
 
 

 

 
Appl. Sci. 2021, 11, 10111. https://doi.org/10.3390/app112110111 www.mdpi.com/journal/applsci 

Article 

Performance Evaluation of Bedding Sand and Load Transfer 
Characteristic of Concrete Block Pavements 
Wuguang Lin 1, Yu Dong 1, YooSeok Jung 2,*, Hua Zheng 3 and Yoon-ho Cho 4 

1 College of Transport and Communications, Shanghai Maritime University, Shanghai 201306, China; 
wglin@shmtu.edu.cn (W.L.); 201930610046@stu.shmtu.edu.cn (Y.D.) 

2 Korea Institute of Civil Engineering and Building Technology, Goyang-si 10223, Korea 
3 Department of Environmental Art Design, College of Fine Arts, Shanghai Normal University,  

Shanghai 200233, China; zhenghua@shnu.edu.cn 
4 Department of Civil and Environmental Engineering, Chung-Ang University, Seoul 06974, Korea; 

yhcho@cau.ac.kr 
* Correspondence: yooseok@kict.re.kr; Tel.: +82-31-910-0554 

Abstract: Concrete block pavement is used as a modern pavement type owing to its economic ben-
efits. The physical properties, mechanical properties, and functional characteristics of bedding sand 
and joint sand, the main components of concrete block pavements, should be accurately understood. 
Owing to the discontinuous structure of these pavements, load transfer efficiency (LTE) is the most 
important index from the perspective of performance. The factors that affect LTE are bedding sand 
(type, grading, and thickness), joint sand (type and grading), and concrete block (shape and pattern). 
Therefore, the optimal design for concrete block pavements can be achieved by analyzing each fac-
tor. In this study, three types of sand (river, quartz, and manufactured) were selected to examine 
the mechanical properties via direct transfer experiments. It was observed that the shear strength 
of river sand was the highest. It was also found that the difference between the shear strength and 
the internal friction angle (according to the content of 0.6 mm in the grading of bedding sand) was 
not large, and the shear strength and the friction angle increased as the content increased to 0.075 
mm. In addition, the load transfer characteristics of the joint and rotational interlocking of the block 
were evaluated through a non-destructive test using the degree of joint filling, block shape, and 
construction pattern as variables. As a result, the degree of joint filling had the greatest effect on the 
load transfer characteristics of the joint and rotational interlocking of the block. The effect of the 
block shape was larger than that of the construction pattern. When a heavy load is applied, the LTE 
between blocks must be maintained at 50% or more, and the rotation of blocks at 0.6° or less, if 75% 
or more of the joint must be filled for preventing excessive vertical deformation. 
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1. Introduction 
As a modern pavement type, concrete block pavements are widely used in roads, 

ports, and airports due to their excellent economic efficiency [1,2]. Unlike general asphalt 
or concrete pavements, individual blocks are used on the surface of concrete block pave-
ment and constructed in a certain pattern to create a discontinuous surface. The block 
itself should be viewed as a single structure, rather than assuming that it should resist the 
load of vehicles and ordinary wear [3]. Concrete block pavement is constrained using a 
curb at the end of the finished surface. Usually, to distribute the concentrated load and 
increase the inter-block load transfer, blocks are placed with a 2–5 mm spacing in between, 
which is filled with joint sand. In addition, bedding sand is used in the bedding layer 
beneath the concrete blocks to ensure the flatness of the concrete block pavement and 
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mitigate the concentrated stress. Depending on the block thickness, construction pattern, 
and joint width, 40–50% of traffic loading is transferred to the bottom of the pavement [4]. 

To increase the interlocking effect between blocks and provide a level surface at the 
bottom, the bedding layer of concrete block pavement is used to fill the empty space at 
the bottom of the joint to minimize damage caused by the concentrated load. It also levels 
the lower layer of the concrete block pavement and its finished surface [5]. The thickness 
of the bedding layer is set to 20–50 mm. The bedding sand layer of a concrete block pave-
ment is not used to secure the bearing capacity, but to make the base and surface layer 
level with each other. However, when used in a roadway, the bedding sand layer may be 
crushed by repeated traffic loading, thus affecting the performance of the concrete block 
pavement. The thicker the bedding layer is, the higher the probability of rutting [6]. De-
pending on the pavement hierarchy, the requirements of the median particle diameter 
(600 μm) and fine powder content (75 μm or less) that determine the particle size of the 
bedding sand are different [7]. The bedding sand, having a low crushing resistance to an 
external load, is compacted and turned into powder; this reduces the friction between the 
block and bedding layer, causing the blocks to slide, which leads to the loss of joint sand. 
Owing to the enlarged joint width, the load transfer efficiency decreases between blocks. 
When rainwater infiltrates, fine powder of the bedding sand is lost, resulting in damaged 
concrete block pavement [8]. Beaty (1996) examined the difference in the durability of 
bedding sand using different rock types through the Lilley and Dowson experiment and 
found that silica sand was the most durable, followed by granite and limestone. Bedding 
sand can be evaluated in two ways: properties of sand and properties of materials with 
reasonable grading [9]. The larger the particle size, the higher the shear resistance, and the 
better the pavement performance is [10]. 

Joint sand is one of the components of the surface layer of concrete block pavement 
that promotes the load transfer between blocks and distributes the concentrated load. 
Horizontal interlocking between blocks directly affects the structural strength against hor-
izontal load, depending on the joint material, joint width, block shape, and construction 
pattern, and exhibits the load transfer between blocks [11]. According to the Japan Inter-
locking Block Pavement Engineering Association (JIPEA), the load transfer characteristics 
between blocks are evaluated by measuring the load transfer efficiency (LTE) [12]. 

In addition, the degree of the filling of the joint sand is a very important factor in 
expanding the stress area at the bottom of the pavement and minimizing the spalling that 
occurs when angled portions of adjacent blocks collide with each other directly due to 
external impact. 

According to the previous literature, a homogeneous, well-filled joint 2–3 mm wide 
is required to achieve the optimal load distribution [13]. The rotation of the block due to 
an external load causes “arching thrust” and provides a high load-bearing capacity 
through additional rotation suppression of the constraint conditions [14]. Muller et al. 
(2006) studied the amount of deflection and stress distribution of block pavement accord-
ing to the joint width, finding that the amounts of deflection in 2 mm and 5 mm joint 
widths were similar and the stress dispersion was effective when the width was 2 mm 
[15]. In addition, as the number of compactions increases, the load transfer efficiency and 
joint width increases, and the joint sand should have a larger maximum particle diameter 
[16]. 

It turns out that the loss of joint sand is the main cause of high deflection, broken 
blocks, and block movement. Among others, it is seen as a decisive factor in the movement 
of blocks [17]. Yaginuma (2003) used a light falling weight deflectometer (LFWD) to eval-
uate the LTE of joints for examining the difference in bearing capacity of concrete block 
pavements according to block dimensions [18]. The load was imposed at the block center 
to compare the deflection that occurred at the block joint to that of the load directly ap-
plied to the adjacent block. 

According to advanced research, the role of sand in concrete block pavement design 
has been defined, which is shown in Figure 1 from the perspective of LTE. 
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Figure 1. Role and requirements of sand in concrete block pavement design. 

The basic physical properties of sand to be evaluated include moisture content, water 
absorption, durability, hardness, and friction between particles. The particle size distribu-
tion of bedding sand reflects the traffic load conditions, bedding layer thickness, and bed-
ding material density. Density determines the shear resistance, permeability, and mois-
ture sensitivity of a material. When using joint sand, it is important to know not only how 
the shear resistance resists traffic loading, but also whether it is well filled in the gaps to 
facilitate an effective load transfer between blocks. Therefore, in this study, composition 
analysis by sand type and shear resistance according to the grading of bedding sand were 
evaluated. In addition, the load transfer characteristics and the rotational interlocking ef-
fect between blocks according to the degree of joint filling were evaluated using a non-
destructive method. 

2. Materials and Experimental Methods 
2.1. Material 
2.1.1. Sand 

Three types of sand were selected to evaluate their properties: manufactured sand, 
quartz sand, and river sand. Table 1 summarizes their basic physical properties. The meas-
ured bulk density and absorption of the three materials are similar. The time flow method 
(JTG E42-2005) was used to measure the sand angularity. River sand was expected to have 
a low angularity due to water erosion, but the opposite was found. Although the differ-
ence was not large, river sand had the highest angularity, while quartz sand and manu-
factured sand had similar angularities. Regarding the sand equivalent, manufactured 
sand contained the smallest amount of foreign matter, followed by river sand and quartz 
sand. The hardness was measured according to JTG E42-2005. To evaluate the hardness 
of the fine aggregates as a percentage, sand was repeatedly immersed in sodium sulfate 
liquid and dried before mass changes were measured. 
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Table 1. Basic physical properties of sand. 

 Manufactured Sand Quartz Sand River Sand 
Density (g/cm3) 2.795 2.735 2.771 
Absorption (%) 0.70 0.67 0.70 
Angularity (s) 33.2 33.6 34.8 

Sand equivalent (%) 89 68 74 
Mica content (%) 0.4 0.4 0.5 

Hardness (%) 3 3 3 

The experimental parameters to evaluate the hardness by sand type and particle size 
include types of sand, 0.6 mm passing ratio (20%, 40%, and 60%), and 0.075 mm content 
(1%, 3%, and 5%). An analysis was carried out on the joint material, bedding sand, and 
material of the water-permeable course. Figure 2 shows the particle size distribution. The 
particle sizes of the bedding sand and joint sand met ASTM C 33 and ASTM C 144, re-
spectively. 

 
Figure 2. Distribution of particle sizes of bedding sand and joint sand. 

2.1.2. Concrete Block 
Table 2 lists the experimental parameters used to examine the load transfer charac-

teristics of the concrete block pavement. Experiments were conducted on 10 cases in total 
and 4 block shapes were selected. Only the stack pattern was applied to the square blocks, 
while the stack, basket weave, and herringbone patterns were used for rectangular, Uni, 
and Dasuri blocks. The block dimensions were normalized using the method proposed by 
Yaginuma et al. (2003) and defined by a shape factor (Sf), the ratio of the side area to the 
surface area of the block. The larger this value, the higher the LTE is between blocks (Ya-
ginuma et al., 2003). To maintain constant joint widths, all the blocks used in the experi-
ment were manufactured to have 2 mm protrusions on the side. The flexural strength test 
of the blocks was measured using the three-point loading method according to KS F 4419. 
The dynamic modulus was evaluated according to KS F 2437. Table 3 presents the basic 
properties of the block shapes. 
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Table 2. Block shapes and patterns for joint performance evaluation. 

Block 
shapes 

 Square Rectangular Uni block Dasuri 

Dimen-
sion 

L × W × H 
(mm)  

200 × 200 × 80 
 

200 × 100 × 80 
 

245 × 130 × 80 
 

200 × 100 × 80 
Shape 
factor 

1.61 2.42 2.53 2.62 

Lying patterns 

Stack Basket weave Herringbone 

    

Table 3. Physical properties by block shape. 

  Square Rectangular Uni Block Dasuri 
Flexural 

strength (MPa) 
AVG. 4.53 4.77 5.23 4.91 

STDEV. 0.21 0.51 0.25 0.24 
Dynamic mod-

ulus (GPa) 
AVG. 13.47 12.09 15.38 13.57 

STDEV. 1.81 1.86 2.71 1.71 
Bulk Density (kg/mm3) 2.31 2.42 2.21 2.40 

2.2. Experimental Methods 
2.2.1. Bedding Sand Performance 

Depending on the thickness and detailed structure of sand, particle size directly af-
fects the physical and mechanical properties of synthesized sand. The content of small 
particles, in particular, greatly influences the porosity and moisture content of the syn-
thetic material. The experimental parameters used to evaluate the mechanical perfor-
mance by sand type and particle size include sand type, 0.6 mm passing ratio, and 0.075 
mm content. For the experiments, the direct shear test method as per KS F 2343 was used. 

2.2.2. Load Transfer and Rotational Interlocking 
To evaluate the load transfer performance and rotational interlocking effect of the 

joint, a test pavement was fabricated, as shown in Figure 3. Its dimensions were 1450 mm 
× 1450 mm, consisting of an 80 mm surface block, a 30 mm bedding sand layer, a 200 mm 
crushed aggregate base course, and a 300 mm subgrade layer. To measure the load and 
displacement, Tokyo Sokki’s LFWD and displacement sensors were used. The experiment 
was conducted by arranging the LFWD and sensors as shown in Figure 4; a weight of 5 
kg was dropped from a height of 500 mm and a load of 20 kN was applied. Concrete block 
shapes, lying patterns, and degree of joint filling were considered as parameters for the 
experiment. The degree of joint filling was divided into five stages: 0%, 25%, 50%, 75%, 
and 100%. The LTE was calculated by multiplying the correction factor with the ratio of 
the deflection measured in D2 and D1, as shown in Equation (1) presented by AASHTO. 
The rotational interlocking of the concrete block pavement was calculated by Equation (2) 
using the displacement that occurred at the position where the load was applied and at 
the opposite end. Data were collected by measuring each parameter 20 times and were 
averaged to produce the resulting value. 
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Figure 3. Pavement sections and experimental setup. 

 
Figure 4. Method of measuring the LTE and concrete block rotation. 

𝐿𝑇𝐸 = 𝛿𝛿 × 𝑙𝑙 × 100% (1)

𝜃 = 𝑠𝑖𝑛 𝛿 − 𝛿𝑙  (2)

where LTE is the load transfer efficiency (%); 𝜃 is the rotation angle of the concrete block; 𝛿  is the deflection (mm) measured at the position where the load is applied; 𝛿  is that 
measured at D;, 𝛿  is that measured at D2; 𝑙  is the distance (mm) between D1 and D0; 
and 𝑙  is that between D2 and D0. 

3. Results 
3.1. Performance of Bedding Sand 

The results of the mechanical performance evaluation according to sand type and 
particle size are summarized in Table 4. It was found that as the vertical stress increased, 
the shear strength of all sands increased accordingly, and that of the river sand was the 
highest. At a vertical stress of 150 kPa, the shear strength of river sand was measured to 
be approximately 5% and 13% higher than the shear strengths of quartz sand and manu-
factured sand, respectively. Evaluating shear strength and internal friction angle accord-
ing to the 0.6 mm passing ratio, it is seen that the difference in shear strength was not large 
for the river sand, but the shear strength at the 40% passing ratio was the highest. The 
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evaluation of shear strength and internal friction angle, according to the 0.075 mm content 
of river sand, showed that the larger the 0.075 mm content is, the greater the shear 
strength. 

Table 4. Shear strength and internal friction angle according to sand type. 

Parameter 

Vertical Stress, kPa 

Internal Angle 50  100 150 

Shear Strength, kPa 

Sand type 

Quartz sand 20.67 41.34 77.45 23.99° 

Manufactured 
sand 

19.08 39.75 71.89 22.72° 

River sand 22.26 44.52 82.22 25.01° 

0.6 mm passing 
ratio 

(River sand) 

60% 25.44 47.70 74.73 26.23° 

40% 28.62 50.88 79.50 26.96° 

20% 27.03 50.88 76.32 26.24° 

0.075 mm con-
tent 

(River sand) 

1% 22.26 44.52 71.55 24.00° 

3% 25.44 50.88 74.73 26.23° 
5% 30.21 55.65 79.5 26.97° 

3.2. Evaluation of Joint Performance 
3.2.1. Load Transfer Characteristics of Joint 

The LTE is evaluated by means of FWD at joints in joined concrete pavements or 
cracks in continuously reinforced concrete pavements. For concrete block pavements, dis-
continuity is obtained through the joint sand filled between block elements with relatively 
small dimensions. In general, the diameter of the widely used loading plate of FWD is 300 
mm, which is difficult to apply to concrete block pavements; therefore, the load transfer 
characteristics at joints have not been studied sufficiently. Therefore, we evaluated the 
load transfer characteristics of joints using a 90 mm loading plate. Manufactured sand was 
used for the experiment. 

First, the difference in load transfer characteristics was examined when the four se-
lected blocks were laid in a stack pattern. Figure 5 shows the LTE by block shape for the 
stack pattern. It was found that the LTE increased in all block shapes as the degree of joint 
filling increased, and the minimum difference between 0% and 100% joint filing was ap-
proximately three times. When the joint sand was 100% filled, the Uni and Dasuri blocks 
showed similar load transfer performance, which was approximately 5% higher than that 
of the square and rectangular blocks. Figure 6 shows the relationship between the shape 
factor and LTE: a proportional relationship is seen. It can be seen that the load transfer 
characteristic between blocks is affected a bit by the block shape, but it is significantly 
affected by the degree of filling of the joint sand. 

Figure 7 shows the LTE measurements of the rectangular blocks according to con-
struction pattern. The slope of the linear regression trend line was similar in all cases. A 
slight difference in the LTE by the construction pattern is measured. LTE is determined 
according to the joint condition. Since the construction pattern is independent of the joint 
condition, it is determined not to have an effect on the LTE. 
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Figure 5. LTEs by block shapes. 

 
Figure 6. Relationship between LTE and shape factor (joint filling = 100%). 
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Figure 7. LTE according to lying patterns for the rectangular block. 

According to a study by Ascher et al. (2006), high vertical deformation occurs when 
the degree of joint filling is less than 75%, whereas high horizontal deformation occurs 
when it is 0% [19]. If the joint is fully filled, the block thickness and bedding material have 
no impact on the deformation resistance of the concrete block pavement. Figure 8 shows 
the LTE if the degree of joint filling is the only parameter regardless of the block shape 
and lying pattern. A linear regression analysis showed a regression coefficient of 0.68, 
indicating a correlation. According to Ascher et al. (2006), if the degree of joint filling is 
75% or more, the required LTE is approximately 50% or higher [19]. If more than 25% of 
the joint sand is lost, maintenance is needed to ensure the performance of the concrete 
block pavement. 

 
Figure 8. LTE according to the degree of joint filling. 
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3.2.2. Rotational Interlocking of Block 
The load is distributed in the vertical and horizontal directions at the point where the 

load is applied owing to interlocking between blocks. In this case, the larger the force dis-
tributed in the vertical direction is, the greater the block rotation. Rotational interlocking 
effects based on the block shape were compared only when the blocks were laid in a stack 
pattern. Figure 9 shows the rotation angles based on the block shapes and degrees of joint 
filling. Depending on the degree of joint filling, the rotation angles of the blocks decrease 
linearly, and when 100% of the joint is filled the rotation angles appear to converge be-
tween 0.6 and 0.7°. In addition, as the change in rotation angle according to the degree of 
joint filling is small for U-shaped blocks and Dasuri blocks, it is expected that they will 
contribute to stable pavement performance if laid in areas where the joint sand loss is 
likely. 

 
Figure 9. Rotational angles according to block shape and degree of joint filling. 

Figure 10 shows the relationship between the shape factor and the rotation angle, 
which is found to be inversely proportional. This suggests that the rotational interlocking 
of a concrete block pavement is influenced by the block shape. In Figure 11, the change in 
the rotation angle depending on the degree of joint filling is seen to be the greatest in the 
stack pattern. It appears that the basket weave and herringbone patterns have a similar 
change in gradient, and the change in rotation angle is small. In addition, the rotation 
angle according to the block construction pattern and degree of joint filling is initially in 
the range of 1.0–1.2° depending on the block shapes or construction patterns, but it con-
verges to approximately 0.6° if the joint filling is 100%. This indicates that the degree of 
joint filling has a greater influence on the rotation angle of a concrete block pavement than 
block shapes and lying patterns. Similar to the load transfer characteristics, rotational in-
terlocking also has a greater impact on the degree of filling of joint sand than the other 
two. Figure 12 shows the rotation angles by placing a parameter only on the degree of 
joint filling regardless of the block shape and lying pattern. A linear regression analysis 
shows a regression coefficient of 0.61; when 75% or more of the joints were filled, the ro-
tation angle of the block was not significantly different from when 100% of the joints were 
filled. Therefore, if the joint is required to be filled 75% or more, the rotation of the block 
must remain at 0.6° or below. This means that if the joint is not filled or interlocking forms 
between blocks, the rotation should not exceed 0.6°. 
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Figure 10. Relationship between rotation and shape factor (joint filling = 100%). 

 
Figure 11. Rotational angles according to lying pattern and degree of joint filling. 

 
Figure 12. Rotational angles according to degree of joint filling. 
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4. Conclusions 
In this study, we proposed LTE as the best indicator of concrete block pavement per-

formance. To evaluate the joint and bedding sand, the material properties that affect LTE 
were measured. The LTE and interlocking effects of concrete block pavements were also 
assessed. 

The load transfer characteristics and rotational interlocking effects were measured 
using a non-destructive method based on the degree of joint filling, block shape, and con-
struction pattern. 

According to the results, the shear strength of the river sand was the highest. A re-
view of bedding sand particle sizes showed that, in the evaluation results of the internal 
friction angle and shear strength according to the 0.6 mm content, the difference in shear 
strength was not significant. It was found that the shear strength and friction angle of the 
material increased as the 0.075 mm content increased. 

It appeared that, in all block shapes, the greater the degree of joint filling was, the 
greater the LTE; the rotation was smaller, which generated a strong interlocking effect. 
Based on these limited test results, LTE and rotation were compared according to the block 
shape and pattern. For each experiment, joint filling was used as the variable. The higher 
the LTE and smaller the rotation, the better the performance was of the block pavement. 
Depending on block shape, LTE can be improved by approximately 15% and the degree 
of rotation is approximately 20% different. However, we believe that the LTE pattern has 
a negligible effect. In the case of rotation, the difference according to the pattern is also 
limited when the joint filling is very low. Depending on the variables, joint filling im-
proves the LTE performance by more than 30% and rotation performance by 25%. There-
fore, to derive the optimal performance of the block pavement, it is recommended to use 
a block with a high shape factor and fill 100% of the joint. 

In this study, LTE and degree of rotation were proposed as major performance indi-
cators of block pavement. Additionally, factors related to performance were reviewed. 
The research results of measuring the performance change of block pavement according 
to variables through experiments can be used for block pavement design. In addition, it 
was possible to suggest the conditions under which block pavement can exhibit optimal 
performance. In the future, changes in LTE according to joint spacing, types of joint sand 
and bedding sand, and performance according to grading should be studied. 
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