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The high and non-uniform distributed porosity of the interfacial transition zone
affects the macroscopic properties and failure behavior of concrete significantly,
and it relies on the non-uniform water-cement ratio and pore-permeation coupling
effect during hydration. However, current hydration models could not reveal the
above facts. In this paper, water-cement distribution is derived, pore-permeation
coupling effect is introduced based on fractal theory. Finally, a hydration model
of the interfacial transition zone is established. A good agreement between the po-
rosity prediction of interfacial transition zone and experimental data is found.
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Introduction

As the weak phase in concrete, the aggregate-mortar interfacial transition zone (1TZ)
significantly affects the macroscopic properties and failure behavior of concrete [1-5]. Aggre-
gate prevents the water permeation on the aggregate surface, which leads to the uneven distri-
bution of the local water-cement ratio in 1TZ. The non-uniformity of the water-cement ratio
affects the water transportation, subsequently, the hydration procedure and microstructure of
hydration product [2], which is called the side-wall effect [4, 6, 7]. The side-wall effect influ-
ences the hydration of 1TZ, leading to high porosity and non-uniform distribution of porosity,
which is considered as the reason for ITZ weakness [4, 6-8].

The ITZ has been studied experimentally through the nanoindentation technique, the
mercury intrusion method and the electron microscopic observation method, and so on. Prop-
erties of hydrated ITZ, including porosity, microhardness, and elastic modulus, have been
widely explored [1, 8, 9]. However, the influence of the hydration procedure on these properties
has not been revealed directly.

In early theoretical research, the hydration mechanism and results were described
qualitatively [4, 10]. In recent research, hydration of ITZ was approximately simulated by mod-
els of uniform cement-based material [2, 11-15]. Jiang et al. [13] promoted a numerical calcu-
lation model of porosity based on careful consideration of water-cement ratio, the thickness of
cement and degree of hydration. Tan et al. [15] simulated hydration of transition zone between
new and old mortars in recycled concrete, with the adoption of a traditional digital image-based
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model called CEMHYD3D model. Gao et al. [16] simulated the formation of ITZ micro-struc-
ture with two different hydration models, compared and discussed the two modeling results.

Due to the non-uniformity of the local water-cement ratio and water transportation in
ITZ, hydration of ITZ differs from ordinary cement paste. Additionally, the pore feature in ITZ
is changing in hydration procedure. Thus, ITZ could be regarded as a dynamic porous medium.
In hydration of ITZ, water permeation affects pore features, and pore features affect permeabil-
ity vice versa, but such pore-permeation coupling effect is not considered adequately in the
open literature.

In this paper, a non-uniformly hydration model of the aggregate-mortar transition
zone in concrete is established, porosity distribution of 1TZ could be calculated. In this model,
water transportation is introduced, local water-cement ratio and hydration rate are then modi-
fied. Fractal theory is adopted to characterize pore feature, the impact of pore-permeation cou-
pling effect is then estimated. The validity of this proposed model is assessed by a comparison
with experimental data of porosity distribution in ITZ.

Non-uniformly hydration model of ITZ

Modeling

As is shown in fig. 1, the interfacial transition zone is divided into n layers with the
same thickness L. The thickness of the water layer on the aggregate surfaced is also set as L for
simplification. It is assumed that the surface of aggregate is flat, and all layers are parallel.
Water transports between layers. Along the direction perpendicular to the aggregate surface, n

permeable cube cells with side length L are se-
Water Tz Paste lected for calculation. The section area of each
cell is A= L2 volume V = L3,

Initial fraction of ITZ components

There are three kinds of components in ITZ
or cement mortar paste: sand, cement, and water.
Cell1 Cell2 cali cein Along the direction perpendicular to the aggre-
gate surface, the fraction of cement and sand in-
creases, water-cement ratio decreases. In cement
mortar, the absolute volume fraction of a com-
ponent is noted as, &, absolute mass fraction, m, relative mass fraction, m', initial water-
cement ratio, ay. Subscript sand denotes sand, ce cement, w water. The mass ratio of cement
and sand is:

-

Figure 1. Permeable layers and cells in ITZ
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where V and p are volume and density, respectively.
The water-cement ratio in cement mortar paste is:

my _ Vupw @)

mce Vce ,0 ce
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Combing egs. (1) and (2), the absolute mass fraction of sand and cement in cement
mortar is:
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The absolute volume fraction of sand and cement is:
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The absolute volume fraction of water is:

Ay = Pee (6)
Pw

At a point with distance d from the aggregate surface, the absolute volume fraction
of cement could be calculated [17]:

2
ace(d)z&c{uac(?j }o«j <5 @

where a, is determined by eq. (5), & — the thickness of ITZ, ac — a constant, a. = —0.4959.
The absolute volume fraction of sand could be calculated [18]:

Clsand (d) = &sand I:l —€Xp (_i)il (8)
Yo

where ag,,q is determined by eq. (4), yo is a constant, yo = 0.8.
The local water-cement ratio could be calculated:

_ 1- Aee (d) — Usand (d) Pw
T ® e ®
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Fractal pore features

Key pore sizes

Relation among maximum pore diameter Zpor, Minimum pore diameter Ao, maximum
water-filled pore diameter Awat and thickness of adsorption layer I" [18] are shown in fig. 2.

In fig. 2, I' is used as the thickness of 3 lay-
ers of water molecule [18], T" = 0.0009 um. The
minimum and maximum permeable pore size
Amin and Amax are calculated, respectively:

Amin =4 — 2T (10)
Avax = ﬂpor -2r (10b)
Figure 2. Key pore sizes in permeable cells; According to reference [18], there are:

Vad is the volume of adsorption water, and _
Vir — the free water Ay =0.002 pm (11)

“por

\Y

Apor = A €XP ;;)r (12)
V,

Avat =0 expf (13)

where Vpor is the pore volume in a permeable cell, V¢ — the volume of free water. The calculation
of Vpor and Vs are shown in section Water permeation based on pore features.

According to fractal theory, the number of pores with a diameter larger than A could
be expressed [19]:

A )
N( z)z( man (14)
A
where Dx is the fractal dimension. The number of pores with diameter in [4, A +dA] is:
—dN(2) = D AR, AP da (15)
Assuming the pore section is circular, the total section area of pores would be:
j’max . Z_D
A=—| 20N (A) = ﬂzﬁw 1- [Mj (16)
i 4 8—4D; Amax
For fractal porous media, porosity, ¢, could be expressed as [19]:
de—D;
. [ Amin J (17)
Amax

where de is Euclidian dimension, de = 3 in the 3-D case. Then the pore size fractal dimension,
Dy, is:
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D =3- _ In¢ (18)
In /Imin —In j'malx

Porosity
Porosity in cement paste, ¢, is defined:

$=—"" (19)

At time tj, pore volume Vo is composed of capillary water volume Veapj, and addi-
tional pore volume caused by chemical shrinkage, AVcnsnj There is:

Vpor,j :Vcap,j +Avchsh,j (20)

where AVenshj is calculated experimentally as 25% cement volume participating in hydration,
[18]:

AVygh, j =0.25-0.2500; — L=y 1)
’ IOW +pcea)

where Acq; is the degree increment of hydration between time t; ; and t;.

It there are other components in cement mortar that could hydrate, the expansion of
these hydration products reduces overall porosity. Denoting the mass fraction of these compo-
nents as, mo, density, po, volume fraction, Vo = mo/p,, the porosity of hydration product, ¢,.
Considering the effect of aggregate and assuming that the degree of hydration expansion of
these components is the same with cement, the whole porosity would be:

¢act (V +Vo) = (1_ 6“{agg )(W + ¢0Vo) (223)
\ :Vce +Vpor (22b)

where aagg is volume fraction of aggregate. If ¢, =0, there would be:

g = (=) —— (g ) ¢ (23)
- Ve
b Ve +Voor Vo i 1+(1-g¢) My Pee

ce pO

Water permeation based on pore features

Water volume in ITZ

At time t;j, the total water volume consists of three parts: the residual capillary water
volume at the last time step, V., j_1, the permeate water caused by the water pressure differ-
ence between adjacent cells, Vg, j, and water consumed by hydration, AV, ;. There is
VC&p,j :Vcap,J—l +VﬂOW,J —AVhy‘J (24)

Calculation of Vsow, is shown in section Permeate water. The AVpy; could be calcu-
lated:
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where wer = 0.4 is the lowest water-cement ratio needed for complete hydration [18].
Capillary water volume, Vcap, is consisted of free water volume, Vg, and adsorption
water volume, Vyq, that is:

Vcap =V +Vyq (26)

adsorption water volume, V.4, does not participate in hydration, which could be calculated:

2 ﬁ'por
vad,j=4a[—£+r—2j :4ar{_L+LJ 2ar?| -1 (27)
A22%), Aoor 4o Aoor Ao

Here a is a constant, a = 36 - 10° um?®.
Attime t;_, hydration does not begin yet, there is:

V _ Pe® (28)

o=V .=
por, j=0 cap, j=0
Pw T Pee®

Permeate water
The tortuosity of porous media with porosity ¢ is:

7(#) =1-0.41In ¢ (29)
Denoting the capillary water head height as H', the tortuous length is:
Hy =z(¢)H"’ (30)
Then the capillary water volume would be:
Vegp = Hi A (31)
Considering egs. (30)-(31), water pressure in a permeable cell would be:
' Veap
P=p,gH =pwgm (32)

where g =9.810"2Ng ™. The water pressure difference between adjacent cells is denoted as
AP. According to Hagen-Poiseuille' s Law, the flow of a single pore with diameter A is:

_m AP 2!
M@—ETE (33)

where 4 is liquid viscosity, z=1.000x10"*° Nsum™ for liquid water, L; is the tortuous length
along permeation direction. There is:

L, = Lz(g) = 1—-0.41In )L (34)
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Integrating eq. (33) with respectto A and substituting eq. (34) into integral result, the
total flow in a single cell is obtained:

e n AP 1 D¢ 4 Amin o
Q“ﬁ{ YAINA) = o8 L 1-04ting 2—p, ™ 1{@] )

where Dy is the fractal dimension calculated by eq. (18).
Attime increment At; =t; —t;_;, the net flow of the k™ cell is:

Viiow,j = (Qua — Q)AL (36)

Influence of permeation on hydration depth

According to HYMOSTRUC hydration model, at time increment At; =t; —t;_,, the
increment of hydration depth is:

A5|n;x,j+1 = (Aém;x,jﬂ)OQl(X’ax,j) (378)
KiROIRO1'Q,()25()
(Aé}n'x j+ ) = L (37b)
o [(5,,)' 1

where K is a parameter related to the thickness of hydration product, F;,F, — the parameters
related to temperature, €, — a parameter related to particle embedding, €, and €, — param-
eters related to permeation.

Where Q, is used for estimating the effect of pore state, defined as [18]:

ﬁ'por - % ﬂ'wat

Meaning and calculation of A, 4., and 4, are shown in section Key pore sizes.
The Q; is used for estimating the effect of flow on the concentration of calcium ions. At time
t;, the water volume available for containing calcium ions, v,.;, is:

initial water mass — water mass consumed in hydration
water density

QZ _ ﬂ'wat _20 ﬁ (38)

water volume available = + net flow

that is:
WM — W X Mee
Vca;j = +Vf|ow;j (39)
Pw

where «; is current degree of hydration. At time t;, the concentration of calcium ions is
(Cp);, the volume of dissolved cement is Ave,;, there is:

Avce; j

Co)j = (40)
ca;
At time ;=1 concentration of calcium ion is:
AV i g
(Co)j:1 = cen’: (41)
[0 __ce
o

Pw
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Assuming the concentration of calcium ions is stable, there is (Cy); =(Cy) 4. Com-
bining egs. (40) and (41), there is:

AVce;j :Q3Avce;j:1 (42)
Then
@y —0.4a; Vhon.j @9 —04aq; Viiow: j
Qa(aj)=— b= L+ oy ‘XJ (43)
0 a,oﬂ 2] DoMee
Pw

Verification and discussion

Three groups of tested porosity data in [16] were adopted for verification. The densi-
ties and mass fractions of components in binders are shown in tab. 1. The water-cement ratio
of each binder was 0.3, 0.4, and 0.5, respectively, curing humidity was 95% +10%, curing
temperature was 20 °C + 1 °C, curing time was 56 days.

Table 1. Densities and mass fractions of components in binders [16]

Cement Slag Filler
Specific density, [kgm~3] 3120 2896 2650
Mass fraction in binder, [%] 60 20 20

Comparison between tested and calculated results are shown in fig. 3, and a good
agreement is obtained. When wo = 0.5, 0.4, the relative average error between tested and calcu-
lated results is 5.2% and 3.7%, respectively, the porosity calculation results show a slight over-
estimation compared to the experimental values. When wo = 0.3, the relative average error is
13.3%, as in the former case, the porosity calculation results appear larger relative to the exper-
imental values, but the degree of difference is greater compared to the former case.

—=— Test data of o, = 0.5 The error may originate from the difference
704 &— Test data of 0, = 0.4 among initial water-cement ratio, ay. If @y in
£ 60 —+— Test data of v, = 0.3 cement mortar paste is relatively low, the humid-
g . =~ Caloulated result of w, = 0.5 4y, iy nores would decrease obviously. Humidity

8 504 —e— Calculated result of o, = 0.4 N I
s —a— Calculated result of o, = 0.3 COITelates with adsorption water volume, Vg,
40+ and adsorption thickness, I'. Decreasing of hu-
304 \ S s - midity would lead to decreasing of Vaq and T,

. —
. ‘-A\f:*:h__‘__*:‘ subsequently the decreasing of pore volume Vpor
] B and porosity ¢.

Uy Another possible effect of relatively low
o+ @y, is the overestimation of additional pore vol-
o 10 20 30 40 50 ume caused by chemical shrinkage, AV, ;.
Distance from aggregate surface [um] Water may distribute non-uniformly in 1TZ.
igure 3. Comparison between tested an wo i i . -
F 3.C bet tested and When wy is relative lower, contact between ce
calculated results ment and water may be inadequate, hydration

may be insufficient. As is mentioned in section Porosity, AV, ; is calculated experiencedly
as 25% cement volume participating in hydration. Insufficient hydration may lead to lower

AVgngn, j than the theoretical prediction, subsequently the lower pore volume Vpor;j and actual
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porosity ¢... Therefore, the degree of porosity difference of wo = 0.3 is greater than that of
wo = 0.5, 0.4.

Conclusion

In this paper, a hydration model of the interfacial transition zone is established. Based
on fractal theory, pore features are described; water flow is derived roughly; the influence of
permeation on hydration is estimated comprehensively by parameters Q, and ;. The model
could reveal the fractal pore features and pore-permeation coupling effect during hydration and
could be adopted to accurately calculate porosity distribution in ITZ. The predictions of poros-
ity based on the proposed model are in good agreement with experimental data, the validity of
the proposed model is verified.

The suggested model is suitable for ITZ when the water-cement ratio in cement mortar
is 0.3-0.5. Further study could be extended to cases of a wider water-cement ratio.
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