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material remaining permeable. This is highlighted 
by strength tests on the composite material. Finally, 
the numerical calculation of a track ballast stabiliza-
tion, using PFC-FLAC3D coupling, demonstrates the 
potential of the polymers for practical application and 
that even difficult ground conditions can be handled 
with it.

Keywords  Chemical grouts · Ground 
improvement · Distinct element method · Polymers

1  Introduction

Polymers are well-established in geotechnical appli-
cations, for example as grouting material for soil and 
rock stabilization and, in addition to the conventional 
cementitious grouts, are present in all kind of foun-
dation engineering projects. The application pos-
sibilities of chemical grouts range from soil to rock 
improvement, whereby different aims can be pursued. 
Among these are most notably the reduction of per-
meability, the reduction of deformation or settlements 
and the increase of the load-bearing capacity. The 
selection of the chemical grout and the technically 
correct application of the chemical grout are crucial 
for the success of the ground improvement. In this 
scientific research work, the potential and limitations 
of innovative ground improvements with a material 
made of gravel and polymer are presented.

Abstract  Nowadays, polymers are well-established 
in geotechnical applications, for example as grouting 
material for soil and rock stabilization, or as grouting 
material for anchorages. Concerning ground improve-
ment, the polymers act as a binder that, if cured, 
holds the grains together by adhesive and cohesive 
forces. This special characteristic enables the use of 
less material and therefore saves costs but requires 
detailed knowledge of the material behavior to avoid 
application errors. The subject of this research work 
are two different polymers, which are used for partial 
saturation of the ground. For the investigation of the 
mechanical and hydraulic properties of the ground 
improvement, the geotechnical testing program on 
the composite material of polymers and gravel is 
extended by special tests, such as rheometer tests, for 
chemical grouts. If the polymers are used correctly, 
the composite material can achieve a load-bearing 
capacity comparable to that of concrete while the 
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Polymer and gravel form a so-called composite. 
Composites are combinations of materials differing 
in composition, where the individual constituents, 
in this case polymer and gravel, retain their separate 
identities. These separate constituents act together to 
give the necessary mechanical strength or stiffness 
to the composite part. Composite material is a mate-
rial composed of two or more distinct phases (matrix 
phase and dispersed phase) and having bulk proper-
ties significantly different from those of any of the 
constituents (Jose et al. 2012). A special characteris-
tic of the composite is partial saturation.

Thus, the composite can be distinguished from 
chemical grouts like acrylate or acrylamide and col-
loidal silica, whose use in non-cohesive soils pri-
marily aims at a full saturation of the effective pore 
space and, consequently, at a reduction of the perme-
ability, and respectively the sealing of the ground. 
The unconfined compressive strength (UCS) of these 
ground improvements tends to be secondary and is in 
the order of 0.8 MPa for a sand fully saturated with 
acrylate or acrylamide grouts (Boley et  al. 2019; 
Chhun et al. 2019; Ozgurel and Vipulanandan 2005). 
Boley et al. (2019) determined the UCS-value of 0.8 
MPa experimentally on grouted sand samples. Com-
parable values are determined in experimental labora-
tory tests by Chhun et  al. (2019) on a grouted silty 
sand. For colloidal silica grouts the unconfined com-
pressive strength (UCS) is about 0.3–0.5 MPa (Per-
soff et al. 1999; Kutzner 1991; Ciardi et al. 2021). In 
particular, the review by Ciardi et al. (2021) on stud-
ies of colloidal silica grouts indicates an increase in 
load-bearing capacity with increasing curing time. 
The value range of about 0.3–0.5 MPa represents a 
curing time of 7 to 30 days, which is comparable to 
the samples of this research work. To stabilize the 
granular soil and increase the strength significantly, 
up to the order of magnitude of concrete, requires the 
use of high-strength resins (Spagnoli 2018), which 
are used, for example, in crack injection for rock sta-
bilization (Forouzandeh et al. 2020).

In this context, the compressive strength is one of 
the most important properties of the cemented ground 
and is approximately proportional to the filling of the 
effective pore space with grout (Kutzner 1991). It is 
precisely this relationship of strength and saturation 
of soil stabilized with chemical grouts that the pre-
sent research work focuses on. A composite of high-
strength resins and gravel is investigated, which is 

present, for example, in track ballast stabilization, or 
is itself used as a composite material for improvement 
in a low load-bearing ground. In addition to techni-
cal advantages, such as the adjustable load-bearing 
capacity and the controllable deformation behavior, 
as well as the always available drainage possibility, 
the partial saturation also results in greater economic 
opportunities and ecological potentials compared to 
conventional grouts. To benefit from the advantages 
and not risk serious technical errors, the use of poly-
mers in geotechnical engineering requires a detailed 
understanding of the chemical properties and reac-
tion processes. This regards in particular to the time-
dependent viscoelastic behavior of the polymers, 
which is investigated using state-of-the-art methods, 
such as rheometer tests.

2 � Ground Improvement with Polymers

There are different types of chemical grouts. In Spag-
noli (2018), the chemical grouts are characterized in 
detail and classified into the following groups:

•	 Sodium silicate
•	 Colloidal silica
•	 Resin
•	 Polymers, like acrylate polymer or acrylamide 

grout

In this research work, two different synthetic resins 
are presented. The resins 01 and 02 can be charac-
terized as bi-component resin grouts, which differ in 
terms of flow and deformation behavior as well as 
strength. Basically, the resins differ in their chemi-
cal composition, for example by a hardener. There-
fore the properties of the resins are not adjusted by 
the mixing ratio or by additives. Both resins can be 
classified as thermosets. Thermosets are polymer 
networks were the junctions and stands are typically 
connected via covalent bonds, see Fig. 1. These mate-
rials are rigid, with a Young’s moduli of about 1E+09 
Pa, normally insoluble in all solvents and not process-
able once formed (Gu et al. 2020). Consequently the 
resins are water-resistant so that an application below 
the groundwater level is possible.

The resin “cements” the individual gravel grains 
and creates an effective bond between them, see 
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Fig.  2. For the formation of firm and permanent 
adhesive bonds, the surface of the material on the 
one hand and the internal strength of the adhesive 
on the other hand are crucial. Compared to the adhe-
sive forces, which can be increased, for example, 
by cleaning the material surface, the strength and 
functionality of the adhesive connection is deter-
mined to a greater extent by the cohesive forces 
that develop inside the adhesive and depend on the 
polymer properties. The partial saturation of the 
gravel with resin is clearly visible from the micro-
scopic analysis. In the sectional view in Fig.  2b, 
the resin was captured by image segmentation and 
highlighted in yellow. On the one hand, this shows 
very clearly that drainable porosity remains, so that 
flow processes are possible in the pore space, and 
on the other hand, resin menisci at the grain-to-
grain contact characterize the intact adhesive bond. 
Defective, respectively detached, adhesive bonds 
are characterized by shell-like resin leavings with 
a central defect at the former grain-to-grain contact 
point, see Fig. 2a.

2.1 � Rheological Properties of the Polymers

Basically, the chemical reaction of A and B compo-
nent of the bi-component resin grouts starts immedi-
ately after mixing and leads to the formation of the 
polymer AB. The subsequent workability time or pot 
life characterizes the available time between mixing a 
grout and its application (Habenicht 2009). This con-
cept applies to adhesives where two components are 
mixed shortly before use. Polymerization commences 
on mixing and cross-linking occurs in all cases. Both 
processes cause viscosity to increase, and this will 
begin to hinder the wetting of the adherends. A criti-
cal point, however, is the gel point, where the viscos-
ity increases greatly due to the adhesive becoming 
completely cross-linked (Da Silva et  al. 2011). The 
rheological properties and in particular these char-
acteristic times are studied in detail in the rheometer. 
In this research work, oscillatory rheology tests were 
carried out. The characteristic pot life and gel time 
must be determined by rheological investigations 
because chemical grouts do not contain suspended 

Fig. 1   Thermosets are a 
class of static networks 
that have been covalently 
bonded, usually by heating 
to a temperature ( Tf  ) condu-
cive to bond formation (cur-
ing) (Figure according to 
Webber and Tibbitt 2022)

Fig. 2   Microscopic 
analysis of the compos-
ite material: Defective 
and intact adhesive bond 
(a) and section through 
intact composite material, 
post-processed by image 
segmentation (b)



480	 Geotech Geol Eng (2023) 41:477–489

1 3
Vol:. (1234567890)

solid particles, so that injectability is a function of 
viscosity and not particle size (Karol 2003). The 
processability of chemical grouts can be categorized 
based on viscosity and divided into three ranges 
(Kutzner 1991), see Fig. 3:

•	 A: Ideal range
•	 B: Practicable range
•	 C: Acceptable range

In particular, the time-dependent flow behavior 
is of great importance for the use of the polymers in 
geotechnical application. The following aspects are 
relevant:

•	 Injectability of the resins
•	 Workability time of the polymer and resulting 

timetable for the ground improvement work with 
the composite material

•	 Time until the composite material is load-bearing 
and thus functional

For this purpose, oscillatory rheology tests were car-
ried out on the resins. Both resins were mixed, deaer-
ated and after 10 min installed between the plate/
plate measuring system of the rheometer. The con-
stant temperature of 20 ◦ C was created using a Pel-
tier temperature device. The workability time of the 
resins can be determined with the development of 
the dynamic viscosity, based on detailed research of 
the rheological behavior. In the rheometer, the resins 
were exposed to an oscillating shear load, so that only 

the real part of the complex viscosity �∗ is relevant for 
determining the well-established material parameter 
dynamic viscosity �:

Where the viscoelastic material behavior is character-
ized by G’ = storage modulus = elastic component, 
G” = loss modulus = viscous component (Mezger 
2018) and � represents the angular frequency.

To evaluate the injectability and workability of 
the resins, Fig. 4 shows the time-dependent develop-
ment of the dynamic viscosity of resin 01 and resin 
02 at a temperature of 20 ◦ C. For the evaluation of the 
measured values, the inflection tangents in the plateau 
region of the graphs were added. The pot life of the 
resins is about 22 min (resin 01) and 26 min (resin 
02). These values do not consider the 10 min between 
the mixing of the A and B components and the start 
of the oscillatory rheology tests and are thus on the 
safe side with respect to the practical use. Looking 
at the order of magnitude of the dynamic viscosity, a 
large difference between the resins can be seen. Resin 
01 has a viscosity of approximately 500 mPa⋅ s and is 
thus acceptable or suitable for injections according to 
Fig. 3. This contrasts with resin 02, whose dynamic 
viscosity is approximately 1E+04 mPa⋅ s and is con-
sequently less suitable for injections.

Based on the rheological investigations, the time 
until the composite material is load bearing can be 
assumed. For this purpose, the gel point in Fig. 5 and 
the moment development in Fig. 6 are considered as 
parameters.

In a reactive adhesive, the time- and temperature-
dependent sol–gel time or gel point represents the 
state at which the resin transitions from the increas-
ingly higher viscosity to the solid range until the resin 
finally reaches its final strength (Habenicht 2009). 
Consequently, the gel point is the intersection of stor-
age modulus G’ and loss modulus G” (Mezger 2018) 
and is indicated in Fig. 5 for resin 01. The gel point of 
resin 01 is reached after approximately 230 min.

This evaluation method is only partially suitable 
for resin 02. Despite repeated measurements, the 
graph of the storage modulus G’ shows a changeable 

(1)�∗ =
G��

�
− i

G�

�

(2)Re(�∗) =
G��

�
= �

Fig. 3   Ranges of processibility of chemical grouts: A Ideal 
range, B Practicable range, C Acceptable range (Figure 
according to Kutzner 1991)
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curvature behavior and intersects the graph of the 
loss modulus G” several times. Therefore, the graph 
of the loss factor is also mapped as an auxiliary 

quantity. The loss factor tan� represents the viscoe-
lastic ratio and is defined according to Eq. 3. At the 
gel point, the maximum of the loss factor is located 

Fig. 4   Time-dynamic 
viscosity curves of the resin 
01 and resin 02 at 20 ◦C

Fig. 5   Storage and loss modulus of resin 01 (left) and resin 02 (right) at 20 ◦C
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because there is a phase transition from the liquid 
sol state to the solid gel state (Mezger 2018).

The loss modulus graph of resin 02 has reached a 
maximum at about 200 min and shows another maxi-
mum turning point at about 460 min. Considering the 
viscosity development between these points in time, 
the available data do not allow a clear determina-
tion of the gel point. The phase transition can only 
be localized to the interval from approx. 200 min to 
475 min. This time interval is too imprecise for the 
determination of the time until the composite material 
is load bearing, therefore the time-dependent moment 
curves of resins 01 and 02 are additionally investi-
gated. In general, the measured moment represents a 
physical measurand, which depends on the selected 
measuring system and can be converted into the rheo-
logical parameter shear stress (Mezger 2018).

To evaluate the moment development of resin 01 
and resin 02 at 20 ◦ C, the graphs are approximated 
by three tangential construction lines, see Fig. 6. The 
markers highlight the inflection point and the inter-
sections with the horizontal construction lines. Basi-
cally, there are three different areas, which for the 
resin 01 at 20 ◦ C lie in the following time periods:

•	 Fluid behavior (t < 230 min): No bonding 
between resin and gravel.

•	 Gelation/curing (230 min < t < 975 min)

(3)tan� =
G��

G�

•	 Solid behavior (t > 975 min): Firm adhesive bond 
between the gravel, which enables a force trans-
mission. The composite material has an initial 
strength and can be subjected to mechanical loads.

The graphs in Fig. 6 show that resin 01 reaches the 
gel time earlier than resin 02, but then shows a flatter 
curve progression to solid behavior, with a maximum 
moment of approximately 68 mN⋅ m, and thus cures 
more slowly. Consequently, resin 02 can be loaded 
earlier, since the initial strength is already reached 
after approximately 620 min and not after approxi-
mately 950 min, like resin 01.

Based on Fig.  5, the phase transition of resin 02 
cannot be clearly determined and can only be local-
ized to the time interval from approximately 200 
min to 460 min. However, Fig. 6 shows that gelation/
curing starts at approximately 460 min. This point 
in time marks the upper limit of the previously men-
tioned range and is evaluated as the gel point of the 
resin 02.

Generally, the initial strength of the composite 
material differs greatly from the final strength. The 
final strength of the composite material is about 4 
to 5 times the initial strength and is reached after 7 
days at 20 ◦ C. After that, the strength of the compos-
ite material continues to increase, but not in the order 
of magnitude previously mentioned (Spagnoli 2018). 
For this reason, the tests on the mechanical behavior 
of the composite material are carried out on 7-day old 
samples.

2.2 � Mechanical Behavior of the Composite Material

The mechanical behavior of the composite material 
was investigated through a large number of soil and 
rock mechanical laboratory tests. The test results are 
the basis for the numerical simulation and are evalu-
ated in the present research work only regarding to 
the question of limit and risk in the case of partial 
saturation of the pore space. Partial saturation of the 
pore space with resin entails application risks if the 
rheological properties of the resin presented above 
are not considered during construction. For example, 
the wrong choice of chemical grout or exceeding the 
pot life can lead to inhomogeneous distribution of 
the resin in the composite material. The following 
comparison of the UCS of composite material with 

Fig. 6   Time-moment curves of resin 01 and resin 02 at 20 ◦C
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homogeneous and inhomogeneous resin distribution 
clearly shows these differences.

The uniaxial compressive strength of the com-
posite materials made of resin 01, 02 and gravel was 
investigated for a low mass fraction of resin and for 
a mass fraction of resin that was about three times 
higher. The samples with a high mass fraction of 
grout were prepared both homogeneously and inho-
mogeneously, to investigate the effects of an applica-
tion error. Therefore, the inhomogeneous specimens 
were stored upright so that the flowable resins flowed 
into the lower third of the cylindrical specimen dur-
ing curing and almost saturated it there.

Basically, cylindrical specimen with a height of 
approximately 100  mm and a diameter of approxi-
mately 50  mm were investigated. Due to the high 
strength of the composite material, the specimens 
were tested using the test technique for rock and sub-
jected to a strain-controlled load of 0.1 mm/min. The 
uniaxial compressive tests were performed on 7-day 
old samples and at least five tests were carried out for 
each composite material. The test results are com-
pared in Fig. 7.

Regarding to the reduction of the uniaxial com-
pressive strength (UCS) due to an inhomogeneous 
distribution of the grout, resin 01 with approximately 
9% deviates strongly from resin 02 with approxi-
mately 63%. The reason for this is the earlier increase 
in dynamic viscosity of resin 01 compared to resin 

02, see Fig.  5. Therefore, resin 01 in the upright 
specimen does not flow into the lower region of the 
specimen with the same mass fraction as resin 02, 
following gravity. This means that resin 01 is funda-
mentally less susceptible to errors regarding its prac-
tical use in construction. Furthermore, Fig. 7 clearly 
shows the potential, but also the risk, of partial satu-
ration with resin 02. In the correct application, a UCS 
of about 9.5 MPa can be achieved even with a low 
mass fraction of resin 02. A high mass fraction even 
leads to a UCS of about 23.0 MPa, whereby the com-
posite material still has a high permeability. If appli-
cation errors occur, the UCS drops to values in the 
order of magnitude of the low mass fraction of resin 
02, despite the high mass fraction of resin 02. At this 
point, not only a technical risk arises regarding the 
load-bearing capacity of the ground improvement 
and the characteristic values that were used in the 
planning of the ground improvement. There are also 
considerable monetary and ecological disadvantages. 
This is because one-third of the applicated amount of 
resin 02 would have been sufficient to achieve a UCS 
of about 8.5 MPa.

3 � Numerical Simulation

The numerical simulation shows the application 
potential of the innovative composite material based 
on the practical example of a track ballast stabiliza-
tion. For this purpose, a coupled model of the three-
dimensional discontinuum program “Particle Flow 
Code 3D” (PFC3D, Itasca Consulting Group, Inc.) 
and the explicit finite volume formulation “Fast 
Lagrangian Analysis of Continua in 3 Dimensions” 
(FLAC3D, Itasca Consulting Group, Inc.) is used. 
The track ballast is modeled using PFC3D and the 
underlying bedrock is modeled using FLAC3D. 
Before the comparative calculations can be per-
formed, the track ballast, respectively the composite 
material, must be modeled in detail with PFC3D. The 
following steps are necessary: 

1.	 Selection of a suitable contact model and mate-
rial genesis

2.	 Calibration of the material, based on the labora-
tory tests

3.	 Finally, calculation of a track ballast stabilization 
by means of PFC-FLAC3D coupling

Fig. 7   Uniaxial compressive strength of in-/homogeneous 
composites with resin 01, 02
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3.1 � Numerical Model of the Composite Material

PFC3D is based on the distinct-element method. The 
interaction of the particles is treated as a dynamic 
process with states of equilibrium developing when-
ever the internal forces balance. The contact forces 
and displacements of a stressed assembly of parti-
cles are found by tracing the movements of the indi-
vidual particles. Movements result from the propa-
gation through the particle system of disturbances 
caused by wall and particle motion, externally applied 
forces, and body forces (Potyondy and Cundall 2004). 
Accordingly, it is important to select an appropri-
ate contact model. Following the investigations of 
Itasca Consulting Group Inc (2021) and Holt et  al. 
(2005) for rigid grains grouted with resins, a linear 
parallel bonded model was selected for the compos-
ite material. The linear parallel bond model provides 
the behavior of two interfaces. An infinitesimal, lin-
ear elastic (no-tension) and frictional interface that 

carries a force and a finite-size, linear elastic and 
bonded interface that carries a force and moment, see 
Fig.  8. The second interface carries load only when 
it is bonded. Bonds are installed during material gen-
esis at the grain-grain contacts with a gap less than or 
equal to the installation gap (Itasca Consulting Group 
Inc 2021). The installation gap was chosen according 
to Holt et al. (2005) and verified using the bond coor-
dination number. The bond coordination number indi-
cates the average number of intact bonds per grain. 
The grain size distribution of the uniform and round 
gravel of the laboratory samples was reproduced 
accordingly in PFC3D with balls and the porosity of 
the composite material was considered, see Table 1.

The microanalysis in Fig.  9 shows grouted glass 
bead and, in direct comparison, a section from the 
numerical model of the composite material. The par-
allels between the pictures are obvious. Furthermore, 
the partial saturation of the composite material. In the 
numerical model, between the dark gray and the light 

Fig. 8   Behavior and rheo-
logical components of the 
linear parallel bond model 
with inactive dashpots 
(Figure according to Itasca 
Consulting Group Inc 
(2021))

Fig. 9   Grouted glass bead 
(a) and parallel-bonded 
particles in PFC3D (b)
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gray ball, the installation gap was exceeded, and no 
yellow marked bond was formed, see Fig. 9.

3.2 � Calibration and Verification of the Numerical 
Model

The calibration was performed according to recom-
mendations of Potyondy (2018) and the sketch to 
illustrate the calibration of the micro-parameters pre-
sented in Zhao et al. (2021). Basically, the calibration 
is based on the macro-parameters determined by the 
physical experiments, for example UCS, Poisson’s 
ratio, Young’s modulus, and tensile strength. Accord-
ing to the difference between the macro-parameters 
obtained from the physical experiments and the 
numerical simulation, the micro-parameters are cali-
brated until the macro-parameters obtained from the 
numerical simulation are sufficiently closed to those 
from physical experiments, according to a trial-and-
error method (Potyondy and Cundall 2004; Ajamza-
deh et al. 2018).

Based on the results of the laboratory tests, the 
UCS, the Young’s modulus and peak strength of 
the composite material (PFC3D) are measured. The 
modulus is comparable with the target modulus, see 
Fig. 10. In addition, tensile tests were performed and 
the tensile strength ( �t ) of the composite material 

(PFC3D) adjusted to obtain target tensile strength. 
The calibrated composite material was verified using 
a series of triaxial tests with increasing confinements 
of 0.8 MPa, 1.6 MPa, 3.2 MPa to obtain the strength 
envelope. Figure  10 (right) confirms that strength 
should increase and the response should become less 
brittle with increasing confinement (Potyondy 2018). 
The micro-mechanical parameters of the calibrated 
composite material are excerpted in Table 1.

3.3 � Numerical Simulation of a Track Ballast 
Stabilization

The numerical simulation is based on an already exe-
cuted railway project, in which a tunnel in hard rock 
(gneiss) was reconstructed. To maintain two supply 
channels below the track ballast, a working space had 
to be created by removing the adjacent areas of the 
track ballast and sloping them steeply, see Fig.  11. 
Train traffic should still be possible, so the slope of 
the track ballast had to be stabilized. In the calcula-
tions, the high-performance resin 02 is used for this 
purpose because, in contrast to resin 01, it can be 
loaded earlier, see Fig.  6, and, if applied correctly, 
a higher load-bearing capacity can be achieved, see 
Fig. 7.

Fig. 10   Results of the 
numerical simulation 
(orange/red) and physi-
cal experiments (grey): 
Unconfined (left) and tiaxial 
compression tests (right)

Table 1   Micro-mechanical 
parameters of the composite 
material

� (g/cm3) n D
50

 (mm) Ēc (GPa) k̄n∕k̄s � �t (MPa) c (MPa) � ( ◦)

1.8 0.33 5.8 1.8 5 1 5.2 8.8 29.0



486	 Geotech Geol Eng (2023) 41:477–489

1 3
Vol:. (1234567890)

The aim of the numerical simulation is to demon-
strate a geotechnical application for the innovative 
composite material and to visualize the deforma-
tion and the load-bearing behavior. For this reason, 
static loads are modeled in the numerical calculation 
instead of dynamic loads. Axle loads of 100 kN were 
applied at a distance of 2.4 m and distributed evenly 
on two railway sleepers. The composite material was 
modeled using the micro-mechanical parameters pre-
sented in Table 1 and the grain size was scaled to that 
of the track ballast using the scaling factor 4. In prin-
ciple, the track ballast is simulated using the distinct 
element method PFC3D.

The distinction between stabilized track ballast 
(Table  1) and track ballast without grout (Table  2) 
is made in PFC3D by grouping the individual parti-
cles. For the grain-grain contacts of the track ballast, 
which lies between the stabilized track ballast accord-
ing to Fig. 11, only the linear model of Fig. 8 is valid. 
To represent the interaction between track ballast and 
gneiss, a coupled model of PFC3D and FLAC3D is 
used, so that the deformations, respectively stresses, 
in the gneiss can be determined and visualized. 
Table 2 also contains the geotechnical parameters for 
the gneiss, as well as corresponding values for the 

selected failure criterion according to Hoek–Brown 
(Hoek 2007).

4 � Results of the Numerical Simulation 
and Discussion

Figure 12 shows the calculation results of the numeri-
cal simulation and particularly the potential of the 
innovative ground improvement based on a partial 
saturation with polymers. The displacement, stress 
and bond state plots provide the following informa-
tion on the deformation and load-bearing behavior of 
the stabilized track ballast.

The track ballast grouted with resin 02 stabilizes 
the track ballast in between, thereby measurable 
deformations occur mainly in the track ballast and 
are significantly below 1 mm. In the stabilized track 
ballast, the deformations are almost constant over the 
entire cross-section, while in the track ballast without 
grout, deformations are primarily present in the upper 
half of the cross-section towards the railway sleeper. 
Consequently, the deformations in the gneiss and thus 
also in the supply channels are very small and negli-
gible, see displacement plot in Fig. 12.

The loads of 50 kN per railway sleeper are trans-
ferred into the gneiss by the composite material, as 
with a rigid ground improvement. This can also be 
clearly seen from the fact that the track ballast with-
out grout is no longer involved in load transfer into 
the gneiss, see stress plot in Fig.  12. Moreover, this 
result is consistent with the load transfer mechanism 
for rigid ground improvements described by Han 
(2014).

Stress peaks occur in the transition area between 
grouted and not grouted track ballast and are colored 
red in the stress plot in Fig. 12. It is precisely at these 
highly stressed areas that the bonds of the stabilized 
ballast track fail in isolated cases, see number 1 (red) 
in bond state plot in Fig. 12. In general, the stabilized 
track ballast (composite material) remains bonded 
and thus intact. Unbonded areas, number 0 in the 

Fig. 11   Numerical model before (left) and after (right) track 
ballast stabilization

Table 2   Micro-mechanical 
parameters for track ballast 
in general and gneiss 
according to Hoek (2007)

Track ballast Gneiss

Ec (GPa) kn/ks � � (g/cm3) E (GPa) � �ci (MPa) mb a s

0.1 1.5 0.4 2.7 20 0.24 170 28 0.5 1.25
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bond state plot, occur exclusively in the not grouted 
track ballast.

Consequently, the practical example shows 
that the stabilized track ballast, respectively the 

composite material in the present research work, 
created a working space for the maintenance of the 
supply ducts and at the same time ensured that train 
traffic is still possible.

Fig. 12   Results of the numerical simulation with PFC-FLAC3D coupling
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5 � Conclusions

Based on the results of the experimental research 
work it is obvious that the choice of the resin and the 
technically correct execution of the ground improve-
ment have a significant influence on the construc-
tion. That must be considered when using polymer 
grouting technology in geotechnical engineering. 
The numerical calculations with the PFC-FLAC3D 
coupling have shown the potential of the innovative 
ground improvement for practical use in construction. 
Essentially, the findings of the present research work 
can be summarized as follows:

•	 Based on the microscopic analysis and the sec-
tional view, post-processed by image segmenta-
tion, the partial saturation of the gravel with resin 
is clearly visible.

•	 The rheological properties of resins 01 and 02 
differ significantly. While resin 01 has a com-
paratively low viscosity of 500 mPa⋅ s and is in an 
acceptable range for injections, resin 02 has a vis-
cosity of 1E+04 mPa⋅ s and thus tends to be less 
suitable.

•	 The gel point of resin 01 could be clearly deter-
mined after 230 min with the oscillatory rheology 
tests, based on the intersection of storage and loss 
modulus. For resin 02, the time-moment curves 
also had to be evaluated. The gel point of resin 02 
is at approximately 460 min.

•	 Although, resin 01 reaches the gel point before 
resin 02, resin 02 has initial strength after 10 h and 
can be subjected to mechanical loads, while resin 
01 can be loaded only after approximately 16 h.

•	 Based on the UCS of homogeneous and inhomo-
geneous composite materials, it was shown that 
application errors, especially with resin 02, result 
in a technical risk regarding the load-bearing 
capacity of the ground improvement. In addition, 
there are also considerable monetary and ecologi-
cal disadvantages. This is because one-third of the 
applicated amount of resin 02 would have been 
sufficient to achieve a UCS of about 8.5 MPa.

•	 In the numerical simulations with PFC3D, the lin-
ear parallel bonded model proved to be suitable 
for simulating the composite material with resin 
02.

•	 Basically, the practical example shows the 
strengths of the PFC-FLAC3D coupling. The 

interactions in the track ballast and of the track 
ballast with the gneiss can be simulated in detail.

•	 The composite material stabilizes the not grouted 
track ballast and transfers the loads into the gneiss, 
as with a rigid ground improvement. In general, 
the stabilized track ballast (composite material) 
remains bonded and thus intact.
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