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Abstract

Recycled aggregate is a multi-phase composite material on the surface of which there is
often a residue of old cement mortar. The main reason for the lack of strength is the
Interface transition zone between the old mortar and the aggregate. However, it has
been shown that nano-SiO2 materials can effectively enhance the strength of the
Interface transition zone of recycled aggregates and improve their macroscopic
mechanical strength. Therefore, in this paper, molecular dynamics simulations were
used to analyze the Interface energy, radial distribution function, and mean square
displacement between aged cement mortar and different aggregates (calcite and silica)
before and after reinforcement with nano-SiO: at different temperatures. The results
showed that nano-SiOz was effective in improving the strength of the recycled aggregate
interface at different temperatures. In addition, nano-SiO:z stimulates the potential
active consumption of calcium hydroxide in the recycled aggregate to form a new cement
mortar, which improves the Interface transition zone and prevents the unfavorable
diffusion of water molecules, while an increase in temperature promotes the rate of
chemical reaction.
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1. Introduction

With the implementation of China's national transportation strategy, China's highway construction
has continued to develop vigorously since the late last century. However, the large consumption of
natural stone materials has also increased. Green development has become the main concept in
constructing and maintaining pavements!!!. Therefore, the pressure of natural stone consumption can
be effectively alleviated by the reuse and application of construction waste in road materials,
especially the application of recycled aggregates. However, the mechanical strength of recycled
aggregates has an important influence on the driving safety and the service life of the road, since
recycled aggregates are subjected to temperature and external loads during their use as road materials.

Recycled Aggregate (RCA)!? is a waste concrete block that has been screened from non-hazardous
construction waste, cleaned of impurities, and crushed to produce aggregates of various particle sizes.
RCA is a multi-phase composite material. Unlike natural aggregate (NA), old cement mortar remains
on the surface of the aggregate after crushing and processing.The Interface transition zone (ITZ) is
the contact surface between the recycled aggregate and the cement material®-!. The main reason for
the poor performance of recycled aggregate, which has the disadvantages of low strength, high
porosity and high water content, is the Interface transition zone. Huang Yan et al'®! showed that the
Interface transition zone is the weak link for cracking and elongation of cement materials under
loading.At present, methods to improve the performance of recycled aggregates mainly include
physical and chemical strengthening. Physical strengthening methods include the removal of residual
cement paste from recycled aggregate surfaces by mechanical grinding and other means. Chemical
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strengthening techniques, on the other hand, involve the addition of chemical additives to improve
the bond strength of recycled aggregate concretel’!. Nanomaterials, due to their small particle size,
produce chemical reactions and van der Waals’ forces on the surface when applied to the material,
thereby changing the electronic and crystalline structure of the surface. For this reason, nanomaterials
have been widely used in the field of reinforcement of recycled aggregates!®). nano-SiO, material can
significantly improve the mechanical properties of cement materials because it is an amorphous
substance with strong volcanic ash activity and strong pore-filling effect. J. Zhang et al® found that
nano-SiO> materials are used to improve the interface between the cement paste and the aggregate
and to increase the strength of the aggregate by consuming Ca(OH); in the cement.

Most of the domestic and international research on recycled aggregates is mainly based on
macroscopic tests. However, it has been found that the mechanical properties of the materials depend
largely on their micro and nanostructures. Therefore, in this paper, through the use of molecular
dynamics software, the cases of extreme low temperature (-30°C), normal temperature (25°C) and
high temperature (50°C) were selected under the actual service temperature conditions. We did a
molecular-scale analysis of the Interface strength of recycled aggregates reinforced with nano-SiO;
solutions. We constructed a series of crystal models between cement hydration products (C-S-H) and
different aggregates (CaCO3/Si02). We analyzed the changing characteristics of the Interface
interactions between cement paste, silica nanoclusters, and aggregates at different temperatures by
Interface energies, radial distribution functions, and mean square displacements. Based on the data
obtained, the reasons for reinforcing recycled aggregates with nano-SiO> were analyzed from a
nanoscopic perspective.

2. Establishing the Initial Model.

2.1 Determining Models

The used mortar on the surface of recycled aggregate (hydrated calcium silicate, C-S-H) is a cement
substance that constitutes about 70% of the volume of the main hydrated substance after the
completion of the initial cement hydration process, which ensures the mechanical properties of
cement hydration products!®!2, Studies!!*-!> have shown that the molecular structures of two natural
minerals, Tobermorite and Jennite, are more frequently cited on the microstructure of hydrated
calcium silicate with the advancement of science and technology, continuous improvement of testing
methods and updating of testing instruments. In this paper, by analyzing the research results at home
and abroad!'®), the 11A crystal model of Tobermorite was selected to replace the C-S-H cement
substance, and the following study was carried out after adjusting the calcium-silicon ratio of the
model. Rocks!!”! are the most common minerals found in nature. They include different types of
minerals such as carbonate analogs (CaCOs3) and sandstone analogs (SiO). Calcium carbonate
analogs!'®! are the most common geological minerals. In this paper, the most stable calcite crystals in
terms of thermodynamic behavior are selected!!”). Silicon dioxide has crystalline and amorphous
states. The a-quartz crystal model in SiO; crystals for molecular dynamics simulation is mainly used
in this paper?®!. To construct nano-SiOz , nano-SiO; clusters with a radius of 10A are first formed
and hydroxyl groups are added to their unsaturated silicon atoms according to the literature!*!). These
hydroxyl groups are used to eliminate the unsaturated edge effect.
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Fig. 1 Model process of hydrated calcium silicate: (a) Initial structure of Tobermorite 114; (b)
Structure after orthogonal transformation; (c) C-S-H structure after chain cleavage; (d) C-S-H
structure after water absorption;
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Fig. 2 (a) Calcite crystal structure; (b) a-quartz crystal structure; (c) 10A nano-SiO2 cluster
structure; (d) Water molecule;

2.2 Modeling Process

To obtain a fundamental model of the surface adhesion of recycled aggregates to old mortar at the
nanoscopic scale, the atomic lattice parameters and coordinates were modeled in molecular dynamics.
A C-S-H/calcite (CCA) and C-S-H/quartzite (CS) model containing a 30 A vacuum layer (the vacuum
layer is used to simulate the Interface transition zone) was developed. First, 200 water molecules were
injected into the interface to simulate the regenerated aggregate prior to strengthening, called C-S-
H/calcite (CCA1) and C-S-H/quartzite (CS1), respectively, GCMC was used to simulate the
regenerated aggregate after filling the pores with 5 silica nanoparticles as well as 300 water molecules
to simulate the regenerated aggregate after impregnation, called C-S-H/calcite (CCA2) and C-S-
H/quartzite (CS2), as shown in Fig. 3 (a, b, c, d).

(a) (b)
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Fig. 3 Four interface models before and after nano-SiO2 reinforcement:(a) CCA1 structure
unreinforced with C-S-H and calcite;(b) CCA1 structure unreinforced with C-S-H and quartzite;(c)
CCAZ2 structure reinforced with C-S-H and calcite;(d) CCA2 structure reinforced with C-S-H and
quartzite;

3. Simulation Results and Discussion

3.1 Interface Energy

The Interface energy in this section is a reflection of the bond strength between different aggregates
and hydrated calcium silicate interfaces. In this section, the Interface energy and energy ratio
parameters of four interfaces (CCA1, CCA2, CS1, and CS2) at different temperatures (-30°C, 25°C,
and 50°C) are analyzed®*. The corresponding equations are calculated as follows:

AEC - S - H | Aggregate — EC - S - H + EAggregate_ EC - S - H + Aggregate

(1

A E waer 1 ageresare = E water + E dggrecare — E warer + ageregare 2)
AEvwier ic-s-u= Ewwer+ Ec-s-u— Ewaer+c-5s_u 3)

A E vs ) degregare = E vs + E dgerecare — E vs + dggregare (4)
AEvs i ic-s-u=FEvs+ Ec_s_-u— Enxs+c_s_u (5)

newi = [(AEc s uaswesae ) (AE war s NE vaier  tssresre = AE tgsregure 1~ o - 1) ©)
Meve = [(AEc s s s ) | (AEwar 1 e~ 1+ AEwar 1 s + AE v ssesse = AE sy 1~ 1) @)

Formal: AE is the total Interface energy;E is the energy of each molecule; nERis the energy ratio; C-
S-H is the hydrated calcium silicate; Aggregate is the stone; Water is the water molecule;
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Fig. 4 Interface energy and ER values of four interfaces at different temperatures:(a) CCA1, CCA2
Interface energies.(b) CS1, CS2 Interface energy.(c) CCA1l, CCA2 Interface ER values. (d) CS1,
CS2 Interface ER values.

From the above calculation and analysis, it is concluded that the interface strength of CCA1 interface
and CCA2 interface is significantly higher than that of CS1 interface and CS2 interface at the same
temperature, and the ER value is also significantly higher than that of the latter; Secondly, with the
increase in temperature at the same interface, both the Interface strength and ER value of the CCA1
and CCA2 interfaces are significantly higher than those of the CS1 and CS2 interfaces. Moreover, at
room temperature (25°C), the strength of the CCA1 interface is superior to that of both CS1 and CS2
interfaces; however, it tends to decrease at high temperatures (50°C). Consistent with macroscopic
test data, there is a similar trend where strength is better at 25°C but decreases at 50°C. This can be
attributed to the presence of more unsaturated bonds in the C-S-H/SiO> interface which readily
combine with water molecules through hydrogen bonding or other forms, making it hydrophilic. On
the contrary, due to a lack of unsaturated bonds on its surface, the C-S-H/calcite interface has limited
ability to interact with water molecules via hydrogen bonding resulting in hydrophobicity. Finally,
by stimulating potential activity within recycled aggregate itself through nano-SiO; treatment, both
interaction energy and water sensitivity are greatly improved after strengthening recycled aggregate.
The unreacted nano-SiO» particles present in the Interface transition zone react with free water
molecules and calcium ions within this zone forming new calcium silicate hydrate (C-S-H), thereby
enhancing Interface transition zone strength as well as increasing hydrophilicity between C-S-
H/calcite interfaces. Consequently, these improvements enhance overall Interface strength while
optimizing performance characteristics of recycled aggregate.

3.2 Radial Distribution Function

The radial distribution function (RDF, g(r)), often used to simulate whether two atoms bond to form
a particular structure and the degree of sparseness between different atoms in the structure, indicates
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chemical and hydrogen bonding when the peak of the RDF plot lies below 3.5A, but Coulomb and
van der Waals’ forces when the peak lies above 3.5A[23].
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Fig. 5 Radial distribution functions of four types of interfaces at different temperatures: (a) CCA1
interface water molecules and various interfaces radial distribution function, (b) CS1 interface water
molecules and various interfaces radial distribution function, (c) CCA2 interface water molecules
and various interfaces radial distribution function, (d) CS2 interface water molecules and various
interfaces radial distribution function, (¢) CCA2 interface water molecules and nano-SiO2, (f) radial
distribution function of water molecules and nano-SiO2 at CS2 interface.

The binding ability of atoms in different surfaces at different temperatures can be clearly analyzed by
RDF plots. From Figures a and c, it can be seen that the binding ability of water molecules to all
surfaces at different temperatures at the interface of CCA1 and CS1 is less than 1. This indicates that
chemical reactions are taking place. The maximum peak of water molecules at the interface of CCA1
and CSI1 is at position 1.05A and 1.73A, respectively. Under the unfavorable temperature condition
of-30°C, it reaches 0.64 and 0.57, and the peak value appears earlier at the interface of CS1, indicating
that Ca(OH): is produced by the reaction of water molecules with free calcium ions in C-S-H, and
the content of Ca(OH); is an important reason for the insufficient strength of the regenerated
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aggregate, and increasing the temperature improves this phenomenon. There was a 0.1-0.2 decrease
in the maximum peak value. After the improvement of nano-SiO,, the binding ability of water
molecules at CCA2 and CS2 interface with C-S-H interface, CaCOs interface and SiO2 interface is
reduced, and chemical reactions with nano-SiO; occur in the Interface transition zone to form new C-
S-H, and the excess water molecules are consumed, as shown in Figure c, d, e and f. Prevent Ca(OH)>
from forming at the interface Reduce strength.

3.3 Mean Square Displacement

The mean square displacement (MSD) is the average value of the square of the change relative to the
initial position of the atoms in the system after consideration of the change in their motion with time.
In this section, we can analyze the rate of movement and the degree of bonding of water molecules
at their interfaces at different temperatures by simulating the diffusion rate of water molecules at the
four interfaces at different temperatures to obtain their mean square displacement curves.

= 50C = 30C
. 25T [
. 50T 50 s 50°C

MSD
MSD

(c) (d)

Fig. 6 Mean-square displacement plots of water molecules at four interfaces at different
temperatures:(a) water molecule mean-square displacement plot at CCA1 interface; (b) water
molecule mean-square displacement plot at CCA2 interface; (c) water molecule mean-square
displacement plot at CS1 interface; (d) water molecule mean-square displacement plot at CS2

interface.

Table 1. Diffusion Coefficients of Water Molecules at Various Interfaces at Different Temperatures

Interface
CCAl CCA2 CSl1 CS2
temperature
-30°C 0.287 0.215 1.517 0.987
25°C 0.309 0.414 5.707 1.564
50°C 0.561 0.489 6.022 2.033
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The simulation analyzes that the diffusion coefficient in the C-S-H/calcite interface at the same
temperature is much smaller than that in the C-S-H/silica interface. Second, after the nano-SiO;
reinforcement, the diffusion rate of water molecules is reduced to some extent, which is consistent
with the results of the previous analysis. First, the C-S-H/calcite interface contains fewer unsaturated
bonds than the C-S-H/Si0: interface, so the water molecules cannot easily react, and the movement
of water molecules is determined by the hydrophilicity and hydrophobicity of the stone itself. Second,
as the temperature increases, the mobility of water molecules in the interface also begins to increase,
and then add nano-SiO» particles, first of all, physical changes occur, nano-SiO» particles occupy the
interface in the volume of water molecules blocking the flow of water molecules to prevent water
molecules from destroying the interface; followed by a chemical reaction, the nano-SiO; clusters and
some of the water molecules and the calcium ions in the system of attracting each other to form a new
hydration of the calcium silicate component, and consume the excess of water molecules to avoid
unfavorable diffusion of water molecules in moving, which increases the strength of the Interface
transition zone.

4. Conclusion

The use of nano-SiO; for the reinforcement of recycled aggregate can effectively improve the strength
of the aggregate interface transition zone, which in turn improves the macroscopic properties of
recycled aggregate. Since there are Ca(OH); hydrates in the old mortar adhering to the surface of the
recycled aggregate, it is possible to use nano-SiO; to absorb the Ca(OH); hydrates to form fresh
hydrated calcium silicate, thus blocking the pore space to prevent the excess water molecules and the
reaction of Ca" in the old mortar to form Ca(OH)> and reduce the interface resistance.

At the same temperature C-S-H and calcite interface strength is higher than the interface between C-
S-H and silica, and at 25 °C to achieve the optimum strength, too high or too low temperature will
reduce the strength of recycled aggregates, if used as a road material to pay attention to the adverse
effects of temperature and moisture, to avoid extreme temperatures and high humidity encountered
in the construction process or during operation.

Using molecular dynamics simulation method, the source of strength of the material can be effectively
explained in nano perspective. For recycled aggregates, the presence of interfacial transition zone is
the weak link, and nano-SiO2 can effectively improve the mechanical properties of cementitious
composites, and improve the microscopic morphology and strength of the interfacial transition zone.
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