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The pore water pressure in concrete can significantly increase due to volume compression. Recycled aggregate
concrete (RAC) possesses a more complex microstructure compared to natural aggregate concrete (NAC). Un-
derstanding the porosity and micromechanical properties of RAC is crucial for analysing its failure mechanism
under the influence of coupled confining pressure and pore water pressure. This study compares the constituent
proportions and micromechanical properties of interfacial transition zones (ITZs) and the adjacent paste matrix
in NAC and RAC. Compressive stress-strain curves were obtained for concrete under coupled confining pressure
and pore water pressure. The results indicate that the newly formed ITZ, which bonds to old mortar, out-
performed the one bonded to natural aggregate when considering the same water-cement ratio. Compressive
strength, ductility, and maximum volumetric strain gradually increased with increasing confining pressure.
However, when pore water pressure was removed, compressive strength decreased while elastic modulus
improved. Due to the inferior microstructures of RAC compared to NAC, the supportive effect of pore water
becomes more pronounced. This is evident in the gradual increase in peak strain with increased pore water
pressure for the stress-strain curves of RAC (100 % replacement ratio). Finally, a failure criterion and stress-strain
theoretical model considering pore water pressure are proposed, and satisfactory fitting results are obtained.

1. Introduction analysis) technique and nanoindentation/nanoscratch, researchers can

more accurately identify the width of ITZ and study the microscopic

The density of natural sand/gravel in normal strength concrete
(NSC) is much higher than that of cement paste matrix. Due to the ‘wall
effect’, the constituent proportion of the cement paste within 15-50 pm
from the aggregate surface is obviously different from the paste matrix
far from the aggregate surface [1]. This cement paste region adjacent to
the aggregate surface is called the interfacial transition zone (ITZ).
Experimental results show that the compactness and micromechanical
properties of ITZ are generally lower than paste matrix in NSC, which
means ITZ is the key to analysing the mechanism of concrete failure
under external load and resistance to water permeability [2-4].

Benefit from advances in material micro/nano-level observation
technology, such as Backscattered electron-Image analysis (BSE-Image

performance within ITZs [5]. Lyu et al. [6] successfully captured pores
in the BSE images of cement paste according to the grey threshold value
and then converted the BSE images into binary images. The difference in
pore size and pore volume fraction between ITZ and paste matrix were
compared in their research [6]. Nuruzzaman et al. [7] and Hosan et al.
[8] determined that the width of ITZ was about 40 pm based on the
contour map of the elastic modulus in the cement paste obtained from
nanoindentation. Bosque et al. [9] compared the measurement results
from electron microscopy and nanoindentation, and found that the ITZ
width determined by the former was higher than that by the latter. Wei
et al. [10] obtained continuous test data by nanoscratch, and estimated
the proportion of C-S-H, CH and clinker through fracture toughness.
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Moreover, through the fracture mechanics theory, Wei et al. [10]
combined the concept of the friction coefficient method to propose a
new quantification method for ITZs.

The basic mechanical properties and durability of recycled aggregate
concrete (RAC) have been comprehensively investigated. For example,
Thomas et al. [11] concluded that the 28-day compressive strength
reduced by 11-19 % when 100 % of natural coarse aggregate (NCA) was
replaced by recycled coarse aggregate (RCA). Pedro et al. [12] indicated
that the water absorption by immersion of concrete has a linear
increasing relationship with RCA replacement ratio. They believe that
the weak bonding performance of ITZs in RAC is responsible for the poor
mechanical properties and durability of RAC [11,12].

RAC has more complicated ITZs, mainly because of the presence of
old mortar on the surface of the aggregate [11,13,14]. The ITZs in RAC
deserve special attention including the old ITZ between natural aggre-
gate and old mortar and the new ITZ between old mortar and new
mortar [15]. Wu et al. [16] obtained the micromechanical properties of
old and new ITZs in RAC by nanoindentation. The width of the new ITZ
was slightly larger than the old ITZ, while the elastic modulus of the new
ITZ was 16.4 GPa lower than the old ITZ of 24.5 GPa [16]. Xiao and Li
et al. [17,18] conducted a large number of tests and concluded that the
micromechanical properties of old and new ITZs in RAC were closely
related to the mixture proportion, mixing method and curing age of the
corresponding mortar matrix.

There have been many studies on the basic mechanical properties of
RAC under compression, tension, shear and impact loads [19-22].
However, concrete is generally under a multiaxial loading state, such as
a triaxial compression state rather than being subjected to a simple
unidirectional load during its service period [23-25]. Existing research
results show that when RAC is subjected to a high lateral confinement,
its compressive strength, ductility and toughness all increase signifi-
cantly, and the mechanical properties difference between natural
aggregate concrete (NAC) and RAC with the same water-cement ratio
alleviate [26-28]. This is because lateral pressure relieves the adverse
effect of the multi-ITZs on the compressive strength of RAC [27]. In
addition, the cracks cannot propagate freely under the action of lateral
confinement. The evidence is that the failure mode converted from
vertical splitting failure under uniaxial compression to slip-shear failure
mode [27,29]. The triaxial compressive strength depends more on the
mechanical properties of the aggregate and mortar matrix [30]. How-
ever, some researchers pointed out that excessive confining pressure
would lead to new cracks in concrete, resulting in a decrease in elastic
modulus [31].

Another point worth noting is that pore water in the concrete is
difficult to completely dissipate, especially for underground structures
including bridge piers, dams and pile foundations [32]. The pore water
pressure would emerge and increase rapidly under obvious compression
deformation. The effect of pore water pressure on crack expansion and
compression deformation of concrete cannot be ignored [33,34]. Re-
searchers have realised the significance of porosity and pore pressure to
study the triaxial compression properties of concrete [33,34]. He et al.
[35] established a pore-cement paste finite element model through
ANSYS. Experimental and numerical simulation results show that pores
increased the deformation properties of concrete, and when the pore
pressure was higher than 17 MPa, dense damage occurred around the
pores [35]. Vu and Malecot et al. [33,34] investigated the mechanical
properties of dry, semi-saturated and fully saturated concrete at
confining pressure of up to 600 MPa. Pore water pressure played a major
role in the triaxial compressive strength and bulk stiffness of concrete
[33,34]. When the pore pressure existed, the efficiency of confining
pressure to improve the compressive strength of the concrete decreased,
and the deformation capacity before failure was weakened [33,34].

Up to now, no one has experimentally revealed the triaxial
compressive properties of RAC in the presence of a constant pore water
pressure. Wu et al. [16] pointed out that there is a superior linear
relationship between the compressive strength of RAC and the
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micromechanical properties of the old ITZ. Xiao et al. [36] reported that
the compressive strength of RAC improved with the increase of the
elastic modulus of new mortar matrix by finite element simulation.
However, there is still a lack of experimental data linking the micro-
structure, micromechanical properties and macromechanical properties
of RAC under the coupling of multilevel loads [37]. Therefore, this study
statistically analysed the porosity in the old and new ITZs and adjacent
paste matrix of RAC through the BSE-Image analysis technique [38-40].
Nanoindentation was used to obtain the elastic modulus and hardness in
the region corresponding to the BSE-Image analysis. Then, different
levels of confining pressure and pore water pressure were applied to the
cylindrical concrete specimens with 0 %, 50 % and 100 % RCA
replacement ratios, and the stress-strain curves were obtained. Based on
the existing theoretical model, the relationship between the porosity,
micromechanical properties of weak regions in RAC and macro-
mechanical properties under multi-field coupling stress state was
established. The experimental data and theoretical analysis in this study
in contributed to extend the application of RAC in complicated stress
conditions.

2. Experimental programme
2.1. Materials and specimen preparation

The concrete specimens used for triaxial compression tests were ®50
x 100 mm cylinders. According to the ratio requirement of concrete
specimen diameter to coarse aggregate particle size in ASTM C192
(Standard practice for making and curing concrete test specimens in
the laboratory), the particle size of NCA and RCA was determined to be
5-16 mm. The main physical properties of NCA and RCA are summa-
rized in Table 1. It can be seen that the density of RCA was lower,
whereas water absorption and crush index were higher due to porous old
mortar attached to the surface of RCA. Natural river sand with a fineness
modulus of 2.80, an apparent density of 2615 kg/m> and water ab-
sorption of 1.44 % was adopted as natural fine aggregate (NFA). The
particle size distribution of NFA is shown in Fig. 1, which satisfies the
requirements in ASTM C33. PO 42.5 ordinary Portland cement with
fineness lower than 10.0 according to GB 175-2007 was mixed with
water, coarse aggregate and fine aggregate for concrete specimens.
Naphthalene-based superplasticizer (SP), which can improve the slump
of concrete over 10 cm was used to modify the rheological behaviour of
fresh concrete mixture.

RCA replacement ratio was 0 %, 50 % and 100 %. Considering that
the density difference between NCA and RCA is within the acceptable
range, the percentage here is the mass-based replacement ratio. The
detailed mixture proportion of NAC and RAC are shown in Table 2. The
weighted NCA and RCA according to Table 2 were soaked in water for
24 h and kept in a saturated surface dry (SSD) state before the formal
mixing to compensate the high-water absorption of RCA. After all the
raw materials were ready, coarse and fine aggregate was poured into a
drum mixer and dry-mixed for 1 min. Then, cement was poured into the
drum mixer and dry-mixed with aggregate for another 1 min. Finally,
the water mixed with SP was poured into the mixer slowly and evenly.
The mixer continued to work for 2-3 min until all constituents were
mixed uniformly. When the mixing was done, slump tests were con-
ducted immediately. The slump of RAC was slightly higher than that of
NAGC, because the RCA contained more absorbed water in the SSD state,

Table 1
Physical properties of coarse aggregate.
NCA RCA
Size (mm) 5-16 5-16
Apparent density (kg/m>) 2791.5 2736.5
Water absorption (wt. %) 1.375 5.910
Crush index (wt. %) 17 22
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Fig. 1. Particle size distribution of fine aggregate.
Table 2
Concrete specimen mix proportions.
Mix Raw materials (kg/m®)
NCA RCA NFA Cement Water SP
NAC 1055 0 675 498 174 4.23
RAC50 527.5 527.5 675 498 174 4.23
RAC100 0 1055 675 498 174 4.23

Note: Aggregate and cement are both in a dry state.

but the slump was at 120-140 mm.

The fully mixed fresh concrete mixtures were cast in 50 mm x 100
mm cylinder moulds and consolidated by a vibration table for about 30s
until no large bubbles emerged. The top surfaces of the concrete samples
were covered with a plastic film to prevent water evaporation. After
curing in the moulds for one day, the solidified concrete specimens were
transferred to a standard curing room (25 + 5 °C, 95 % RH) for one year.

2.2. Sample preparation for microstructure and nanoindentation tests

A cylindrical concrete specimen was randomly selected and cut into
small slices from the middle. Then, the concrete slice containing RCA
and new mortar was placed into a ®35 mm cylindrical mould, followed
by pouring epoxy resin. After the epoxy resin was solidified, the surface
of sample was ground by 120, 240, 600 and 1200 grit abrasive paper for
10 min each [41,42]. The sample surface was then polished by 0.3 pm
and 0.05 pm alumina suspensions for 30 min each [41,42]. After each
polishing, the sample was put into an ultrasonic bath for 2 min cleaning
to remove the alumina particles attached to the surface. Finally, the
processed sample was dried in a vacuum oven at 60 °C for 48 h.

2.3. BSE-based image analysis

NAC and RAC slice samples coated with epoxy resin were used to
observe the pore structure of ITZs by a scanning electron microscope
(SEM, Zeiss EVO LS15). The accelerating voltage was set as 15 kV. To
enhance the conductivity of the sample, the sample was sputter-coated
with a layer of 5 nm platinum. At least 30 BSE images at a magnifica-
tion of 500x were obtained at constant contrast and brightness for each
ITZ.

The volume fraction of constituents in ITZs and the adjacent paste
matrix can be obtained by grey level analysis by Image Pro [43,44]. The
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interface between aggregate and cement paste was captured and 17
strips with 5 pm in width were taken from aggregate to paste matrix. The
width of ITZ was determined by the distribution of unreacted products
[41]. As a result, the porosity of ITZ and adjacent paste matrix in each
BSE image can be obtained.

2.4. Nanoindentation tests

A Nano Indenter G200 equipped Berkovich tip was used for grid
nanoindentation tests. Berkovich tip is a triangular pyramid with the
same aspect ratio. Based on the geometric shape of the tip, requirements
in standards (ASTM E384-17) and previous research, the indentation
depth was designed to be 400 nm to satisfy results accuracy and sulffi-
cient measuring points conducted within ITZs [45,46]. Fig. 2 (a) to (c)
show the indentation regions of ITZ in NAC (ITZ-NAC), Old ITZ and New
ITZ in RAC (old ITZ-RAC and new ITZ-RAC). Fig. 2 (d) illustrates test
points distribution in each region. The vertical and lateral space between
measuring points were 10 pm and 5 pm respectively. A total of 10 groups
of 5 x 20 grid nanoindentation test areas were taken randomly along
each ITZ. The test area artificially avoided areas near fine aggregate and
cracks. When the indentation depth reached 400 nm, the tip was
maintained at the maximum load for 10 s and then unloaded to 10 % of
the peak load. The elastic modulus and hardness of ITZs can be obtained
by the following equations:

P max

H=—— 1
1 (@)
dpP 2
Sf%‘hfhrmf—%ﬂ\/g (2)
11—y 1-—y?
— - i 3
E, E * E; &)

where, E and H are elastic modulus and hardness respectively. P is the
indentation load. A represents project area. h is the indentation depth. E,
and E; is the reduced elastic modulus and indenter tip elastic modulus
respectively. v and v; is the Poisson’s ratio of cement paste and indenter
tip respectively. The characteristics (E; and v;) of the diamond indenter
tip have been input in the system. Parameters P, A, h and E, can be
obtained directly from testing results. v was set as 0.2 in this research.

2.5. Triaxial and pore pressure test

A triaxial multi-field coupled testing system (RTX-1000) was used to
test the compression performance of concrete under different confining
pressure and pore water pressure. The system has two Linear Variable
Differential Transformers (LVDTs) and one circumferential LVDT (all
with +2.5 mm range), for measuring axial and radial strains respec-
tively. The system has an independent servo-controlled axial pressure
actuator, confining pressure actuator and pore pressure actuator, which
can apply 1000 kN of axial load and 70 MPa of confining and pore
pressure respectively.

Four different levels of confining pressure (6. =067, =062 =0, 3,7, 14
MPa) and four different level of pore pressure (6, = 0, 5, 9, 13 MPa)
were designed in this experiment. The specific pressure parameters are
shown in Table 3. Each group of tests was repeated once. Both ends of
concrete specimens were ground flat with the error less than 0.1 mm by
a grinder. To prevent the oil from being pressed into the concrete
specimen, a heat shrink tube was wrapped and tightly attached to the
surface of the specimen. The holes on the surface of the concrete spec-
imen were sealed with the same water-cement ratio mortar. The triaxial
compression apparatus and a sample covered with a heat shrink tube
and installed LVDTs is shown in Fig. 3.

Stress states of concrete specimens and the loading procedure in the
experiment are shown in Figs. 4 and 5 respectively. The uniaxial
compression test (6. = 6, = 0) was carried out at first. To ensure full
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Fig. 2. Schematic of grid nanoindentation tests on ITZs.

Table 3

Testing parameters for compression.
Mix o, (MPa) 6, (MPa) Specimen o, (MPa) o, (MPa)
NAC-0 0 0 RAC50-14-5 14 5
NAC-3 3 0 RAC50-14-13 14 13
NAC-7 7 0 RAC100-0 0 0
NAC-14 14 0 RAC100-3 3 0
NAC-14-5 14 5 RAC100-7 7 0
NAC-14-9 14 9 RAC100-14 14 0
NAC-14-13 14 13 RAC100-14-5 14 5
RAC50-0 0 0 RAC100-14-9 14 9
RAC50-7 7 0 RAC100-14-13 14 13
RAC50-14 14 0

contact between the loading panel and the top surface of specimen at the
initial stage of the stress-strain curve, the specimen was loaded to 4 kN
(approximately 10 % of the peak load) and maintained for 20 s. The
strain control method was adopted at the rate of 0.02 %/min until radial

—
|

strain reached 2 % in the subsequent compression process. For triaxial
compression tests (6. # 0; 6, = 0), concrete specimens were fixed by a 4
kN axial load. Subsequently, silicone oil was injected into the triaxial
pressure cell. The axial pressure and confining pressure were simulta-
neously raised to the target value at 0.2 MPa/s and maintained the
concrete specimen under a hydrostatic pressure condition for 20 s.
Finally, the axial load was applied at 0.02 %/min until the radial strain
reaching 2 %. Regarding coupled test of confining pressure and pore
water pressure (6. # 0; 6, # 0), to make the internal pore pressure
uniform, concrete specimens were vacuum-saturated for 24 h before the
formal test. Preloading and hydrostatic pressure condition steps were
same with triaxial compression tests. Pure water was injected from the
top of the concrete specimen to the bottom at designed pore water
pressure as shown in Fig. 6. After loading the pore water pressure, the
water outlet was closed and maintained for 4 h to ensure a stable pore
water pressure. Finally, the axial load continued rising at a rate of 0.02
%/min until the radial strain reaching 2 % and the stress-strain curves
were obtained. It should be noted that confining pressure and pore water

Triaxial
pressure cell

Confining
supercharger

Pore pressure
supercharger

Sample with heat
shrinkage tube

Fig. 3. Triaxial testing apparatus for concrete specimens.
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Fig. 5. Flow chart of loading scheme.

pressure were monitored in real time to ensure they are maintained at
designed value during compression.

3. Results and discussions
3.1. ITZs identification

The ITZ width of concrete can be identified from the area in the BSE
images where the content of unreacted products or reaction products
changes significantly. Fig. 7 (a) to (c) are the BSE images of three ITZs in
this study. According to the grey threshold theory proposed by Wong
et al. [43,44,47], the unreacted product with the highest grey value was
captured and replaced by white areas. The cement paste was divided
into 17 consecutive 5 pm-width bands starting from the interface. Ac-
cording to previous identification results, the ITZ width of concrete was
between 15 and 50 pm [3,48,49]. Therefore, it can be speculated that

the segmented region contains the entire ITZ and part of paste matrix.
For each type of ITZ, at least 30 different BSE images were used to
statistical analyse the variation of unreacted product content at different
distances from the aggregate boundary. The statistical results are shown
in Fig. 8.

The trend of unreacted product content in Cement paste-NAC and
Old cement paste-RAC with the distance from the aggregate boundary
was similar. The volume fraction improved rapidly and then maintained
at a stable value. As a result, it can be deduced that the width of the ITZ-
NAC and Old ITZ-RAC was 17.5 pm. Due to the uneven and porous
structure of the old mortar on the surface of RCA, the ‘wall effect’ in the
new ITZ was not obvious. The content of unreacted products increased
rapidly within 2.5-7.5 ym from the old mortar boundary, and then
entered a slow rising stage with the increase of the distance. According
to the volume fraction of unreacted products, the width of the New ITZ-
RAC was about 27.5 pm. Furthermore, it is evident that the unreacted
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Fig. 6. Schematic diagram of loading methods.

product content in the Cement paste-NAC was higher compared to that
of the New cement paste-RAC, despite the fact that the mixture design of
the two pastes was the same in Table 2. The reason is probably that when
the RAC was at SSD condition, the absorbed water in the RCA promoted
the hydration of the unhydrated cement clinkers in the old mortar
during long-term curing, and at the same time, function like an internal
curing agent, the desorbed water from the RCA promoted the hydration
reaction in the adjacent new cement paste. Due to the longest curing age,
the content of unreacted products in the Old cement paste-RAC was the
lowest.

In addition to the volume fraction of unreacted products, the width
of ITZs can also be identified according to the micromechanical prop-
erties. In general, the elastic modulus of ITZ is lower than that of paste
matrix. Fig. 9 shows the elastic modulus distribution of three cement
paste adjacent to aggregate in this research. Similar to the distribution of
unreacted products, the ‘wall effect’ was obvious in Cement paste-NAC
and Old cement paste-RAC. The width of the ITZ-NAC and Old ITZ-RAC
can be roughly identified as 12.5 pm and 22.5 pm, respectively. The
elastic modulus of the new ITZ, which the width was about 32.5 pm in
RAGC, higher than that of the ITZ-NAC and the Old ITZ-RAC. Based on the
results of image analysis and nanoindentation, the width of the ITZ-
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NAC, the Old ITZ-RAC and the New ITZ-RAC are finally determined as
15 pm, 20 pm and 30 pm, respectively.

3.2. Nano/micromechanical properties of ITZs

Fig. 10 shows the nanoindentation test results of NAC and RAC.
Average values and standard deviations of ITZs and adjacent paste
matrix are listed in Table 4. The elastic modulus of the new ITZ and paste
matrix were found to be higher than those of the corresponding regions
in the NAC, despite having the same water-cement ratio design value.
The similar difference was also observed in the unreacted products (see
Fig. 8). The elastic modulus of the new ITZ and the new paste matrix in
RAC were 23.97 GPa and 24.54 GPa, which were 65.8 % and 46.6 %
higher, respectively, than those in the corresponding regions in NAC.
This probably because both the NCA and RCA were in an SSD state
before the formal preparation of concrete. Due to the porous and cracked
structure of old mortar, water retention capacity was better than NCA.
During the curing process, the free water on the surface of NCA could
cause an increase in the water-cement ratio of the ITZ, leading to a
reduction in the elastic modulus. The absorbed water in RCA may
function as an internal curing agent and old mortar in RAC continued to
hydrate during the long-term curing process, which enhanced the
bonding performance with the new paste. Bosque et al. [9] also pointed
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Fig. 8. Statistical results of unreacted products distribution in different ITZs.
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Fig. 7. Segmentation of unreacted products in ITZs and adjacent matrix.
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Fig. 10. Nanoindentation test results of different ITZs and corresponding adjacent matrix.

Table 4
Micromechanical properties of ITZs and adjacent paste matrix.

Indent regions Micromechanical properties

Elastic modulus (GPa) Hardness (GPa)

ITZ-NAC 14.46 £+ 2.85 0.81 + 0.28
Paste matrix-NAC 16.74 + 1.06 1.01 £ 0.19
Old ITZ-RAC 14.44 £ 0.46 0.67 + 0.07
Old paste matrix-RAC 18.52 + 4.44 1.07 £+ 0.44
New ITZ-RAC 23.97 +1.84 0.85 + 0.14
New paste matrix-RAC 24.54 + 3.25 1.16 + 0.55

out that the micromechanical properties of ITZ were closely related to
the type of interface. The elastic modulus of ITZ bonded to
rough-surfaced aggregate such as asphalt, clay or recycled aggregate
was higher than that of ITZ bonded to smooth-surface aggregate
including glass and plastic. The elastic modulus of Old ITZ-RAC was
similar to that of ITZ-NAC, both about 14.45 GPa. However, the elastic

modulus of Old paste matrix-RAC was 18.52 GPa, which was 10.6 %
higher than that of the Paste matrix-NAC. In comparison, the hardness of
each region was similar, but the numerical difference was consistent
with the elastic modulus.

3.3. Porosity and pore diameter distribution within ITZs

Fig. 11 shows the variation of pores and cracks volume fraction from
ITZ to paste matrix in NAC and RAC. It is evident that the "wall effect" of
the ITZ-NAC and Old ITZ-RAC in contact with NCA was the most
prominent. The volume fraction of pores and cracks reached 18.7 % at a
distance of 2.5 pm from the aggregate boundary, followed by rapidly
dropping to a stable value. The porosity of the old ITZ and old paste
matrix in RAC was higher than that of the corresponding regions in NAC.
In comparison, the volume fraction of pores and cracks in the New
cement paste-RAC constantly showed a stable and slightly decreasing
trend with the distance from the aggregate boundary.

The pores and cracks of the ITZ and the paste matrix within 50 pm
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Fig. 11. Proportion statistical results of pores and cracks distribution in ITZs
and adjacent matrix.

from the outside of the ITZ were captured according to the grey
threshold. The equivalent circle diameter was calculated based on the
area of pores and cracks. The cumulative porosity of ITZ and adjacent
paste matrix in NAC and RAC was shown in Fig. 12. As seen in Fig. 12
(a), most of pores in ITZ-NAC were larger than those in Paste matrix-
NAC. In contrast, there was no significant difference in old cement
paste-RAC and New cement paste-RAC in each equivalent diameter
range in Fig. 12 (b) and (c).

For a more detailed comparison of the pore size distribution in the
ITZ and paste matrix, the proportion of pores and cracks with an
equivalent diameter of 0.1-10 pm was shown in Fig. 13. No matter ITZ
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or paste matrix, there were three obvious peaks at 0.25 pm, 0.65 pm and
1.5 pm. Pores and cracks with equivalent diameter of approximately
0.25 pm, 0.65 pm and 1.5 pm are considered in this study as slight de-
fects, moderate defects and severe defects, which are segmented by
green, light blue and orange in Fig. 13. It can be seen that ITZ-NAC and
Paste matrix-NAC possessed the lowest proportion of slight defects,
which were 38.5 % and 41.1 %, respectively. However, the proportions
of moderate defects (7.9 % for ITZ-NAC and 7.1 % for Paste matrix-NAC)
and severe defects (10.3 % for ITZ-NAC and 9.6 % for Paste matrix-NAC)
were the highest. Despite the same water-cement ratio, the proportion of
slight defects in New cement paste-RAC was higher than that of Cement
paste-NAC, and the proportion of moderate and severe defects was lower
than that of Cement paste-NAC. The percentages of three types of defects
were 44.9 %, 5.6 % and 8.0 % respectively for New ITZ-RAC and 45.0 %,
5.6 % and 7.7 % respectively for New paste matrix-RAC. As explained
earlier, the bleeding phenomenon of NCA resulted in a higher propor-
tion of large size pores and cracks in the ITZ and adjacent paste matrix. It
was also pointed out in the Pope et al.’s research [50] that the porosity in
the concrete ITZ depended on the relative humidity in the aggregate
surface. Furthermore, it is important to note that natural aggregate lacks
the secondary hydration function found in old mortar. The continuous,
long-term hydration of old mortar actually enhanced the bond with new
mortar. Due to longer curing age, Old ITZ-RAC had the highest per-
centage of slight defects, while the lowest percentages of moderate and
severe defects, which were 46.4 %, 5.2 % and 7.0 %, respectively.
Similarly, the proportions of the three kinds of defects in Old paste
matrix-RAC were 46.6 %, 5.3 % and 7.8 %, respectively.

The average percentages of pores and cracks, unreacted products,
and reacted products in the ITZ and corresponding paste matrix ob-
tained through image analysis are listed in Table 5. For pores and cracks
in ITZ and paste matrix, consistent with the above results, the average
volume fraction of ITZ-NAC was 1.83 % higher than New ITZ-RAC.
However, as the distance from the aggregate boundary increases, the
influence of free water attached to the aggregate surface weakened, and
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[—*— Paste matrix

o
©

o
o

Cumulative proportion
=)
IS

0.2

Pore diameter (um) ‘10

(b) Old cement paste-RAC

Fig. 12. Equivalent porosity of different ITZs and adjacent matrix.
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Fig. 13. Equivalent pore diameter distribution of different ITZs and adjacent matrix.
Note: According to the pore size, the area divided by the dash lines from left to right is slight defects, moderate defects and severe defects, respectively.

Table 5

Contents of pores and cracks, unreacted products and reaction products within

ITZs and adjacent paste matrix.

Regions Constituents proportion
Pores and Cracks ~ Unreacted Reaction
products products
ITZ-NAC 10.52 % + 5.77 13.37 % + 3.30 % 76.12 % + 2.54

Paste matrix-NAC

Old ITZ-RAC

Old paste matrix-
RAC

New ITZ-RAC

New paste matrix-
RAC

%
5.77 % + 0.75 %

11.58 % + 4.16
%

7.60 % £ 1.36 %
8.69 % + 0.36 %

6.98 % 4 0.69 %

17.94 % + 1.57 %

11.90 % + 3.01 %

12.49 % + 0.89 %

12.95% +1.92 %

16.50 % + 1.86 %

%
76.29 % £ 2.22
%
76.51 % + 1.54
%
79.91 % + 1.87
%
78.36 % + 1.89
%
76.52 % + 1.99
%

(a) NAC-0

(h) RAC50-0

(p) RAC100-7

(b) NAC-3

(i) RAC50-7

(q) RAC100-14

(2) RACS0-14

(r) RAC100-14-5

(c) NAC-7

oy

(d) NAC-14

(k) RAC50-14-5

(s) RAC100-14-9

the average volume fraction of pores and cracks in Paste matrix-NAC
was 1.21 % lower than that in New paste matrix-RAC. The average
volume fractions of pore and cracks in the old ITZ and old paste matrix in
RAC were the highest, which were 11.58 % and 7.6 %, respectively. This
is mainly related to the water-cement ratio of the old mortar and the
cracks created in the old mortar during the crushing process. For
unreacted products, the proportion in the ITZ was consistently lower
compared to paste matrix. Among them, the old cement pastes in RAC
had the lowest difference because of the longer curing age. The reaction
product content in ITZ was always lower than paste matrix, but in the
new cement paste of RAC, the reaction product volume fraction of new
ITZ reached 78.36 %, which was higher than 76.52 % in new paste
matrix. A small amount of incompletely hydrated cement clinkers in the
old paste matrix secondary hydrated during the curing process, which
promoted the hydration degree in the New ITZ-RAC.

() NAC-14-5 (HNAC-14-9  (g)NAC-14-13

(I)RAC50-14-13  (m)RACI00-0 (o) RAC100-3

(t) RAC100-14-13

Fig. 14. Failure modes of RAC under triaxial compression and pore water pressure.
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3.4. Failure modes of RAC under confining pressure and pore water
pressure

The failure modes of concrete specimens under various stress states
are shown in Fig. 14. The RCA replacement ratio had no significant ef-
fect on the failure patterns of the specimens. Under uniaxial compres-
sion, NAC-0 and RAC50-0 and RAC100-0 were damaged most severely.
Multiple longitudinal main cracks appeared on the surface of the con-
crete specimen, showing a radial splitting failure mode. For the concrete
specimens damaged by triaxial compression, the damage severity was
obviously alleviated. The longitudinal crack with branches was replaced
by an oblique crack. At this time, the concrete specimen presented a
shear failure mode, which is consistent with existing knowledge [51,52].
Under the confining pressure combined with pore water pressure con-
dition, the damage degree of concrete specimens was further reduced
when the target radial strain was reached. At this time, there were no
obvious main cracks on the surface of three groups of concrete, because
the internal friction between cement particles was weakened by pore
water, and many fine cracks appeared on the concrete surface.

3.5. Stress-strain curves analysis

The measured stress-strain curves of NAC and RAC under different
stress states are shown in Fig. 15. The corresponding stress parameters,
peak strength, axial peak strain, radial peak strain, maximum volumetric
strain and elastic modulus are given in Table 6. The elastic modulus was
obtained according to ASTM C469 as follows:

~ 40%f. — 6,(0.005%)

" £,(40%f.)—0.005% )

where 67 (0.005 %) and &7 (40%f.) represent the axial stress when the
axial strain is 0.005 % and the axial strain when the axial stress reaches
40%f., respectively.
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3.5.1. Influence of confining pressure on the stress-strain curves

It is easy to be conscious of the contribution of lateral confinement to
the compressive strength and ductility of concrete samples from stress-
strain curves in Fig. 15. Under uniaxial compression, the concrete
specimen quickly entered the descending section after reaching the peak
stress. During the entire compression process, the axial deformation of
the specimens was small, while after fully failure, the radial strain
increased rapidly as the stress decreased due to the lack of lateral
confinement. In comparison, the triaxial compression strength of con-
crete specimens increased significantly compared to uniaxial compres-
sion. For example, Fig. 15 (a) shows that the compressive strength of the
NAC specimen improved from 29.36 MPa under uniaxial compression to
124.31 MPa when the confining pressure was 14 MPa. This phenomenon
can be attributed to the fact that the lateral positive confinement
restrained the lateral deformation and crack propagation. In addition,
lateral pressure enhanced the internal friction between the coarse
aggregate, fine aggregate and C-S-H gel, which improved the external
force required for the shear-slip failure of the specimens.

It can also be seen from the rising section of the stress-strain curve
that after the initial linear growth, the stress rising rate of the concrete
specimens under triaxial compression gradually slowed down with the
strain, and this plasticity stage become more apparent with the increase
of confining pressure. Correspondingly, the peak axial strain of concrete
specimens increased with the confining pressure. For NAC, it increased
from 0.101 % under uniaxial compression to 0.973 % when the
confining pressure was 14 MPa. After passing the peak point, unlike the
uniaxial compression, the stress-strain curve of concrete specimens
under high confining pressure had a gentler descending section, showing
an obvious plastic failure characteristic. However, compared with the
axial stress and axial deformation, the variation law of the radial peak
strain and elastic modulus of concrete specimens with confining pres-
sure was not obvious. Similar observations were also found in the studies
of Chen et al. [27] and Folino et al. [26]. This may be attributed to the
combined effect of lateral confinement and plasticization of concrete
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Fig. 15. Stress-strain curves of concrete samples under triaxial compression.
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Table 6
Mechanical properties of NAC and RAC obtained from stress-strain curves.
Specimens o. (MPa) 6, (MPa) fe (MPa) S.D. e3p (%) €1p OF €2, (%) eyp (%) E (GPa) S.D.
NAC-0 0 0 29.36 1.66 0.101 —0.159 0.0485 30.35 1.36
NAC-3 3 0 61.38 1.93 0.381 —0.466 0.1285 35.71 1.24
NAC-7 7 0 76.99 231 0.911 —0.611 0.2794 35.51 2.21
NAC-14 14 0 124.31 1.34 0.973 —0.430 0.3982 42.10 1.07
NAC-14-5 14 5 100.79 1.68 0.924 —0.559 0.2784 53.09 3.03
NAC-14-9 14 9 74.98 3.21 0.784 —0.789 0.0642 60.54 2.15
NAC-14-13 14 13 52.9 1.12 0.273 —0.248 0.2168 67.82 1.69
RAC50-0 0 0 33.35 2.58 0.099 —0.372 0.0252 40.59 2.16
RAC50-7 7 0 93.81 1.62 0.899 —0.768 0.2118 30.96 3.56
RAC50-14 14 0 125.87 2.06 1.070 —0.411 0.4781 38.72 2.45
RAC50-14-5 14 5 103.1 1.24 0.998 —0.744 0.1551 52.93 2.36
RAC50-14-13 14 13 71.5 2.33 0.312 —0.551 0.1214 65.68 1.87
RAC100-0 0 0 37.26 215 0.120 —0.638 0.0365 42.51 1.69
RAC100-3 3 0 71.68 1.98 0.348 —0.259 0.1282 48.61 2.15
RAC100-7 7 0 98.95 2.13 0.569 —0.188 0.2934 40.90 1.57
RAC100-14 14 0 128.42 1.19 1.263 —0.130 0.4541 45.69 2.36
RAC100-14-5 14 5 97.7 0.96 1.472 —1.104 0.3227 41.97 3.14
RAC100-14-9 14 9 94.44 1.25 1.841 —-1.213 0.51 28.84 3.41
RAC100-14-13 14 13 98.03 2.16 2.23 -1.784 0.1373 61.48 2.21

Note: o, represents confining pressure; 6, represents pore water pressure; f. represents compressive strength; €3, represents axial peak strain; €;, and €5, represent
radial peak strain; €, represents the maximum volumetric strain; E represents elastic modulus; S.D. represents standard deviation.

specimens under high confining pressure.

3.5.2. Influence of RCA replacement ratio and ITZs on the stress-strain
curves

The uniaxial compressive strength of RAC50 and RAC100 were
33.35 MPa and 33.76 MPa, respectively, which were higher than that of
NAC. This trend continued to triaxial compression (125.87 MPa for
RAC50-14 and 128.42 MPa for RAC100-14 vs. 124.31 MPa for NAC-14).
According to Vargas et al. [53], when concrete specimens is under
compression, ITZ often experiences stress concentration, which de-
termines the compressive strength of concrete. However, the nano-
indentation test results in Table 4 show that the micromechanical
properties of the old and new ITZs and adjacent cement paste of RAC
were higher than those of the corresponding regions in NAC. In addition,
by comparing the porosity in Table 5, the porosity of the old ITZ-RAC
was similar to that of ITZ-NAC, while the porosity of the new ITZ-RAC
was lower than that of ITZ-NAC. Obviously, RAC was better than NAC
regardless of the analysis from macromechanical properties, micro-
mechanical properties and microstructure levels, which is inconsistent
with previous knowledge [54]. It is worth noting that the curing age of
concrete specimens in this study was relatively long (about one year).
Therefore, we can conclude that RAC can achieve satisfactory mechan-
ical properties after a long-term curing.

For the stress-strain curves of the RAC, another noteworthy differ-
ence from the NAC occurred in the descending section. The descending
sections of the stress-strain curves for RAC50-14, RAC100-7 and
RAC100-14 are steeper than the descending sections of NAC at the same
stress states. From the nanoindentation test results from Table 4, ITZ-
RAC and Paste matrix-RAC showed better micromechanical properties
than ITZ-NAC and Paste matrix-NAC. Therefore, RAC showed more
brittle damage characteristics under triaxial compression, although the
lateral confinement increased its plastic deformation capacity compared
to uniaxial compression.

3.5.3. Influence of pore water pressure and ITZs on the stress-strain curves

Similar to the confining pressure, the pore water pressure can also
significantly change the concrete triaxial compressive stress-strain
trend. For NAC and RAC50, the peak stress and axial peak strain of
specimens gradually decreased, whereas the elastic modulus increased
with pore water pressure as shown in Fig. 15 (a) and (b). As explained
earlier, pore water weakened the internal friction that contributed
prominently to concrete triaxial compressive strength. The slip between
the failure surface was easier by the lubricating effect of pore water. In
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addition, the infiltration of pore water under compression contributed
more to the propagation of initial microcracks, resulting in a decrease in
compressive strength. RAC100 is different from NAC and RAC50. Under
5 MPa pore water pressure, the triaxial compressive strength of RAC100
decreased to around 98 MPa and maintained at this value when the pore
water pressure improved to 9 MPa and 13 MPa as shown in Fig. 15 (c).
However, the axial peak strain increased with pore water pressure. This
stress-strain form is similar to the changing pattern of stress-strain
curves of concrete with different saturations under high confining
pressure by Vu and Malecot et al. [33,34]. It can be seen that pore water
pressure had a great influence on the ultimate stress of low strength
concrete. For RAC100, the micromechanical properties of old and new
ITZs and paste matrix were better than those corresponding regions
within NAC. Moreover, RAC had less severe defects which reduce me-
chanical properties. During compression, the supporting effect of pore
water pressure became more pronounced, improving the axial peak
strain of RAC before destruction.

3.5.4. Detailed mechanical properties analysis

In order to further compared the influence of confining pressure and
pore water pressure on the mechanical properties of NAC and RAC, peak
stress, peak strain and elastic modulus were normalised. The corre-
sponding data are shown in Fig. 16. It can be seen from Fig. 16 (a) that as
the confining pressure increased, the normalised axial stress increased
gradually, and the improving rate of NAC and RAC was similar. How-
ever, when pore water pressure existed, the normalised axial stress of
NAC decreased gradually with pore water pressure. The normalised
axial stress of RAC50 also showed a decreasing trend with pore water
pressure, but the descending rate was slightly lower than that of NAC,
because NAC had higher severe defects (see Fig. 13). For RAC100, when
it suffered pore water pressure, the normalised axial stress dropped
rapidly from 3.45, without pore water pressure, to 2.62, and no longer
changed significantly with the increase of pore water pressure. This is
because RAC possessed better micromechanical properties and micro-
structure performance according to data in Section 3.2 and 3.3. In this
condition, the supporting effect of pore water was more prominent, but
the promoting effect on cracks expansion was not obvious.

As shown in Fig. 16 (b), due to the positive lateral confinement, the
normalised axial strain of NAC and RAC50 increased gradually with the
confining pressure, while the pore water pressure accelerated the
expansion of microcracks, so that the normalised axial strain gradually
decreased. It should be noted that due to better micromechanical
properties of RAC100, the supporting effect of pore water pressure was
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Fig. 16. Limit state of RAC under triaxial

more obvious, which improved the normalised axial peak strain to 18.58
under the 14 MPa confining pressure and 13 MPa pore water pressure. In
contrast, the variation law of normalised radial strain under different
confining pressure and pore water pressure was not clear in Fig. 16 (c).
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compression and pore water pressure.

Only RAC100 showed an increasing trend in the normalised radial strain
when the pore water pressure existed. The normalised elastic modulus
did not vary obviously under different confining pressure, and the values
of the three types of concrete were ranged between 0.7 and 1.4, as
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Fig. 17. Axial stress-volumetric strain curves of concrete samples under triaxial compression.
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shown in Fig. 16 (d). However, with the increase of pore water pressure,
the normalised elastic modulus of concrete specimens increased grad-
ually except for RAC100-14-9. As explained earlier, the pore water
pressure enhanced the initial stiffness of concrete specimens under
compression.

3.6. Axial stress-volumetric strain analysis

The volumetric strain of concrete specimens can be calculated ac-
cording to the equation &, = €1+ €2+ €3. The relationship curves of
volumetric strain and axial stress of NAC and RAC under different stress
states are shown in Fig. 17. The maximum volumetric strains of both
NAC and RAC gradually increased with confining pressure, mainly
because the lateral confinement enhanced the plastic deformation
ability of concrete before failure. However, when a 13 MPa pore pres-
sure existed, the maximum volumetric strain of NAC, RAC50 and
RAC100 decreased from 0.3982 %, 0.4781 % and 0.4541 %, without
pore water pressure, to 0.2168 %, 0.1214 % and 0.1373 %, respectively.

The contribution of confining pressure and pore water pressure to the
normalised maximum volumetric strain is shown in Fig. 18. It can be
clearly seen that with the increase of confining pressure, the normalised
volumetric strain increased gradually, while the growth rate of NAC was
slower. When subjected to pore water pressure, the normalised volu-
metric strain decreased to 4-8 compared to uniaxial compression, except
for RAC100-14-9 (cp/fco = 0.24).

4. Failure criteria
4.1. Triaxial compression

4.1.1. Mohr-Coulomb failure criterion

The Mohr-Coulomb failure criterion has been widely used to describe
the failure surface of concrete under triaxial compression. It assumes
that the triaxial compressive strength of concrete has a linear relation-
ship with the confining pressure. The expression is as follows [55]:

Jo %y (5)

f(rO ch

where, f. and f. are the triaxial compressive strength and uniaxial
compressive strength of concrete, respectively. c. is the confining
pressure. k is a parameter related to the internal friction angle, which
needs to be obtained by regression analysis on experimental data. Ac-
cording to Li et al. [55], recycled aggregate would not affect the internal
frication angle of concrete under triaxial compression. Therefore, the
relationship between the triaxial compressive strength and confining
pressure of NAC and RAC can be expressed by the same linear equation:
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The experimental data and fitting curve are shown in Fig. 19. The
triaxial compressive strength and confining pressure of NAC and RAC
showed a strong linear relationship (R2 = 0.953).

4.1.2. William-Warnke failure criterion

The William-Warnke failure criterion is another three-parameter
model. It can be used to describe the relationship between the prin-
cipal shear stress and mean principle stress of concrete in triaxial
compression as shown in Egs. (7)-(9) [31].

2
I —ay + by ([’L’") —q <[Ul> (7
Jeo 0 0

—

U,n:*(01+02+63) (8)
1
Tm :\/—1_5\/(0'1 —0'2)2+(O'] —03)2+(0'2—03)2 (9)

where T, and o, represent the principal shear stress and mean principal
stress of concrete specimens, respectively. aj, b; and c; are the corre-
sponding parameters. Through the regression analysis of the experi-
mental data in the present study, the expression of the William-Warnke
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Fig. 19. Mohr-Coulomb failure criteria for RAC under triaxial compression.
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failure criterion of NAC and RAC can be written as Eq. (10).

2
T _0.045 +0.806 (}’—) 40.109 (’;—m> (10)
f‘c‘() 0 0

The testing data and the fitting curve are shown in Fig. 20. It can be
seen that the fitting performance of the William-Warnke failure criterion
can achieve a better fitting results than Mohr-Coulomb failure criterion.
The rising rate of principal shear stress of NAC with confining pressure is
close to that of RAC50 and RAC100.

4.1.3. Power-Law failure criterion
The Power-Law failure criterion is a two-parameter exponential
model as shown in Eq. (11) [56].

by
%:az(%> 41 an

where, a; and by are parameters, which are calculated to be 5.13 and
0.70 respectively through the experimental data. Therefore, the Power-
Law failure criterion equation of NAC and RAC can be written as:

f o 0.7
i:5.13(f—c> +1 12)
ch 0

It can be seen from Fig. 21 that the Power-Law failure criterion can
achieve a satisfying fitting performance (R? = 0.989) on the limit states
of NAC and RAC under triaxial compression, which is consistent with the
conclusion of Wu et al. [31].

4.2. Triaxial compression with pore water pressure

At present, there are few failure criterion theoretical models suitable
for analysing the coupling effect of confining pressure and pore water
pressure on RAC. Based on experimental data, as shown in Fig. 16 (a), it
can be roughly concluded that the triaxial compressive strength of NAC
and RAC50 under the 14 MPa confining pressure decreased linearly with
the increase of pore water pressure. Therefore, we assume that the
triaxial compressive strength and pore water pressure of NAC and
RACS50 have the following relationship:

fe=kao, +fora 13)

where, f. and f.14 are the triaxial compressive strength and triaxial
compressive strength with a confining pressure of 14 MPa, respectively.
o, is the pore water pressure. The fitting curves of NAC and RAC50 can
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Fig. 20. William-Warnke failure criteria for RAC under triaxial compression.
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Fig. 21. Power-Law failure criteria for RAC under triaxial compression.

be obtained from the experimental data as Egs. (14) and (15).

NACY.(NAC)= —5.426, + f,14(NAC) 14

RAC50f.(RACS0)= —4.236, + f.14(RAC50) (15)

For RAC100, we can refer to the theoretical model Eq. (16) proposed
by Malecot et al. [34].

Oc—sat = Ocp0 — /140:,{,3 - Kf/’ig; (16)

where, G¢.sar and Gepo are the triaxial compressive strength of saturated
concrete specimen and dry concrete specimen, respectively. ®,;; and
®p are entrained air porosity and capillary porosity, respectively. » and
K are parameters.

In concrete, ITZs accounts for about 20%-30 % of the total volume of
cement paste [57]. Here, we take 25 %. RAC100 possesses two kinds of
ITZs as old ITZ and new ITZ, which are assumed to account for 50 % of
the total cement paste volume. According to Jayasuriya et al. [58], the
ratio of old mortar to new mortar is assumed to be 1:9. Combined with
the micromechanical test data in this study, Eq. (16) is modified to the
following Eq. (17) considering ITZ porosity and mortar porosity.

f:(RAC100) = f.14(RAC100)

1 9
= U Pota 117 + Prew 112) X0.5—p (m(pold mortar T E(pncw mormr) x0.5 a7

where, @o14 11z and @pew 177 are the porosity of old and new ITZ in RAC,
respectively. ®old mortar a0d Pnew mortar are the porosity of old and new
mortar in RAC respectively. o and p are the parameters, which were
calibrated as 210 and 235 respectively. The experimental data and
fitting curves of three groups of concrete specimens are shown in Fig. 22.

5. Stress-strain model
5.1. Uniaxial compression

The stress-strain curves of NAC and RAC under uniaxial compression
can be simply divided into ascending and descending sections. Tang
et al. [13] made a comprehensive comparison of the existing
stress-strain empirical models of RAC specimens under uniaxial
compression, and concluded that the model proposed by Collins and
Mitchell [59] is close to the experimental data. The experimental model
can be express as:
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Fig. 22. Failure criteria for RAC under triaxial compression with pore
water pressure.
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Therefore, this study corrected the parameters of Collins and
Mitchell model to predict the NAC and RAC uniaxial compression
experimental data in Fig. 15. For NAC, RAC50 and RAC100, parameter
A, is 2.89, and parameter B, is 0.84. The fitting results are shown in
Fig. 23. It can be seen that the modified Collins and Mitchell model
slightly underestimates the stress of the later decline section of NAC. A
satisfactory fitting performance are achieved for the other sections and
curves.

5.2. Triaxial compression
For the stress-strain curves of NAC and RAC under triaxial

compression, the model Eq. (19) proposed by Guo and Zhang [60] was
selected.

(i) o (i) - (z)

% _ <€_3) o<1 a9

Je €3 &3p

) ()
? g}p 83[)

B Experimental data|
35 — Fitting curve

Stress (MPa)
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(b) RAC50-0

Fig. 23. Stress-strain fitting curves of NAC and RAC under uniaxial compression.
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The parameters were determined by regression analysis, in which Ay
and B, for NAC were 3.36 and 0.19; A, and B, for RAC50 and RAC100

were 3.41 and 0.74, respectively. The fitting results are shown in Fig. 24.
It can be seen that, there is a certain difference between the fitting re-
sults and test data in the descending sections of NAC-3, NAC-14 and
RAC50-7. However, the fitting results of rest curves have a satisfying
degree of agreement.
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Fig. 25. Stress-strain fitting curves of NAC and RAC under triaxial compression with pore water pressure.

5.3. Triaxial compression with pore water pressure

It has been known in the analysis of the stress-strain curves in Fig. 15
that the pore water pressure reduced the compressive strength of the
concrete specimens under a fixed confining pressure and improved the

elastic modulus. This characteristic is also reflected in the fitting analysis
of stress-strain curves. As shown in Fig. 25, the triaxial compressive
stress-strain model Eq. (19) (fitting curve-T in Fig. 25) overestimates the
compressive strength and underestimates the elastic modulus when
concrete specimens were subjected to pore water pressure. Chen et al.
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[27] proposed a new empirical model, which was originally developed
from Euro Code CEB-FIP [61] and Guo and Zhang [60] model to predict
the RAC stress-strain relationship. The Chen’s model can be expressed

as:
& &€ 2
) ()
€3 €3
. 1+ (A3—2) (?) )
L o<« (20
f;‘ 2 5317
€3
&3 2 &3
By(2—1) + (=
€3p £3p
55
€3p

It can be seen that the stress-strain model Eq. (20) (Fitting curve-C in
Fig. 25) has a better fitting performance on peak stress and slop of
ascending sections. In Eq. (20), for NAC-14-5, NAC-14-9, RAC50-14-5,
RAC100-14-5, RAC100-14-9, RAC100-14-13, the parameters A3 and Bg
are 10.629 and 0.112. For NAC-14-13 and RAC50-14-13, the descending
section of stress-strain curves are steeper. As a result, the parameters A
and B3 are 3.254 and 0.592.

6. Conclusions

In this paper, concretes with different RCA replacement ratios of 0 %,
50 % and 100 % were prepared. The BSE-image analysis technique and
nanoindentation were used to determine the width of the ITZs and
compare the constituent composition and micromechanical properties
of the ITZs and the adjacent paste matrix. Then, NAC and RAC specimens
were subjected to confining pressure ranging from O to 14 MPa and pore
water pressure from 0 to 13 MPa. Stress-strain curves were obtained
under these various stress conditions. The following conclusions can be
drawn:

(1) The micromechanical properties of ITZ are related to the char-
acteristics of contact surface. Due to the rough surface of the old
mortar and one year of continuous secondary hydration, the
elastic modulus of New ITZ-RAC was 9.51 GPa, higher than that
of ITZ-NAC with the same water-cement ratio. The micro-
mechanical properties of adjacent paste matrix were less affected
by the characteristics of contact surface, but the elastic modulus
of New paste matrix-RAC was still 7.8 GPa higher than that of
Paste matrix-NAC. The elastic modulus of Old ITZ-RAC was close
to that of ITZ-NAC, about 14.44 GPa.

(2) Compared with New ITZ-RAC, ITZ-NAC had fewer small pores
from 0.2 to 0.3 pm and more large pores from 1 to 2 pm. The
porosities of ITZ-NAC and Old ITZ-RAC were similar (10.52 %
and 11.58 %, respectively), whereas the porosity of New ITZ-RAC
in contact with old mortar was lower (8.69 %).
The compressive strength, axial peak strain and maximum volu-
metric strain of NAC and RAC increased gradually with the in-
crease of confining pressure. The failure pattern converted from
radial splitting failure mode under uniaxial compression to shear-
slip failure mode. Due to the higher elastic modulus and hardness
of New ITZ-RAC and New paste matrix-RAC, RAC exhibited
higher post-peak brittle failure characteristics. The variation law
of elastic modulus and radial peak strain of concrete specimens
with confining pressure was not obvious.

(4) When subjected to pore water pressure, NAC and RAC had
decreased compressive strength and maximum volumetric strain
but increased elastic modulus with pore water pressure. For
RAC100 with higher micromechanical properties, the supporting
effect of pore water was more prominent. As a result, the axial

(3)
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peak strain of RAC100 increased with pore water pressure.

However, NAC and RAC50 showed the adverse trend.
(5) Willam-Warnke failure criterion can well describe the relation-
ship between principal normal stress and principal shear stress of
NAC and RAC. The relationship between the peak stress and pore
water pressure of NAC and RAC50 can be described by linear
descending functions. However, the normalised axial stress of
RAC100 dropped to about 2.6 and did not change obviously with
pore water pressure. Its value can be described by the modified
equation proposed by Malecot et al. [30].
The stress-strain model can well predict the stress-strain curves of
NAC and RAC under uniaxial and triaxial compression. However,
the triaxial compression model overestimated the peak stress and
underestimated the elastic modulus when subjected to pore water
pressure. In contrast, the modified Chen’s model [24] can achieve
a satisfactory fitting performance for the coupling state of
confining pressure and pore water pressure.
Pore water pressure plays an important role in the triaxial
compression behaviour of RAC. This study conducted triaxial
compression experiments on RAC at constant pore water pressure
of 5-13 MPa. However, the number of concrete specimens for
mechanical properties analysis under multi-field loads is limit. In
the future, mechanical properties tests of RAC over wider
confining pressure and pore water pressure range can be
designed. In addition, durability investigation such as perme-
ability and creep tests under complicated stress states can be
considered.
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