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[bookmark: _Toc45869370]Appendix A. Generalized self-consistent model
[bookmark: _Toc45869371]For any phase i (i = 1 is inclusion and i = 2 is matrix) in the composite material shown in Fig. 2(c) that deforms, the elastic equilibrium equation in spherical coordinates is given as
, (A1)
where Ui is displacement of phase i in the radial direction (cm); r is the location coordinate in the radial direction when the center of the inclusion is the origin of the system (cm); 𝜐I is Poisson’s ratio for phase i (unitless); 𝜀i is the linear strain for phase i (unitless).
Since a very small-scale deformation is considered, the last term in the above equation can be neglected. Thus, the equation can be simplified to
. (A2)
The above equation describes the problem shown in Fig. 2(c). Ui1(r) = r is one solution of this second-order linear differential equation. A second solution that is linearly independent of the first solution can be obtained using the reduction of order method. The second solution is in the form
, (A3)
where v(r) is an arbitrary function.
Substitute Ui2(r) into Eq. (A2) to get
. (A4)
Rearranging the above equation, then
, (A5)
which is a first-order equation for , given by
, (A6)
which can be easily solved by method of separation of variables
. (A7)
Integrating the equation above, v is obtained
. (A8)
Then
. (A9)
When c2 = 0 and c3 = 1,  which is . Based on the principle of superposition,  shown in Eq. (A9) is the general solution of Eq. (A2).
Based on Hooke’s law for an isotropic material, the expressions of displacements and corresponding stresses valid in all phases can be obtained
, (A10)
, (A11)
where  is the stress of phase i in the radial direction (MPa); Ki is bulk modulus of phase i (MPa); Gi is shear modulus of phase i (MPa); Ci are unknown coefficient (unitless), and Di are unknown coefficient (cm3), D1 = 0 to avoid a singularity at r = 0.
Apply continuity conditions at r = R1, which is  and  and assume the radial displacement at boundary r = R2 is δ, then we have
, (A12)
, (A13)
. (A14)
Then, the three unknown coefficients C1, C2, and D2 can be solved.
, (A15)
, (A16)
. (A17)
Equations (A10) and (A11) are also valid for the effective medium. For the effective medium and the matrix, the displacement and stress are continuous at boundary r = R2, respectively. Therefore,  and  which is
, (A18)
, (A19)
where the subscript eff stands for effective medium. Solve Ceff from Eq. (A-18) and substitute it into Eq. (A19) to get
. (A20)
First, take all strains, , , and  to be zero, and all the equations are still valid, then  can be solved from Eq. (A20)
. (A21)
Alternative form:

where , the volume fraction of phase 1 (inclusion). By substituting  into Eq. (A20), the strain of the effective medium is obtained
. (A22)
Apply free boundary condition in the radial direction at boundary r = R2, which is
. (A23)
Substitute C2 and D2, which are expressed in terms of δ, into the above equation, and the displacement δ can be solved. Then it is inserted into C2, D2, and the following equation to get the radial stress at r = R1
, (A24)
which is the internal pressure P at the inclusion-matrix interface of the composite material shown in Figs. 2–3 (c)	Comment by ZhangYurou: 请作者确认图片序号，正文中图3没有(c)。
. (A25)
The effective shear modulus can be obtained through the equations shown below (the detailed derivations can be found in Subsection 2.4 from page 53 to 57 in (Christensen 2005)).
, (A26)
where






Appendix B. Volume fractions of the constituents in hardened cement paste
The volume fractions of each constituent in hardened cement paste can be evaluated using the following equations (Xi and Jennings 1997):
, (B1)
, (B2)
, (B3)
, (B44)
, (B4)
, (B5)
, (B6)
, (B7)
, (B8)
, (B9)
, (B10)
, , , , , (B11)
, , (B12)
where α is the overall hydration degree of Portland cement(unitless); αi is the degree of hydration for reacting compound i in Portland cement (unitless) (i = C3S, C2S, C3A, or C4AF); Wi is weight fraction for reacting compound i in Portland cement (unitless); depending on the type of cement used for the concrete (can be found in ASTM C150); w/c is water-to-cement ratio (unitless); ρc is cement density (g/cm3), and ρw is water density (g/cm3).
The Avrami equations (Taylor 1987) are employed to estimate the ai
, (B13)
where ai, bi, and ci are coefficients with values shown in Table B1, and t is time (d).
Table B1 Coefficients ai, bi, and ci
	Compound
	ai
	bi
	ci

	C3S
	0.25
	0.90
	0.70

	C2S
	0.46
	0.00
	0.12

	C3A
	0.28
	0.90
	0.77

	C4AF
	0.26
	0.90
	0.55


The overall hydration degree of the cement-based material is
, (B14)
It should be noted that the service time of concrete structures concerned in nuclear power plants is very long (more than 60 years); by that time, the effects of the hydration period of cement are not significant because the hydration reactions are almost completed.
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