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Abstract: The concrete–rock interfacial transition zone (ITZ) is generally considered the weak layer
in hydraulic engineering, for it is more permeable than the intact concrete or rocks. The water perme-
ability of the ITZ is a critical parameter concerned with structural safety and durability. However, the
permeability and pore structure of the ITZ has not been investigated previously, and the mathematical
model of ITZ permeability has not been established. This study performed multi-scale experiments
on the concrete–rock ITZ with various rock types (limestone, granite, and sandstone). A series of
quantitative and qualitative analysis techniques, including NMR, SEM-EDS, and XRD, characterize
the ITZ pore structures. The controlled constant flow method was used to determine the permeability
of the concrete, rock, and ITZ. The mathematical model of ITZ permeability was proposed using the
fractal theory. The consistency between the experimental data and the proposed model indicates
the reliability of this study. The results of the experiment show that ITZ permeability is between
4.08 × 10−18 m2 and 5.74 × 10−18 m2. The results of the experiment and the proposed model could
determine ITZ permeability in hydraulic structure safety and durability analysis.

Keywords: concrete–rock ITZ; pore structure; permeability; fractal theory

1. Introduction

The concrete–rock interfacial transition zone (ITZ) widely exists in hydraulic engi-
neering, such as arch dams, concrete gravity dams, and tunnels. The concrete–rock ITZ is
characterized by high porosity, poor densification, calcium hydroxide (CH) enrichment,
high permeability, and low shear strength, which is generally considered the weak layer and
adversely impacts hydraulic structures. Thus, research on the properties of the ITZ has been
a hot topic in hydropower engineering projects [1–3]. The durability of the concrete–rock
structure depends on the penetration of water and corrosive ions into the matrix [4]. As
the weakest layer of the whole system, the concrete–rock interface is considered one of the
main flow channels for the erosion solution. The deterioration of the mechanical properties
of the ITZ is vital to the stability of hydropower engineering projects [5].

The macroscopic physical properties of the ITZ are generally dependent on ITZ mi-
crostructures. Therefore, many researchers have conducted experiments to investigate
the mineral composition and microstructures of the ITZ. Wang et al. [6] investigated the
microstructure of the ITZ between the aggregate and cement slurry at different stages.
The results showed that the porosity and micro-fracture length gradually increased while
the average pore size decreased with the curing process. Several researchers [7–11] have
studied the effect of the concrete mixture on the ITZ microstructures by adding silica
fume, nano-silica, rice husk ash, kaolin, slag, fly ash, pozzolan, etc. It is believed that the
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addition of colloids can fill the accumulation pores of cement particles and reduce the
content of calcium hydroxide (CH), increasing the ITZ compactness. The influences of ag-
gregates (including light aggregates, heavy aggregates, different particle sizes and shapes)
on the ITZ microstructural characteristics were discussed by Lin [12], Bentz et al. [13],
and Lyu et al. [14], respectively. The results indicate that the ITZ between the light porous
aggregate and cement slurry generates a denser ITZ microstructure.

Permeability is a crucial parameter closely related to the project’s seepage characteris-
tics and benefits in hydraulic engineering. As a potential leakage channel, the permeability
of the ITZ has been investigated by many researchers. Skalny [15,16] first proposed to
investigate the permeability characteristics of the ITZ by comparing the permeability test
results of pure rock, cement-based and cement slurry–rock. Subsequently, many scholars
have obtained the permeability of the ITZ by this method and proved that the permeability
of the ITZ is far greater than mortar [17,18]. However, some scholars have assumed that
although the permeability of the ITZ is large, it is not necessarily the permeability channel
of the whole structure [15,16]. Since the experimental determination process is deemed
time-consuming, and only some discrete data points can be obtained in the experimen-
tal operation, researchers attempted to use numerical simulation methods and analytical
models to calculate the permeability of the ITZ. Snyder et al. [19] investigated the seepage
mechanism of the ITZ around the spherical aggregate in mortar by the sphere model. Bentz
et al. [13,20] and Zheng et al. [21,22] simplified the aggregates into spherical and polygonal
agglomerates and developed a multiscale spherical stacking model to estimate the effects
of the ITZ thickness, aggregate particle size distribution and aggregate type on the seepage
characteristics of the ITZ. In order to obtain a more realistic three-dimensional model of the
ITZ, Kim et al. [23] used µ-CT images to describe the cement slurry samples with different
porosity by a low-order probability function. They reconstructed a three-dimensional ITZ
microstructure framework with porosity gradients. Li et al. [24,25] constructed the cement
slurry based on the Discrete Element Method (DEM), and the porosity and permeability of
the cement matrix and the ITZ were obtained. Jia et al. [26,27] proposed an effective and
convenient approach to obtain the intrinsic permeability of the tight porous media and
constructed a 3D model, including the fracture penetrating the shale core to simulate the
flow process in the fracture-matrix system realistically. Sun et al. [28] reconstructed the 3D
microstructure image of the ITZ based on SEM imaging technology and obtained the total
porosity, seepage porosity, and permeability of the ITZ using the permeability solving code.

Although the permeability properties and the microstructure characteristics of the ITZ
have been consistently studied, the relationship between permeability and microstructure
has not been established. Most existing permeability models are based on the intrinsic
permeability calculation model of porous media. It was thought that the permeability of
the ITZ is in direct proportion to the porosity, pore connectivity, and pore size [28–30].
Some models considered the effect of simplified ITZ microstructures on permeability [30].
However, the high complex and irregular geometry features have been ignored [31–34].
Many scholars have simulated cement and rock internal pore structures based on a fractal
model; pore structure characteristics can be described by fractal parameters such as fractal
dimensions of the pore surface, pore tortuosity, and fracture surface [35–40]. The studies
provide a theoretical background to the proposed functional relationships between fractal
dimensions and basic macro properties.

The objective of this study was to investigate the permeability of the concrete–rock
ITZ and develop a mathematical model based on the fractal theory. Firstly, most of the
previous microstructure research is focused on the ITZ between the aggregate and cement
slurry. There is a lack of systematic research on the ITZ between the bedrock and concrete
structure, especially concerning the permeability of the ITZ. Secondly, the influence of the
ITZ on the leakage is still uncertain, and some scholars even believe that the ITZ may not be
a seepage channel. Finally, the relationship between the permeability and microstructure of
the ITZ has not been fully established. It was therefore necessary to introduce the micropore
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structure characteristics into the permeability model and quantify the effect of microcracks
and pores on the seepage characteristics in the ITZ.

This study performed macro and micro experiments on the concrete–rock ITZ with
different rock types (limestone, granite, and sandstone). A series of quantitative and
qualitative analysis techniques, including NMR, SEM-EDS, and XRD, were used to char-
acterize the ITZ pore structures and mineralogy. The controlled constant flow method
was used to determine the permeability of the concrete, rock, and the ITZ, improving the
reliability of the test results. Based on the experimental results and fractal theory, the ITZ
permeability model was proposed to relate pore structure parameters and permeability.
The proposed model could provide reasonable permeability parameters for hydraulic
engineering seepage analysis.

2. Materials and Methods
2.1. Sample Preparation

The rocks used in the experiment (sandstone, limestone and granite) were taken from
Huaqi Quarry in Nanjing, Jiangsu Province. Selected bedrocks were cut into 100 × 100 × 50 mm
rectangular and 50 × 100 mm cylindrical specimens with an accuracy control of ±0.1 mm The
compressive strength grade of concrete is C30, prepared by P.O. 42.5 ordinary silicate cement,
standard sand (2.3~3.0 mm) and continuous graded gravel (particle size 3~15 mm). The mixing
proportion of the concrete is shown in Table 1.

Table 1. Concrete grout mixture proportions.

Material Water Cement Crush Stone Sand Admixtures

Concrete 0.36 1 2.824 1.392 0.005

The casting steps were as follows:

(1) The cleaned rock was placed into the molds and the raw materials were prepared
strictly according to the C30 concrete mixing ratio. The weighed cement, sand, stones,
admixtures, and water were poured into the concrete mixer and mixed for 60 s.

(2) After mixing was completed, the concrete was poured sequentially into the steel molds.
Then, the molds were placed on a vibrating table to remove air bubbles from the
samples. Vibrating time should not exceed 30 s to avoid the effect of water secretion.

(3) The composite specimen was dismantled within 24 h, put into a standard curing box
for 28 days, and finally, a cube specimen of 100 × 100 × 100 mm was obtained.

(4) According to the sample size required for the penetration test, a coring machine
was used to take the core from the cube specimen. Finally, a cylindrical example of
50 × 100 mm was obtained. Figure 1 shows the fabrication process of the cylindrical
concrete–rock mixed specimen.
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2.2. Permeability Test and Procedure

After sampling was completed, bedrock-concrete samples were selected and a laser
controlled cutting machine was used to cut the samples into the size required by the macro
and micro test instruments. As shown in Figure 2, the operation method for each test was
as follows:
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Figure 2. Macro and micro test schemes.

The size of the X-ray Diffractometer (XRD) test sample was powder with a particle
size less than 0.0075 mm. The cement slurry of the ITZ was ground into powder and then
placed in a drying oven at 45 ◦C for 12 h until it reached a constant weight. Then, it was
placed on the observation lens in the Ultima IV observation cavity. The diffraction angle
range was 5~80◦ and the scanning speed was 3◦/s. Finally, the phase content of the ITZ
was obtained.

• The samples for the scanning electron microscope-energy spectrum analysis (SEM-
EDS) were a cube of 10× 10×10 mm, and the sample contained both rock and concrete.
Then, the samples were dried in a drying oven at 45 ◦C for 12 h to a constant weight.
The samples were scanned using a SU3500-HITACHI SEM-EDS at an accelerating
voltage of 3000 V. The image was focused, adjusted, and photographed at different
magnifications. Under the observation condition of magnification of 500, a regular
line was drawn in the adjacent area of rock and concrete. The starting point of the
standard line was inside the rock, and the endpoint was inside the concrete slurry. The
length of the entire element distribution observation line was within 800 µm.

• The samples for the Nuclear Magnetic Resonance (NMR) were a 2~3 mm block mortar
of ITZ, and the samples were saturated with vacuum-saturation equipment (type:
MesoMR12-040H-I). Subsequently, the saturated samples were wrapped in plastic film
and placed inside the sample chamber. After finding the appropriate center frequency,
the proper relaxation time and echo time were selected according to the sample and
the pore size distribution curve was obtained. Finally, the porosity and pore size
distribution curve of the samples were obtained by inversion.
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• The samples for the macro test were cylindrical specimens of 50 × 20 mm. Firstly,
the samples were saturated with vacuum-saturation equipment. Subsequently, the
saturated samples were placed inside the pressure chamber of cement-based ma-
terials steady-state permeation test equipment. According to the project operation
environment, the seepage pressure was set at 2 MPa until the test ended.

3. Results
3.1. Pore-Structure of Bedrocks and Concrete

The porosity of limestone, granite, sandstone, and concrete is 0.52~0.64%, 0.31~0.48%,
16.5~17.8%, and 4.27~4.95%, respectively. Figure 3 shows the pore size distribution charac-
teristics of the bedrock and concrete matrix. As shown in Figure 2, the pore size distribution
of limestone ranged from 0.000802 to 4.709 µm with a peak size of 0.05 µm. In comparison,
the pore size ranged from 0.03212 to 23.246 µm and from 0.001216 to 40.510 µm for sand-
stone. Compared with limestone, the pore size distribution of granite and sandstone drifts
to the large pore, and the peak sizes are about 1µm and 3µm, respectively. The pore size of
concrete ranged from 0.000429 to 0.0341 µm; 90% of the pore diameters are concentrated
within 0.03 µm.
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Figure 3. Comparison of pore size distribution of rock.

This study used Jullien’s aperture classification method [41]. Pores were divided into
gel pores (0.00~0.01 µm), medium capillary pores (0.01~0.05 µm), large capillary pores
(0.05~10.00 µm), and macropores (>10 µm). Figure 4 gives the pore size distribution ratios of
three types of rocks and concrete. Granite and sandstone have similar pore size distribution
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curves, mainly composed of medium and large capillary pores (more than 90%). While
limestone contains more gel pores, it has a smaller average pore size.
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Figure 4. Mortar pore size proportion around rock and concrete.

Since sandstone and granite contain more medium and large pores, the cement slurry
will penetrate into the pores near the bedrock interface and accumulate in the rock joint’s
surface area, forming a better interface structure. Limestone contains more gel pores
than granite and sandstone, which leads to poor bonding of the concrete–rock interface.
However, the infiltration of cement slurry is also affected by porosity. Therefore, the
microstructure characteristics of different concrete–rock interface transition zones need
further study.

3.2. Calcium Compounds of ITZ

The bonding behavior between the rock and concrete is determined by the density
of the ITZ and the content of calcium silicate hydrate (CSH) [42]. In order to investigate
whether different phase compositions on the ITZ are related to rock types, the difference in
hydration products on the surface was monitored by XRD. The XRD patterns in the range
of 5–80◦ 2θ form the granite–concrete, sandstone–concrete, limestone, and concrete surface
powders in Figure 5 with the same intensity scales. The crystalline phases identified in
the ITZ include some typical cement hydration products, such as calcium hydroxide (CH),
calcium silicate hydrate (CSH), and ettringite (Aft). The main hydration products are CSH
gel, which is in line with the finding from [43].
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Figure 5. XRD patterns of concrete and ITZ.
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Furthermore, the cement hydration products of concrete and the ITZ of rock and
concrete are given in Figure 6. Previous studies have shown that the more CSH gel
was formed, the denser ITZ was formed, and the more CH was formed, the higher the
permeability of the ITZ [44,45]. XRD analysis shows that the content of CSH gel in the
ITZ of concrete–rock is less than that of the cement slurry inside the concrete. This is
because rock hinders the migration of water in the cement slurry, which makes water
accumulate in the surface area of rock and forms a water film, providing a channel for the
rapid migration of calcium ions, sulfate ions, and hydroxide ions. These ions eventually
enrich at the rock interface and produce large amounts of calcium hydroxide and ettringite.
The specimen around sandstone has the most hydrated products of CSH and has a lesser
number of CH. In contrast, there is the least amount of CSH and the most amount of CH in
the ITZ of limestone–concrete. The sandstone has the worst compactness from the pore
structure characteristics of the three types of bedrock (the most significant porosity). The
water absorption rate is much higher than that of limestone and granite, resulting in the
lowest water–cement ratio in the sandstone–concrete interface transition zone. Compared
with granite, limestone has the best compactness (minimum porosity), but macro pores
dominate its pore size distribution. A larger pore can provide more contact surfaces and
generate more CSH gel to fill micro-cracks and pores.
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Figure 6. Content of Calcium compounds.

3.3. Thickness of ITZ

The content of CH in the ITZ was higher than the cement in the concrete, resulting in
a region near the aggregate containing predominately fine particles and having a higher
porosity [46]. Figure 7 shows the SEM images of concrete, limestone–concrete ITZ, granite–
concrete ITZ and sandstone–concrete ITZ. In particular, three magnifications 100×, 500×,
and 5000× were tested. As shown in Figure 7a, CSH gel, Aft and CH were formed on
the concrete surface. The SEM images (Figure 7b) show no apparent boundary between
limestone and concrete. However, at 5000×magnification, fractures can be easily observed,
and the fracture width is measured at 1.08~1.35 µm. Compared with the limestone–concrete
ITZ, the granite surface is layered and granular, strengthening the connection between
rock and concrete. There is cement slurry immersion between the quartz and particle.
We observed that a small amount of calcium hydroxide crystals were filled between the
quartz particles so that the micro-cracks could not penetrate the entire observation area.
The original “crack” is split into two pores with a diameter of about 3 µm. As for ITZ
of sandstone and concrete, the interface area can be clearly observed due to the massive
difference in pore size and pore structure between sandstone and concrete. There are
no apparent pores on the surface of the concrete, and the shape is very dense, while the
sandstone side is composed of pores and sandstone particles. The pores between the
sandstone particles were covered with a cement hydration product. This result is consistent
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with typical laws of the aggregate influence on the micromorphology of the ITZ reported
in the literature [7].
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The hydration products in granite–concrete and sandstone–concrete specimens are uni-
formly filled with residual pores. They form a dense microstructure, especially sandstone–
concrete, which can improve the permeability of the ITZ. On the contrary, the remaining
pores in limestone are more significant than other pores. The hydration products such as
CSH gel and Ca(OH)2 cannot fill up the remaining pore, which leads to a relatively loose
microstructure. This is because the macroscopic pores inside the granite and sandstone
increase the interface roughness. The rough interface restricts the shrinkage and deforma-
tion of the cement slurry during the hardening process, reducing the number of cracks in
the ITZ region, and forming a better structural interface [47]. Therefore, under the three
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bedrocks, the sandstone–concrete interface has the tiniest cracks, followed by granite and
limestone cracks developing the most.

Furthermore, the specimens with three different types of rock were measured using
SEM-EDX, and the test results of Ca and Si are shown in Figure 8. The horizontal axis
represents the distance from the rock to bulk cement paste in concrete, and the vertical
axis is the mass element ratio. According to the linear distribution of Ca and Si elements
in the ITZ region, the ITZ thicknesses of LC, GC, and SC are 155 µm, 105 µm, and 95 µm,
respectively. By using granite, Xie et al. [48] observed similar results that the width of
the ITZ is extended from around 60~150 µm. Moreover, the LC sample has the widest
thickness. The mineral composition and surface structure of rock will affect the generation
and growth of hydration products, especially for CH and Aft [45]. Combined with the ITZ
XRD and SEM results, the difference in the micromorphology and phase content can lead
to the difference in the thickness in the ITZ.
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Figure 8. Comparison of SEM-EDS test results of concrete–rock interface; (a) limestone–concrete;
(b) granite–concrete; (c) sandstone–concrete.

3.4. Pore Structure of ITZ

Referring to the research method of the ITZ pore structure in the literature [7], the pore
characteristics of the mortar between 2 to 3 mm around the rock were measured by NMR
imaging system to characterize the influence of different types of rock on the pore structure
of the ITZ. The results are shown in Figure 9.
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The total porosity measured by NMR is summarized in the table in Figure 9. The
cement slurry is composed of less porosity than the ITZ. Of all the samples examined,
the ITZ between limestone and concrete had the largest porosity at 7.56~8.56%, followed
by granite–concrete samples, which were between 7.21 and 7.43%, and the porosity of
the sandstone–concrete samples was the smallest at 6.09~7.54%. This may be caused by
the different micro-roughness of the rock foundation. Existing research shows that the
micro-roughness also dramatically influences the formation of the ITZ. It is believed that
the delicate pores on the surface contribute to the production of hydration product crystals,
forming a state of interlaced occlusion [49]. There are many macro and micro pores between
sandstone particles, which provide much space for the growth and infiltration of cement
slurry hydration products, improving the physical bonding performance between rock and
cement slurry, obtaining the optimal interface transition zone. As for limestone and granite,
the ITZ porosity of their bedrocks is similar, and the former is slightly larger than the latter.
This is because the porosity of the two bedrocks is identical, while the pore size distribution
is somewhat different, and granite contains more medium and large capillary pores, which
increases the micro-roughness of the bonding surface and forms a better ITZ.

Figure 9 illustrates the pore size distribution curves of the different rock ITZs. The
pores of the mortar around the limestone, granite, and sandstone are distributed in the
range of 0.859~61.1 nm, 0.739~55.4 nm, and 0.698~29.64 nm, respectively. These test results
are similar to the pore size distribution curve measured by Wu et al. [50] for the ITZ of the
aggregate–cement slurry interface, and the pore size was concentrated between 1 nm and
100 nm. Compared with the specimen of concrete, the pore size distribution curves of the
ITZ around the limestone and granite shift to the right (to a larger size), the proportion
of harmless pore around the rock decreases, and the pore size of the mortar around the
limestone and granite are similar. However, for the cement slurry on the limestone side,
with more pore content and large critical pore size, this may be attributed to the pores of
mortar around the limestone and are not refined. For the cement slurry on the sandstone
side, the pore structure of the transition zone was significantly improved compared to the
matrix and the other two types of bedrock. The result is similar to the observation result of
the light aggregate–cement slurry interface [51].

3.5. Permeability of ITZ

The permeability of the rock, concrete and concrete–rock mixed samples can be ob-
tained through the permeability test, but the permeability of the ITZ needs further calcula-
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tion. Rock and concrete are two materials with different properties, similar to the stratum
composed of different thin layers. The concrete–rock samples can be regarded as a layered
porous medium for the one-dimensional seepage in the seepage test. Figure 10 shows the
layered porous medium. Assume that K1, K2, and K3 are the permeability coefficients of
the concrete layer, the rock base layer, and the bonding surface layer, respectively, and b1,
b2, and b3 are the corresponding layer thicknesses. Using Darcy’s law to calculate the traffic
Q of each layer, the total traffic should be equal to the sum of the traffic of each layer:

Q =
3

∑
i=1

Qi =
3

∑
i=1

KibiL
∆P
L

(1)

where L is the seepage length, ∆P
L is the hydraulic gradient, constant during calculation.
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It is assumed that the sample has an equivalent permeability coefficient KP, under the
same hydraulic gradient, there should be the same flow through the sample:

Q = KPJA = KPbL
∆P
L

(2)

Combining Equations (1) and (2), we obtained:

KP =

3

∑
i=1

Kibi

b
(3)

Since the permeability of sandstone is much higher than that of concrete and the ITZ,
the permeable porous medium preferentially penetrates from the sandstone side during
the test. The permeability of the ITZ cannot be obtained through sandstone, concrete, and
sandstone–concrete binary samples. Therefore, the permeability of the ITZ in sandstone–
concrete is not analyzed here. Up to now, many scholars have carried out experimental
research on the permeability of granite and limestone and given the permeability test data
of rock samples with different porosity, as shown in Figure 11. In the following studies,
water was used as the permeable fluid. Compared with the results of this experiment, the
limestone porosity range of Li et al. [52] was more extensive (1~9%), resulting in higher per-
meability. Selvadurai et al. [53,54] selected the limestone porosity in the range of 0.33~0.46%,
and the permeability obtained in the test ranged from 1.17 × 10−20 m2 to 6.5 × 10−20 m2.
The porosity of the limestone samples selected in this paper was 0.52~0.64%, which is
similar to the limestone selected by Selvadurai, so the obtained results are also similar
(3.34 × 10−20~4.12 × 10−20 m2). Figure 11 also plots the permeability test results of granite
with different porosity (0.3~1%) by Chen et al. [55], Feng et al. [56], He [57], Jiang et al. [17],
and Tian et al. [58], which were consistent with the permeability of granite in this experiment.
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Figure 11. Comparison of the experimental data with the results of other scholars on limestone
and granite.

Figure 12a presents the permeability test results for limestone, concrete, and
limestone–concrete binary specimens. Under the same seepage pressure, when the per-
meability coefficient tends to be stable, the permeability of the limestone–concrete binary
specimen is significantly larger than that of the limestone or concrete specimen alone.
Considering the existence of the transition zone at the limestone–concrete interface, the
overall permeability of the binary sample increases by 30.1%. Based on the above results,
the permeability coefficient of the ITZ was further calculated according to Formula (3). As
shown in Figure 12, the ITZ permeability was 10−18 m2, two orders of magnitude larger
than rock and concrete. Therefore, the limestone–concrete ITZ contributed most of the
seepage channel of the sample.
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Figure 12. Comparison of permeability test results of different types of rock, concrete and binary
specimens, (a) limestone, (b) granite.

Figure 12b presents the permeability test results for granite, concrete, and granite–concrete
binary specimens. From the figure, it can be seen that under the same test conditions, the
penetration test results of the granite–concrete binary specimen and the limestone–concrete
binary specimen were similar. The permeability of the binary samples was greater than that of
the granite or concrete samples alone. The ITZ penetration is much greater than the permeability
of the matrix on both sides of the interface. However, compared with the limestone–concrete
binary test, granite with minor porosity bonded with concrete to form samples with lower
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permeability. Combined with the SEM observation results, it is believed that the bonding of
granite and concrete creates a better ITZ, which optimizes the impermeability of the binary body.

4. ITZ Permeability Model Based on the Fractional Theory

Most of the empirical formulas used to verify the permeability of the ITZ are estab-
lished based on the fluid flow in porous media. First, they ignore that there are many
micro-cracks at the concrete–rock interface, especially for the interface with poor bonding.
Secondly, the median pore roar content and its connectivity are vital parameters determin-
ing permeability. The pore content in the porous media permeability model needs to be
corrected. Based on the pore structure characteristics of the ITZ, we propose a dual-porosity
medium model including fractures and pores. Figure 13 shows the schematic diagram of
water transport in ITZ. Considering that the existing permeability models contain param-
eters with no apparent physical meaning, a permeability model of dual-porosity media
based on the fractal theory was proposed.
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The pore size distribution was assumed to obey the following fractal power law:

N(λ ≥ r) =
∫ rmax

r
P(r)dr = (rmax/r)D f (4)

where N is the number of holes, λ and r is the pore radius, D f is the fractal dimension of
pore distribution, P(r) is the pore distribution probability function:

P(r) =
[
(rmax/r)D f

]′
= D f r

D f
maxr−(D f +1) (5)

According to the fractal distribution of pores on the interface, the total pore area of the
cross-section can be calculated by the following formula:

Ap =
∫ rmax

rmin

π

4
r2dN =

πD f r2
max

4
(

2 − D f

) (1− φ) capillary

Ap =
∫ rmax

rmin
redN =

D f ermax

1 − D f

(
1−

(
rmin

rmax

)1 − D f
)

crack

(6)

where φ is the porosity, e is the aperture of the crack
Relationship between porosity and fractal dimension of porous media:

D f = dE − ln φ/ ln(rmin/rmax) (7)

Porous media of rock and concrete are usually defined as a structure composed of
pores of different sizes, randomly distributed in space and maybe randomly connected to
form curved capillary channels. The tortuosity of the capillary pores is defined as the ratio
of capillary real length Lτ(r) to actual length L0. According to Yu et al. [59]:

Lτ(r) =
LDT

0
rDT−1 (8)
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τ(r) =
Lτ(r)

L0
=

(
L0

R

)Dτ−1
(9)

The bending fractal dimension DT is used to describe this bending degree in the
fractal model:

τav =
∫ rmax

rmin
τ(r)P(r)dr =

D f

(D f + DT − 1)

(
N

rmin

)DT−1

DT= 1 +
ln{[τav(D f + DT − 1)]/D f}

ln(N/rmin)

N
rmin

= rmax
rmin

√
π
4

D f
2 − D f

(1 − φ)
φ

(10)

where τav is average curvature, τ(r) is the curvature of a pore with a diameter of r, other
parameters are consistent with the above annotations.

According to the existing tortuosity calculation model, the average tortuosity of the
sample is obtained, and the tortuosity fractal parameter DT of the porous medium is
obtained by simple iterative calculation combined with Formula (10).

For two different materials, rock and concrete, due to the difference in the microstructure
and phase composition of the two, a weak area will be formed near the bonding surface.
Assuming that the rock base surface is composed of a series of tree-like fracture meshes, there
is a fractal proportional relationship between the number of fractures and the fracture gap.
According to Xu [60], the flow in the fractal tree-like crack network can be expressed as:

q1 =
er2+DT

(2 + DT)21+DT LDT−1
0

ρg
µ

∆p
L0

(11)

where ρ is the density of water, g is the gravitational acceleration, µ—the viscosity coefficient
of water, ∆p is the difference value of pressure.

According to the above fractal theory:

Q1 =
∫ rmax

rw
q(r)P(r)dr =

eD f rmax
D f

l0DT−1(2 + DT)21+DT

ρg
µ

∆p
l0

∫ rmax
rw

r1+DT−D f dr

=
eD f r2+DT

max

(2 + DT)21+DT lDT−1
0

ρg
µ

∆p
l0

1
2 + DT − D f

(
1−

(
rmin
rmax

)2+DT−D f
) (12)

According to Darcy’s Law:

Q1 = k
ρg
µ

∆p
L0

A (13)

Combine the above formulas:

k f =
φ1

(
1− D f

)
r1+DT

max

(2 + DT)
(

2 + DT − D f

)
21+DT lDT−1

0

[
1−

(
rmin
rmax

)2+DT−D f
]

[
1−

(
rmin
rmax

)1−D f
] (14)

In the ideal hydrodynamic model, based on the Hagen–Poisseuille law governing
steady flow, the single-width flow rate of liquid flow in a capillary is:

q2 =
πr4

8
ρg
µ

∆p
L

(15)

For the wide range of pore size distribution in the concrete material, pores in some
pore size ranges contribute in a minor or even negligible way to the material’s permeability.
Adopting Jullien’s [41] pore size classification method, pores between 0.01 and 10 µm
are capillary pores that affect material permeability. Therefore, when the permeability
classification model calculates the material’s permeability, the pore structure parameters
(effective porosity, irreducible water ratio) need to be screened and corrected.
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Calculation of effective porosity:

φ′ =
Vpore

V
=

∫ rmax
rw

πr2L0P(r)dr

L0 A
= φ

1−
(

rw
rmax

)2−D f

1−
(

rmin
rmax

)2−D f
(16)

where φ′ is the effective porosity of the material, Vpore is the effective pore volume, V is the
overall volume of the material, rw is the minimum pore size that affects the permeability of
the material.

The proportion of pores with a pore size smaller than rw:

sw =
Vw

Vpore
=

r
3−DT−D f
w − r

3−DT−D f
min

r
3−DT−D f
max − r

3−DT−D f
min

(17)

where Vw is the volume occupied by pores with a pore size smaller than rw.
According to the pore size distribution characteristics of the concrete, the flow in a

single capillary is integrated to obtain the total flow of material:

Q2 =
∫ rmax

rw
q(r)P(r)dr =

∆pρgπD f r
D f
max

8µLDT
0

∫ rmax
rw

r2+DT−D f dr

= ρg∆p

8µLDT
0

πD f r
D f
max

3 + DT − D f

(
r

3+DT−D f
max − r

3+DT−D f
w

) (18)

Combining Equation (17) and Equation (18), we obtained:

kp =
(2 − D f )r

D f −2
max

2(3 + DT − D f )LDT−1
0

φ′

1 − φ′

(
r

3+DT−D f
max − r

3+DT−D f
w

)
=

(2−D f )r1+DT
max

2(3+DT−D f )LDT−1
0

φ′

1−φ′

1−
[(

rmin
rmax

)3−DT−D f
+ sw

(
1−

(
rmin
rmax

)3−DT−D f
)] 3+DT−D f

3−DT−D f


(19)

Finally:

k = k f + kp =
φ(1−D f )r1+DT

max

(2+DT)(2+DT−D f )21+DT lDT−1
0

[
1−( rmin

rmax )
2+DT−D f

]
[
1−( rmin

rmax )
1−D f

] +

(2−D f )r1+DT
max

2(3+DT−D f )LDT−1
0

φ′

1−φ′

1−
[(

rmin
rmax

)3−DT−D f
+ sw

(
1−

(
rmin
rmax

)3−DT−D f
)] 3+DT−D f

3−DT−D f


(20)

Table 2 lists some of the models available for the porous media permeability estimation:
the fracture model proposed by Monachesi and Guarracino [61], the pore model proposed
by YU B [62] and the XY model proposed by Xu and Yu [63] based on the KC model. The
comparison between the calculated results of those models and the experimental data
reported in Section 3.4 is shown in Figure 14. The results show that the permeability values
calculated from the proposed model, pore model, KC model, and XY model were close to
the experimental data, with the order 10−18 m2. They were noted that the fracture model
gave a worse result than others. It may be that the fracture model ignores the tortuosity
of the permeable channel, assuming that the permeable channel is a simple cross model.
However, the ITZ texture consists of mineral grains of various shapes and sizes, and its
pore structure is highly complex.
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Table 2. Some of the models for porous media permeability estimation.

Model Equation Reference

Fracture model
k =

φ
(

2 − D f

)
r2

max

12
(

3 − D f

)
[

1 −
(

rmin
rmax

)3−D f
]

[
1−

(
rmin
rmax

)2−D f
] Monachesi and Guarracino (2011) [61]

Pore model k =
2 − D f

8τ
(

4 − D f

) 1 − φ

φ
r2

max
Yu (2008) [62]

XY model
k =

(
πD f

)(1−DT)/2[
4
(

2 − D f

)](1+DT)/2

32(3 + DT − Df)

(
φ

1 − φ

)(1+DT)/2
r2

max
Kozeny (1927) [62]; Xu and Yu (2008) [63]
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Figure 14. Comparison between measured permeability, the proposed model and other models 
available in the literature. 
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Figure 14. Comparison between measured permeability, the proposed model and other models
available in the literature.

Figure 15 shows the calculated deviation results. The deviation for the proposed
model, pore model, and XY model was calculated to be 0.21 × 10−18 m2, 1.325 × 10−18 m2,
and 1.369× 10−18 m2, respectively. The representative comparison shows that the proposed
model provides a perfect prediction with experimental data and those predicted from the
other models.
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Figure 16 shows the percentage of permeability of micro-fractures and pores for sam-
ples. For all samples, the penetration caused by micro-fractures accounts for more than
50% of the total penetration, which indicates that micro-fractures have a more signifi-
cant effect on fluid flow than a pore in the transition zone of the concrete–rock. For the
lim-stone-concrete samples, the contribution of micro-fractures to the penetration reaches
up to 82%. The calculation result supports that the bedrock with higher macropore content
provides more space for cement slurry infiltration and reduces the number of microcracks.
Little research compares the effects of microcracks and pores on permeability, but the
above observation results are consistent with the current experimental and theoretical
results [64–66].
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Figure 16. Percentage of permeability of different pore media.

5. Conclusions

This study investigated the effect of rock types on the calcium compounds, thickness,
pore structures, and permeability of the ITZ. The main intention was to quantitatively
describe the microstructure characteristics of the ITZ to understand the link between
microstructure and macro seepage properties. The main conclusions are as follows:

(1) The main hydration products in the concrete–rock ITZ are CSH gel, CH, and Aft. The
CSH gel content in different ITZs is between 72.5 and 75.1%, less than the cement
slurry in the concrete, which is 88%. The sandstone–concrete ITZ has the highest
CSH content and lowest CH content. In contrast, the limestone–concrete ITZ has the
highest CH content and lowest CSH content. The CSH content is closely related to the
rock particle size. The ITZ formed by coarse-grained rocks has high CSH content.

(2) The thickness of concrete–rock ITZ is between 95 and 155 µm, the porosity is between
6.09 and 8.59%, and the pore size distribution is between 0.698 and 61.6 nm. Compared
with the cement slurry–aggregate ITZ, the concrete–rock ITZ has more micro-cracks
and larger thickness, while its range of pore size decreases. The difference in the micro-
morphology and phase content leads to the difference in the thickness in the ITZ.

(3) The porosity and pore size distribution properties of bedrock have significant ef-
fects on the microstructure characteristics of the ITZ. The microstructure of the
sandstone–concrete ITZ is the densest, followed by granite–concrete ITZ, and the
limestone–concrete ITZ is the loosest. Macro-pores increase the roughness of the
interface, which will limit the shrinkage and deformation of cement slurry in the
hardening process, reduce the number of cracks in the ITZ area, and form a better
structural interface.

(4) The impermeability of sandstone and concrete binary structure is not affected by
the existence of a bonding interface. However, when limestone and granite (low
porosity) are used as bedrocks, the ITZ has a significantly higher permeability. The
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ITZ permeability between 4.08 × 10−18 m2 and 5.74 × 10−18 m2 was two orders of
magnitude larger than the permeability coefficient of rock and concrete.

(5) The fractal permeability model in this study relates to the micropore structure. The
proposed model provides a perfect prediction with experimental data and those
predicted from the other models. It is pointed out that the contribution of microcracks
to the permeability of the ITZ cannot be ignored.

In hydraulic engineering, the concrete–rock ITZ is often subjected to erosive ions and
calcium leaching. During long-term service, the permeability of the ITZ is not constant.
The evolution of the permeability of the ITZ is critical to project safety and benefits. The
evolution of permeability under complex long-term conditions needs to be further studied.
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