Experimental study on rolling segregation of cement
stabilized macadam

Zhibin Wang!, Xiaosen Wang?, Wenli Qiu’, Huilin Meng*, Haidong Li®

1.3, SHebei Xiong’an Jingde Expressway Co. Ltd., Baoding Hebei, China

2 4Research and Development Center of Transport Industry of Technologies, Materials and Equipment of
Highway Construction and Maintenance, Shijiazhuang, China

2 “Hebei Provincial Communications Planning, Design and Research Institute Co. Ltd., Shijiazhuang,
China

2Corresponding author

E-mail: 1957798201 @qq.com, 2399310432@qq.com, 3530194490@qq.com, *286992560@qq.com,
3610201842@qq.com

Received 13 April 2023, accepted 8 May 2023; published online 21 September 2023 W) Check for updates
DOI https://doi.org/10.21595/vp.2023.23323

64th International Conference on Vibroengineering in Trieste, Italy, September 21-22, 2023

Copyright © 2023 Zhibin Wang, et al. This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Abstract. Indoor simulated mixing building storage bin unloading, forming conical piles. The
effects of falling distance, mixing time and water content on rolling segregation of cement-
stabilized macadam were analyzed by three indexes, including repose Angle of pile, key sieve
passing rate and cement dosage. The results show that the segregation of mixture can be increased
significantly with the increase of drop distance. The separation degree of the mixture can be
effectively controlled by controlling the unloading distance within 70 cm. Mixing time has little
effect on the Angle of rest and gradation segregation of the mixture, but has significant effect on
the distribution uniformity of cement. Indoor mixing time should reach more than 45 s. When the
mixing water content is less than the optimal water content, the segregation of the mixture is
serious. When the moisture content increased to 1.5 %, the mixture showed obvious bleeding
phenomenon. The mixture shall not be lower than the optimal moisture content before the crushing
is completed, and the moisture content increase shall not exceed 1.5 % of the optimal moisture
content as far as possible.

Keywords: cement-stabilized crushed macadam, rolling segregation, angle of repose, mixing
time, cement dosage.

1. Introduction

Cement stabilized crushed stone mixture is composed of heterogeneous aggregates and cement
with different particle sizes. There are obvious differences in volume and density between the
components of the mixture. In mixing, paving and other construction links, the movement of each
component is different [1]. This results in uneven distribution of the mixture in the solid
engineering, namely segregation. The segregation of the mixture results in the deviation of local
pavement performance from the design objective. Segregation results in the increase of partial
voidage of semi-rigid base, the decrease of cement dosage, and the damage of overall bearing
capacity of pavement [2-3]. This is an important factor affecting the service quality of pavement.
Mastering the segregation law of cement stabilized macadam mixture and putting forward the
control measures according to the influencing factors are the important guarantee to improve the
uniformity of pavement construction and ensure that the service life surface of pavement reaches
the design goal.

Cement stabilized crushed stone is a mixture of different particles in composition. The
movement in the construction process satisfies the basic law of friction and collision between
particles [4]. Qin Wen from Chang’an University proposed a test method for simulating
construction segregation. Based on the movement characteristics of different particles, the
mechanism of segregation in different stages of production was analyzed [5]. Ketterhagen et al.
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simulated the motion state of particles in a wedge funnel and analyzed the rolling segregation rule
of particles [6]. Carr et al. used viscoelastic model to analyze the influence of cement on the
segregation of mixture [7]. Lin Chao used a homemade funnel in the laboratory to conduct
simulation tests to study the influence of the pile Angle of the mixture on segregation [8]. Han
Leng put forward an evaluation method of mixture segregation based on voidage ratio [9]. Based
on the topic of “Research on Lean Construction Technology of semi-rigid base asphalt Pavement”,
this paper analyzes the important factors affecting the segregation of cement stabilized gravel
mixture in the construction process through laboratory simulation test, and provides support for
the uniformity control scheme of semi-rigid base.

2. Mixture design

Limestone aggregate was used in the test, and the grading curve of the mixture was determined
by sifting each grade, as shown in Fig. 1. The benchmark test used 4.5 % cement dosage. The
optimal water content of 4.7 % and the maximum dry density of 2.483 were determined by
vibration compaction method.
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Fig. 1. Mixture grading curve
3. Test method for segregation of mixtures

The segregation of the mixture mainly occurs in the process of mixing, loading, unloading and
laying. The root cause is caused by the asynchronous movement between different materials [10].
Conical piles are formed when granular materials are loaded and unloaded. The conical Angle of
the piles is the Angle between the free surface and the horizontal plane when the free surface of
the accumulation body is in the limit state of equilibrium. Conical piles will be formed when
granular materials are loaded and unloaded. The conical Angle of the piles is the Angle between
the free surface of the accumulation body and the horizontal plane, which is called the Angle of
repose, as shown in Fig. 2. It is an important parameter to characterize the flow characteristics of
mixed particles. Segregation of the mixture is caused by mobility. The relationship between
mobility of granular material and Angle of repose is shown in Table 1. The cohesiveness of the
mixture reduces rolling segregation. In this paper, the free flow in the unloading process is
simulated and the factors affecting the segregation of mixture are evaluated by the Angle of repose.

Table 1. Relationship between flow characteristics of granular mixture and Angle of repose

Angle of repose (°) Characteristics of granular mixture
25-35 Free flow
35-45 Medium fluidity, slightly sticky
45-55 Can not flow freely, good cohesiveness
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Fig. 2. Mix pile shape

The segregation of the mixture directly affects the distribution of gradation and cement dosage,
and finally affects the strength of the mixture. The influence of segregation on the performance of
the mixture was evaluated by the variability of the key sieve pass rate of the mixture and the
dosage of cement by extracting the mixture from different locations ((1) and (2) in Fig. 1).

4. Segregation test analysis of mixture
4.1. Effect of falling distance on Angle of rerest of mixture

In order to analyze the influence of unloading distance on mixture segregation, a funnel-shaped
device was used to simulate the storage bin for indoor mixture unloading test. Mix according to
the mixing ratio determined by the benchmark test to produce the mixture. 6 groups of mixture
unloading tests were carried out according to different drop distances, and 5 parts of cement
stabilized gravel mixture were mixed in each group, each of which was 4 kg. In each group of
tests, each mixture is loaded into the storage hopper for free unloading. After each mixture is
unloaded, the height and diameter of the accumulated pile are measured and the Angle of reactivity
is calculated. The test results are shown in Table 2.

It can be seen from the test results that the Angle of rest of the pile is related to the blanking
mass and falling distance, and the falling distance has a greater influence on the Angle of rest.
When the discharge mass is large, the pile is stable, and the Angle of repose is representative.
When the landing distance is less than 70 cm, the Angle of rest has little change, while when the
landing distance is more than 90 cm, the Angle of rest decreases significantly with the increase of
the landing distance. Under the condition of the same drop distance, the repose Angle of the pile
increases with the increase of the discharge mass. This is because the interaction between the
mixture and the ground increases the rolling dispersion during the initial discharge. After the
formation of the pile, the buffer effect is generated on the discharged mixture, and the repose
Angle gradually becomes stable. When the falling distance is less than 90 cm, the mass of the
mixture reaches more than 12 kg and the Angle of rest tends to be stable; when the falling distance
is more than 110 cm, the mass of the mixture reaches more than 16 kg and the Angle of rest tends
to be stable.

Table 2. Unloading test results of cement stabilized gravel at different falling distances

Angle of repose weight Drop distance
50cm | 70cm | 90cm | 110cm | 130 cm | 150 cm
4 kg 38.7 38.4 37.5 35.2 31.1 30.6
8 kg 39.6 38.9 38.1 36.1 33.1 32.6
12 kg 39.5 39.2 38.6 36.7 33.7 33.2
16 kg 39.5 39.3 38.9 37.4 34.2 33.9
20 kg 39.7 39.5 38.8 379 34.5 34.1

4.2. Effect of drop distance on segregation of mixture

The 4.75 mm sieve pass rate of the mixture is an important index to characterize the gradation
thickness. After the mixture segregation, the ratio of coarse and fine aggregate changes, and the
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dosage of cement in different positions of the mixture also varies. In order to analyze the impact
of mixture unloading on segregation, the mixture is taken from two locations of the pile ((1) and
(2) in Fig. 2). The mixture at the two locations was divided into two parts. One part was used to
measure the cement dosage and the other part was screened to determine the 4.75 mm pass rate.
The key sieve pass rate test of the mixture is shown in Table 3, and the cement dose test results
are shown in Table 4.

Table 3. Test results of key sieve passing rate of mixture
Drop distance (cm) 50 70 90 110 | 130 | 150
(1) 4.75 mm Pass rate | 36.2 | 36.1 | 36.8 | 37.4 | 39.1 | 39.5
(2) 4.75 mm Pass rate | 32.5 | 32.1 | 31.3 | 29.5 | 29.1 | 28.3

Table 4. Dosage test results of mixed cement
Drop distance (cm) 50 | 70 | 90 | 110 | 130 | 150
(1) Cement dosage (%) | 4.7 | 49 | 4.7 5 4.8 | 49
(2) Cement dosage (%) | 4.1 | 42| 4 | 38 | 3.6 | 3.7

As can be seen from Table 3, there is a significant difference in the gradation of mixtures at
the top and bottom of the pile. Compared with the design grading, the pass rate of 4.75 cm at the
top of the pile increases, while the pass rate of 4.75 cm at the bottom decreases. The top gradation
is thinner and the bottom gradation is thicker. With the increase of drop distance, the top gradation
changes little, and the bottom becomes more obvious. When the drop distance is less than 70 cm,
the pass rate difference of 4.75 cm sieve reaches 4 %. When the drop distance is 150 cm, the pass
rate difference of 4.75 cm sieve increases nearly twice, reaching more than 11 %. Due to the
particle property of the mixture itself, segregation of the mixture is inevitable during loading and
unloading, but the separation degree of the mixture can be effectively limited by controlling the
fall distance within 70 cm.

As can be seen from Table 4, the cement dose at the top of the pile is higher than the reference
cement dose, while the tested cement dose at the bottom is lower due to segregation of the mixture
gradation at different locations. Therefore, the detection of mixture gradation and cement dose on
the construction site is greatly affected by the uniformity of taking material, so it is necessary to
take material evenly on the drive belt as far as possible.

The segregation of the mixture gradation directly leads to the uneven density of the structural
layer after forming, and the difference of the dosage of cement leads to the difference of the
strength of different parts. The result is the uneven bearing capacity and cracking performance of
the whole semi-rigid base, which makes the pavement structure performance far from the design
expectation.

4.3. Effect of mixing time on segregation

Mixing time is an important factor affecting the performance of the mixture. The mixing state
of the mixture was distinguished by adjusting mixing time in an indoor mixing pot, and the
influence of mixing adequacy on segregation of the mixture was analyzed. In order to ensure the
differentiation of test results, 90 cm unloading height was adopted, and each group of mixed
materials was no less than 16 kg. The test results are shown in Table 5-Table 7.

The results show that mixing time has little effect on the Angle of rest and segregation of
cement stabilized gravel. When the indoor mixing time is less than 30 s, the dispersion of cement
dose is larger, and the cement cannot be fully dispersed in the mixture for a short mixing time,
resulting in the cement gathering in the fine aggregate, and the coarse aggregate cannot be fully
wrapped by the cement. The dosage distribution of cement was stable when the mixing time was
greater than 45s. The mixing effect can be improved by increasing the mixing strength or
extending the mixing time in engineering. It is recommended to use double mixing tank or
vibrating mixing tank to mix the mixture.
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Table 5. Angle of repose of cement stabilized gravel at different mixing time
Mixing time (s) 15 30 45 60 75 90
Angle of repose (°) | 38.4 | 38.3 | 38.2 | 38.5 | 38.8 | 38.7

Table 6. Key sieve passing rate of mixtures at different mixing times
Mixing time (s) 15 30 45 60 75 90

(1) 4.75 mm Pass rate | 36.5 | 36.7 | 36.3 | 36.1 | 36.5 | 36.4

(2) 4.75 mm Pass rate | 30.8 | 31.7 | 31.5 | 31.9 | 31.7 | 323

Table 7. Test results of cement dosage of mixtures at different mixing times

Mixing time (s) 15 130 | 45 |1 60 | 75 | 90
(1) Cement dosage (%) | 5.1 | 49 | 4.7 | 47 | 48 | 4.6
(2) Cement dosage (%) | 3.6 | 3.8 | 4.0 | 39 | 4.1 | 40

4.4. Effect of water content on segregation

There is a certain time interval between the production of the mixture and the completion of
spreading and rolling. In order to ensure that the mixture at the spreading and rolling stage is close
to the optimal water content, the water content is generally increased by 0.5 %-1.0 % during the
mixing production. The change of water content has a direct effect on the cohesiveness of the
mixture. Based on the best moisture content, the water content was adjusted at intervals of 0.5 %.
The unloading height of 90 cm was adopted, and the mixing time of 90 s was no less than 16 kg
for each group. The influence of water content on segregation of mixture was analyzed
experimentally, and the experimental results were shown in Table 8- Table 10.

Table 8. Repose angle of gravel stabilized by mud with different moisture content
Water content (%) | 3.7 | 42 | 47 | 52 | 57 | 62
Angle of repose (°) | 35.5 | 37.1 | 38.7 | 39.2 | 39.1 | 38.6

Table 9. Key sieve pass rate of mixtures with different water content
Water content (%) 37 142 | 47 | 52 | 57 | 6.2
(1)4.75 mm Pass rate | 37.5 | 37.2 | 36.4 | 36.1 | 36.3 | 36.6
(2)4.75 mm Pass rate | 25.7 | 28.3 | 32.3 | 33.2 | 33.1 | 329

Table 10. Dosage of cement mixed with different water content

Water content (%) 37 142 |47 |52 |57]62
(1) Cement dosage (%) | 5.1 | 4.8 | 4.6 | 47 | 47 | 5.0
(2) Cement dosage (%) | 3.5 |39 | 4 | 413939

According to the test results, under the condition of sufficient mixing, when the water content
of mixing is less than the optimal water content, the Angle of rerest decreases significantly, and
the bottom of the pile is dominated by coarse aggregate and segregation details. Inadequate water
content will increase the segregation of the mixture, resulting in a decrease in cement slurry
adhesion. The uneven cement coating has a serious effect on the properties of the mixture. At the
same time, the lack of moisture content will affect the field compaction degree. When the mixing
water content is higher than the optimal water content, the adhesion of cement and fine aggregate
on the surface of coarse aggregate is enhanced, the cohesiveness of the mixture is increased, and
the rolling segregation of the mixture is obviously reduced. When the moisture content increases
to 1.5 %, there is obvious bleeding phenomenon in the mixture, which affects the distribution of
powder and cement in the mixture, and the spring phenomenon appears in the field rolling.
Therefore, cement stabilized crushed stone mixing production should ensure sufficient moisture
content, so that the mixture is not less than the optimal moisture content before the completion of
rolling. The moisture content of the mix should not exceed 1.5 % of the optimal moisture content.
The construction in high temperature season should achieve effective water retention, and cannot
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blindly increase the mixing moisture content, otherwise the uneven distribution of the moisture
content of the mixture will also cause the compaction segregation of the base. When necessary,
water can be properly replenished in the rolling process through the roller to ensure even
compaction effect.

5. Conclusions

The effects of unloading distance, mixing time and water content on the rolling segregation of
the mixture were analyzed by using the Angle of rerest, key sieve pass rate and cement dose. The
following conclusions are drawn:

1) Unloading distance has significant effect on segregation of mixture. With the increase of
fall distance, the rerest Angle of the pile decreases, the fine aggregate at the top of the pile
increases, the coarse aggregate at the bottom increases, and the segregation distribution of cement
with gradation is uneven. In order to reduce the segregation of the mixture during unloading, it is
advisable to control the unloading distance within 70 cm.

2) Mixing time has little effect on the segregation of cement stable fragmentation gradation.
Mixing time affects the dispersion of cement in the mixture and the binding of aggregate. In order
to ensure the mixing effect, indoor mixing should reach more than 45 s. In practical engineering,
the mixing quality can be guaranteed by increasing the length of mixing tank, increasing mixing
times and improving mixing strength.

3) When the mixing water content is less than the optimal water content, the cement paste
adhesion decreases, the cement coating is uneven, resulting in the separation of the mixture
intensified. In order to control bleeding of the mixture, the increase in moisture content should not
exceed 1.5 % of the optimal moisture content.
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