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Abstract: In order to solve the problem of urban surface runoff, it is necessary to
study permeable brick deeply. Tensile test and DMA test were used to study the
binder material of permeable brick, and a material with the best mechanical prop-
erties was selected as the binder of resin based permeable brick; The permeable
brick with single gradation and continuous gradation and porosity of 0.1-0.5 gra-
dient is constructed by 3D modeling method. The particle composition and the
seepage simulation results of permeable brick under different design parameters
were analyzed; A resin-based permeable brick with micro-pores was prepared
using the selected binder and desert sand with high roundness as aggregate,
and compared with the simulation, its water permeability coefficient is 3.25 x
1072 cm/s and the compressive strength is 36.19 MPa. In the seepage simulation
of permeable brick, it is known that with the increase of gradation width “value i,
the water permeability coefficient increases. Therefore, in order to control the
number of aggregate particles and obtain better seepage performance, the wide
gradation of i > 4 and the design porosity of 0.3—0.4 should be considered. This
study provides a research basis and a simulation method for the component opti-
mization of resin based permeable brick.
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Nomenclature

us: Darcy velocity

k: permeability coefficient
15 liquid viscosity

VP: pressure drop

Vi Forchheimer velocity

Y Forchheimer coefficient
Py liquid density

oy tensile strength

P: failure load
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b: specimen width

h: specimen thickness

Pyt water density

E;: tensile elastic modulus

AP: load increment of initial straight segment on load-deformation curve
AL: deformation increment in the gauge distance L, corresponding to the load increment AP
&: elongation at break

ALy: elongation within the gauge distance Ly when the sample breaks

& porosity of permeable brick

¢ proportion of voids in 2D slices

miy: wet weight of fully immersed permeable brick

myy: dry weight of permeable brick

V. volume of permeable brick

i aggregate particle grading width value

1 Introduction

The continuous transformation of human living environment makes urbanization an irreversible process,
in the process of urbanization, the permeable surface of road surface is gradually replaced by the
impermeable surface [1,2], this has brought many urban diseases such as waterlogging and heat island
effect to the city [3—8]. To solve these problems, it is necessary to increase the proportion of permeable
surface in the original urban surface, pervious pavement materials are needed in road materials. In the use
of permeable pavement materials, the amount of permeable brick is very large, permeable brick is a kind
of pavement material which constructs a large number of connecting channels in the brick body. The
common permeable bricks at present are cement-based porous permeable brick and sintered porous
permeable brick [9,10]. The research on cement-based permeable brick and sintered permeable brick has
been carried out very early, but their shortcomings are obvious, such as: rough surface, poor wear
resistance, long maintenance cycle; high preparation temperature, causing great pressure on the
environment; large apparent pores are easy to block, short life cycle, etc., which also restrict the
application of permeable brick as a kind of permeable pavement material. Therefore, it is urgent to
develop a new permeable brick that can overcome the above defects.

Permeable brick is composed of framework and pore, framework provides a stable physical structure for
permeable brick, and it is composed of aggregate and binder material. There are many researches on
permeable brick aggregate, Mandula et al. [11] prepared permeable brick with permeability rate of
3.5 x 1072 cm/s by using the particle with fine aggregate of 70% (particle size 0.6-2.36 mm) and coarse
aggregate of 30% (particle size: 2.36-4.75 mm), Wang et al. [12] prepared cement permeable brick with
permeable rate of 3.2 x 1072 cm/s by using aggregate with particle size range of 3-5 mm. The grey
correlation study of He et al. [13] on cementitious materials and aggregates showed that the gradation of
aggregates has a great influence on the properties of permeable materials, and the effects of various
factors on the effective porosity and permeability coefficient of concrete permeable brick are consistent:
aggregate grading > aggregate cement ratio > water cement ratio > 0.6 (grey correlation degree). Through
the design of aggregate gradation, the pore characteristics of porous media can be designed, such as
porosity, pore size, etc., through the selection of aggregate shape, the pore shape can be further designed.
The characteristics of pores will further affect the permeability and mechanical properties of permeable
materials, Trablsi’s et al. [14] research on pore size distribution of building materials shows that
microstructure can affect the capillary phenomenon of materials. There are also many researches on the
cementitious materials of porous materials. Zhu et al. [15] used the tailings mined by the mine as the



JRM, 2020, vol.8, no.8 949

binder, and melted the tailings waste at 1180-1200°C for 45 min to prepare the permeable brick with a
permeable rate of 3 x 1072 cm/s, with 20 wt% tailings; Xie et al. [16] prepared permeable brick with
permeable rate of 1.08 x 1072 cm/s at 1150°C, using sludge from waterworks as binder and sand with
particle size range of 1.0 mm—1.4 mm for 1 h; Shi et al. [17] used the mixture of sodium silicate solution,
fly ash and quartz sand as cementitious material, and added the feldspar quartz tailing with the particle size
of 7 mm-10 mm as aggregate to prepare the permeable brick with the permeable rate of 2.44 x 1072 cm/s;
He et al. [18] used P+O 42.5R ordinary portland cement and polycarboxylic acid water reducing agent and
steel slag aggregate with a particle size of 4.75 mm-7.1 mm to prepare permeable brick with permeability
coefficient of 4.2 x 1072 ¢cm/s, but the strength development of cement-based materials requires sufficient
hydration of the cement. Only after curing to a certain age can the strength that meets the performance
requirements [ 19—22]. Therefore, cement as a binder material for porous materials still has certain disadvantages.

In addition to the inorganic binder materials mentioned above, there are also organic binder materials.
However, the use of organic binder materials in building materials mainly focuses on corrosion-resistant
coating, prevention of chloride ion diffusion, defect repair and as an admixture [23-26], there are few studies
on the use of porous brick and related research. In the study of organic adhesive materials, Prolongo et al.
[27] used aluminum substrates to perform a shear test to study the bonding properties of different epoxy
resins. The results showed that epoxy/aromatic amine system had higher adhesive strength (5.8 + 0.3 MPa)
and higher glass transition temperature (7g = 207°C) than homopolymer resin system; Young et al. [28]
added silica into the curing system of epoxy resin, and the results showed that the young’s modulus of epoxy
resin with brittle characteristics was significantly increased after adding silica; Rao et al. [29] studied the
polyurethane resin (PU resin), which is formed by the crosslinking of isocyanate and polyol, the two
components are the hard segment and the soft segment of the resin, and the resin with controllable mechanical
properties can be prepared by controlling the ratio of the groups of the two components (-NCO/-OH), Trovati
et al. [30] showed that when the mass ratio of isocyanate and polyol was 1:1, 1:1.5, 1:2.5, the resin was rigid,
semi-rigid and soft. According to the research by Kostrzewa et al. [31] the epoxy resin can also be modified
in the preparation process. The epoxy resin has performances of brittleness, poor crack propagation resistance
and low elongation at break. In order to improve its flexibility, isocyanate (MDI) in polyurethane can be
added into the epoxy resin. When 5%—10% polyurethane is added to epoxy resin, it can significantly improve
the mechanical properties such as tensile resistance and shear resistance of epoxy resin, but the glass transition
temperature will decrease. So, the organic adhesive material can be used as a binder material of porous
material with its excellent adhesive ability and adjustable mechanical properties.

As we all know, there are three ways to solve practical problems in academic: (a) theory, (b) experiment,
and (c) simulation. In the above three ways, theoretical research is the foundation of follow-up research and
provides direction for them. Experimental research is the exploration of theoretical application and
phenomenon, while simulation is the bridge between theoretical research and experimental research.
Through simulation, the theory can better guide the experiment, and the experiment can better mine the
defects of the theory. At the same time, many unpredictable realities can be obtained through simulation,
such as very large macro experiments and micro properties of materials. Simulation can provide methods
for optimization of experimental schemes and selection of theory. The simulation method can also be
used in brick and porous materials. Araujo et al. [32] used ANSYS CFX software 15.0 to simulate the
heat treatment of porous ceramic brick, and used Computational Fluid Dynamics (CFD) techniques, the
results show that the thermal and quality fields of porous ceramic bricks are asymmetric in the process of
heating treatment, and their properties highly depend on the placement of porous ceramic bricks, so it can
be designed in the experiment or production. Thomas et al. [33] used Avizo software v.9.2 to simulate the
clay mineral porous media, revealed the anisotropy of fluid migration in clay based materials, so this
factor should be considered as much as possible during the compaction process. There are many different
phenomena and corresponding theories of porous material seepage, such as turbulence caused by high
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velocity and disturbance, which can be described by Navier-Stoke equation. Laminar flow is due to the
direction of liquid flow parallel to the tube axis. Darcy’s law can describe groundwater flow. With the
change of liquid velocity, the Reynolds number is also changing. According to the different Reynolds
number, the laminar and turbulent states of liquid can also be predicted. Due to the small Reynolds number
in permeable brick, Darcy’s law and Darcy-Forchheimer equation, which limit the Reynolds number to
240-280, can analyze the seepage state of brick [34]. The basic equation of Darcy’s law is shown in Eq.
(1), it can be seen from the formula that Darcy’s law considers that there is a linear proportional
relationship between pressure drop and flow velocity. Darcy-Forchheimer equation is shown in Eq. (2).
When the Reynolds number increases, turbulence will occur. It makes a nonlinear correction on the basis of
Darcy’s law, but Darcy-Forchheimer equation still assumes that Darcy’s law is valid before adding
nonlinear correction [35]. Darcy’s law was put forward by French engineer Darcy. In many subsequent
researches involving porous media, this equation was adopted or modified according to the use situation.
Brinkman equation can describe the rapid seepage of soil near the shaft wall in the underground water flow.
In the state of multi physical field coupling, these equations can be transformed and used, such as flow heat
coupling, etc. [36—39]. Therefore, the theoretical formula can be selected according to different conditions.

k
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Based on the above analysis, the following work is carried out in this paper:

Resin has excellent mechanical properties and convenient forming conditions. In this study, resin is used
as the adhesive component of permeable brick, and desert sand with high roundness is used as the aggregate
to prepare a resin based permeable brick (RBPB for short). This permeable brick is mainly permeable
through the pores between the sand particles. Two different resins were studied by tensile test and DMA,
and a resin binder material with better mechanical properties and simple preparation conditions was
selected. The three-dimensional modeling method is used to design the parameters such as porosity and
aggregate gradation, and different porous media are constructed. On this basis, the Brinkman equation
theory model is used to simulate the seepage characteristics of porous media, and compared with the
actual situation, a method of aggregate selection is obtained, which provides research support for the
optimization of permeable brick aggregate.

The research route of this paper is shown in Fig. 1.

Polyurethane
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Figure 1: Research route
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2 Experimental

2.1 Raw Material

The raw materials of RBPB include resin binder and aggregate. E51 epoxy resin and polyurethane (PU
for short) are selected in the use of binder materials. Component A of epoxy resin is bisphenol A epoxy resin
with epoxy value of 0.51, component B is amine curing agent (adduct of diethylenetriamine and butyl
glycidyl ether), total amine value is 500~700 mg KOH/g, The mixing ratio of component A and
component B is 100:30. PU binder was developed by BASF Polyurethane Specialties (China) Company
Ltd., (BASF). A pre-calculated amount of part-A was mixed with part-B at a ratio of 100:60 using a
vacuum mixer at 2050 rpm for 2 min at room temperature, where part-A refers to polyol and part-B
refers to isocyanate. In order to obtain the permeable brick with better appearance, the sand with higher
roundness is selected as the aggregate. According to the screening test, the particle size of acolian sand
aggregate is mainly 0.5 mm, and its mass ratio is 78.486%.

2.2 Mechanical Test for Resin
2.2.1 Tensile Test for Resin

SANS CMT7000 universal testing machine was used for tensile test of resin casting, which is from MTS
systems (China) Co., Ltd. The preparation method of samples shall be in accordance with the national
standard GB/T 2567-2008 [40] Test method for properties of resin casting body, prepare the test materials
according to the predetermined curing system under the condition of room temperature 15°C~30°C and
relative humidity less than 75%. After pouring, the mold is placed at room temperature for 24~48 h and
then demoulded. After demoulding, open the sample on the plane, and place it at room temperature or
standard ambient temperature for 504 h (including sample processing time), and the tensile test shall be
carried out after standard size grinding of the specimens.

When measuring the tensile strength, the test speed is 10 mm/min and the arbitration test speed is 2 mm/
min; when measuring the elastic modulus and stress-strain curve, the test speed is 2 mm/min.

The tensile strength is calculated according to Eq. (3):

P
— 3
0y bk (3)
The tensile elastic modulus is calculated as Eq. (4):
Ly - AP
E=——— 4
" bh-h-AL (4)
The elongation at break is calculated according to Eq. (5):
AL
& = —2 % 100 ()
Ly

2.2.2 Dynamic Mechanical Analysis (DMA)

DMA tests were conducted on a TA Q800 dynamic mechanical analyser at the frequency of 1 Hz,
temperature range of 20—150°C, and the heating rate was set at 2 k min ', and the modulus test is three-
point bending. The size of the specimens was 5 mm x 10 mm x 50 mm. The viscosity-temperature
behavior was observed and the glass transition temperature (Tg) points were calculated.
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2.3 Simulation Method of RBPB
2.3.1 3D Modeling

Setting the boundary can make the particles generated in the closed three-dimensional space according
to the specified requirements. The porosity and particle size of the permeable brick are designed. The PFC 3D
software is used for three-dimensional modeling. The process of model generation and post-processing is
shown in Fig. 2.

Figure 2: 3D modeling and z-x plane slicing. (a) Model generation process, (b) Slicing process of the z-x
plane of the three-dimensional model, (c) Schematic representation of the slicing plane

Single gradation research: permeable bricks were modeled according to porosity of 0.1, 0.2, 0.3, 0.4,
0.5. The particle size of single graded permeable brick is 0.5 mm, which is the highest proportion of
desert sand particles.

Continuous gradation research: take i = 1 for every 0.1 mm of grain size, select the grading distribution
shown in Tab. 1 for modeling, since the particle distribution of the continuous gradation can be regarded as a
Gaussian distribution, the distribution of the generated particles follows the Gaussian distribution and set the
porosity gradient to 0.1, 0.2, 0.3, 0.4, 0.5 for modeling.

The optimal particle size and pore gradient were selected from the above models for further modeling.

Table 1: Distribution rules of continuous graded particles

Distribution width Grain Size/mm
=10 0.1-1

i=8 0.2-0.9

i=6 0.3-0.8

i=4 0.4-0.7

i=2 0.5-0.6

2.3.2 Seepage Simulation
In the software, the z-x plane of the three-dimensional model permeable brick is sliced, and ten groups of
permeable brick’s slices are binarized, then the simulation software COMSOL 5.3 is used to simulate the
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hydrodynamics. The physical field interface is “Fluid Flow”, and the Brinkman-Forchheimer equation is
used to model.

2.4 Test Method for Water Permeability and Mechanical Properties of RBPB

Test methods and indicators for the permeability of water-permeable materials refer to GB/T 25993-
2010 [41], The sample is drilled into a cylinder of @75 x 50 and its permeability is tested with a water
head tester conforming to Darcy’s law specified by national standards. The mechanical property test shall
refer to GB/T17671-1999 [42], and a universal testing machine was used to obtain the compressive
strength with the loading rate of (2400 4 200) N/s.

3 Results and Discussion

3.1 Test Results of Binder Materials
3.1.1 Tensile Test

The width, thickness and original gauge distance of the tensile specimen are 10 mm X 5 mm x 80 mm,
the test is performed according to the standard GB/T 1040-92 [43]. Yao’s et al. [44,45] research on the mix
design of cementitious materials for construction engineering is very in-depth, and a strength prediction
model based on mix proportion is proposed. Therefore, the mix proportion has a great influence on the
strength, and the proper mix proportion is crucial to the performance of the material. In this paper, the
mix proportion selected according to the curing properties of the resin is shown in Tab. 2.

Table 2: Mix proportion of test pieces for tensile test of binder materials

Grade Resin/g Curing agent/g Total mass/g
E51 80 20 100
PU 61 39 100

Table 3: Tensile test data

Grade Maximum force/N Elongation at break/% Tensile fracture stress/MPa Tensile strength/MPa
E51  2414.41 5.25 54.87 54.87
PU 596.45 13.52 6.05 11.47

Tab. 3 is the basic data of tensile test for resin casting.

As shown in Tab. 3, the tensile strength of E51 reached 54.87 MPa, while the tensile strength of castings
made of polyurethane was only 11.47 MPa. Epoxy resin is superior to polyurethane in terms of crosslinking
density and strength of polymer. The elongation at break of bisphenol-A epoxy resin is more than half
smaller than PU, so epoxy resin is more brittle, while polyurethane has better ductility. Therefore, the
brittleness, toughness and tensile strength of the binder materials should be fully considered in the selection
of the binder materials for permeable pavement. The stress-strain curves of the two binder materials are
shown in Fig. 3.

Fig. 3 is the stress-strain curve of the two resins. From Fig. 3a, it can be seen that the stress-strain curve
of E51 has only a rising section and no falling section; In Fig. 3b, it can be seen that the stress-strain curve of
viscoelastic material has the characteristic of elastic deformation stage, yield stage, strengthening stage and
local shape changing stage. o = 9 MPa, which is the yield point of PU resin. It can be seen from Fig. 3 that
bisphenol A epoxy resin is closer to brittle material and only accepts partial elastic deformation. PU material
is an elastic-plastic material, when the material exceeds the yield point, although the processing
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Figure 3: Stress-strain curve of resins (a) Stress-strain curve of E51 resin, (b) Stress-strain curve of PU

strengthening will lead to the generation of the maximum stress, but the irreversible plastic deformation will
lead to the damage of the material structure, and its maximum strength value is lower. When testing the
binder material of the “sponge city” permeable material, the data of yield stress should be used instead of
the maximum stress and failure stress. By comparison, it can be seen that PU has strong deformation
ability but low yield stress value. It is not suitable to use PU material as binder material when preparing
“sponge city” water-permeable materials.

In the analysis of the mechanical properties and toughness of materials, in addition to analyzing the
stress-strain curve, the modulus and compliance should be quantitatively analyzed. The elastic properties
and brittleness of the material can be judged by measuring the change of modulus and compliance under
the external load, and the deformation rate of each unit index of the material can be observed through the
index of Young’s modulus.

Young’s modulus is a physical quantity describing the resistance of a solid material to deformation. It is
defined as the ratio between uniaxial stress and uniaxial deformation within the range applicable to Hooke’s
law. Therefore, E51 resin can be plotted at all measurement points, while PU resin can only be plotted before
the yield point. If it exceeds the yield point, plastic deformation occurs, which does not comply with Hooke’s
law. From Fig. 4a, it can be seen that after the rapid decline of the two resin binder materials in the initial
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Figure 4: Modulus and compliance of resins (a) Young’s modulus of resins (b) Compliance of resins
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stage, E51 tends to be flat after one rise, PU does not rise obviously, but it also tends to be flat. At the end of
the measuring point, it can be seen that the Young’s modulus of the two cementitious materials is in the order
of E51 > PU, Therefore, the stiffness and brittleness of bisphenol A epoxy resin is higher, while the flexibility
of PU is higher. It is worth noting that the rapid decrease of Young’s modulus at the beginning is the transition
stage of stress on the spline at the beginning of tensile test, which should be ignored, while the measurement
point is a description of time step.

Tensile compliance is an elastic constant, which is equal to the ratio of strain to stress. It is the
deformation rate per unit stress of the material. Therefore, the intrinsic characteristics of the material can
also be reflected from the compliance diagram, as shown in Fig. 4b In the compliance order, PU > E51,
the result is opposite to the elastic modulus, so the conclusion is the same as above.

3.1.2 DMA

In the above study, the tensile fracture test have been performed on bisphenol-A epoxy resin and PU.
Next, the storage modulus, loss modulus, glass transition temperature and tangent value of lag angle of
bisphenol-A epoxy resin and PU resin can be obtained through dynamic thermomechanical analysis, as
shown in Fig. 5.
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Figure 5: DMA results of two different binder materials. (a) Dynamic Mechanical Analysis of E51, (b)
Dynamic Mechanical Analysis of PU

It can be seen from Fig. 5 that the storage modulus and the loss modulus of the two cementitious
materials. The loss modulus exceeds the storage modulus between 40°C and 60°C, but the modulus loss
value of PU resin is significantly higher than that of E51 resin, so the thermodynamic stability of PU
resin is worse than that of E5S1 resin. The glass transition temperature of bisphenol A epoxy resin is 61.2°
C, and the tgd is 0.840, but the two values of PU resin are relatively low. Therefore, the high temperature
resistance of E51 resin is better than that of PU resin. According to Tan Delta value, it can be known that
the molecular chain of E51 resin is more rigid than that of PU resin. Therefore, the applicable
temperature of such binder materials is within 61°C.

3.2 Modeling Results

In the 3D models, a linear-based model provide a standard bonding behavior in the parallel bonds
between particles. These bonds can be installed at both ball-ball and ball-facet contacts. Both bonds can
be envisioned as a kind of glue joining the contacting pieces just like the binder in the permeable bricks.
The bond glue is of a finite size that acts over a cross-section lying between the contacting pieces. The
bonds can transmit both a force and a moment.
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3.2.1 3D Model of Single Gradation
The three-dimensional models modeled according to the porosity designed is shown in Fig. 6.

It can be seen from Fig. 6 that when the porosity is set to 0.1, in order to meet the porosity parameters,
there is a large compression deformation between the particles, and in the sectional view of the ZX plane, it
can be seen that the particles are squeezed by each other and the pores in the model had become closed pores.
Therefore, when the porosity is set to 0.1, the situation reflected in reality is that the brick compression ratio is
too large and the particles are crushed. For the seepage, the increase of ineffective pores results in predictable
imperviousness and loss of the functionality of the permeable brick.
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Figure 6: Grain Size = 0.5 mm, (a) e = 0.1, (b) ¢ =0.2, (c) ¢ = 0.3, (d) e = 0.4, (e) ¢ = 0.5, (f) The real
specimen made of desert sand which has grain size of 0.5 mm

When the porosity is 0.5, only the loose accumulation of particles cannot meet this set parameter.
Therefore, the set porosity value can only be satisfied when a part of the space is left inside the brick
body. In reality, the compression ratio is too low, and even bricks cannot be compacted due to lack of
material. It can be predicted that the water permeability is good, but the strength can not meet the
requirements. The proportion of white area, the area where the cavity is located, can be calculated from
the pixels of 5 groups of pictures shown in Fig. 6, as shown in the following table. At the same time,
with the increase of porosity, the whole particle number shows a linear downward trend, as shown in Fig. 7.

It can be seen from Tab. 4 that the design porosity of the three-dimensional model is not completely
consistent with the void ratio of the two-dimensional slice, but it is relatively close. This is because when
the design porosity is lower than 0.3, in order to reach the design value, the particles are squeezed into
each other and the particles are squeezed into the wall. When the design porosity is greater than or equal
to 0.3, the two kinds of porosity are gradually approach. This deviation is consistent with the actual situation.
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Figure 7: Change of particle number in three-dimensional model slice (Grain Size = 0.5 mm)

3.2.2 3D Model of Continuous Gradation

Based on the research in the three-dimensional modeling, it is difficult to meet the actual demand when
the porosity ¢ = 0.1 and the porosity ¢ = 0.5. Therefore, the porosity of 0.3 was selected in the continuous
grading modeling. The 3D models and the slices of them in z-x plane is shown in Fig. 8.

It can be seen from Fig. 9 that with the decrease of i value, the width of continuous grading of particles
decreases gradually, but the number of particles increases continuously, which is a very interesting
phenomenon. It should be noted that the porosity is the same in this group of tests, which is ¢ = 0.3, so
the total volume of particles in each group of models should account for 70% of the brick, From the

4
volume formula of the sphere V. = gnr3 it can be known that the influence of the radius of the sphere

on the volume has a cubic relationship, so the largest effect on the number of particles should be the part
with the largest radius in the particles. As the i value decreases during the modeling process, the
maximum particle size also decreases, so there is more volume allocated to small particles, so the number
of particles almost rises in a straight line, at the same time, it affects the morphology of slices.

Therefore, a conclusion can be drawn here: when the design porosity is consistent, the influence of
continuous graded aggregate conforming to Gaussian distribution on permeable brick is mainly
concentrated on the value of maximum particle size, and the larger the maximum particle size is, the less
the total number of particles is. The influence of aggregate particles on seepage is shown in the following study.

3.3 Seepage Simulation Results

In the process of three-dimensional modeling, it can be seen that the rationality of porosity design has a
strong impact on the structure of the brick, so in the simulation of seepage situation, the model with
connected pores should be reasonably selected for simulation. Take the z-x plane of three-dimensional
image, and then perform seepage simulation. Firstly, the slice image is binarized, then inverted, and the
pixel distribution of the imported image is identified by interpolation function to obtain porosity and pore
distribution, where px represents the pixel distribution function of the image, and the x and y values in
the formula can locate the position in the image, when positioning to the pore position, px(x, y) = 0 then
e =1. 0.99 is the coefficient of smoothing the connection between pores and particles. The formula is
shown in Eq. (6). The fluid pressure at the inlet is a 10 cm high head pressure in accordance with the
national standard GB/T 25993-2010, and the pressure calculated according to Eq. (7) is 1000 Pa.

e=1-0.99 x px(x,y) (6)

P=p,gh (7)



958 JRM, 2020, vol.8, no.8

£=0.3

1.2500E-04
1.0010E-04

Figure 8: Part 1. Three dimensional models and slices with different i values when ¢ = 0.3, (i=10,i=8,1=06)
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Figure 8: Part 2. Three dimensional models and slices with different i values when e = 0.3 (i=4,i=2,i=1)
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Figure 9: Change of particle number of brick in 2D and 3D models

Table 4: Proportion of voids in 2D slices

€ White zone (pixel) Whole picture (pixel) g’

0.1 3658112 22953320 0.159372
0.2 5426931 22953320 0.236433
0.3 7315788 22953320 0.318725
0.4 9618385 22953320 0.419041
0.5 11391115 22953320 0.496273

Table 5: Seepage results of single graded aggregate

i Grain Designed Maximum flow Minimum flow Particle number
size/mm porosity/% rate/x107% cm/s rate/x107% cm/s

1 0.5 0.1 0.52546 1.92E-07 13268

1 0.5 0.2 3.4625 9.95E-07 11982

1 0.5 0.3 4.33125 4.33E-07 10558

1 0.5 0.4 4.86497 6.24E-06 9097

1 0.5 0.5 4.66283 1.18E-05 7613

3.3.1 Seepage Results of Single Graded Aggregate

The particles with the grain size of 0.5 mm are used for simulation calculation according to the design
porosity of 0.1, 0.2, 0.3, 0.4, 0.5, and the calculation results are shown in Tab. 5.

It can be seen that the flow velocity in the brick constructed with single particle size is greatly affected by
the change of porosity and particle number. When the particle size is the same, with the increase of porosity,
the number of particles in the brick will inevitably decrease, the effective porosity will increase, resulting
in the increase of flow velocity. The simulation and flow rate are shown in Fig. 10.

Permeable bricks with a design porosity of 0.4 have a water permeability reaching
4.86497 x lO_zcm/ s, From Figs. 10a and 10b, it is obvious that the maximum flow rate will increase as
the design porosity increases and the total number of particles decreases. It can be seen from Fig. 10c that
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Figure 10: Simulation results of seepage of single size aggregate. (a) Relationship between porosity and
maximum velocity, (b) Relationship between the number of particles and the maximum flow rate, (c) 0.5—
0.4 Velocity of flow, (d) 0.5-0.4 Pressure drop

the bricks have uniform pores and uniform flow velocity. It can be seen from Fig. 10d that the pressure drop
of the brick is also very uniform, the isobar is uniform, and the maximum flow velocity appears near the
surface layer.

3.3.2 Seepage Results of Continuous Graded Aggregate
According to the above research, the porosity of 0.3 is used in the continuous grading test, the i values
were 10, 8, 6, 4, and 2 for simulation. The results are shown in Tab. 6.

According to the conventional thinking, when the design porosity is the same, the flow velocity should
be close, but it is not so from the seepage simulation results of the continuous graded aggregate. With the
decrease of i value, the maximum flow rate and the minimum flow rate also decrease, while the total
number of particles increases. It is proved that the width of continuous gradation has a definite effect on
the velocity. Flow rate and simulation results are shown in Fig. 11.

From Figs. 11a and 11b, it is found that i value has a negative correlation with the total number of
particles in the brick, during the process of i value decreasing, the total number of particles is increasing,
and the maximum flow rate is gradually decreasing. Figs. 11c and 11d is a set of simulation diagrams
when i = 4. It can be seen that after the aggregate gradation is appropriately widened, the maximum flow
rate has exceeded the single-graded permeable brick, and the velocity of permeable brick with larger i
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Table 6: Seepage simulation results of continuous graded aggregate

i Grain Designed Maximum flow Minimum flow Particle
size/mm porosity/% rate/x10 2 cm/s rate/x102 cm/s number
10 0.1-1 0.3 7.8438 4.23E-06 4592
8 0.2-0.9 0.3 7.8414 1.97E-06 5530
6 0.3-0.8 0.3 5.6429 1.46E-06 6517
4 0.4-0.7 0.3 4.9844 2.22E-06 7386
2 0.5-0.6 0.3 4.8404 1.42E-08 7875
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Figure 11: Simulation results of seepage of continuous graded aggregate. (a) Relationship between i value
and maximum flow rate, (b) Relationship between the number of particles and the maximum flow rate, (c)
0.4-0.7-0.3 Velocity of flow, (d) 0.4-0.7-0.3 Pressure drop

value has far exceeded that of permeable brick with single particle size. The pressure drop is more obvious
than that of single-graded aggregate bricks, and the place with the highest flow velocity appear in the final
drainage of the brick.



JRM, 2020, vol.8, no.8 963

3.4 Basic Properties and Micro Analysis of RBPB
3.4.1 Water Permeability and Mechanical Properties of RBPB

The permeable brick made of desert sand and epoxy resin, in the preparation of bricks, sand is used as
aggregate, and epoxy resin system is used as binder material. Their mix proportion is shown in Tab. 7.

Table 7: The mix proportion of resin based permeable brick

Composition Sand Resin Curing agent
Weight fraction (wt%) 94.30 4.56 1.14

When the total volume of porous materials is constant, the mechanical properties increase with the
increase of the content of binder materials, but the water permeability will decrease. Through some
exploration experiments, it was found that the mechanical properties cannot meet the requirements when
the mass ratio of the binder is lower than 2%, and the water permeability cannot meet the requirements
when the mass ratio is higher than 8%. Therefore, considering the mechanical properties, water
permeability and cost, the proportion of the total mass of resin and curing agent accounting for 6% of the
aggregate is used for subsequent research, and the proportion of curing agent and resin is as follows:

m(curing agent):m(resin) = 1:4 ®)

RBPB has a permeability coefficient of 3.25 x 10~2cm/s and a compressive strength of 36.19 MPa.
Refer to Jiang’s method [46], According to Eq. (9), the porosity of permeable brick is 30.39%. It can be
seen that the permeability coefficient of permeable brick completely exceeds the national standard, which
is equivalent to the maximum velocity of single particle permeable brick with a design porosity of 0.2 in
seepage simulation. It should be pointed out that there should be a certain difference between the
permeability rate of permeable brick in the actual situation and the maximum velocity in the ideal
situation. The measured value reflects the average velocity in the steady state. Although it is a steady-
state simulation, the phenomenon of maximum flow rate occurs. This is because the change in the
diameter of the fluid channel and the unevenness of the pore distribution will lead to the tortuosity and
fluid obstruction of the fluid channel. According to the measured porosity, the difference between the
measured value and the simulated maximum velocity is 1.08 x 1072 cm/s.

e — w % 100% ©)

Pw

3.4.2 SEM Analysis for RBPB
SEM was used to study permeable brick, and the results are shown in Fig. 12.

It can be seen from Fig. 12 that the roundness of aeolian sand particles is high, so it is reasonable to
consider it as a sphere in the modeling. It can be seen in the SEM image that the particle overlap pores
and large gaps are consistent with the slice map in the modeling. There are brittle fracture defects caused
by grinding cyclic stress at the joint of aggregate and resin. The calculation formula of roundness is: the
area of particle projection divided by the area of circle with projection perimeter as its perimeter. The
simplification formula is as follows:

4 X m x Area
Roundness = ————— 10
Y Perimeter? (10)
Image Pro Plus software was used to calculate more than 100,000 particles, the average roundness of this

desert aeolian sand is 0.92. As shown in Fig. 12, the roundness of one of the particles is about 0.93. Image
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[

Figure 12: Micrograph of permeable brick specimen. (a) Physical picture, slice and model slice of RBPB,
(b) Two different types of pores, (¢c) Roundness and long axis of particle, (d) Resin and brittle fracture defects

Table 8: SEM image data processed by Image Pro Plus software

Item Area Diameter Diameter Diameter Perimeter Roundness
(Max) (Min) (Mean)

Pixels 440370 848.6301 618.7681 743.7935 2445.4170 0.9254

Length (mm) 0.1339 0.4680 0.3412 0.4102 1.3486 0.9254

analysis data is shown in Tab. 8. From Tab. &, it can be seen that the long axis length of particles is 0.47 mm,
the short axis length is 0.34 mm, and the average value is 0.41 mm, in which the long axis length is close to
0.5 mm, which is the diameter of simulated particles. In addition, the pore size of the lapped pores is 30—100
microns, of which the three-particle lapped pore diameter is 30—50 microns, and the four-particle lapped pore
diameter is 100 microns. Kayhanian’s et al. [47] study shows that when the diameter of harmful particles is
larger than 38 microns, permeable concrete will be blocked, while Siriwardene’s et al. [48] study shows that
when the diameter of particles is smaller than 6 microns, particles in porous media will migrate with water,
and a deposit layer will be formed at the bottom of porous materials to prevent water from penetrating
underground. The permeable bricks prepared in this study have two micron-level pores, which have
smaller pore sizes than millimeter-scale permeable bricks, their existence will make RBPB have a
complex three-dimensional network-like pore structure, which can effectively block the clogging and
migration of harmful particles, making the permeable pavement service life longer. Besides,the small pore
size of the surface layer is good for blocking large particles, it is also easy to be covered by small particle
dust, but it can be solved by washing with some small high-pressure water guns.

3.5 Industrial Production and Application of RBPB

The permeable brick was successfully developed using epoxy resin and desert sand. The prepared
permeable brick has been successfully used in pavement engineering in Xiamen, China. The production
and application of resin-based permeable brick are shown in Fig. 13.

The mechanical properties and water permeability of permeable bricks prepared by using desert aeolian
sand and epoxy resin in this study are greater than the national standards, and after 25 freeze-thaw cycles, the
mass loss and strength loss are less than 13.5%. The advantages over other types of permeable bricks are
shown in Tab. 9:
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Figure 13: Production and application of resin-based permeable bricks

Table 9: Performance comparison of permeable bricks

Item Permeability Permeability aging Compressive Comprehensive

rate (frequency) strength (MPa) evaluation

(x1072 cm/s)
Resin-based >3.0 >10 times >35 High durability and water
permeable brick permeability
Sintered permeable >1.0 <5 times <35 High price and energy
brick consumption
Cement-based >1.0 <5 times <30 High maintenance costs

permeable brick
Note: Permeability aging (frequency) refers to the experiment of RBPB on the filtration of fine particles, according to industry standard JG/T 376 [49].

Through the investigation, the performance parameters of three kinds of permeable bricks commonly
found in the Chinese market are shown in Tab. 9. Resin-based permeable brick has various properties that
surpass sintered permeable brick and cement-based permeable brick. At the same time, the preparation
time and maintenance time of RBPB are short, which is enough to solve the problems of goods storage
and logistics, and save the turnover space for the factory.

4 Conclusions

After the test of binder material and the simulation of aggregate, the following conclusions can
be drawn:

1. It is feasible to choose epoxy resin as the adhesive material of permeable brick. The maximum breaking
strength of epoxy resin is 54.87 MPa, its glass transition temperature is 61.2°C, and it has excellent
mechanical properties and certain heat resistance.

2. When the design porosity is the same, the influence of continuous graded aggregate obeying Gauss
distribution on permeable brick is mainly in the size of the maximum particle size. When the
maximum particle size is larger, the total number of particles is fewer.

3. The wider the gradation distribution is, the larger the maximum particle size is, the faster the maximum
velocity of permeable brick is. the maximum velocity of permeable brick made of single graded particles
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is slower than that made of wide graded particles. In order to control the number of particles and obtain
better seepage performance, the wide gradation of i > 4 should be considered, and the design porosity
should be 0.3-0.4.

The average roundness of the desert sand particles is 0.92, and the long axis length is about 0.5 mm; the
pores of the brick are mainly composed of three-particle overlapping pores and four-particle overlapping
pores, and the pore size range is 30—100 microns, which can effectively prevent harmful particles from
clogging or internal migration inside the pore; RBPB’s permeability aging is more than 10 times, and
the service time is long.

The permeable brick made of desert sand and epoxy resin has a permeability coefficient of
3.25 x 1072 cm/s, a compressive strength of 36.19 MPa and a porosity of 30.39%, and has been
produced and applied.
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