ISSN 3083-6271 (Print), ISSN 3083-628X (Online) Geo-Technical Mechanics. 2025. No 174 161

UDC 622.268.6 DOI: https://doi.org/10.15407/geotm2025.174.161

FINITE ELEMENT ANALYSIS OF DEFORMATION, GROUNDWATER FLOW, AND POLY-

MER INJECTION WITH ROCKBOLTS
Krukovska V.
M.S. Poliakov Institute of Geotechnical Mechanics of the National Academy of Sciences of Ukraine

Abstract. This study introduces a novel finite element model for simulating the coupled processes of rock deforma-
tion, groundwater inflow, and polymer injection during installation of injection rockbolts in weak water-bearing strata. The
model integrates mechanical response of the rock mass, hydraulic behavior of water and polymer, and their mutual inter-
actions within a single computational framework. The governing equations include equilibrium of stresses with damping
and continuity equations for water flow and polymer infiliration. Stress-controlled permeability is introduced, which links
absolute permeability and water permeability coefficients to the components of the principal stress tensor. Originality of
the model lies in several aspects: it captures the time-dependent evolution of the disturbed zone as the polymer
hardens, explicitly accounts for the delayed onset of reinforcement, and incorporates stress-controlled permeability re-
flecting realistic fracture opening and closure under variable stress states. In addition, the model parameters are linked
directly to engineering practice, such as the delay before bolt installation and the duration of injection. The problem is
solved in an elasto-plastic formulation using finite element discretization.

Computational experiments demonstrate that the injection process produces a strengthened zone of rock with
markedly reduced permeability and enhanced stability, effectively transforming weak fractured strata into a low-permeab-
ility support reinforced by the rockbolt. The analysis confirms that the model can reproduce polymer hardening, changes
in stress distribution, and the progressive reduction of hydraulic conductivity around the bolt. The framework therefore of -
fers a practical tool for designing support systems in underground excavations driven through weak, water-saturated
formations, where both structural stability and hydraulic sealing are required. Further refinement of polymer hardening
kinetics, incorporation of rock mass anisotropy, and experimental calibration of parameters are suggested as directions
for future research.
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1. Introduction

Injection rockbolts (a specialized type of grouted rockbolt designed to deliver
polymer grout into fractured rock) are widely recognized as key support elements for
underground excavations, particularly in weak, fractured, or water-bearing forma-
tions. They are applied to prevent collapses, stabilize excavation boundaries, reduce
deformation, and create hydraulic or gas-sealing barriers in highly permeable zones.
The performance of such systems is governed by the mechanical properties of the
rock mass, the in situ stress field, and the characteristics of the grout.

In recent years, polymer-based grouts have attracted growing attention due to
their superior fluidity, faster strength development, reliable performance under satur-
ated conditions, and stronger adhesion to rock compared with conventional cementi-
tious materials. Their ability to penetrate finer fractures and crushed zones enables
more uniform reinforcement and improved sealing efficiency [1-3].

Designing effective injection rockbolts in weak, water-bearing ground requires
consideration of three strongly coupled processes: rock mass deformation, groundwa-
ter flow, and grout migration during injection. These interactions are highly interde-
pendent — deformation modifies rock permeability, fluid flow influences the stress—
strain state, grout penetration depends on hydraulic properties, and hardening alters
the mechanical response of the grouted zone. A realistic assessment of rockbolt per-
formance therefore requires an integrated multiphysical model.
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The finite element method (FEM) provides a robust and versatile framework for
such analyses, as it can capture geometric complexity, nonlinear material behaviour,
transient hydro-mechanical interactions, and heterogeneous rock properties [4, 5].
FEM has been successfully applied to rock deformation [6, 7], groundwater flow in
fractured media [8], coupled fluid—rock interactions around excavations and tunnels
[9-12], cement grouting [13], and polymer injection in deforming rock masses [14—
16]. However, a comprehensive FEM study that simultaneously considers rock de-
formation, groundwater flow, and polymer injection remains limited.

The aim of this study is therefore to develop a coupled mathematical model of
rock deformation, groundwater flow, and polymer injection, and to apply FEM to
analyze these processes.

To achieve this goal, the following tasks were undertaken:

« to develop a coupled mathematical model of rock deformation, groundwater
inflow into a roadway driven in weak water-bearing rocks, and polymer injection dur-
ing the installation of an injection rockbolt;

« to apply FEM to analyze associated stress distribution, permeability evolution,
grout flow and hardening, and the resulting reinforcement and sealing effects around
the bolt.

2. Methods

2.1 Fundamental equations and boundary conditions

The interaction between rock mass deformation, groundwater flow, and polymer
grout infiltration in fractured zones stabilized with rockbolts is represented through a
system of governing equations [15]:
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where ¢, — the damping coefficient, kg/(m?'s); ¢ — time, s; u; — displacement, m; oy; —
the derivatives of the stress tensor components with respect to x and y, Pa/m; Xi(¢) —
the projections of external forces acting per unit rock volume, N/m?; P(t) — the pro-
jections of forces arising from water and polymer pressures in the fracture network,
N/m?3; p — water pressure, Pa; k — the absolute permeability, m?; k,, — water permeabil-
ity, m?; p, — polymer pressure, Pa; u, and p, — the viscosities of water and polymer,
respectively, Pa's; By and B, — the compressibilities of water and liquid polymer, re-
spectively, Pa™'; m — porosity, %; q(f) — the foaming function.
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The analysis is carried out in an elastoplastic framework. The transition of rocks
into a fractured state is mathematically described using the Coulomb—Mohr strength
criterion.

The initial and boundary conditions are defined as:

Owleo = vH; o, =0 MH Py L:o =0.1 MPa; p’,zo =(h+Yy,—»)pg;

=0; pp\

o, = Po; p‘Q4 =0.1 MPa

where y — the average unit weight of the overlying strata, N/m?*; H — excavation
depth, m; A — the lateral earth pressure coefficient; 4 — the piezometric head, m; y, —
the coordinate of the finite element mesh center, m; p — water density, kg/m?; g —
gravitational acceleration, m/s; po — the injection pressure, Pa; €2, — represents ver-
tical external boundaries, 2, — horizontal internal boundaries, )3 — the filtering sec-
tion of the borehole wall; Q4 — the tunnel contour.

For stress-state assessment, two dimensionless geomechanical indicators are em-
ployed: Q"= (o1 o3)/yH, denoting the relative principal stress differential, and
P = o3/yH, reflecting the rock failure potential.

2.2 Injection rockbolt model

In practice, injection rockbolts are commonly installed with a delay of several
meters behind the roadway face (typically ~5 m). During this period, the surrounding
rock undergoes stress redistribution and partial unloading, which increases fracture
permeability. To realistically simulate polymer injection, the numerical model initi-
ates this process not at the excavation moment but with reference to the elapsed time
since face advance. The volume expansion of the polymer, caused by mixing and
subsequent chemical reactions, is incorporated through a source term q(¢) in the fluid
flow equation.

As the polymer penetrates and hardens within fractures and voids, the mechanical
and hydraulic properties of the treated rock mass evolve. In the model, the compress-
ive strength and elastic modulus of rock elements progressively increase toward the
hardened polymer values, while permeability decreases to zero within the filled frac-
ture—pore space (k — 0, kv =0). Outside this zone, the natural permeability is pre-
served.

The steel injection tube is assumed to act as a load-bearing rockbolt only after
complete grout hardening. Thus, the reinforcing effect of the bar finite elements is ac-
tivated at freinf = Lotart T fend T hara, Where tr — injection start time, s; fend — injection dur-
ation, s; tfnara — polymer hardening time, s.

2.3 Permeability model

The geometry and extent of the reinforced zone are controlled by the distribution
of permeability around the rockbolt. Excavation generates new fractures and modifies
the initial permeability ko, which is further affected by stress redistribution and excav-
ation-induced damage. To capture this, a technological permeability field ki €x-
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pressed as a function of stress tensor components [14] is superimposed on the natural
one:

k=ky+ke (1, O, P).

In each finite element node:

0, if 0" <0.4;P >0.4;

A, if 04<0"<0.6; P <0.4;

S L 4 if 0.6< Q0 <1.0; PT<0.4;
k.., if O°>1.0; P <04,

tech =

where kna— permeability of completely fractured rock, m? 4 = kmax-(1-2,5-P).

Permeability variations are most significant in tectonically disturbed zones, where
deformation type largely determines hydraulic properties.

2.4 Finite element model

The finite element mesh consisted of 27,026 nodes and 53,848 three-node triangu-
lar elements (Fig. 1), and rockbolts were modelled by the bar finite elements. The
model domain (64 m x 64 m) included a roadway (5.2 m x 3.0 m) at its center, with
an injection rockbolt positioned at the roof.

Figure 1 — Finite element model

Plane strain conditions were assumed. Boundary conditions fixed horizontal dis-
placements at the vertical boundaries and vertical displacements at the horizontal
boundaries.

2.5 Parameter setting

The reference case considered polymer injection into very weak, excavation-dis-
turbed argillite. Model parameters were: excavation depth A = 800 m; unit weight y =
25,000 N/m?; lateral pressure coefficient A = 1; bolt length = 2.4 m; sealed borehole
length = 0.7 m; injection pressure po = 9 MPa; injection start tw.« = 24 h; injection
duration Z..a = 40 min; hardening time #..« = 40 min; fractured rock permeability Amax
= 0.3 mD; intact permeability & = 0.

Properties of the material used are given in Table 1.
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Table 1 — Rock and polymer properties

) Compressive Elastic modulus, E, )
Material strength. .., MPa MPa Cohesion, C, MPa
Argillite 10 8000 2,8
Hardened polymer 30 17000 10,0

3. Results and discussion

Figure 2 illustrates the evolution of the stress parameter Q" together with the
zones of inelastic deformation, as well as the distributions of absolute permeability &
and water permeability k, prior to injection and throughout the injection and harden-
ing stages of the polymer.
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a) prior to injection; b) 7= 20 min; ¢) 7= 60 min; d) 7= 100 min.

Figure 2 — Evolution of the parameter Q" with the zones of inelastic deformation (left), distributions
of absolute permeability & (center) and water permeability &, (right)

In the analysis, time 7 is defined relative to the onset of injection.
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Excavation substantially modifies the stress field within the rock mass. Before the
installation of the injection rockbolt, the parameter Q" increases around the excava-
tion, and the opening becomes encircled by a zone of inelastic deformation (Fig. 2a,
left). Consequently, a permeable zone with a depth of up to 2.35 m is formed in the
roof at the intended rockbolt location (Fig. 2a, center). Once injection begins, the
fracture—pore network progressively fills with polymer, resulting in a reduction of
water permeability around the rockbolt (Fig. 2b, right). At ¢ = 40 min, injection
ceases, and polymer hardening initiates, thereby strengthening the weakened rock
mass.

At 7 = 60 min, the expansion of the inelastic zone adjacent to the rockbolt is
stopped. Absolute permeability continues to decrease, while water permeability re-
duces to zero within the polymer-filled region (Fig. 2¢). By 7 = 80 min, the polymer
has fully solidified, converting the initially weak and unloaded rock into a dense, im-
permeable composite. From this stage onward, the metallic injection tube functions
structurally as a rockbolt. Notably, a distinct reinforced domain emerges around the
bolt where Q" < 0.4 (Fig. 2d, left).

The corresponding water pressure field and flow vectors are shown in Figure 3.

p=38
p=138
p=1.6
‘p:7.4
p=72
p=17
p=0.1

a) prior to injection; b) 7= 20 min; ¢) 7= 60 min; d) 7= 100 min.

Figure 3 — Water pressure field and flow vectors

Short black dashes indicate filtration pathways, with length proportional to flow
velocity. The water movement is confined within the permeable domain: relatively
subdued at greater distances but intensifying near excavation boundaries. Once injec-
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tion commences (Fig. 3b), an impermeable zone is established adjacent to the bolt,
precluding any groundwater movement. With ongoing injection and polymer harden-
ing (Figs. 3b—-3d), the extent of this impermeable region progressively expands.

Figure 4 depicts the distribution of normalized polymer pressure p,/po and the ex-
tent of polymer spread. During injection, the reinforced zone expands to a diameter of
approximately 1 m, corresponding to an area of ~2.275 m? for the specified initial
conditions. The extent of the polymer-filled zone at 7 = 20 min and 7 = 60 min coin-
cides with the impermeable domains evident in Figures 2 and 3.
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b)

7=40 min

a) normalized polymer pressure p,/po; b) extent of polymer spread.

Figure 4 — Distributions of liquid polymer filtration parameters

In summary, the computational simulation demonstrates that the installation of in-
jection rockbolts leads to the creation of a reinforced support system with markedly
reduced relative principal stress differential, enhanced strength, and complete imper-
meability to groundwater flow.

4. Conclusions

This work introduces a novel model for simulating the coupled processes of rock
deformation, groundwater inflow in weak water-bearing strata, and liquid polymer in-
jection associated with the installation of injection rockbolts. The key strengths of the
model include:

« integrated framework — capturing mechanical, hydraulic, and chemo-mechan-
ical interactions within a single formulation;

« time-dependent behavior — reflecting property evolution of the fractured zone
during polymer hardening and the delayed onset of reinforcement;
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« stress-controlled permeability — accounting for realistic fracture opening and
closure under varying stress conditions;

« process relevance — parameters linked directly to operational practice (e.g., bolt
installation delay, injection duration).

Future developments may focus on refining polymer hardening kinetics, incorpor-
ating anisotropy of fractured rock masses, and calibrating parameters through dedic-
ated experiments.

A finite element case study demonstrated the model’s capacity to predict stress re-
distribution, permeability changes, water and polymer flow, and the strengthening of
weak rock during bolt installation. The model provides a practical tool for designing
reinforcement systems in underground structures driven through weak, water-satu-
rated strata, ensuring both stability and hydraulic impermeability.
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CKIHYEHHO-ENEMEHTHUW AHANI3 HECDQPMYBAHHSI, ®INbTPALII 'PYHTOBUX BOJ] TA HAMHITAH-
HA NONIMEPIB 3A AONMOMOIOK0 IH’€KLIMHUX AHKEPIB
Kpykoecbka B.B.

AHorauia Lle gocnimkeHHs npeacTaBnsie HOBY MOLESb CKIHYEHHUX eNeMEHTIB Ans MOAENBaHHS 3B'A3aHMX Npo-
LieciB fedopmaLii ripCbkuX nopig, NPUTOKY MPYHTOBKX BOZ, Ta iH'eKLUii noniMepy Nif Yac BCTAHOBMNEHHS iH'EKLiHNX aHKe-
piB y cnabki BOQOHOCHI niacTu. Mogenb iHTErpye MexaHivHy peakLito ripcbkoro MacuBy, rigpasriivyHy NOBEMiIHKY BOAW Ta
nonimMepy, a Takox ix B3aEMHy B3aeMOZit0 B pamkax e4nHoOi obuncrioBanbHoi 6asn. BusHavarnbHi piBHAHHS BKITOYaKOTb
pIBHOBAry HanpyeHb i3 3aTyxaHHsAM, a TakoX PIBHAHHS HEpO3pWBHOCTI ANa (inbTpalii Boau Ta nonimepy. BeeaeHo
MPOHMKHICTb, KOHTPOIbOBaHY HAMPYXEHHAMU, sika NOB'A3ye abCoOMOTHI KoedilieHT NPOHMKHOCTI Ta KoedilieHTn Bogo-
MPOHWUKHOCTI 3 KOMMOHEHTaMM TEH30PY rOfIOBHUX HaNpyxeHb. OpuriHanbHICTL MOAeni Nonsrae B KifbkoX acnekTax: BoHa
iKCye 3anexHy Bif Yacy €BOMIOL|K0 NOPYLUEHOT 30HU, KONK NoniMep TBEPAHE, SBHO BPAXOBYE 3aTPUMKY NOYATKy apMy -
BaHHA Ta BKMKOYAE MPOHUKHICTb, KOHTPOMNbOBAHY HaMPYXeHHAMH, WO Bigobpaxae peanicTUYHe BigKpUTTA Ta 3aKpUTTS
TPILUMH 32 3MIHHWX HanpyxeHux cTaHiB. Kpim Toro, ii napameTpu 6e3nocepeaHb0 MOB'A3aHi 3 iHKEHEPHOK NPaKTUKOL,
TaKUMK K 3aTpUMKa Nepes BCTAHOBMEHHAM aHKepa Ta TpMBanicTb iH'ekyji. 3agava BUPILYETLCS B MPYXHO-NNACTUNYHINA
NOCTaHOBL 3 BUKOPUCTAHHAM AMCKPETU3aLlil CKIHYEHHWX ENEMEHTIB.

OBumncnioBanbHi EKCNEPUMEHTU NOKA3YHOTh, L0 NPOLEC iH'EKLii CTBOPIOE 3MiLIHEHY 30HY FPCbKMX NOpiL 3i 3HAYHO
3HWKEHOK NPOHWKHICTIO Ta NIGBMLLEHOK CTIMKICTHO, €CHEKTUBHO NEPETBOPIOIOYM Cnabki TPiLyMHyBaTI NacTi Ha onopy 3
HW3bKOI0 NPOHWKHICTIO, apMOBaHy aHkepoM. AHari3 NiaTBEpAXYeE, WO MOAeNb MOXE BiATBOPHOBATM 3aTBEPAiHHS noniMe-
Py, 3MiHW PO3NOAiNy HanpyXeHb Ta NOCTYMNOBE 3HWXEHHS FifpaBiYHOI NPOBIAHOCTI HABKOMO aHKepa. TakuM YUHOM, LS
CTPYKTYpa NPOMOHYe NPaKTUYHWUIA IHCTPYMEHT 4715 NPOEKTYBAHHS CUCTEM KPINNeHHs B Nia3eMHUX BUpOBKaXx, Lo Npokna-
AaloTbes Yepes cnabki, BogoHacuyeHi opmalii, Ae noTpibHa sk CTpyKTypHa CTabinbHICTb, Tak i rigpaeniyHa repmeTnaa-
Lis. Mopanblue BAOCKOHaNEHHs KIHETUKM 3aTBepAiHHSA NoniMepiB, BpaxyBaHHS aHi30TPONIT ripcbkoi Macu Ta ekcnepu-
MeHTanbHE kanibpyBaHHs NapameTpiB NPOMOHYIOTLCS K HANPSMKY ANt MaByTHIX AOCTIMKEHb.

KntoyoBi cnoBa: iHeKLiHUA aHkep, AehOpMyBaHHS MOpid, HarHiTaHHs noniMepy, (inbTpaLis rpyHTOBUX BOA, Yu-
cenbHe MOJEntoBaHHs.
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