, ensuring structural integrity without compromising durability.

2. Research Scope and Significance

This study focuses on the innovative design of interlocking permeable blocks using
ultra-high-performance concrete (UHPC) combined with topology optimization (TO) to
balance mechanical strength and hydraulic conductivity. The primary emphasis of this
article is on the structural performance of the optimized block, ensuring that the mechanical
requirements are met for practical application. While the drainage potential and hydraulic
performance of the proposed design are recognized as essential aspects, these will be com-
prehensively addressed in a separate publication dedicated to hydraulic evaluation. The
experimental phase in this study validates the feasibility of producing durable, structurally
sound, anticlogging permeable blocks suitable for sustainable urban infrastructure.

3. Literature Review

As cities expand, urban areas become increasingly susceptible to flooding due to im-
permeable surfaces that limit rainwater absorption. Flood events, whether minor or severe,
are occurring more frequently and have a substantial impact on individuals, businesses,
and infrastructure. In the United Kingdom alone, flood-related damages amount to billions
annually [4].



Sustainability 2025, 17, 6039

30f19

Permeable pavements are widely recognized for their hydrological benefits, reducing
surface runoff and mitigating flood peaks. Studies indicate runoff reductions between
50% and 100% compared to conventional pavements [5], and flood peak reductions up
to 90%, even with low-drainage subbases. In newly urbanized areas, these systems can
lower development costs by reducing the need for additional drainage infrastructure, with
stormwater volume reductions reaching 70-90%, similar to natural landscapes like fields or
forests [6].

Permeable paving blocks, forming the surface layer of these systems, offer dual
functionality: adequate structural performance and environmental benefits. They function
as drainage elements while contributing to air quality improvement [7].

Despite these advantages, certain limitations hinder the broader use of permeable
pavements. Chief among them is the mechanical behavior of porous concrete, which is
closely linked to its high porosity [8-10]. Because compressive strength and porosity are
inversely related, these blocks are often restricted to low-traffic applications like sidewalks
and bike paths.

Another limitation is the decline in infiltration capacity over time due to clogging
by sediments and dust. National and international standards set requirements for the
infiltration rate, which must remain above 10> m/s, as per ICPI guidelines [11]. Al-
though pressurized water jets can restore permeability, optimizing the design to reduce
maintenance frequency also supports sustainability goals.

A key factor in clogging is the tortuosity of the pore network, which disrupts flow
and promotes obstruction. Redesigning pore structures to reduce tortuosity is a promising
strategy. Some authors also advocate for higher compressive strength to expand permeable
pavements to heavier load applications [4]. However, high porosity often compromises
strength, limiting conventional systems to light loads.

Engineering design plays a critical role in sustainable solutions. Within ecological
engineering, ecodesign integrates environmental considerations from the early planning
stages [12]. Topology optimization (TO), widely used in fields like aerospace and bioengi-
neering [13], offers a method for achieving optimal material distribution based on criteria
such as stiffness or weight [14].

In this manuscript, TO is applied to balance mechanical strength and hydraulic con-
ductivity in the block design. Although hydraulic testing will be presented separately, TO
proved fundamental in reconciling structural integrity and permeability in a single solution.
The algorithm iteratively determines material distribution, allowing efficient optimization.
Applied to civil engineering, TO contributes to sustainability by reducing material use and
greenhouse gas emissions [15].

UHPC (ultra-high-performance concrete) offers high strength and low porosity, en-
hancing durability and performance in adverse conditions [16-18]. It is particularly suited
for pavements exposed to loads, moisture, and deicing agents. Its dense microstructure
also supports longer service life and reduced maintenance.

Recent research focuses on designing low-tortuosity pore networks to improve
drainage and reduce maintenance. Advanced modeling techniques can establish quantita-
tive links between pore characteristics and pavement performance, enabling more effective
and resilient permeable blocks [5].

In summary, this article proposes a resilient engineering solution for urban drainage
using interlocking permeable blocks. The design incorporates topology optimization and
UHPC to achieve structural and environmental performance. This approach supports cities
in addressing climate change impacts and improving urban infrastructure resilience.
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4. Materials and Methods

This section presents the materials and methods adopted in the present study. Initially,
the numerical modeling techniques and proposed validation procedures are detailed,
focusing on the design and optimization of the seep-sink block geometry. Subsequently,
the experimental validation is described, based on performance tests carried out with the
permeable blocks produced using an ultra-high-performance concrete (UHPC) mixture.

4.1. Seep-Sink-Block Design—Numerical Optimization

The numerical optimization techniques employed in this study provided an initial
approach to optimizing the block design, focusing on introducing openings that would
provide sufficient drainage capacity while maintaining mechanical strength. This strat-
egy aimed to address two key and often conflicting requirements in the development of
permeable pavers: enhancing hydraulic conductivity and ensuring structural integrity.
By integrating these numerical findings, the subsequent experimental phase was directed
toward validating the feasibility of the optimized design under real-world mechanical and
functional conditions.

Following this concept, the block was designed with permeable ducts as an integral
part of its structure rather than just an incidental characteristic of the concrete composition.
The diameter of the flow channels was defined as 6 mm, based on technical and safety cri-
teria for urban pavement applications. This dimension aims to prevent risks to pedestrian
safety, particularly for women wearing high-heeled shoes, whose base of support typically
measures less than 10 mm. According to a technical study conducted by Belgard Archi-
tectural Products Group [19], heels with widths of up to 9 mm were tested on pavements
with 10 mm joints, highlighting the need to limit openings to prevent accidents such as
tripping or heel entrapment. Therefore, adopting openings of 6 mm or less represents an
appropriate and safe solution for urban environments, effectively minimizing the risk of
footwear entrapment on permeable surfaces. Additionally, in the numerical simulation, a
manufacturing criterion was applied to incorporate the maximum possible number of ducts
into the block while ensuring moldability and structural integrity. This approach resulted in
a configuration with 105 holes, balancing hydraulic performance with structural safety. The
main objective of this stage is to obtain a topologically optimized design for a pavement
block that maximizes permeability per square meter while maintaining mechanical strength
according to ABNT 9781 standards for light traffic, light vehicles, and commercial line
vehicles. The key requirements are based on the premise of minimum permeability of
1073 m/s (ABNT NBR 16416:2015 [20]). Using linear elasticity theory for a prism under
axial load, the axial stress o(x) is defined by Equation (1).

o(x) = A 1)

where P(x) is the axial force and A is the cross-sectional area. The resulting elastic deforma-
tion follows Hooke’s Law: o(x) = E-¢(x), where E is Young’s modulus and &(x) = du/dx
(displacement gradient) [21].

For the failure analysis, the safety factor (Fgafety) was calculated based on the Mohr-
Coulomb criterion (Figure 1), which was chosen over the von Mises criterion due to its more
accurate representation of concrete’s asymmetric behavior in tension and compression.
This criterion is defined by Equation (2).

-1
a1 73
Furns = |5+ 5o ?
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where, 07 = maximum principal stress, 03 = minimum principal stress, o1 and o3 from

FEA, Syt = tensile strength, Sy;c = compressive strength, Sy and Sy;c from Table 1.
O3
SUT
_SUC O'
S ¢
_SUC
Figure 1. Mohr-Coulomb criteria.
Table 1. Properties using FEA analyses.
Properties Units Steel Plate COMMERCIAL UHPC
Solid Density kg/m3 7850 2300 2470
Poisson’s ratio 0.30 0.18 0.15
Young’s Modulus MPa 210 x 103 25 x 103 56 x 10°
Tensile Strength MPa 800 6.1 16
Compressive Strength MPa 960 35 130

To fulfill the specified requirements, the following procedural steps were implemented:

Geometric modeling: A three-dimensional model of a standard block (200 x 100 x 60 mm)
was initially designed using ANSYS SpaceClaim (Version R2 2024), adhering to
standard block geometry. A quarter-symmetry approach was adopted to reduce
computational effort.

Material assignment: the geometry was imported into ANSYS Workbench (Version R2
2024), where linear elastic, isotropic, uncracked, and homogeneous material properties
were assigned based on the parameters listed in Table 1.

Finite element discretization: The model was discretized using the finite element
method (FEM) with a structured hexahedral mesh (Figure 2). A high-order 20-node
SOLID186 element formulation was employed to ensure numerical accuracy and
convergence in the mechanical response analysis.

Boundary conditions and loading configuration:

The numerical model constrained the block’s degree of freedom (DOF) along the

Z-axis, while permitting unrestricted translational movement in the X and Y directions.

The specimen was positioned between two high-hardness steel plates (60 Rockwell C) with

an 85 mm diameter and 20 mm thickness.

A compressive load was applied to achieve the minimum specified 28-day compressive

strength (fp) of 35 MPa, as prescribed by ABNT NBR 9781:2013 [22]. The loading protocol
followed a quasistatic analysis to maintain consistency with the normative loading rate

requirement of 550 kPa/s, to simulate standardized testing conditions.

ANSYS Workbench provides an integrated CAD/CAE environment, enabling stream-

lined mechanical behavior analysis and facilitating future design optimization through

parametric geometry modifications. The parameters used as input for the numerical study

were

defined based on the values proposed in Mesquita’s (2024) Master’s dissertation [23].
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Figure 2. Mesh details of standard block (FEM).

Adding fluid flow channels increases stress levels, which depend on the material
properties, load conditions, and brick design. Therefore, it is necessary to use a material
with higher compression strength. Manufacturing constraints were considered for the next
steps, and the maximum number of fluid flow channels (each with a 6 mm diameter) was
added. Static FEA will then be conducted to verify the maximum stress under load, and
based on these results, the minimum required strength of the replacement material will
be determined.

For modifying the standard geometry, a minimum linear distance equal to the chan-
nel diameter will be assumed to ensure moldability and prevent shrinkage and void
issues. Under these constraints, the following configuration was obtained as shown in
Figure 3. The FEM mesh details are as follows: element type, Hexa SOLID186, 2nd order;
84,378 elements and 372,687 nodes, as illustrated in Figure 4.
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Figure 3. CAD geometry of optimized block.

@6mm x 105

Thus, the numerical modeling based on topological optimization criteria was essential
for establishing the design premises of the permeable block, guiding its geometric config-
uration, the sizing of the drainage channels, and the selection of mechanical properties
suitable for structural performance. This initial step enabled the conceptual adjustment
of the block, effectively balancing hydraulic requirements with structural integrity in ac-
cordance with applicable technical standards. The adopted strategy aimed to anticipate,
through simulation, the operational limits and material strength demands imposed by the
designed openings, providing a rational foundation for prototype development. With the
optimized model validated numerically, the research advanced to the experimental phase,
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focused on verifying the mechanical performance of the blocks through laboratory testing,
thereby confirming the practical feasibility of the proposed solution.

Figure 4. Mesh details of optimized block.

4.2. Experimental Validation
4.2.1. Materials and Mix Design

This study employed ordinary Portland cement (OPC; type CP-V—Holcim), micro-
cement (MC), and silica fume (SF; Elkem 971U, Sao Paulo, SP, Brazil) to improve both
packing efficiency and pozzolanic reactivity. To enhance sustainability and reduce binder
demand, the mix design incorporated two grades of limestone filler (LF1 and LF5) as partial
replacements for cementitious materials. Additionally, two quartz sands with distinct
particle size distributions (Sand-1 and Sand-5) were selected to optimize granular packing.
The combination of fine and coarse sands contributed to the formation of a dense granular
skeleton, minimizing porosity and further improving the material’s performance.

The particle size distribution of fine materials (<10°® pm) was measured using laser
diffraction (Helos, Sympatec, Sao Paulo, SP, Brazil; 0.1-355 um range). Sand gradation
was assessed using dynamic image analysis (QicPic, Sympatec; 100-4000 pm range). Real
density was determined by helium pycnometry (Multipycnometer, Quantachrome, Sao
Paulo, SP, Brazil), and specific surface area (SSA) by BET analysis (Belsorp Max, Bel Japan,
Sao Paulo, SP, Brazil) [24,25]. Figure 5 shows the particle size curves. Table 2 summarizes
the SSA, real density, and D10-D90 values of each material.

------------- Portland cement 100 - [ ST
— .- — Microcement < ’ / /
— - — Silicafume = : _—
——————— Limestone_1 5 80 - | .-/ !
Limestone_5 = | I
\ Sand_1 o i i )
!' Sand_5 s 60 ' / I'
X kZ o
, l () 40 T , N Il'
. = : /
.’ l o\ E | le/
I ‘ / _,r‘"-,\‘ L E 20 7] I . l’l g
/ ‘./,"/’ \“ 5 / /I;'I
| . it J © 0 L S —rrrrrm
1 100 10.000 0 1 100 10.000
Diameter (um) Diameter (um)

Figure 5. Particle size distribution of raw materials.
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Table 2. Physical properties of the used materials.

Raw Material D10 (um) D50 (um) D90 (um) SSA (g/cm®)  Density (g/cm?)

OPC 2.81 9.46 26.76 1.26 3.09
MC 0.59 1.41 2.81 4.03 2.95
SF 0.196 0.301 0.435 23.7 2.19
LF1 0.70 2.37 6.69 343 2.78
LF5 1.41 7.95 18.92 1.03 2.78
Sand_1 1000 1180 1700 0.02 2.67
Sand_5 212 425 710 0.04 2.66

OPC and LF5 had similar D50 values, though OPC showed a narrower distribution.
Microcement exhibited a smaller size range, indicating better packing potential. Silica
fume, with D50 below 0.3 um and high SSA, enhances packing and nucleation during
hydration [26-28].

The chemical composition of the fine materials was determined using X-ray fluores-
cence (XRF) with an Axios Advanced spectrometer (Panalytical, Sao Paulo, SP, Brazil) [24].
Table 3 presents the oxide compositions. The cements comply with NBR 16697, which
limits SO3 to <4.5%, loss on ignition (LOI) to <6.5%, MgO to <6.5%, and insoluble residue
to <3.5%.

Table 3. Chemical characteristics of raw materials, obtained by XRF.

Chemical Species OPC (%) MC (%) SF (%) LF (%)
SiO; 19.2 30.7 97.3 4.52
Al O3 494 9.79 0.30 0.11
Fe,Os 297 0.86 0.10 <0.10
CaO 60.8 422 0.40 48.4
MgO 0.67 5.66 0.20 5.89
SO; 4.47 5.92 0.20 <0.10
Na,O 0.15 0.45 0.20 <0.10
K;O 0.70 0.60 0.30 <0.10
TiO, 0.25 0.66 <0.10 <0.10
P,05 0.27 <0.10 <0.10 <0.10
MnO 0.09 0.23 <0.10 <0.10
SrO 0.27 0.07 <0.10 <0.10
L.O.I 3.87 3.07 0.60 41.0

MC had lower CaO but higher Al,O3 and SiO, than OPC, indicating a higher C,S/C3S
ratio and suggesting slower reactivity. Its elevated MgO content reflects a more dolomitic
nature. SO3 exceeded the NBR limit, likely due to higher gypsum addition to control
aluminate reactivity.

Silica fume was composed mainly of SiO; (>97%), reinforcing its pozzolanic po-
tential [26]. Limestone filler showed low SiO, (~4.5%) and higher MgO, confirming its
dolomitic origin. Its L.O.I (41%) was slightly below the theoretical value for pure limestone
(44%), suggesting minor impurities.

The paste mix design used in this study was developed in a previous work by
Mesquita [23], aiming to reduce binder demand while maintaining high mechanical perfor-
mance and workability. Aggregate proportions were defined using the particle packing
model proposed by Westman and Hugill [29], aiming to achieve a dense granular skeleton
with minimal porosity. This model promotes the efficient arrangement of particles of
varying sizes, improving packing density and reducing the binder requirement.
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A single optimized composition was developed following this methodology. The
detailed mix design and material consumption are summarized in Table 4. Further infor-
mation can be found in Mesquita [23].

Table 4. Material consumption for the optimized mix design.

Raw-Materials Consumption (kg/m?)
orcC 351
MC 91
SF 44
LF1 409
LF5 162
Sand-1 498
Sand-2 762
Water 153
w/s 0.06
w/b 0.31

The mix design achieved a low water-to-solids (w/s) ratio of 0.06, which contributes to
a dense microstructure with reduced capillary porosity [23]. In contrast, the water-to-binder
(w/b) ratio of 0.31 ensures a sufficient level of hydration, as it directly influences the extent
of binder reaction. While low w/s values are desirable to limit porosity and enhance
durability, excessively low w/b ratios may impair hydration and compromise strength
development [15]. Therefore, formulations should aim to minimize water-to-solid (w/s)
ratios while maintaining a sufficiently high water-to-binder (w/b) ratio to ensure effective
hydration kinetics and mechanical performance.

4.2.2. Casting

The mixing process was performed using a Pheso rheometer, manufactured by Cal-
metrix (Sao Paulo, SP, Brazil) (Figure 6a), to evaluate the rheological behavior during mixing
and determine the applicable rheological parameters. The test geometry chosen was of the
attritor type, positioned in a planetary system, allowing for efficient and homogeneous
mixing of the materials.

Initially, the dry materials (cement, silica fume, limestone filler, and sand) were added
to the mixing vessel of the rheometer (Figure 6b). The dry mixing was carried out at a
speed of 100 rpm for 180 s, ensuring the homogenization of the components before adding
water. After this step, the water was added gradually at a flow rate of 50 g/s, using a funnel
equipped with a rubber hose and a control valve.

Once the water was completely added, the mixing continued for 10 min at a speed
of 186 rpm, ensuring proper dispersion of the materials and complete hydration of the
binders. This process allowed the achievement of proper consistency in the development
of UHPC, while maintaining the necessary rheological properties for its application.

The blocks were produced using the molding technique, which is suitable for the type
of UHPC mixture. The samples were molded (Figure 7a) in reinforced cardboard molds,
laser-cut (200 x 100 x 60mm), designed to meet the shape requirements and ensure the
proper positioning of the channels. To prevent water absorption by the cardboard and
facilitate demolding, the molds were coated with adhesive tape, which acted as both a
release agent and a barrier against water ingress. As defined in the methodology, 6mm
plastic tubes were positioned to create the pre-existing channels in the piece. After mixing
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the concrete, the specimens were cast (Figure 7b,c) and kept in a dry chamber for 24 h, under
controlled conditions of 23 °C and 50% relative humidity. After this period, the blocks
were carefully demolded, and the plastic straws used to form the channels were manually
removed, ensuring the proper opening of the flow ducts. Given the surface characteristics
of UHPC, the removal of the plastic straws was greatly facilitated, leaving no material
inside the openings or any residual debris. Subsequently, the specimens were placed in
a moist curing chamber at a constant temperature of 23 °C and 100% relative humidity,
where they remained for 28 days, completing the curing cycle according to the parameters
recommended for concrete mechanical strength testing. Some specimens, however, were
removed after 7 days for intermediate testing purposes.

Figure 6. Mixing process of UHPC. (a) mixing process using a Pheso rheometer; (b) dry materials
added to the mixing vessel of the rheometer.

Figure 7. Sample preparation by casting. (a) prepared molds before casting; (b) UHPC mixture being
cast into the molds; (c) mold fully filled with self-compacting UHPC mixture.
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4.2.3. Mechanical Performance
Compressive Strength

A compression test was conducted to determine the minimum compressive strength
in accordance with Standard ABNT NBR 9781:2013 and ASTM C109 [30]. According to
this norm, the test specimens should conform to Type I, with a rectangular shape and
dimensions of 200 x 100 x 60 mm. The shape factor (IF), defined as the ratio between the
specimen’s length and height, must be less than or equal to 4; in this case, IF = 200/60 = 3.3,
which meets the standard’s requirement. The application of this type of block is suitable
for pedestrian traffic, light vehicles, and commercial vehicles. The minimum compressive
strength required by the norm is 35 MPa. For the experimental analysis, a total of 18 speci-
mens were produced: 6 UHPC blocks without any holes (UHPC-Oholes), 6 UHPC blocks
with 105 holes (UHPC-105holes) based on the proposed geometry, and 6 commercially
available permeable concrete blocks commonly used in Brazil (commercial). All specimens
were manufactured with identical dimensions to ensure accurate and fair comparison
among the different types of blocks and their respective structural configurations. The
concrete mixtures were tested for compressive strength at curing ages of 7 and 28 days.

Compressive strength tests were performed using a Shimadzu universal testing ma-
chine (capacity: 2000 kN) (Shimadzu, Sao Paulo, SP, Brazil). Specimens were ground to
ensure parallel loading surfaces. The test aimed to assess the influence of binder reduction
on the hardened-state performance of UHPC.

Figure 8 presents the testing apparatus, which includes the compression testing ma-
chine, the specimens (UHPC-0Oholes, UHPC-105holes, and commercial), and the complete
setup used for the compressive strength evaluation. This visual reference supports the
methodological description by illustrating the experimental conditions under which the

tests were conducted.

Figure 8. Compressive test (a) testing machine (b) specimens (c) apparatus and setup.

Dynamic Modulus of Elasticity

The dynamic modulus of elasticity was determined using the Ultrasonic Pulse Velocity
(UPV) test, which employed a device operating in pulse-echo mode (Pundit Lab, 200 kHz
frequency, & 20 mm transducers). To ensure proper contact and minimize signal loss during
wave transmission, the transducers were coupled to the surface of the specimens using
medical-grade ultrasonic gel. After applying the gel, the transducers were positioned on
opposite faces of the specimen, aligned and parallel to each other, ensuring a straight-line
propagation of the ultrasonic pulse (Figure 9). The measurement of the wave’s time of flight
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across the material allowed the calculation of the ultrasonic wave velocity. Based on this
data and the physical properties of the concrete (density and Poisson’s ratio), the dynamic
modulus of elasticity was estimated using linear elasticity equations, in accordance with
ABNT NBR 8802:2019 and ASTM C597 standards [31,32].

Figure 9. Ultrasonic pulse velocity (UPV) test setup.

5. Results and Discussion
5.1. Seep-Sink-Block Design—Numerical Optimization

Adding fluid flow channels increases stress levels, which depend on the material
properties, load conditions, and the block design. Therefore, it is necessary to use a material
with higher compressive strength. The manufacturing constraints were considered, and the
maximum number of fluid flow channels (each with a 6 mm diameter) was added. Then, a
static FEA analysis was performed to verify the maximum stress under load, and based on
these results, the minimum required strength of the replacement material was determined.

Furthermore, to adapt the standard geometry, a minimum linear distance equivalent to
the channel diameter was maintained to ensure moldability and mitigate potential defects
such as shrinkage and void formation. Under these design constraints, Figure 10 demon-
strates that incorporating flow channels in UHPC does not compromise structural strength,
as the material’s inherent resistance exceeds the imposed stress limits. Furthermore, the
compressive load specified by ABNT NBR 9781 imposes a minimum material strength
requirement of 35 MPa and the incorporation of fluid flow channels increases the induced
stress to 41 MPa.

Figure 11 presents the Mohr-Coulomb safety factors for three specimen types: COM-
MERCIAL without holes, COMMERCIAL with holes, and UHPC with holes. Consequently,
the candidate replacement material must exhibit a minimum compressive resistance of
41 MPa. In this context, ultra-high-performance concrete (UHPC) presents a viable solu-
tion for optimizing permeable blocks, ensuring structural integrity while maintaining the
necessary drainage capacity.
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Figure 10. Stress distribution per hole in the optimized block.
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Figure 11. Mohr-Coulomb safety factor.

5.2. Experimental Validation
5.2.1. Mix Design

Aiming to reduce binder consumption and enhance its efficiency, a mixture was de-
veloped using a high volume of inert addition, which improved the properties of UHPC,
achieving a compressive strength of 120 MPa after 28 days. This approach is complex
because a higher proportion of fine materials can influence water demand and alter rheo-
logical properties, thereby affecting the hydration process. In response to the changes in
the specific surface area (SSA) of the fines and considering the mineralogy of the addition,
it was necessary to adjust the water content for the mixture.

It is important to emphasize the significance of considering rheological variables in
developing UHPC mixtures with mineral additions, from processing to the material’s
performance properties. The mechanical strength tests at 28 days were performed to assess
the effect of inert addition content in UHPC, resulting in a mixture with a strength of
130 MPa.

5.2.2. Casting

From a molding point of view, casting proved to be quite efficient, and did not create
any problems during concreting. The self-compacting characteristic of UHPC facilitated
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the procedure, and even with the very dense quantity of pipes, which could cause concrete
failures, there were no problems in this regard, as seen in the produced block shown in
Figure 12.

A Loy

Figure 12. Optimized block.
5.2.3. Mechanical Performance
Compressive Strength

Figure 13 illustrates the compressive strength results for the three block types—UHPC-
Oholes, UHPC-105holes, and COMMERCIAL.

B
Z 80.0 % 7/
é 60.0 % %
§ 40.0 % /
; % % B

UHPC - Oholes UHPC - 105holes COMMERCIAL

Figure 13. Compressive strength results for the three block types: UHPC-Oholes, UHPC-105holes,
and COMMERCIAL.

The results of the compressive strength tests, as presented in the table, show significant
differences among the three types of blocks. The UHPC-Oholes blocks (solid, with no holes)
exhibited the highest average compressive strength, reaching 125.8 MPa at 7 days and
146.2 MPa at 28 days, with standard deviations of 4.14 MPa and 4.36 MPa, respectively. The
UHPC-105holes blocks, which contain 105 perforations designed to enhance permeability,
achieved compressive strengths of 87.8 MPa at 7 days and 101.0 MPa at 28 days, with stan-
dard deviations of 5.20 MPa and 4.41 MPa, respectively. This corresponds to a reduction of
approximately 30.9% at 28 days compared to the solid UHPC blocks, yet still well above the
41 MPa threshold required for certain structural applications, as confirmed by finite element
analysis (FEA). In contrast, the commercial permeable concrete blocks (COMMERCIAL)
demonstrated significantly lower performance, with an average of 28.9 MPa at 28 days,
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with a standard deviation of 4.36 MPa. Despite their lower performance, these commercial
blocks still meet the minimum requirement of 20 MPa defined by ABNT NBR 9781:2013
for low-traffic permeable pavements. These findings underscore the superior mechanical
performance of UHPC blocks, particularly the UHPC-0Oholes, and reveal that even with a
high degree of perforation, the UHPC-105holes maintain structural integrity while offering
enhanced permeability.

According to the reference studies in the literature, the compressive strength of con-
ventional pervious concrete blocks typically ranges from 1 MPa to 28 MPa, and may reach
up to 46 MPa when enhanced with additives such as silica fume, fine aggregates, and super-
plasticizers [33-35]. More recent research [4] reports compressive strengths between 6 and
32 MPa for pervious concretes with porosities ranging from 12% to 32%, showing an inverse
relationship between strength and void content. In contrast, concretes with preformed
ducts—similar to those proposed in this manuscript—have achieved strengths ranging
from 19 MPa to 59 MPa, significantly surpassing the structural and pavement application
thresholds. Within this context, the results presented in this article stand out substantially,
particularly the UHPC-based blocks, which demonstrate compressive strengths far superior
to conventional benchmarks, even in highly perforated configurations.

Dynamic Modulus of Elasticity

Figure 14 illustrates the dynamic modulus of elasticity results for the three block types,
UHPC-0holes, UHPC-105holes, and commercial—measured using the ultrasonic pulse
velocity (UPV) method.

60.00
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40.00

30.00

20.00

Elasticity Modulus (GPa)

10.00

0.00
UHPC - Oholes UPHC - 105holes COMMERCIAL

Figure 14. Dynamic modulus of elasticity results for the three block types: UHPC-0holes, UHPC-
105holes, and COMMERCIAL.

The results demonstrated that both UHPC blocks, Oholes and 105 holes, exhibited
superior stiffness compared to the commercial concrete block. The UHPC-0Oholes blocks
reached an average modulus of 48 GPa, while the UHPC-105holes blocks showed 45 GPa,
against 32 GPa for the COMMERCIAL. These values represent an increase of 28.9% to
33.3% over the commercial alternative. The presence of 105 perforations led to only a
6.25% reduction in modulus, confirming the structural efficiency of the duct geometry
and its minimal impact on ultrasonic wave propagation. Compared to the literature,
some authors [36] reported values ranging from 22 to 24 GPa for porous concretes, while
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others [37] observed values between 40.5 and 46.7 GPa in conventional concretes cured up
to 56 days. Moreover, the literature [4] emphasized the influence of air content on UPV
measurements, noting that even a 6% air content could reduce wave velocity by up to 10%.

6. Conclusions

This paper demonstrates the potential of UHPCs to meet high standards of sustain-
ability and workability in special block geometries with a high density of pipes, without
compromising the material’s mechanical properties, such as strength and durability. More-
over, the results indicate that the mechanical resistance properties remained unaffected
while maintaining the material’s high drainage capacity. These results encourage the con-
tinuation of studies focusing on the durability and other performance characteristics of
UHPC, enabling significant advancements in the use of this concrete type in sustainable
infrastructures, such as permeable pavements.

The numerical modeling techniques employed in this research were essential for
defining the key parameters and the optimal design of the permeable interlocking block.
Through topology optimization and finite element analyses, it was possible to establish a
geometry that balances mechanical strength and hydraulic performance. These numerical
approaches guided the experimental phase, which subsequently validated the predicted me-
chanical behavior, confirming the reliability and accuracy of the simulations. The successful
correlation between numerical predictions and experimental results reinforces numerical
modeling as a powerful and indispensable tool for fostering innovation in the development
of advanced permeable pavement systems and sustainable urban infrastructure solutions.

The seep-sink blocks with integrated linear ducts, as developed in this research, offer
a highly efficient solution for stormwater management in urban environments. Their
optimized design enhances surface permeability and accelerates water infiltration through
engineered duct pathways, significantly reducing runoff and the risk of localized flood-
ing. Unlike conventional permeable pavers, the UHPC composition provides superior
mechanical strength and durability, making these blocks suitable for high-load traffic ar-
eas while maintaining their hydraulic function over time. Additionally, the linear ducts
serve as microdrainage channels, promoting consistent flow and reducing the likelihood
of clogging, thereby contributing to the long-term performance and resilience of urban
drainage systems.

The manufacturing process can be adjusted and optimized for large-scale commercial
production, making it feasible for broader application in the construction industry. Future
studies could explore process modifications, material optimization, and cost-effectiveness
to enhance scalability while maintaining the desired mechanical and functional properties.
This presents a promising research direction to bridge the gap between experimental
development and industrial implementation.

Additionally, the surface of the blocks should be further studied through the develop-
ment of microtextures to enhance safety and prevent accidents. Future research could focus
on optimizing surface patterns to improve slip resistance while maintaining the material’s
durability and drainage capacity.

Future studies should specifically address the hydrological performance of the pro-
posed interlocking permeable blocks, including detailed evaluations of hydraulic conduc-
tivity and anticlogging behavior under long-term service conditions. As a continuation of
this research, it is recommended to investigate the influence of the geometric arrangement
of the drainage holes through advanced numerical simulations and the development of
new internal configurations. These efforts aim further to optimize both the hydraulic per-
formance and resistance to clogging, thereby enhancing the overall efficiency and durability
of permeable blocks for sustainable urban infrastructure applications.
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Based on the results demonstrating the high drainage capacity of the block, new hole
configurations can be explored to meet design specifications for temporary water storage
in urban pavements. This could help reduce peak flooding events and contribute to the
development of large-scale stormwater management systems, enhancing urban resilience
to heavy rainfall.

Author Contributions: Conceptualization, F.G. and L.L.B.B.; methodology, F.G. and J.A.ES.d.M.
and EH.A.O.; software, EG. and J.A.FES.d.M. and FH.A.O.; validation, FEG., L.L.B.B,, J.A.ES.d.M.
and R.G.P; formal analysis, EG.; investigation, EG.; resources, FG., ].A.FS.dM. and EH.A.O,;
data curation, F.G.; writing—original draft preparation, EG.; writing—review and editing, F.G,,
JLAFES.dM., FH.A.O., L.L.B.B.,, RG.P, E.CN.S. and D.S.P; visualization, EG., ] A.FS.d. M., EH.A.O.,
L.L.B.B, RG.P, E.C.N.S. and D.S.P; supervision, L.L.B.B., R.G.P. and E.C.N.S.; project administration,
F.G. and L.L.B.B,; funding acquisition, EG., L.L.B.B., E.C.N.S. and D.S.P. All authors have read and
agreed to the published version of the manuscript.

Funding: This research was funded by Fundagao de Apoio a Universidade de Sao Paulo—Grant No.
10087 /494; by the Productivity Research Fellowship from CNPq—CNPq Grant No. 304508 /2023-3;
and by the financial support of FAPESP under Grant No. 2023 /10333-9.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article. The original contributions
presented in this study are included in the article. Further inquiries can be directed to the
corresponding author.

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

Abbreviations

The following abbreviations are used in this manuscript:

UHPC  Ultra-High-Performance Concrete

FEA Finite Element Analysis

orC Ordinary Cement Portland

ABNT  Associagao Brasileira de Normas Técnicas
NBR Norma Brasileira

TO Topology Optimization

CAD  Computer-Aided Design

CAE Computer-Aided Engineering

SF Silica Fume

LF1 Limestone Filler 1

LF5 Limestone Filler 5

DM Design for Manufacturing

MC Microcement

SSA Specific Surface Area

LOI Loss On Ignition

ASTM  American Society for Testing and Materials
ICPI Interlocking Concrete Pavement Institute
DOF Degree Of Freedom

GHG  Greenhouse Gas
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