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Problem statement. When performing road construction works using cold recycling technology, the con-
struction of foundations from cement-crushed stone-gravel-sand mixtures or reinforced soils, the question 
arises about the use of various modifiers or stabilizers. A large number of various modifications and stabi-
lizers are produced serially on the territory of the Russian Federation, which are additives used together 
with binders to improve the quality of reinforced materials - structural layers of road clothes. Determining 
the effect of modifiers and stabilizers (in particular, the MADOR modifier) on the structure of the binder-
reinforced material requires research by physico-chemical methods. 
Results. The review of the results of physico-chemical studies of the effect of the MADOR modification 
on the structure of non-cohesive soils reinforced with cement and used for the construction of structural 
layers of pavement is given. The results of studies of the structure of the material reinforced with cement 
together with the MADOR modifier are presented. 
Conclusions. A positive effect from the use of the MADOR modifier for strengthening the material under 
study has been established due to the predominance of the active phase, which provides a higher uni-
formity of the structure and increased physical and mechanical properties. The studies carried out allow 
us to conclude that the durability and reliability of the structural layers of road clothes arranged by the 
method of cold regeneration using the MADOR modifier are increased. 
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Introduction. Currently, in the practice of road construction, when strengthening soils or crushed 

stone-sand-gravel mixes with cements, various modifiers and stabilizers are broadly used for im-

proving their technological as well as physical and mechanical properties [2, 6, 7, 15––21]. A large 

number of studies have been dedicated to the efficiency of modifiers and stabilizers in soil stabiliza-

tion using various methods [3, 4, 11, 12], positive experience has been obtained in the field of con-

struction and road repairs [1, 5, 9, 10, 13, 14]. 
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In order to improve the technological properties, enhance the strength and frost resistance, as well 

as to increase the deformation and load-bearing capacity of the structural layer [8], chemical addi-

tives should be utilized meeting the requirements of the relevant regulatory documents. The use of 

cement additives in soil stabilization should be justified for a specific type of roadwork conditions. 

Various manufacturers are offering a lot of various additives to cement used in strengthening mate-

rials used as a road base. At the same time, in the overwhelming majority of cases, there is no in-

formation available on the effect of the modifier on the physical and chemical properties of the ma-

terial to be strengthened, according to which it is possible to make an objective assessment of the 

possibility of its application for specific conditions of road repair or construction. This circumstance 

has caused a need to investigate the preparations for strengthening soils with cement. 

In order to assess the effect of the additive on the physicochemical properties of the cement-

reinforced material, studies of the modifier MADOR (STO 16308651-001-2022) were performed. 

According to the manufacturer, this additive improves the quality of the cultivated soil or crushed 

stone-sand-gravel mix reinforced with cement for increasing the durability and service life of a road 

base. The study of the influence of the MADOR modifier on the change in the structure of the dis-

persed material strengthened by cement was performed in three following ways: 

1) by investigating the microstructure of materials by means of a JSM-6380LV scanning electron 

microscope; 

2) X-ray phase analysis on a PANalytical EMPYREAN automatic diffractometer; 

3) analysis of the chemical composition of the average material sample on an X-ray fluorescence 

spectrometer S8 Tiger (Bruker AXS GmbH). 

For the study, the following samples of the material reinforced with cement and MADOR modifier 

of the following composition were taken: 

–– soil (sandy) in accordance with GOST 25100-2020 –– 50 %, sand from screenings of 

crushed stone of the Obukhov quarry (fr. < 0.315 mm) –– 50 %, cement 42.5 –– 10 % of the mass 

of the mineral part (soil + screenings), water –– 11.43 % (optimum soil moisture); 

–– soil (sandy) in accordance with GOST 25100-2020 –– 50 %, sand from screenings of 

crushed stone of the Obukhov quarry (fr. < 0.315 mm) –– 50 %, cement 42.5 –– 10 % of the mass 

of the mineral part (soil + screenings), water –– 11.43 % (optimum soil moisture), MADOR addi-

tive –– 3 % by weight of cement. 

1. Study of the microstructure of cement-reinforced materials using electron microscopy. The 

study of the microstructure of materials reinforced with cement (C) and MADOR modifier (M) was 

performed by means of a JSM-6380LV scanning electron microscope. Through the course of the 

research, images of objects were obtained in the secondary electron emission mode at an accelera-
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ting voltage of 20 kV and magnification from ×350 to ×10000. The images show the microstructure 

of the cleavage surface of the samples. The micron marker present in the images makes it possible to 

estimate grain sizes, layer thicknesses, and scales of other features. In order to investigate the surfaces 

by means of a scanning microscope, fresh fractures (chips) of structures were made. Flat cleavage 

fragments sized 5––10 mm were fixed on sample holders using double-sided adhesive electrically 

conductive tape. The samples prepared in this way on holders were placed on a goniometric table in 

the working chamber of the SEM and, after the chamber was evacuated, were examined. The con-

ducted studies allow us to obtain images of the surface of an object with a high (up to 0.4 nanometers) 

spatial resolution. The resulting images are shown in Fig. 1 and 2. 

 

 
 

Fig. 1. Image of the material samples reinforced with cement  
 

 

 
 

Fig. 2. Image of the material samples reinforced with cement and the MADOR modifier  
 

According to the results of studies performed by electron microscopy, it can be concluded that: 

–– the samples of material treated with cement without a modifier are dominated by a frame-

work crystal structure with the presence of acicular crystals which are typical of those of neoplasms 

of cement stone which cause brittleness of the material while an external load is being applied; 

–– the material samples treated with cement and MADOR modifier are dominated by a mono-

lithic amorphous structure with a microporous crystalline network of aluminosilicates with pore si-

zes less than 50––500 nm, which ensures the homogeneity of the material structure as well as its 

stable physical and mechanical properties. The joint action of cement and the MADOR modifier is 

associated with a complex of interrelated mechanisms: the catalytic role of nanosized (up to 
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100 nm) particles as crystallization centers where the energy barrier of chemical and physi-

cochemical interactions decreases; mechanism associated with a higher probability of chemical 

transformations occurring in heterogeneous processes of phase formation of hydrated compounds 

with the corresponding chemical and mineral composition and high values of the specific surface 

area of the particles of the MADOR modifier and nanosized particles of the reacting phases. 

2. Study of the microstructure of cement-reinforced materials using X-ray phase analysis.  

X-ray phase analysis was conducted on a PANalytical EMPYREAN automatic diffractometer 

(Fig. 3) using Cu Kα1 radiation (hybrid Ge{111} monochromator on the primary beam) and a 

PIXcel1D position-sensitive detector. The measurement was carried out in reflection mode, θ/2θ 

scanning with a step of 0.026° over 2θ. Measurement range – 15…80° 2θ. The calculation of 

interplanar spacings and integrated intensities used to refine the cell parameters was carried out ac-

cording to the profile analysis of experimental diffraction patterns (Pauli method). Phase analysis 

(semi-quantitative) was carried out using a "powder" database. 

PDF-2 ICDD (International Center for Diffraction Data). All of the calculations for refinement of 

diffraction patterns, determination and refinement of cell parameters, determination of the phase 

composition were performed using the HighScore Plus, Version: 3.0.t (3.0.5) software package (de-

veloped by PANalytical B.V., the Netherlands). 

 

  
 

Fig. 3. Equipment for the study of microstructure by means of X-ray phase analysis 
 
Through the course of the studies of the material reinforced with C and CM, the x-ray diffraction 

patterns shown in Fig. 1 were obtained by means of X-ray phase analysis (Fig. 4 and 5). 

According to the results of the studies conducted by means of the method of X-ray phase analysis, it 

was found that 39% of silica particles participate in the structure formation of the material treated 

with cement without a modifier, and 50% of silica particles in the material treated with cement and 

the MADOR modifier, which is 1.28 times higher. Silica particles provide an amorphous (active) 
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part of the structure for adsorption processes on their surface. Apart from the appearance of me-

chanical contacts between the particles of the composite, new chemical bonds with amorphous sili-

ca are formed, which provides higher physical and mechanical characteristics of the material. 

 

 

 
 

Fig. 4. Radiograph of the samples of the cement-reinforced material 
 

 

 
 

Fig. 5. X-ray pattern of the samples of the material reinforced with cement and the MADOR modifier 
 
3. Study of the microstructure of cement-reinforced materials by means of the method of 

chemical composition analysis. The chemical composition of an averaged sample of materials re-
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inforced with Z and ZM was determined on an X-ray fluorescence spectrometer S8 Tiger (Bruker 

AXS GmbH). The results were processed using the developed methods in the Spectra Plus program 

(Bruker AXS GmbH). X-ray phase analysis was conducted on a Panalytical Empyrean automatic 

diffractometer on oriented preparations with a fraction of less than 0.002 mm. Quantitative determi-

nations of mineral phases were performed by means of the method of integral intensities over the 

height of reflections. 

The results obtained during the chemical analysis of the material reinforced with C and CM are 

shown in Table. 
 

Table 
Results of the element analysis 

 

Index, % 
Sample with the 

MADOR  
modifier 

Sample without 
the MADOR 

modifier
Index, % 

Sample with the 
MADOR  
modifier 

Sample without 
the MADOR 

modifier
Na 0.377 0.302 Ca 8.982 7.741
Mg 0.538 0.446 Ti 0.272 0.249
Al 2.457 2.084 Cr 0.023 0.012
Si 12.483 11.104 Mn 0.123 0.095
P 0.038 0.036 Fe 4.283 3.635
S 0.15 0.132 Zn 0.03 0.02
K 1.056 0.925 Sr 0.104 0.098

 

Studies of the material reinforced with C and M by means of chemical analysis yielded the follo-

wing results: the major structure-forming elements of these composites are calcium, silicon, alumi-

num, magnesium, and iron. In the samples treated with the MADOR modifier, their content is  

15––20 % higher than in the samples without the modifier. The increased content of the major 

structure-forming elements makes it possible to obtain more coagulation and crystallization contacts 

during molding leading to an increase in the strength characteristics of the material. 

Conclusions  

1. Through the course of the studies of the influence of the MADOR modifier on the quality of 

cement-reinforced soils and mineral mixes, its positive effect on their physical and mechanical 

properties has been identified. 

2. An increase in physical and mechanical characteristics is achieved due to the fact that while 

using the MADOR modifier, the active phase dominates in the cement-reinforced material roviding 

a higher uniformity of the structure and enhanced physical and mechanical characteristics. 

3. 1.28 times more silica particles participate in the structure formation of the material treated 

with cement and the MADOR modifier. Silica particles provide an amorphous (active) part of the 

structure for the concentration of other solid particles on the surface. Apart from the appearance of 

mechanical contacts between the particles of the composite, new chemical bonds are formed 

providing higher physical and mechanical characteristics of the material. 
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4. The amount of calcium, silicon, aluminum, magnesium, iron present in the samples treated with 

the MADOR modifier is 15-20% more than in the samples not treated with the modifier. An 

increased content of such elements makes it possible to obtain a larger number of strong contacts in 

the crystal lattice during molding leading to an increase in the strength characteristics of the 

material. 

5. The studies have enabled us to conclude that the durability and reliability of the structural 

layers of pavements arranged by the cold regeneration method using the MADOR modifier are 

increased. 
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