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Abstract: Considering the advantages of energy conservation and reducing the construction skill
requirement of the workers, a new type of interlocking hollow block using recycled aggregates
concrete (IHB-RAC) with the compressive strength up to 10 Mpa was proposed, which could help
improve more than 56% of the construction efficiency compared to commonly used concrete hollow
blocks. In order to study the mechanical properties and promote the application of this new type
block in building engineering, the masonries considering different strengths of mortar and the
concrete used in the grouting holes were designed, and the corresponding compressive and shear
strength, as well as the failure mode of the masonries were studied according to the test results.
Then, experimental results were compared with the calculated values obtained from Chinese code
GB50003-2011 to check the suitability of the standards. In order to make an accurate prediction of
the compressive strength of the masonry, modifying coefficients were suggested considering the
positive contributions of the connecting keys. In addition, according to the test results, an appropriate
calculation method for accurately predicting the shear strength of the grouted IHB-RAC masonry
was proposed by separately considering the effort of the mortar and the grouting hole concrete.

Keywords: interlocking concrete hollow block; mechanical properties; compressive strength; shear
strength; recycled aggregate; block masonry

1. Introduction

Nowadays, environmental pollution and energy waste have elicited increasing atten-
tion [1-3]. As a conventional masonry material, fired clay brick has been used in China
for thousands of years [3]. Although sintered clay blocks have played a very important
role in improving our living environment, many disadvantages followed with that as the
destruction of arable land as well as the excessive consumption of energy and resources
have had a great adverse effect on the environment [4]. With the promotion of low-carbon
life and the application of green buildings, the research on the hollow concrete block has
become a hot topic, which could not only avoid using clay but also play a constructive
role in building insulation as there are cavities inside the blocks [5,6]. In the past few
decades, numerous research studies have been carried out to characterize the mechanical
properties of concrete hollow block masonry prisms, and the feasibility of them in building
engineering has been verified [7-9].

But, because of the existence of the internal cavity, the cross-section area of the hollow
concrete block was reduced. Therefore, the mortar bonding interfaces between the blocks
were weakened. Furthermore, the use of hollow blocks needs a relatively high requirement
of the construction skills of the workers, which affects the application of concrete hollow
blocks to some extent [10,11]. To improve the construction efficiency as well as reduce the
cost of construction material, new types of hollow blocks called interlocking blocks were
suggested and used [12]. The main feature of the interlocking block system is the ability to
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connect blocks by interlocking keys (protrusions and grooves) while relatively less (or no)
mortar is needed, which makes the interlocking block system easier for self-construction
and lower the skills required of workers, thereby shortening the construction time and
reducing the building cost [10,13-15]. Furthermore, compared to the traditional hollow
blocks, the connecting keys of interlocking blocks could provide an effective connection
while assembling the blocks into a wall, which could work together with the mortar to
improve the ability to resist the horizontal earthquake action [10-12]. As in the study of
Liu and Zhang [10], a kind of load-bearing horizontal-hole interlocking concrete hollow
block was developed, and the compressive strength of the masonries using mortar were
tested and corresponding equations for predicting the load-bearing capacity was proposed
for guiding the engineering applications. In the study of Tanoon and Jaafar [13], the blocks
are stacked on one another without mortar and three-dimensional interlocking protrusions
are provided in the blocks to integrate the blocks into walls, and the axial and eccentric
load-bearing capacities were assessed by performing experimental tests. Yang and Wu
et al. had studied the shear performance of the concrete hollow block masonry with precast
concrete anti-shear blocks, and results showed that the maximum shear strength of the
masonry with anti-shear blocks was about 234.48 percent higher than that of the control
specimens. And, based on the experimental results, the equation for calculating the shear
strength of masonry with precast concrete anti-shear blocks was proposed [15]. Yuan
and Gao [16,17] had made serious experimental studies about the shear behavior of an
innovative interlocking concrete hollow block masonry with or without axial compressive
stress by 36 specimens, and test results showed that the shear mechanism of this new
wall material was different from the traditional brick material, and the special keys could
greatly improve the shear strength of the masonry [18]. Besides, Ali and Gultom et al. had
made the experimental studies about the in-plane and out-of-plane shear capacities of an
innovative interlocking wall under monotonic loading [12]. In the studies of Safiee and
Nasir et al., the shear properties of five interlocking mortarless hollow block wall specimens
were studied under in-plane loading, and the shear strength as well as the mortarless joint
behavior under increasing in-plane lateral loading and pre-compressive vertical loading
were discussed, as the test results indicated that the shear strength increased with the
pre-compressive load increasing [14].

Furthermore, in the last decades, the acceleration of urbanization has led to a sharp
rise in the production of construction and demolition wastes in China. Therefore, in order
to solve the severe problem, many researchers tried to replace natural aggregates with
recycled aggregates (RA) coming from waste concrete, and the mechanical properties of the
recycled aggregate concrete (RAC) were studied [19-25]. Some studies indicated that the
weak interface of RA could reduce the strength of RAC, but the performance of it could also
meet the user requirements by the adjustment of the mixing ratio of the components [21].
The studies of Matar and Dalati [23] had also showed that when high quantity cement was
used, the compressive strength of concrete blocks using RA could be similar to the blocks
using natural aggregate only. In addition, some attempts had been made to use RAC in
concrete hollow block masonry in recent years [26-28]. Zhuo and Chen [26,27] had made a
series of experiments to study the compressive and shear properties of the concrete hollow
block masonry by replacing 85% of the coarse aggregate and 100% of the fine aggregate with
recycled aggregates. Test results indicated that the compressive strength of the block could
be more than 7.6 Mpa by adjusting the content of cement and water, and the compressive
and shear strength of the masonry tested was very close to the common concrete hollow
block masonries. And, according to the experimental results, the equations for calculating
the compressive and shear strength of masonry were proposed based on the Chinese code
GB50003-2011 [18]. Zhang [28] had studied the mechanical properties of the recycled
aggregates concrete hollow block masonry with different coarse aggregate changing rates,
and results showed that the compressive properties of the masonry was the best while the
strength of the mortar was close to the blocks with the same aggregate changing rate.
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However, there are few studies reported on the use of recycled aggregate in interlock-
ing hollow block for building construction, which is disappointing for the promotion and
application of recycled concrete block masonry structures. Comprehensively considering
the advantages of interlocking hollow blocks and the utilization of recycled aggregate,
a new type of interlocking hollow block totally using recycled aggregate concrete (IHB-
RAC) with compressive strength about 10 Mpa was proposed. Through the construction
competition test of two middle-skilled workers to build the wall with the dimension of
1600 mm x 1600 mm (width x height) by using both the IHB-RAC block and the tradi-
tional concrete hollow block, the IHB-RAC block could help improving more than 56% of
the construction efficiency (as the times used were about 11 min and 26 min respectively
for the IHB-RAC masonry wall and the traditional hollow block ones). And, in order to
avoid straight joint, the IHB-RAC was made into two different types of dimensions, called
as main block and assistant block (as shown in Figure 1a). The specific dimensions of the
main block are shown in Figure 1b,c, as the width is 400 mm, the thickness is 100 mm,
the height is 200 mm. The width of the assistant block is half of the main block (200 mm),
and the other dimensions are the same as the main block. On the whole, the shape of
the hollow block is rectangular with a cavity rate of about 42%, and there are two big
cavities inside, which could save the use of materials and make a positive contribution
to the self-insulation and energy conservation of buildings. Between the two big cavities,
there is also a small grouting hole inside, and the overall mechanical properties of the
masonry using IHB-RAC could be further strengthened by pouring concrete inside the
small holes. Above all, combining with the use of mortar, the protrusions and grooves
on the top and bottom surfaces of the blocks acting as connecting keys could provide an
effective connection while assembling them together into a wall. In order to promote the
application of this new type block in building engineering, the compressive and shear
properties of the masonries considering different mortar grades and the concrete used in
the grouting holes were tested and studied.
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Figure 1. Cont.
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Figure 1. Shape and dimensions (in mm) of the IHB-RAC. (a) Shape of the IHB-RAC; (b) Upper surface; (c) Bottom surface.

2. Material and Mixture Proportions of the IHB-RAC

The materials employed in the IHB-RAC were cement, stone powder, river sand
and recycled aggregate. The cement used was composite Portland cement with a grade
of 32.5 Mpa. The stone powder and recycled aggregates used were limestone powder
and ordinary concrete recycled aggregates provided by Shihao Building Energy Saving
Technology Company in Nanjing. The content of calcium carbonate in stone powder was
87.5%. The particle sizes of the stone powder were mainly between 6 and 80 um tested by
the laser particle size distribution instrument, and more than 50% were between 20 and
45 um. The water absorption and fineness modulus of the river sand were 1.15% and 2.06
respectively. Tables 1 and 2 presents the physical properties and the sieve rate (%) of the
recycled aggregates according to standard GB/T14685-2011 [29].

Table 1. Properties of the recycled aggregate.

Apparent Density (Kg/M?3) Crushing Value (%) Water Absorption (%) Particle Size (Mm)
2612 10.3 7.8 3~7

Table 2. Sieve rate of the recycled aggregate.

Sieve Sizes 7.1 mm 5.6 mm 4.0 mm 2.8 mm

Sieve rate (%) 6.1 33.2 54.1 52

Based on the previous studies of the properties of recycled aggregate concrete [22-27],
the specific mixing proportions of the RAC for the interlocking hollow blocks are shown in
Table 3.

Table 3. Mixing proportions of IHB-RAC.

Content Cement Recycled Aggregate River Sand Stone Powder Water
Weight (kg/m?) 470 915 210 560 243

3. Compressive and Shear Strength Test of the IHB-RAC Masonry

In order to study the axial load-bearing capacity and the shear strength of the masonry
using IHB-RAC, 12 groups (5 specimens of each group for compressive strength test and
4 specimens of each group for shear strength test) of masonries considering different
strength of mortar and the concrete used in the grouting holes were designed according to
standard GB/T50129-2011 [30], and the thickness of the mortar used was 8 mm, as shown
in Figure 2. Besides, in order to ensure a uniform load distribution on the specimens during
the compression test, the rough upper and bottom surfaces of the masonries were made flat
by using cement mortar with a thickness of 10 mm, and checked with a leveling instrument
before the test. Among which, M7.5 grade mortar was used for groups A, B and C, and M15
grade mortar was used for groups D, E and F. In addition, the specimens of group A and D
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were designed without concrete cast into the grouting holes, as the grade of concrete used
in the grouting holes for groups B, E and C, F were C30 and C40, respectively. The detailed
characteristics of the specimens are shown in Table 4.
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Figure 2. Specimens design.

Table 4. Characteristics of each group of IHB-RAC masonry specimens.

Group ID Number of Specimens
Mortar Grade  Concrete Type
Compression Shear Compression Shear
Ac A M7.5 — 5 4
Bc Bs M7.5 C30 5 4
Ce Cs M7.5 C40 5 4
D. Ds M15 — 5 4
Ec Es M15 C30 5 4
F. Fs M15 C40 5 4

3.1. Material Properties
3.1.1. Compressive Strength of the [HB-RAC

The compressive strength of the IHB-RAC was tested by SYE-2000 hydraulic loading
device. According to the test method introduced in standard GB/T4111-1997 [31], the mor-
tar was used on the rough surfaces of the specimens and cured for more than 3 days to
ensure a uniform distribution of the axial load before the test. The axial load was applied
under load control procedure at a constant loading rate of 10~30 kN /s during the loading
process. The strength of 5 main blocks and 5 assistant blocks were measured respectively
and the test results are shown in Table 5. The mean values of the tested main blocks and
assistant blocks were 10.2 Mpa and 10.4 Mpa respectively, which could be defined as MU10
grade block according to Chinese code GB/T8239-2014 [32].

Table 5. Compressive strength of IHB-RAC.

Block Type Axial Load (Kn) Compressive Strength (Mpa)
Main block 385.4 431.7 395.3 4215 401.2 10.2
Assistant(half) block 246.4 185.8 205.4 199.5 200.5 10.4

3.1.2. Compressive Strength of Mortar and Concrete

The mixture proportions of the mortar used were determined according to Chinese
standard JGJ/T98-2010 [33]. The compressive strength of the mortar was tested by 6 cubes
(70.7 mm x 70.7 mm x 70.7 mm) for each group of mixture proportions after 28 days
of curing, as the tested result is shown in Table 6. The mean values of the two types
of mortar were 8.5 Mpa and 15.8 Mpa respectively calculated according to the method
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introduced in standard JGJ/T98-2010, and which could be defined as Mb7.5 and Mb15
grade mortar respectively.

Table 6. Compressive strength of mortar.

Mortar Grade Axial Load (kN) Compressive Strength (MPa)
Mb7.5 32.6 35.6 315 32.3 29.5 27.9 8.5
Mb15 60.7 61.4 58.5 58.6 55.7 57.5 15.8

The mixture proportions of the concrete used were determined according to Chinese
standard JGJ/55-2011 [34]. The compressive strength of the concrete was tested by 3 cubes
(150 mm x 150 mm X 150 mm) for each mixture proportions after 28 days of curing,
as the tested result is shown in Table 7. The mean values of the two types of concrete
were 32.8 Mpa and 40.2 Mpa respectively, which could be defined as C30 and C40 grade
concrete respectively.

Table 7. Compressive strength of concrete.

Concrete Type Axial Load (Kn) Compressive Strength (Mpa)
C30 729.5 742.2 739.5 32.8
C40 912.5 900.2 899.5 40.2

3.2. Test Setup and Loading Procedure

The axial compression strength and shear strength of the masonry was tested by the
2000 kN hydraulic loading device, as shown in Figure 3. For the compression strength test,
the specimen was fixed on the loading table vertically, as shown in Figure 3a. Referring to
the relevant code GB/T50129-2011 [30], before the test, some quartz sand was used under
the bottom surface of the specimens, and a pre-loading process was applied by using 10%
of the load-bearing capacity of the specimen to eliminate the unwanted spaces in the device.
The axial load was then unloaded to zero to start the formal loading process. During the
formal loading process, 10 kN was used as a gradual loading increment and which was
reduced to 5 kN when the specimens were approaching failure. For the shear strength test,
the specimen was put on the loading table horizontally, as shown in Figure 3b. To ensure
that the shear force was applied to the mortar joint of the masonry, three steel plates were
used as supports on the top and the bottom surfaces of the specimen. During the test,
the vertical load was applied continuously and slowly with a constant adjusted loading
speed to ensure that the specimen could be destroyed within 1~3 min. When any one of
the two horizontal joints failed, it was considered that the specimen failed and had lost its
bearing capacity.

(b)
Figure 3. Test setup. (a) Compression strength test; (b) Shear strength test.
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3.3. Test Results and Observations

For the compressive strength test, the typical failure modes of each group of the test
specimens are shown in Figure 4. When the load came into over 60% of the peak load
(as the mean values were 75%, 63%, 68%, 60%, 60%, 63% respectively for group A, B,
Ce, D, E¢, E¢), vertical crushing cracks firstly appeared on the upper positions of the
narrow surfaces of the specimens. With the increase of the axial load, more vertical cracks
appeared independently from the top to the bottom along the height of the specimens,
and the length and width of them developed constantly. When the vertical load reached
about 90% of the peak load, horizontal cracks began to appear on the wide sides of the
specimen, and an obvious and continuous cracking sound could be heard at the same time.
And then, with a loud crushing sound to be heard suddenly, the specimens failed totally
while the vertical crushing cracks on the narrow surfaces connected together, and the
horizontal crushing cracks developed through the whole cross-section of the specimens
at the same time. Through comparison, the failure modes of all the specimens were very
similar, which were characterized by the emergence and development of the vertical
cracks on the narrow surfaces as well as the horizontal crushing occurring on the wide
surfaces. There was no obvious difference in crack developing and failure mode between
the specimens with or without concrete used in the grouting holes, mainly because the
cross-section area of the grouting hole was small compared to the whole cross-section of
the block, as the cross-section area ratio of the block was just 0.0369 for the main block.
What’s more, no obvious crack or failure was found of the mortar joint throughout the
whole loading process, indicating that the interlocking keys of the blocks could work well
with the mortar and provide a reliable connecting function.

Vertical cracks

Horizontal cracks

Horizontal cragks

(b)

Figure 4. Compression failure mode of specimens. (a) Narrow side; (b) Wide side.
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For the shear strength test, the typical failure modes of each group of the test specimens
are shown in Figure 5. When the load came into over about 50% of the peak load (as the
mean values were 48.3%, 51.7%, 52.5%, 50.8%, 53.4%, 55.1% respectively for group As, Bs,
Cs, Ds, Es, F), shearing cracks could be observed on the mortar joints from the narrow sides
of the specimens. With the shear force increasing, the horizontal mortar cracks developed
continuously from both sides to the middle part of the masonries. Then, when the load
came into over about 75% of the peak load (as the mean values were 75.8%, 77.4%, 81.2%,
76.1%, 82.3%, 84.6% respectively for group As, Bs, Cs, Ds, Es, Fs), the shearing cracks of
the mortar joints developed throughout the whole cross-section of the masonries, and the
mortar of the joints lost their shear strength after that. After that, the shear force began to
be totally borne by the interlocking keys as well as the grouting hole concrete of the blocks,
which was different from the traditional concrete hollow blocks, as the masonries using
traditional hollow blocks almost lost their bearing capacity at this stage after the mortar
joint completely cracked [14-17].

Figure 5. Shear failure mode of specimens. (a) Double-surface shear failure; (b) Single-surface shear
failure; (c) Shear cross-section (ungrouted); (d) Shear cross-section (grouted).

Through comparison, increasing the mortar grade and using grouting hole concrete
had little effect on the failure mode of the specimens. In general, there are two main
failure modes of the masonry, as double-surfaces shear failure (shown in Figure 5a) and
single-surface shear failure (shown in Figure 5b), and the failure cross-sections are shown
in Figure 5a,b. Most of the test specimens showed double-surfaces shear failure, indicating
that the shear strength of the two mortar shear joints of the test masonry were almost equal.
This was because that the interlocking keys of the block could provide an excellent con-
necting function, which could avoid the big differences between the mortar joint strength
caused by the uncertainty of the construction level as well as the uneven distribution of
joint mortar. Nevertheless, only a few of the test specimens using grouting hole showed
single-surface failure, which could mainly be attributed to the uniform shear force applied
to the joints by the loading device. However, it could be observed that the joint mortar of
the unseparated shearing surfaces had already cracked throughout the whole cross-section;
but the interlocking keys and the grouting hole concrete had not been sheared off totally,
further indicating the excellent performance of the masonry.



Sustainability 2021, 13, 745

9of 15

3.4. Tested Compressive and Shear Strength of the IHB-RAC Masonry

For the compressive strength test, the peak load of the specimens is shown in Table 8.
According to the calculation method specified in Chinese code GB/T50129-2011 [30],
the corresponding compressive strength could be obtained. As shown in Equation (1),
a reduction coefficient ¢y should be used in the formula to represent the influence of the
stability when the ratio of height to thickness (B) is larger than 5 for the specimens:

fn = Ag (1)

where f;;, is the tested axial compressive strength of the masonry in units of Mpa; N is the
axial load of the specimens; A is the area of cross-section of the specimens; and ¢ is the
stability coefficient for the masonry under axial load, which could be determined according
to Chinese code GB50003-2011 [18]. As the ratio of height to thickness (8) of the tested
masonries was 6.952 (8 = 1.1Hy/h), the corresponding stability coefficient calculated was
0.93 for the masonry specimens.

Table 8. Compressive strength of the IHB-RAC masonry.

Id Peak Load (Kn) Compressive Strength (Mpa) Id Peak Load (Kn) Compressive Strength (Mpa)
Aq 270 7.26 Da 320 8.6
Ao 200 5.38 Do 320 8.6
A 210 5.65 D 275 7.39
Ay 270 7.26 D4 340 9.14
As 265 7.12 Des 315 8.47
Ba 325 8.74 Eq 395 10.62
B 325 8.74 Eqo 425 11.42
Bg 310 8.33 Egs 400 10.75
Bes 295 7.93 Eu 375 10.08
Bes 285 7.66 Es 355 9.54
Ca 340 9.14 Fq 420 11.29
Cao 325 8.74 Fo 390 10.48
Ces 350 9.41 Fg 385 10.34
Ceu 340 9.14 Fes 405 10.88
Ces 330 8.87 Fs 425 11.42

The mean values of the compressive strength of the tested specimens were shown in
Figure 6, and the test results were compared from different perspectives. Through com-
parison, improving the strength grade of mortar had a positive effect on increasing the
compressive strength of the IHB-RAC masonry. As shown in Figure 6a, the compres-
sive strength of each group of the specimens were all increased by more than 20% while
the Mb15 grade mortar was used compared to using Mb7.5 grade mortar. Furthermore,
increasing the mortar grade had a most obvious improvement (increased by 29.2%) on the
compressive strength of the ungrouted specimens. The influence of the concrete used in
the grouting holes of the specimens was compared in Figure 6b. Through comparison,
the concrete used could also increase the compressive strength of the specimens obviously.
While the Mb7.5 grade mortar was used, the compressive strength of the specimens using
C40 grade concrete in the grouting holes were increased by 38.7% compared to the ones
without concrete used. While the Mb15 grade mortar was used, the corresponding strength
was increased by 28.9%
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For the shear strength test, the peak load of the specimens tested were shown in Table 9.
According to the calculation method specified in Chinese code GB/T50129-2011 [30],
the corresponding shear strength of the specimens could be obtained by Equation (2),

fvi=3¥ 2)

where fy ; is the tested shear strength of the masonry in units of Mpa; Ny is the horizontal
shear force of the specimens; A is the area of cross-section of the specimens.

[ R

T C40 28.9%

20,1}4

38.7%

i 26.8%,

Compressive strength (Mpa)

C30 C40
Group Group

(a) (b)

Figure 6. Comparison of the compressive strength of specimens (mean value). (a) Comparison under different mortar

strength; (b) Comparison under different strength of grouting hole concrete.

Table 9. Shear strength of the IHB-RAC masonry.

Id Peak Load (Kn) Shear Strength (Mpa) Id Peak Load (Kn) Shear Strength (Mpa)

Al 17 0.21 Dg1 20 0.25
Ao 17 0.21 Do 20 0.25
Ag 17 0.21 Dg 2 0.28
Ay 15 0.19 D 18 0.23
By 16 0.20 Eq 23 0.29
Bs 2 0.28 Eo 30 0.37
Bas 24 0.30 Ees 30 0.37
Ba 22 0.28 Ea 28 0.35
Cq 24 0.30 Fg 38 0.48
Co 20 0.26 Fe 31 0.39
Ce 26 033 Fe 34 0.42
Ca 29 0.36 Feu 26 0.32

Through the comparison of the mean values of the tested specimen shear strength,
both increasing the mortar strength and using grouting hole concrete could obviously
increasing the shear strength of the IHB-RAC masonry too. As shown in Figure 7a, the shear
strength of each group of the specimens were all increased by more than 25% while the
Mb15 grade mortar was used compared to using Mb7.5 grade mortar. Furthermore,
increasing the mortar grade had a most obvious improvement (increased by 29.6%) on
the compressive strength of the specimens with C30 grade concrete used in the grouting
holes. The influence of using grouting hole concrete on the shear strength was compared
in Figure 7b. Through comparison, the shear strength of the specimens using C30 grouting
hole concrete were increased by above 35% than the ones without using grouting hole
concrete (as increased by 35.0% and 40.0% while using Mb7.5 and Mb15 grade mortar
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Shear strength (Mpa)

respectively), and the values were increased by above 55% while using C40 grouting
concrete than the ones without using grouting concrete (as increased by 55.0% and 60.0%
while using Mb7.5 and Mb15 grade mortar respectively). However, the effect of increasing
the grouting concrete grade on improving the shear strength of the IHB-RAC masonry
was not so high, as the values were increased by within 15% for the masonries using C40
concrete compared to C30.

0.5
T B [ o
 ME Ao
0.41 (A0 60.0%
_ . 0 0,
) /1.3 /yf
=) 55.0%
g) 0.3 14.8"/}./ 40.0%/4
=]
5} 35.0%
Z02] g
—
[+
[
=
wn
0.1
0.0 -
C30 C40 M7.5 M15
Group Group
(a) (b)

Figure 7. Comparison of the shear strength of specimens (mean value). (a) Comparison under different mortar strength;
(b) Comparison under different strength of grouting hole concrete.

3.5. Calculation of the Compressive and Shear Strength of the IHB-RAC Masonry

In order to better study the mechanical properties of the IHB-RAC masonry, the exper-
imental results of the test specimens were compared with the calculated results obtained
from Chinese code GB50003-2011 [18] to check the suitability of the standards, as shown in
Tables 10 and 11. In order to make an accurate prediction of the compressive strength of
the masonry, modifying coefficients were used considering the positive contributions of
the connecting keys. In addition, according to the test results, an appropriate calculation
method for accurately predicting the shear strength of the grouted IHB-RAC masonry was
proposed by separately considering the effort of the mortar and the grouting hole concrete.

Table 10. Comparison between test compressive strength and calculation results (Mpa).

Group Test Mean Value Code Value Test Value/Code Value Modified Value Test Value/Modified Value
A, 6.53 6.09 1.07 6.70 0.97
Bc 8.28 6.85 1.21 8.59 0.96
Cc 9.06 7.02 1.29 9.01 1.01
Dc 8.44 7.54 1.12 8.29 1.01
Ec 10.48 8.30 1.26 10.18 1.03
F. 10.88 8.47 1.28 10.60 1.03

Table 11. Comparison between test shear strength and calculation results (Mpa).

Group Test Mean Value Code Value Test Value/Code Value Modified Value-Equation (7) Test Value/Modified Value
A 0.20 0.20 1.00 0.20 1.00
Bs 0.27 1.04 0.26 0.29 0.93
Cs 0.31 1.07 0.29 0.31 1.00
Ds 0.28 0.27 1.04 0.27 1.04
Es 0.35 1.15 0.30 0.36 0.97
Fs 0.40 1.17 0.34 0.38 1.05
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In code GB50003-2011, the calculation formula for predicting the mean value of the
compressive strength of hollow block masonry was shown as Equation (3),

O =kifX(1+0.07f2)kz 3)

where f) is the mean value of the hollow block masonry compressive strength in units
of Mpa (without concrete in the grouting holes); f; and f, are the mean value of the
compressive strength of the block and mortar used respectively; k1 and « are the reduction
coefficients related to the block type, taking as 0.46 and 0.9 for concrete hollow block
respectively; and k; is the modifying coefficient related to the strength of the mortar
used, taking as 1.0 here. Lastly, another modifying coefficient as (1.1 — 0.01f,) should be
multiplied in the formula if the value of f; is larger than 10 Mpa.

The calculation formula for predicting the mean value of the axial compressive
strength of masonry with concrete in the grouting holes is shown as Equation (4),

f(g,m :fygz'f'ﬁo%fcu,m (4)

where fgm is the mean value of the hollow block masonry compressive strength with
concrete in the grouting holes; fJ, is the same as in Equation (3); ¢ is an enhancing coefficient
considering the positive effect of the grouting hole concrete, taking as 0.63 here; A, is the
cross-section area of the grouting holes, taking as the mean value of the grouting holes
on the top and bottom surfaces of the specimens; A is the area of the cross-section of the
masonry specimen; and fy ,; is the mean value of the compressive strength of the grouting
hole concrete used.

According to the comparison in Table 10, the tested values of the compressive strength
of the IHB-RAC masonry were higher than that of the code formula calculated results,
indicating that the calculation formulas provided in code GB50003-2011 were relatively
safer to be used to predict the axial load-bearing capacity of the masonry in structural
designing. Among these, the difference between the test and calculated values for speci-
mens without grouting hole concrete (group A, D.) was relatively smaller, as within 15%
overall. There was a big difference (above 20%) between the test and calculated values for
the specimens with grouting hole concrete (group B, Cc, Ec, Fc). Among them, the biggest
difference was group C., which was 29%.

In order to accurately predict the compressive strength of the masonry, the calculation
method was modified based on the formulas in the code GB50003-2011. Considering
the positive contributions of the connecting keys and the grouting hole concrete on the
compressive strength of the masonry, based on the univariate linear-regression analysis
of the tested and calculated results, an amplification coefficient as 1.1 was suggested
to be multiplied to k; in Equation (3), as the modified value of k; was 0.51. Similarly,
an tamplification coefficient as 1.3 was multiplied to ¢ in Equation (4), as the modified
value of ¢ was 0.82. By comparison, the difference between the calculated values of the
modified formulas and the test values were within 4%.

In code GB50003-2011, the calculation formulas for both predicting the mean values
of the shear strength of hollow block masonry with or without grouting hole concrete are
shown in Equations (5) and (6) respectively:

fvm =ks\/fo @)

fvgm = 032f0 (6)

where fy ,, is the mean value of the hollow block masonry shear strength in units of Mpa
(without concrete in the grouting holes); ks is the coefficient to represent the different
types of block (as 0.069 for concrete block masonry). f, is the compressive strength of the
mortar used. fy,,, is the mean value of the hollow block masonry shear strength in units
of Mpa (using concrete in the grouting holes); and f ;, is the compressive strength of the
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hollow block masonry with concrete in the grouting holes (using the same value as fgm in
Equation (4)).

According to the comparison in Table 11, Equation (5) could accurately predict the
shear strength of the non-grouted IHB-RAC masonry, and the difference between the test
and the code calculation values were within 4%. However, for masonries with grouting
hole concrete, the code calculation results were much higher than the test results, as the
test shear strength was only 25~35% of the calculated values. The main reason was that
Equation (6) did not reasonably consider the influence of the concrete filling rate of the
masonry, and the equation overestimated the contribution of the grouting hole concrete,
as the concrete filling rate of the IHB-RAC block was only 0.036, which was relatively lower
than traditional ones.

In order to reasonably consider the positive effect of the grouting hole concrete and
make a precise prediction, previous studies [17,35,36] tried to separately consider the effort
of the mortar and the grouting hole concrete by adding the contribution of the concrete
core to Equation (5). Considering the complex interaction between the grouting concrete
core and the block, the calculation method proposed by Gao Xiang [34] considering the
filling rate of the concrete is shown as in Equation (6):

ng,m = fV,m + klx\/m (7)

where « is the cross-section area ratio of the grouting hole (0.0369 for the IHB-RAC block);
k is the coefficient associate with the block type, and the value of it was 0.46 determined
by the univariate linear-regression analysis of the tested and calculated results of the
IHB-RAC masonry.

From the comparison of the calculation results in Table 11, Equation (7) could ac-
curately predict the shear strength of the IHB-RAC masonry while using grouting hole
concrete, and the difference with the test values were within 7% on the whole.

4. Conclusions

Comprehensively considering the advantages of interlocking hollow blocks and the
utilization of recycled aggregate, a new type of interlocking hollow block using recycled
aggregate concrete (IHB-RAC) was proposed in this study, and the corresponding com-
pressive and shear strength, as well as the failure mode of the masonries considering
different strength of mortar and the concrete used in the grouting holes were studied by
experiments. At last, the calculation methods of predicting the compressive and shear
strength of the masonries were proposed for engineering application according to test
results. The following conclusions could be drawn according to the experimental research
and analysis:

1.  The mean values of the compressive strength of the tested main blocks and assis-
tant blocks using recycled aggregate concrete were 10.2 Mpa and 10.4 Mpa respec-
tively, which could be defined as MU10 grade block according to Chinese code
GB/T8239-2014.

2. For the compressive strength test, the failure modes of the masonries with different
mortar and grouting hole concrete grades were similar, which was characterized by
the emergence and development of the vertical cracks on the narrow surfaces as well
as the horizontal crushing occurred on the wide surfaces. The interlocking keys of the
blocks could work well with the mortar and provide a reliable connecting function as
no obvious crack or failure was found of the mortar joint.

3. For the shear strength test, there were two failure modes as single-surface shear failure
and double-surfaces shear failure for all the test specimens, and most of the masonries
showed double-surfaces shear failure attributed to the excellent connecting function
of the interlocking keys, which could avoid the big differences between the mortar
joint strength caused by the uncertainty of the construction level as well as the uneven
distribution of joint mortar.
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4.  Different from the traditional masonries losing their shear strength after the shearing
mortar joint completely cracked, the connecting keys of the IHB-RAC blocks could go
on undertaking the shear force after the mortar joint failed to work.

5. The tested compressive strength of the IHB-RAC masonries were lower than the
calculated values according to code GB50003-2011. Amplification coefficient as 1.1
and 1.3 were suggested respectively to the code formulas considering the contribution
of the connecting keys, and the difference between the calculated values of the
modified formulas and the test values were within 4%.

6.  The calculation method in code GB50003-2011 extremely overestimated the shear
strength of the grouted IHB-RAC masonry. According to the test results, an appro-
priate calculation method for accurately predicting the shear strength of the grouted
IHB-RAC masonry was proposed by separately considering the effort of the mortar
and the grouting hole concrete, and the differences between test and calculated results
were within 7%.

The present work is a preliminary experimental study on the mechanical properties of
the IHB-RAC masonry. In order to comprehensively study the properties of the masonry,
more experimental research studies are needed, and the replacement ratio of recycled
aggregate (%), whether or not using steel bars in the grouting holes, as well as the influence
of the axial compressive stress ratio on the shear strength, should be considered in the
further studies.
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