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In this study, the effects of the interval time between successive layers on
the microstructures and macro performances of overlay transition zones
(OTZs) in conventional concrete and roller-compacted concrete (RCC) are
investigated. First, the fluorescent epoxy impregnation method is used to obtain
microstructure images of their OTZs. Microcrack skeletons are distinguished and
extracted using the traditional digital image recognition algorithm. Thus, the
effects of the interval time on OTZ microstructures can be better evaluated.
Then, splitting tensile strength tests are conducted to study the effects of the
interval time on the macromechanical properties and failure surfaces of the
OTZs. Accordingly, the relationships between themicrostructural characteristics
and macromechanical properties of the OTZs are established. Finally, the
differences in the microstructural characteristics of the conventional concrete
and the RCC are examined. The effects of their microstructures on their macro
performance and failure surfaces are compared and analyzed. Consequently,
this study provides experimental and theoretical references for constructing
concrete dams.
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1 Practical application

In hydraulic engineering, new and old concrete have specific pouring requirements.
When a layer of concrete is poured, another layer cannot be immediately poured above it,
owing to the limitation of construction conditions. Thus, the properties of the interlayers
between old and new concrete become crucial factors in controlling the overall durability
of concrete structures. As shown in Figure 1, an interlayer consists (Carol et al., 1997) of
a substrate (lower layer), an overlay (upper layer), and an overlay transition zone (OTZ).
An OTZ, mainly comprising oriented Ca(OH)2 crystals, may have a limited contribution to
concrete strength compared with C–S–H. The existence of an OTZ may affect the strength,
deformation, and durability of concrete structures. Therefore, studying the microstructure
and macro performance of an OTZ is highly significant.
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FIGURE 1
Microstructure of OTZ (obtained from (Carol et al., 1997)). (a) Macro scale (b) Meso scale (c) Micro scale.

TABLE 1 Chemical composition of cement.

Mix CaO SiO2 Al2O3 MgO SO3 Fe2O3 Na2O K2O TiO2 P2O5 LOI

Weight % 47.87 25.12 11.29 5.52 2.95 2.39 0.65 0.60 0.40 0.25 2.63

TABLE 2 Mix proportions of concrete.

Water (kg/m3) Cement
(kg/m3)

Sand (kg/m3) Aggregate
(kg/m3)

Compressive
strength
(MPa)

Initial setting
time (h)

Final setting
time (h)

208 416 602 1070 55.0 4.50 10.20

2 Introduction

The interval time between successive layers is an important
factor affecting the properties of anOTZ.Generally, the permeability
of concrete is very low. However, when the interval time is
significant, owing to the extension and connection of microcracks
in an OTZ, seepage channels are eventually generated. Thus,
the permeability of concrete may increase by several orders of
magnitude and further threaten the safety of engineering structures
(Sævik et al., 2013; Vu et al., 2014). The existence of microcracks
accelerates the transmission rates of water and iron in concrete
and reduces the impermeability of structures. This reduction
in impermeability further increases the intrusion of hazardous
substances and enhances structural damage (Krajcinovic, 2000;
Wu et al., 2024; Wu et al., 2025).The macro performance of an OTZ
is closely related to its internal microstructure. Therefore, analyzing

the effects of the interval time on the microstructural characteristics
and macro performance of an OTZ is necessary.

Currently, a sufficient understanding of the microstructure of
an OTZ is lacking. Thus, using advanced measurement methods to
obtain microstructural information and establish the relationship
between the microstructure and macroperformance of an OTZ is
essential. Presently, observation technologies for the microstructure
of concrete mainly include the following nondestructive testing
methods for detecting porosity: ultrasonic pulse (Güçlüer, 2020;
Liu et al., 2019), acoustic emission (Xie et al., 2020), infrared
thermography (Ludwig et al., 2018),Mercury Intrusion Porosimetry
(MIP) (He et al., 2023; He and Lu, 2024a), andmicrowave (Wei et al.,
2021) testing. These methods collect observational information
during experimental tests and identify defects in concrete using
algorithms. However, microstructure images cannot be directly
obtained. X-ray tomography (Suzuki et al., 2010; He and Lu,
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FIGURE 2
Concrete sample with pouring layer (10 mm × 10 mm).

TABLE 3 OTZs of different conventional concretes.

Interval
time

0 h 3 h 6 h 9 h 12 h 15 h

Group C1 C2 C3 C4 C5 C6

Type of
layer

No
layer

Hot
joints

Warm
joints

Warm
joints

Cold
joints

Cold
joints

2024b; He et al., 2024), which scans samples using layer-by-
layer technology, obtains real three-dimensional microstructural
information by image reconstruction (Promentilla and Sugiyama,
2010). However, X-ray tomography imposes high standards on
the sample size owing to the limitation of the conflict between
its resolution and observation area. Although scanning electron
microscopy (SEM) (Shen et al., 2021) is the most well-known high-
resolution microstructural observation technology, it also suffers
from the conflict between its resolution and observation area.
Therefore, SEM is not commonly used for microcrack observations.

In addition to the technologies mentioned above, optical
microscopy is used for microstructural observation. Although
the resolution of optical microscopy is lower than that of SEM,
the observation area in the former is larger than in the latter.
With the development of observation technology and computer
graphics processing, thousands of observation images can be
automatically stitched, dramatically extending the observation area
and reducing the sample size requirements. Homand et al. (2000)
observed the microcrack characteristics of granite under different
loading conditions using the fluorescent epoxy impregnation
method (FEIM). Ammouche et al. (2000) immersed concrete
samples in a fluorescent solution and analyzed the length and
direction characteristics ofmicrocracks. Litorowicz (2006) tested the
microcrack morphologies of concretes with different water–cement

ratios and under various curing conditions using the FEIM. Based
on the principle of quantitative stereology, Zhang and Zhang (2015)
analyzed the microstructure of concrete using the FEIM and Image
Pro Plus software. Li et al. (2011) obtained microstructure images
of concrete after damage by the freeze–thaw behavior of the FEIM.
Accordingly, the areas, lengths, and stomatal apertures of the
microcracks in the concrete were statistically analyzed.

In this study, the microstructures and macro performances
of OTZs in conventional concrete and roller-compacted concrete
(RCC) were investigated. First, the FEIM was used to obtain
microstructure images of both concrete types with different interval
times. Microcrack skeletons could be distinguished and extracted
intelligently based on the traditional digital image recognition
algorithm. Thus, the locations and direction distributions of
the microcracks in the OTZs were studied. Moreover, the
macromechanical properties and failure surface types of the
OTZs with different interval times were characterized by splitting
tensile strength tests. Finally, the relationships between the
microstructures and macro performances of the OTZs of the
concretes were established. The effects of the interval time on
both the microstructures and macro performances of the concretes
were examined. This study on OTZs is expected to provide useful
references for practical engineering.

3 Experimental details

3.1 Material and mix designs

3.1.1 Conventional concrete
In this study, ordinary Portland cement was used, and its

chemical composition is provided in Table 1. Crushed granite with
a continuous gradation of 5–20 mm was selected as the coarse
aggregate. Natural sand with a fineness modulus of 2.9 was selected
as the fine aggregate. The detailed mix proportion of the concrete
is listed in Table 2. The penetration resistance method was used to
determine the initial and final setting times. Samples were prepared
by pouring two layers of the concrete.When pouring the upper layer
of concrete, 0.2% inert stain was added to the mixture to better
distinguish the layer position. A concrete sample with a pouring
layer is shown in Figure 2.

Based on the initial and final setting times, the internal
times were set as 0, 3, 6, 9, 12, and 15 h, representing no
layer, hot, hot, warm, warm, cold, and cold joints, respectively.
Each group contained 6 concrete samples. The samples with the
corresponding interval times are referred as C1–C6, respectively, as
specified in Table 3. Concrete samples with dimensions of 100 mm
× 100 mm × 100 mm were cured in a standard curing room
(Temperature = 20°C ± 2°C, Humidity ≥95%) to prepare for tests.

3.1.2 RCC
The detailed mix proportion of the RCC is provided in Table 4.

The penetration resistance method was used to determine the initial
and final setting times. The tested initial and final setting times
were 10 h and 19 h, respectively. RCC samples with dimensions of
150 mm× 150 mm× 150 mmwere cured in a standard curing room
to prepare for tests.
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TABLE 4 Mix proportions of RCC.

Water/binder Water
reducer%

Air
entraining
admixture%

Water
(kg/m3)

Cement
(kg/m3)

Fly ash
(kg/m3)

Sand
(kg/m3)

Aggregate
(kg/m3)

0.50 0.7 0.08 95 95 95 700 1480

TABLE 5 OTZs of different RCCs.

Work condition A B C D H I

Interval time (h) 0 4 12 12 24 24

Treatment No No No Sand No Sand

FIGURE 3
Diagram of flow process of system.

FIGURE 4
Schematic of 2D microcrack calculation.

During the construction of roller-compacted concrete, different
types of construction joints are formed based on the interval
time: joints formed before the initial setting time are classified
as hot joints, those formed between the initial and final setting
times are warm joints, and those formed after the final setting
time are cold joints. Depending on the interval time and the
interlayer treatment method, the RCC samples were divided
into six groups, which are listed in Table 5. According to the

initial/final setting time and the treatment, the selected working
conditions are 0 h (hot joint, no treatment), 4 h (hot joint, no
treatment), 12 h (warm joint, no treatment), 12 h (warm joint,
paving a thin layer of mortar at the OTZ), 24 h (cold joint,
no treatment), and 24 h (cold joint, paving a thin layer of
mortar at the OTZ). Each group contained 6 concrete samples.
For the RCC specimens, the same layered pouring process as
described in Section 3.1.1 was adopted.
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FIGURE 5
Schematic of test device.

FIGURE 6
Interface microcrack zones.

3.2 Experimental procedures

3.2.1 FEIM tests
When using a scanning electron microscope, the field of view

captured by the microscope is very limited, and the requirements
for the sample size are also very strict. During FEIM observation,
the concrete specimens were scanned grid by grid on the stage. The
pixel size was 2 μm. Each local unit image covers an area of 2.784
× 2.080 mm (1,392 × 1,040 pixels). Consequently, the global image
(100 mm × 20 mm) of each specimen was composed of 360 local
unit images: 10 local unit images along the width direction and 36

FIGURE 7
Microstructure characteristics of substrate of conventional concrete
(C1). (a) Original section of conventional concrete (b) FEIM results (c)
Microcrack distribution (d) Microcrack distribution (after
background removal).

local unit images in the length direction. To maximize the field of
view and accommodate larger samples, FEIM was employed as an
alternative to SEM.
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FIGURE 8
Microstructure characteristics of substrate of RCC (A). (a) Original section of RCC (b) FEIM results (c) Microcrack distribution (d) Microcrack distribution
(after background removal).

TABLE 6 Statistical results of microcracks.

Sample number Number of
microcracks per
unit area (/cm2)

Average length
of microcracks

(cm)

Microcracks
area per unit

area (%)

Average area of
microcracks

(/cm2)

Average width of
microcracks

(μm)

C1 6.48 0.31 0.398 6.14E−4 20.62

A 17.05 0.11 0.566 3.32E−4 29.65

The conventional concrete and RCC samples were cut into
100 mm × 100 mm × 20 mm specimens. The prepared specimens
were polished, cleaned, dried, and injected into a fluorescent epoxy
resin (Li et al., 2014). After the epoxy resin hardened, the specimens
were placed on the FEIM system stage to obtain microstructure
images. Unit images were spliced into monolithic images using
the image splicing software of the system. Microcracks in the
images were recognized and extracted using the following five
modules. The flow process is shown in Figure 3. As shown, FEIM
images are first converted into gray images. Subsequently, in the
binary module, defects (microcracks and pores) in the concrete are
extracted using image segmentation technology. Following this, the
gray images are converted into binary images. In the shape analysis
module, the noise and the pores are removed after characterizing
the shapes of the extracted defects.The detailed process of the shape
analysis module can be found in our previous study (Shen et al.,
2021). In the skeleton module, the skeletons of the microcracks
are extracted by fitting lines. Finally, the processed images are
imported into computer-aided design (CAD) software to extract the
geometric information of the microcracks.

3.2.2 Digital image process
Using the process shown in Figure 3, two-dimensional (2D)

CAD vector graphs were obtained. The microcracks in the vector
graphs were fitted using multiple line segments. In the CAD graphs,
the vertex coordinates of each line segment are pixel point positions.
Specifically, the horizontal and vertical ordinates of a vertex are the
horizontal and vertical orders of the pixel where the vertex is located,
respectively. Before the calculation, determining the real size of each
pixel in both the horizontal and vertical directionswas necessary. For
example, if the real length of an image is 10 cm and the number of
pixels in the horizontal direction is 10,000, the real size of each pixel
is 10 μm. Thus, the real vertex coordinates of each line segment can
be converted.

The length and direction vector of each line segment can be
calculated using the vertex coordinates. As shown in Figure 4,
the length of line segment having vertexes (x1, y1)
and (x2, y2) is calculated using the two-point distance
formula, and its direction vector n1 = (x2 − x1, y2 −
y1). The lengths and direction vectors of the remaining
lines can be analogously deduced.

Frontiers in Materials 06 frontiersin.org

https://doi.org/10.3389/fmats.2025.1576065
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org


Shen et al. 10.3389/fmats.2025.1576065

FIGURE 9
Microcrack distributions of conventional concrete OTZs. (a) Internal time of 3 h (b) Internal time of 6 h (c) Internal time of 9 h (d) Internal time of 12 h
(e) Internal time of 15 h.

3.2.3 Splitting tensile strength
According to the Chinese standard, the size requirement for the

splitting tensile strength test of conventional concrete is 100 mm
× 100 mm × 100 mm, and that for roller-compacted concrete is
150 mm × 150 mm × 150 mm. Therefore, conventional concrete
samples with dimensions of 100 mm × 100 mm × 100 mm and RCC
samples of size 150 mm × 150 mm × 150 mm RCC were used in the
splitting tensile strength tests. These tests were performed using a
compression test machine in accordance with the Chinese national
standard, Hydraulic Concrete Test Procedure (SL352-2006) (MWR,
2006). Stress was controlled in these tests, and the loading rate was
0.01 MPa/s. A schematic of the test device is shown in Figure 5.

4 Microstructural characteristics of
OTZ

To better analyze the distribution of microcracks in an OTZ, the
microcracks observed by the FEIMwere divided into OTZ and non-
layer microcracks. In this study, OTZ microcracks were assumed to
be distributed only within 5 mm on both sides of the interlayer; this
is shown in Figure 6.

4.1 Non-layer microcrack characteristics

Using the flow process presented in Figure 3, the FEIM results
and microcrack distributions of conventional concrete (C1 and
interval time of 0 h) and RCC (A and interval time of 0 h) samples
are shown in Figures 7, 8, respectively. After comparing these results,

the followingmatrix characteristics of the conventional concrete and
RCC samples can be summarized:

(1) Pore characteristics: As shown in Figure 7b, macropores are
isolated in the conventional concrete and their area percentage
is low. In contrast, visible macropores are evenly distributed
throughout the RCC (Figure 8b). The macropore content of
the RCC is significantly greater than that of the conventional
concrete sample, which may deteriorate of the RCC macro
performance.

(2) Microcrack characteristics: As presented in Figures 7c,d,
8c,d, most microcracks are generated in the interfacial
transition zones (ITZ) of both the conventional concrete and
RCC samples. However, their microcrack characteristics are
different. The average microcrack length in the conventional
concrete (C1) is significantly larger than that in the
RCC concrete (A). The other statistical results of the
microcracks in the conventional concrete and RCC samples
are summarized in Table 6. The average microcrack width and
density of the RCC are larger than those of the conventional
concrete. These differences may significantly impact on macro
performance of the overall structure.

4.2 OTZ microstructural characteristics

4.2.1 OTZ microstructural characteristics of
conventional concrete

Conventional concrete samples C2–C6 with corresponding
interval times of 3, 6, 9, 12, and 15 h were studied using the FEIM.
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FIGURE 10
Direction distributions of microcracks in conventional concrete samples. (a) Interval time of 3 h (b) Interval time of 6 h (c) Interval time of 9 h (d)
Interval time of 12 h (e) Interval time of 15 h.

TABLE 7 Statistical results of OTZs of conventional concretes.

Work conditions Number of
microcracks

Total length of
microcracks

(mm)

Preferential
direction (°)

Microcrack
length in

preferential
direction (mm)

Microcrack
density (%)

C2 56 98.16 0–10 13.88 0.37

C3 59 141.38 0–10 20.66 0.58

C4 23 93.71 0–10 46.08 0.34

C5 35 125.88 0–10 47.75 0.45

C6 65 202.46 0–10 58.12 0.70

In each case, the observation area was 5 mm both above and below
the interlayer. The microcrack distributions of the conventional
concrete OTZs are presented in Figure 9. The figure shows that
with the increase in the interval time, the interlayer “trace” of the
conventional concrete becomes increasingly remarkable. When the
interval time is within the limit of the initial setting time, the
interlayers are difficult to distinguish. After the initial setting time,
microcracks appear gradually near the interlayer. When the interval

time exceeds the final setting time, the interlayer can be easily traced.
The microcracks tend to be connected near the interlayer.

The direction distributions of the microcracks in the
conventional concrete samples for the different interval times
are presented in Figure 10 and the statistical results are
summarized in Table 7. With the increase in the interval time,
the direction distribution of the microcracks significantly changes.
Instead of a randomdistribution, the total lengths of themicrocracks
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FIGURE 11
Microcrack distributions of RCC OTZs. (a) Interval time of 4 h (b) Interval time of 12 h (c) Interval time of 12 h and mortar treatment (d) Interval time of
24 h (e) Interval time of 24 h and mortar treatment.

along the direction of the interlayer rapidly increase. In contrast, the
ratios of the total length in the other directions gradually decrease.

4.2.2 OTZ microstructural characteristics of RCC
RCCs B–F with the corresponding interval times of 4 h (no

treatment), 12 h (no treatment), 12 h (paving a thin layer of
mortar at the OTZ), 24 h (no treatment), and 24 h (paving a thin
layer of mortar at the OTZ) were studied using the FEIM. The
observation area was 5 mm both above and below each interlayer.
The microcrack distributions of the RCC OTZs are presented in
Figure 11. Noticeably, the interlayer “trace” of an RCC sample
is less remarkable than that of a conventional concrete sample.
When the interval time is within the limit of the final setting time
(Figures 11a–c), the interlayer “trace” is hardly observed. When
the final setting time is exceeded (Figures 11d,e), numerous short
microcracks are newly generated and continuously concentrated at
the OTZ and form a weak channel along the interlayer.

The direction distributions of the microcracks in the RCC
samples for the various interval times are presented in Figure 12
and the statistical results are summarized in Table 8. Figure 12a
shows that before the initial time, the microcracks are randomly
distributed in all directions. With the increase in the interval
time (Figures 12a,b,d), the length of the microcracks along the
direction of the interlayer and the total length and density of the
microcracks gradually increase. Comparing Figures 12b–e, the total
length, length in the preferential direction (along the interlayer),
and density of the microcracks decrease significantly after paving
a thin layer of mortar on the OTZ. Therefore, surface treatment
can improve the microstructure of the RCC and decreases the
connection and concentration of the microcracks.

4.3 Discussion

Comparing the microcrack distributions of the non-layer and
OTZ zones for both the conventional concrete and RCC samples
showed that the density of the microcracks in the OTZ zone was
much higher than that in the non-layer zone.Therefore,microcracks
are more probable to be generated in the OTZ zone than in the
non-layer zone. With the increase in the interval time, increasing
number of OTZ microcracks were generated, and the directions of
these microcracks were basically along the interlayer. However, the
“traces” of the interlayers in the conventional concrete samples were
more remarkable than those in the RCC samples. When the interval
time exceeded the final setting time, long connected microcracks
were formed in the OTZ of the conventional concrete. Connected
microcracks almost spread through the entire interlayer. Unlike in
the conventional concrete samples, in the RCC samples, numerous
short microcracks were generated and concentrated in the OTZs.
However, the connectivity of the microcracks was relatively poor in
the latter.

Based on the analysis of the non-layer microstructures, in
both the conventional concrete and RCC, most microcracks were
generated in the ITZs. However, their microcrack and pore
characteristics varies.The averagemicrocrack length in the RCCwas
shorter than that in the conventional concrete, whereas the average
microcrack width and density of the former were significantly larger
than those in the latter. Moreover, pores were intensely distributed
in the RCC. This is completely different from the trend in the
conventional concrete, in which pores were isolated.

Frontiers in Materials 09 frontiersin.org

https://doi.org/10.3389/fmats.2025.1576065
https://www.frontiersin.org/journals/materials
https://www.frontiersin.org


Shen et al. 10.3389/fmats.2025.1576065

FIGURE 12
Direction distributions of microcracks in RCC samples. (a) Interval time of 4 h (b) Interval time of 12 h (c) Interval time of 12 h and mortar treatment (d)
Interval time of 24 h (e) Interval time of 12 h and mortar treatment.

TABLE 8 Statistical results of OTZs of RCC samples.

Working
conditions

Number of
microcracks

Total length of
microcracks

(mm)

Preferential
direction (°)

Microcrack
length in

preferential
direction (mm)

Microcrack
density (%)

B 81 106.928 0–10 13.81 0.50

C 78 124.22 0–10 18.39 0.57

D 63 99.75 0–10 16.86 0.51

H 76 156.53 0–10 28.50 0.83

I 101 146.56 0–10 25.09 0.74

5 Macro performance characteristics
of OTZ

5.1 Splitting tensile strength

The splitting tensile strength results for both the conventional
concrete and RCC samples are presented in Figure 13.
As shown in Figure 13a, the effect of the interval time on the

splitting tensile strength of the conventional concrete is significant.
With the increase in the interval time, the number of microcracks
along the direction of the interlayer increases, and the splitting
tensile strength gradually decreases. Taking the splitting tensile
strength of C1 (0 h) as the standard value, the strengths of
C2–C6 are 90%, 79%, 69%, 60%, and 54% standard value,
respectively. The quality of the combination between the layers
decreases.
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FIGURE 13
Splitting tensile strengths of concretes under various work conditions. (a) Conventional concrete (b) RCC.

The splitting tensile strength of A (0 h, no treatment) is taken as
the standard value. As shown in Figure 13b, the strength of group B,
which is poured before the initial setting time, is 90% standard value.
For groups C and D, whose interval times are the same and in the
range of the initial and final setting times, respectively, the splitting
tensile strengths are 82% and 87% standard value, respectively.
For groups H and I, whose interval times exceed the final setting
time, the splitting tensile strengths are only 58% and 80% standard
value, respectively. Treatment of the interlayers improves the tensile
strengths of these RCC samples by 5% and 22%, respectively.

Based on the above results, the following conclusions can be
drawn. With the increase in the interval time, the strength rapidly
decreases, particularly when the interval time exceeds the final
setting time. Moreover, the treatment of the interlayers improves
the tensile strength of the RCCs. With the increase in the interval
time, the improvement in the tensile strength significantly increases.
Therefore, mortar treatment of the interlayers when the final setting
time is exceeded is necessary and can providemaximum benefits for
the quality of concrete.

5.2 Failure surface in splitting tensile tests

5.2.1 Failure surface of conventional concrete
Based on the failure surface characteristics in the splitting tensile

strength tests, the damagemodules of anOTZwere divided into four
types. Type Ⅰ is complete fracture, in which almost all aggregates
on the failure surface are broken. Type Ⅱ is a combination of
fracture and interface failure, in which some fractured aggregates are
observed on the failure surface. Type III refers to a small proportion
of fracture and a large proportion of interface failure, in which only a
small portion of the aggregates is broken. Most of the failure surface
is flat. Type IV is pure interface failure, and the failure surface is
completely composed of aflat mortar matrix.

As shown in Figure 14, the damage module of C1 (0 h, no OTZ)
is Type I. The failure surface is fracture-like and contains many
destroyed aggregates. For conventional concrete C2, the internal
time is shorter than the initial setting time, and its damage module
is Type II. Most of the failure surface is fracture-like with large
fluctuations. The general “trace” of the interlayer is not observed.
For concretes C3 and C4, whose interval times are between the
initial and final setting times, the damage module can be classified
as Type III. The failure surface is damaged along the interlayer with
clear outlines. Only a small part of the area of the failure surface
exhibits a small undulating fracture. For concretes C5 and C6, the
interval times exceed the final setting time, and the damage module
is Type IV. The failure surfaces of C5 and C6 contain almost no
aggregates. In the splitting tensile tests, C5 and C6 are completely
damaged along the interlayer.Therefore, the failure surfaces are very
flat and smooth.

5.2.2 Failure surface of RCC
As shown in Figure 15, the number of fractured aggregates on

the RCC failure surfaces with different interval time is smaller than
on the conventional concrete surfaces owing to the low content of
the cementitious materials. Even for RCC A (0 h), the proportion of
fractured aggregates on the failure surface is under 50%. Therefore,
Type Ⅰ failure is not observed on its failure surface.This phenomenon
is different from that of the failure surfaces of the conventional
concrete specimens (see Figure 14a for details).

When the concrete is poured before the final setting time (A–D),
the damage modules are Type Ⅱ. Most failure surfaces are fracture-
like with large fluctuations. However, a few fractured aggregates are
observed in the failure surfaces, and a basic “trace” appears in the
interlayer. When the concrete is poured after the final setting time
and no treatment (I) is applied, the failure surface is completely
along the mortar interlayer, and it is very flat and contains almost
no aggregates. The damage module is Type IV. With interlayer
treatment, even if the interval time exceeds the final setting time,
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FIGURE 14
Failure surfaces of conventional concrete specimens. (a) Interval time 0 h (b) Interval time 3 h (c) Interval time 6 h (d) Interval time 9 h (e) Interval time
12 h (f) Interval time 15 h.

the failure surface of the RCC is Type III. Only a small part of the
area shows small fluctuations.Most of the failure surface is destroyed
along the interlayer with clear outlines.

5.2.3 Discussion
Based on the evaluation of the failure surface characteristics in

the splitting tensile strength tests, four types of damage modules
were observed. For the conventional concretes, with the increase
in the interval time, the damage modules changed from Type
Ⅰ (complete fracture) to Type IV (pure interface failure). The
proportions of the destroyed aggregates and fluctuations in the
failure surface gradually decreased.

For the RCCs, owing to the low content of the cementitious
materials, the Type Ⅰ damage module could not be observed, even
on the failure surface of A (0 h). With the increase in the interval
time, the damage modules changed from Type Ⅱ (combination of
fracture and interface failure) to Type IV (pure interface failure).
Interlayer treatment significantly improved the interlayer bonding
performance, particularly when the interval time was longer than
the final setting time. Comparing the failure surfaces of H and
I revealed that the interlayer treatment could change the damage
modules from Type IV to Type III. The other characteristics of the
failure surfaces of the RCCswere similar to those of the conventional
concretes.

6 Relationship between
microstructure and macro
performance

Based on the microstructure and macro performance
results presented in Sections 5, 6, the effect mechanism of the
microstructure on themacro performances of both the conventional
concrete and RCC was inferred. As presented previously, with
the increase in the interval time, the microcrack length along
the interlayer increased, and thus, the splitting tensile strength
decreased. Consequently, the relationship between the microcrack
length along the interlayer and the splitting tensile strength was
established. As shown in Figure 16a, for the conventional concrete
(without interlayer treatment), the slitting tensile strength decreases
linearly with increasing microcrack length along the interlayer. The
R2 value is 0.93, indicating a strong linear relationship. Similarly, for
the RCCs (B, C, andH andwithout interlayer treatment), Figure 16b
shows a strong negative linear correlation between the splitting
tensile strength and the microcrack length along the interlayer. The
R2 value is greater than 0.99. Therefore, for both the conventional
concrete and RCCwith various interval times, without the interlayer
treatment, the splitting tensile strength decreases linearly with
increasing microcrack length along the interlayer.

However, with the mortar treatment of the RCC interlayer,
the prior linear relationship is no longer appropriate (shown
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FIGURE 15
Failure surfaces of RCC specimens. (a) Interval time of 0 h (b) Interval time of 4 h (c) Interval time of 12 h (d) Interval time of 12 h and (e) Interval time of
24 h (f) Interval time of 24 h and mortar treatment.

FIGURE 16
Relationship between microcrack length along interlayer and splitting tensile strength of different concretions. (a) Without interlayer treatment (b) The
B, C and H RCCs (c) The B, C, D, H and IRCCS.

in Figure 16c). The interlayer treatment significantly improves
the macromechanical properties of the RCC (marked with
green circles in Figure 16c), particularly when the interval
time exceeds the final setting time.

7 Conclusion

In this study, based on the FEIM and splitting tensile strength
tests, the microstructures and macro performance of OTZs
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in conventional concrete and RCC were studied. The effects of the
interval time between successive layers on their microstructures and
macro performances were characterized. The relationship between
themicrostructure and themacro performance was established.The
differences in themicrostructural characteristics and failure surfaces
of the conventional concrete and the RCC were also examined. The
conclusions are summarized as follows:

(1) The microcrack and pore characteristics of the conventional
concrete and RCC samples varied. The average microcrack
length in the RCC was shorter than in the conventional
concrete, whereas the average microcrack width and density
in the former were significantly larger than those in the
conventional concrete. In addition, pores were intensely
distributed within the RCC, whereas they were isolated in
conventional concrete.

(2) With the increase in the interval time, for both the
conventional concrete and RCC, microcracks along the
interlayer increased and the splitting tensile strength gradually
decreased. The “trace” of the interlayer in the conventional
concrete was more remarkable than that in the RCC.

(3) With the increase in the interval time, the damage modules
of both the conventional concrete and RCC varied. The
proportions of destroyed aggregates and fluctuations in the
failure surface gradually decreased.

(4) Interlayer treatment improved the cohesive properties. With
the interlayer treatment, microcrack density and microcrack
length along the interlayer decreased. However, the splitting
tensile strength increased.

(5) For conventional concrete and RCC samples with different
interval times, the splitting tensile strengths of the OTZs
decreased linearly with increasingmicrocrack length along the
interlayer. With the interlayer treatment of the OTZ, the prior
linear relationship was no longer appropriate.

(6) During the construction of conventional concrete and RCC
dams, controlling the interval time between layers as soon as
possible before the final setting time can effectively reduce
microcrack formation and enhance the mechanical properties
of the layers.
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