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Abstract: Where suitable rock of only a limited size is scarce, asphalt grouting can be used to provide 
an impermeable armour layer of greater resistance to wave action than the component rock alone. 
Asphalt-grouted stone revetments provide a flexible and durable cover layer which can resists 
abrasion, is indifferent to chemical attack by salt water etc. 
The paper presents the research on the relationship between the depth of asphalt grouting penetration 
with the diameter of stone and asphalt viscosity to apply for designing asphalt-grouted stone 
revetments to protect sea dykes. 

Introduction 
Structure of asphalt-grouted stone revetments consists of hand-placed or randomly placed stones 

on the sea dyke embankment with the calculated thickness and the asphalt grouting filling the gaps 
between stones forms a compact, solid layer. Due to the requirement of asphalt grouting viscosity to 
fully fill the gaps, the asphalt grouting used in asphalt-grouted stone revetments has a higher rate of 
asphalt than one used for roads. The viscosity of the asphalt grouting is one of the most important 
parameters in the use of asphalt grouting for reinforcing stone revetments. 

According to many research over the world, especially the study of the Netherlands [10], the 
viscosity of asphalt grouting is usually obtained by experience and valid between 30 and 80 Pa.s. In 
Vietnam, the application of asphalt-grouted stone revetment to protect the sea dyke embankment has 
just stopped at the research stage. A study on the viscosity of asphalt grouting was done by Nguyen 
Thanh Bang et al. [1] shows that the viscosity is also acquired by experience with 30 Pa.s. In order to 
achieve accurate results in accordance with the source of materials used, temperature and climate 
conditions of Vietnam, the author will build a formula for the relationship between penetration depth, 
viscosity of asphalt grouting and diameter of stone. 

The formula for the relationship between penetration depth, viscosity of asphalt grouting and stone 
size is extremely significant and necessary in the process of designing aggregate of asphalt grouting. 
By selecting the size of stone used in embankment protection layer and the required penetration depth 
of asphalt grouting in stone revetments, the viscosity is determined to design the aggregate of 
grouting. 

Factors Affecting the Viscosity of Asphalt Grouting 
Asphalt grouting used in stone revetments is grouting made of bitumen, stone powder, sand, and 

gravel (can be added), at high temperatures with high fluidity, can fill itself into hollow slots between 
stones. It has the basic characteristics of composite materials derived from bitumen binders such as 
asphalt concrete (such as stability, ductility, volume characteristics) and has different characteristics 
such as high viscosity. 
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The following factors will affect the viscosity of asphalt grouting: 
 +) Temperature 
The temperature of asphalt grouting has a direct effect on its viscosity, the higher temperature of 

the grouting, the lower its viscosity. When the temperature increases the viscosity of the mixture 
decreases, the mixture becomes flexible, easy to penetrate, fill in the gap of stones. However, the 
viscosity of the mixture decreases to a certain value, in the first time when the mixture has not cooled 
down, the mixed material will be unstable, easily spilling out of the gaps of stones on the embankment 
[1, 4, 5]. 

+) Smooth filler 
With a suitable smooth filler content, the asphalt mixture material just ensures viscosity and does 

not appear separation. When large bitumen content and high mixture temperature begin to appear, 
separate the plastic at the aggregate level with low smooth filler content. Thus, the smooth filler also 
plays a role in stabilizing the workability of the mixture, reducing class separation, stratification [4, 5]. 

+) Aggregate 
The aggregate plays a very important role in the composite material, it accounts for a large 

proportion (about 80% in volume depending on the type of asphalt grouting), thus, it has a great 
influence on economic and technical of mixed materials criteria. With the same bitumen content and 
at a certain temperature, the aggregate has a continuous particle composition, round shape, smooth 
surface, the asphalt grouting will have a lower viscosity, or vice versa at a maximum temperature. 
With the same viscosity required, the composite material uses fine aggregate, the bitumen content 
will be lower. In addition, other physical and mechanical properties of aggregates such as solidity, 
aggregate origin also have significant impact on bitumen consumption, viscosity of composite 
materials [4, 5]. 

+) Bitumen 
Bitumen is the most key component to create the asphalt grouting for reinforcing stone revetments. 

In asphalt grouting bitumen acts as a binder to bond components of loose materials (stone powder, 
sand, and gravel) together. The optimal bitumen content depends on the type of bitumen, the 
proportion of ingredients, mechanical properties of loose materials (stone powder, sand, and gravel) 
and needs to be tested to determine [4, 5, 10]. 

+) Composition 
The composition of asphalt grouting is the percentage of mass between the component materials 

(bitumen, stone powder, and sand). As mentioned above, the physical and mechanical properties of 
the materials constituting the composite material have a direct effect on the viscosity of the mixture. 
In addition, the mixing ratio between these components also has a great influence on its viscosity. At 
certain temperatures, the bitumen content increases, the viscosity of the mixture decreases, however, 
the increase in the bitumen content exceeds the allowable limit, causing the plastic to be separated, 
the viscosity of the mixture does not decrease further. Smooth filler (stone powder) is put into mixed 
materials with the purpose of adding fine-grained content to aggregate to create aggregate with 
continuous particle composition with small pore ratio, surface ratio of aggregate reasonably reduces 
bitumen consumption while still ensuring the required viscosity, with a certain bitumen content, when 
the proportion of the components of the aggregate is optimal, the composite material will have 
optimum viscosity. [4, 5, 10]. 

Methodology 
Research Method. In this study, the author uses the second-order centering experimental planning 
method to determine the relationship between the depth of penetration of asphalt mortar with the size 
of stone and asphalt viscosity. 

To build a mathematical model that demonstrates the effect of asphalt mortar viscosity (η), size of 
pebble stone (d) to depth of asphalt penetration (l), set the coordinate system Oxy with d, η is the real 
variables X1, X2 are the corresponding code variables, in which: 
- d: Indicate the size of the basement stone (cm) (in Vietnam, diameter stone vary from 10 to 30 cm).  
- η: Expression of asphalt mortar viscosity (Pa. s) (vary from 30 to 80 Pa.s.) 
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After coding we have 
- X1: Variables denoting the size of the paving stone d 
- X2: Variables denoting asphalt mortar viscosity 
The objective research function is the depth of penetration of asphalt grouting in the stone revetment. 
The selected planning model is the second nonlinear statistical model; the two optimal levels have 
the following form:  
 

Y = bo + b1x1 + b2x2 + b12x1x2 + b11x1
2 + b22x2

2       (1) 
 

Experimental number: N = 2n + 2n + No = 22 + 2x2 + 1 = 9. In order to increase the accuracy of the 
obtained model, experiment 5 times at the center of the plan is conducted, so that the total comparison 
of experiment N = 8 + 5 = 13 experiments, degrees of freedom of the center repeat experiment f0 = 
m -1 = 5 - 1 = 4. The coding scheme is described in Fig. 1. 
 

 
Fig. 1 Diagram of doing the second-order cantering experimental planning. 

 

Experimental matrix according to quadratic rotational model with 5 experiments at centre is given in 
Table 1. 

 

Table 1. Quadratic rotational experimental matrix. 
  Variant Real variable x1x2 x1

2 x2
2 No. Xo X1 X2 Z1 Z2 

1 +1 +1 +1 10 30 +1 +1 +1 
2 +1 +1 -1 30 30 -1 +1 +1 
3 +1 -1 +1 10 80 -1 +1 +1 
4 +1 -1 -1 30 80 +1 +1 +1 
5 +1 -1.414 0 5 55 0 1 0 
6 +1 +1.414 0 35 55 0 1 0 
7 +1 0 -1.414 20 20 0 0 1 
8 +1 0 +1.414 20 90 0 0 1 
9 +1 0 0 20 55 0 0 0 
10 +1 0 0 20 55 0 0 0 
11 +1 0 0 20 55 0 0 0 
12 +1 0 0 20 55 0 0 0 
13 +1 0 0 20 55 0 0 0 

Equipment, Instruments and Experimental Sequences for Determining the Penetration Depth. 
There are some main experiments: 
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- Determining the viscosity of the asphalt composite material, the selected test temperature 
depends on the construction conditions. Usually from 130-170oC. 
- Determine the maximum penetration depth of asphalt composite materials in the stone placed 
mold. 

Sample preparation required.  
- All input materials used to make materials of asphalt mixture in paving stones must conform to 

the technical requirements of the current regulations. 
- Size of laboratory samples: Using a square sample of size 600 mm x 600 mm, height 700mm. 

When casting the sample, it must comply with the heating sequence, mixing the mixture, paving 
stones (stacking stones in the casting sample).  

- Number of samples needed: for each scenario experiment with pairs of stone size and 
corresponding viscosity required at least 3 samples, total 13 x 3 = 39 samples. The result of deep 
depth is the average value of 3 samples.  

- Sample mixing temperature is the temperature at which viscosity of plastic is 170 ± 20 and 280 
± 30 centistokes kinematic, respectively. These temperatures can be determined on the graph that 
represents the relationship between viscosity and temperature of the type of plastic being used. 
Normally for 60/70 plastic, the mixing temperature is from 155oC to 160oC and the temperature is 
poured asphalt mixture into dry stone from 145oC to 150oC. 

Device requirements. 
- Some metal trays with a flat bottom are used to heat aggregate samples. 
- Mixers used to mix plastic with aggregates (mixers with heating tanks) 
- Oven and stove (preferably an electric stove with a heating speed adjustment button) used to 

heat aggregates, plastics and other tools.  
- Metal sampling device used to prepare aggregate samples. 
- Plastic containers, can be cylinders, drums used to heat plastic. 
- Thermometers can be metal-coated, glass thermometers or clocks with metal heat sensors, with 

a scale of 10oC to 235oC used to measure the temperature of plastic, aggregates and stone asphalt 
mixtures pant. 

- Scales: Balance types for plastic, aggregate. 
- Viscometer and stopwatch for measuring viscosity. 
- Heat resistant gloves, rubber gloves. 
Experimental determination of penetration depth. 
- Each material sample will be tested or analysed in the following order: 
- Preparing the experimental mold of box shape with size 600x600x700mm. 
- Prepare materials, machinery and equipment for experiment. 
- Stacking stones into the mold (similar to the work of a stone revetment). 
- Mix the asphalt mixture, check the temperature, the viscosity mixture before pouring the 

mixture into the mold. 
- The asphalt mixture material after being proportionally mixed and measured viscosity, proceeds 

to pour into the mold that has been filled with crushed stone. 
- The penetration depth of the sample can be determined immediately after the sample is cooled 

to room temperature. By measuring tape and the naked eye after the mold is removed. (To be able to 
accurately break the casting sample to observe and measure the penetration depth in the position 
between the casting pattern). 

Results and Discussion 
Based on 13 test scenarios with the diameter of stone and the corresponding asphalt grouting, the 

authors carried out experiments to determine the corresponding depth of asphalt mortar. 
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Fig. 2 Some pictures during the experiment. 

Experimental results of penetration depth of asphalt mortar are presented in Table 2. 
Table 2. Experimental results of penetration depth of asphalt mortar. 

 
No. 

 
Xo Variant Real variable Depth of penetration of 

asphalt mortar (cm) 
X1 X2 Z1 Z2 L 

1 +1 +1 +1 10 30 20.6 
2 +1 +1 -1 30 30 67.5 
3 +1 -1 +1 10 80 15.7 
4 +1 -1 -1 30 80 47.7 
5 +1 -1 0 5 55 7.8 
6 +1 +1 0 35 55 69.2 
7 +1 0 -1 20 20 38.9 
8 +1 0 +1 20 90 21.3 
9 +1 0 0 20 55 26.8 
10 +1 0 0 20 55 28.5 
11 +1 0 0 20 55 26.3 
12 +1 0 0 20 55 27.7 
13 +1 0 0 20 55 28.4 

 
Using Design Expert 11 software to solve experimental planning problems, after removing the 

coefficients which are not statistically significant and testing the compatibility of experimental 
models, the depth regression equation infiltrate asphalt mortar into hollow slit and variables X1 and 
X2 are attained as follows:  

 

Y = 19.37 + 0.342 X1 – 0.333 X2- 0.015 X1 X2+0.064 X1
2 + 0.003 X2

2    (2) 
 

A formula for the relationship between penetration depth, viscosity of asphalt grouting and 
diameter of stone is shown as follows: 

 

l = 19.37 + 0.342 d – 0.333 η – 0.015 d η + 0.064 d2 + 0.003 η 
2     (3) 

 

In which:  l - penetration depth (cm) 
d- diameter of stone (cm)  
   η- asphalt grouting viscosity (Pa. s) 
Design Expert 11 empirical planning software not only defines the correlation equation of 

variables also denotes correlation values in graphs in two forms. 
Form 1: Surface of expression of objective function in depth penetrates according to code variable 

(X¬1 size of pebble stone, X2 viscosity of asphalt mortar) in the form of 3-dimensional space. 
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Form 2: Surface contour lines expressing the objective function in depth penetrate according to 
the code variable (X¬1 size of the pebble stone, X2 viscosity of asphalt mortar) in the form of plane 
(2 dimensional). 

Through the forms of correlation between the penetration depth of the material of asphalt mixture 
in the hard rock with the size of the stone and the asphalt viscosity, it has shown the full details of the 
correlation to make it easier for readers. It is easy to analyse the correlation rule for the most efficient 
and accurate use. 

 
(a) contour plot 

 
(b) 3-D response surface 

Fig. 3 Diagram of the relationship between depth of penetration  
with viscosity and diameter of stone. 

Conclusion 
Based on the analysis of the influencing factors between the depth of asphalt mortar penetration 

with the size of stone and the asphalt viscosity, the author uses experimental planning methods to 
establish a relationship formula. The influencing factors, the variability of the influencing factors 
(according to domestic and foreign experience), experimental scenarios are identified and 
experiments are conducted according to scripts. Using Design Expert software 11, the formula is 
found out to calculate the penetration depth of asphalt mortar in the gaps in surface of stone revetment. 

Formula 3 also shows the relationship between depth of asphalt mortar penetration with diameter 
of stone and viscosity. Therefore, it is possible to determine the required viscosity of the asphalt 
grouting corresponding to the size of stones and the thickness of amour layer (asphalt penetration 
depth). The determined viscosity is the basis for the design of the aggregate of asphalt grouting used 
for reinforcing stone embankments. 
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