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1 Introduction

Ground improvement by injection — broadly referred to as grouting — encompasses a family of
techniques in which a fluid is introduced under controlled pressure into the pore space, fractures or
voids of a soil or rock mass to achieve one or more of the following objectives: increase mechanical
strength, reduce hydraulic conductivity, fill cavities, or compensate for ground loss due to excavation.
Grouting has been practised in its modern form since at least 1802, when engineer Charles Bérigni
injected hydraulic lime into a masonry structure in France, but the scientific understanding of grout
behaviour in porous media has developed largely in the second half of the twentieth century and
continues to evolve rapidly in response to sustainability challenges and digital monitoring capabilities.

This document is addressed to geotechnical specialists — including early-career engineers —
working on ground improvement projects in both structural and environmental contexts. Its purpose
is to provide a rigorous, evidence-based synthesis of best practices in grout mix design: from site
characterisation and material selection through to laboratory qualification, field execution, quality
control and post-grouting verification. The document places particular emphasis on two aspects that
have gained increasing prominence in the literature and in practice: environmental sustainability
(carbon footprint, groundwater impact, use of industrial by-products and emerging cement free nor
bio-based binders) and long-term performance and durability of the injected mass, including
resistance to chemical attack and compatibility with the host ground.

The scope covers the principal grouting techniques and governed by BS EN 12715:2020%:
permeation grouting, compaction grouting, fracture grouting, jet grouting (EN 12716), and
compensation grouting. Chemical and bio-grouting methods are also addressed as they represent
the current frontier of research. The principal grout materials considered range from neat ordinary
Portland cement (OPC) through blended cements, microfine cements, geopolymers, chemical
silicates, and microbially induced calcium carbonate precipitation (MICP). A comprehensive overview
of materials, mix proportions and performance is presented in Table 1.

The document is structured as follows. Section 2 introduces the fundamental principles of grout
mix design. Section 3 covers the classification and properties of grout materials. Section 4 addresses
the mix design workflow, laboratory testing, and field quality control. Section 5 presents selected
case studies from infrastructure, dam rehabilitation and urban excavation projects. Section 6
examines sustainability considerations and the transition towards low-carbon grout systems. Section
7 outlines current research frontiers and innovation pathways. Conclusions and practical
recommendations are gathered in Section 8.

2 Fundamental Principles of Grout Mix Design

2.1 The Four Pillars of Grout Mix Design

IRif. BS EN 12715:2020 — Execution of special geotechnical work: Grouting. This standard covers displacement grouting
(compaction, compensation) and grouting without displacement (permeation, fissure/contact grouting, bulk filling). Jet
grouting is covered by EN 12716:2018.
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A well-designed grout mix must simultaneously satisfy four often competing requirements, which
form the conceptual framework of any mix design exercise:

— Injectability — the ability of the grout to penetrate the target formation under practical
injection pressures without blockage. Injectability is primarily governed by grout rheology
(viscosity, yield point) and by the ratio of grout particle size to soil pore size, captured by the
Mitchell penetrability criterion?: D,65(grout) < Dio(soil)/3 for neat cement; D.65(grout) <
Dio(s0il)/4 for cement with superplasticiser (SP).

— Stability — the resistance of the fresh grout to bleed water separation and particle
sedimentation during transit from the mixer to the injection point. Bleed is the primary enemy
of grout quality: a 5% bleed causes the effective w/c ratio in the injected mass to increase by
approximately 0.1-0.2 units, with significant strength loss. Stability is improved by reducing
the w/c ratio, adding bentonite (2—5 wt%)?3, silica fume (5—10 wt%) or anti-bleed admixtures.

— Performance — the mechanical and hydraulic properties of the hardened grout appropriate
for the project objectives. For structural applications, UCS > 5 MPa at 28 days is typically
required; for hydraulic barriers, permeability k < 1078 m/s is the standard target. The
performance achieved is highly sensitive to the w/c ratio: a change from w/c =0.8 to w/c = 1.5
typically reduces UCS by 50-60%.

— Environmental compatibility — the impact of the grout on groundwater quality, soil ecology
and carbon emissions. Neat OPC generates approximately 0.85 t CO, per tonne of binder and
produces highly alkaline leachate (pH 12.5—-13) that can mobilise heavy metals in
contaminated ground. Chemical grouts (silicates, polyurethanes) carry additional
ecotoxicological risks*. The industry is under increasing pressure to quantify and reduce these
impacts through Life Cycle Assessment (LCA).

3 Grout Material Classification and Properties

3.1 Cementitious Grouts: OPC and Blended Cements

Ordinary Portland cement (OPC, CEM I) remains the most widely used grout binder worldwide,
valued for its reliability, availability, low unit cost and well-documented performance in most ground
conditions. However, its environmental profile — approximately 0.85 t CO, per tonne of clinker —
has driven extensive research into supplementary cementitious materials (SCMs) as partial
replacements.

ZMitchell J K. (1970). In-place treatment of foundation soils. J. Soil Mechanics Foundation Division, ASCE, 96(SM1), 73—
110. The Mitchell penetrability criterion states that permeation grouting is feasible when N = Dqo(s0il)/Des(grout) > 11
(cement) or N > 24 (cement with SP).

3CMS Industries Bentonite Guide (2026): high-yield sodium bentonite MBT > 85 meq/100g required for tunnelling and
grouting. Bentonite at 2—5 wt% in cement grout: reduces bleed, increases yield point, acts as lubricant for pumpability.
Standard: APl 13B-1.

“*Barra Caracciolo A. et al. (2017). Characteristics and environmental fate of the anionic surfactant sodium lauryl ether

sulphate SLES used as the main component in foaming agents for mechanised tunnelling. Environmental Pollution, 226,
94-103.
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Ground Granulated Blast Furnace Slag (GGBS), fly ash Class F and silica fume are the three SCMs
most commonly used in grouting practice. Partial cement replacement with 30-40% GGBS improves
sulfate resistance (important in tunnelling through evaporite formations), reduces heat of hydration
(beneficial in mass grouting operations), and reduces CO, by 30-40% without significant loss of
injectability®. Fly ash Class F (at 20-30% substitution) retards the set and improves long-term strength
through slow pozzolanic reaction; it is particularly beneficial for large-volume grouting where
extended workability is needed. Silica fume at 5-10% improves stability, reduces bleed, and refines
the grout microstructure. The combination of GGBS + silica fume is recommended for grouting in
environments with chloride or sulfate aggression (tidal zones, contaminated soils).

3.2 Microfine and Ultrafine Cements

Standard OPC has a maximum particle size of approximately 100 um and a d,95 of 40-60 um.
According to the Mitchell criterion®, this limits permeation into sands with Do > 0.5-1.5 mm —
approximately medium to coarse sand. To treat finer soils (fine sands with Dy = 0.1-0.5 mm),
microfine cements (d,95 = 10—20 um) or ultrafine cements (d,95 < 10 um) are required.

Microfine cements are typically produced by grinding OPC or blast furnace slag-based cement to
a median particle size of 3—5 um. An important practical consideration is the higher unit cost of
microfine cement (2—3x OPC) and its greater sensitivity to mixing energy (a high-shear colloidal mixer
is essential to prevent agglomeration).

3.3 Chemical Grouts: Silicates and Resins

Chemical grouts offer the critical advantage of very low viscosity (near water for single-component
solutions), enabling permeation into soils where no cementitious grout can penetrate. Sodium silicate
solutions (also called waterglass) are the most widely used chemical grout: mixed with a hardener
(calcium chloride, carbon dioxide, or acids), they form a silica gel matrix. Gel time is adjustable from
seconds to hours, and UCS ranges from 0.1 MPa (sealing only) to >5 MPa (structural use) depending
on concentration and hardener.

The environmental profile of chemical grouts is more complex than that of cementitious systems.
Modern sodium silicate grouts are generally considered environmentally acceptable when used
correctly, but their long-term durability is limited: syneresis (shrinkage due to continued gel ageing)
and dissolution in moving groundwater can lead to performance loss over 5-10 years. Resin grouts
(polyurethane, epoxy) are durable and effective for water cut-off, but they are substantially more
expensive, difficult to recycle, and may release volatile organic compounds (VOCs) during curing in
confined spaces such as tunnels.

3.4 Geopolymer and Alkali-Activated Material (AAM) Grouts

>Verdolotti L. et al. (2025). Sustainable grout for structural repairs. Scientific Reports, Nature. DOI: 10.1038/s41598-
025-33467-9. Synergistic use of fly ash, slag and waste materials reduces CO, by 30-70% while maintaining strength.
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Geopolymer grouts represent the most significant recent development in sustainable grouting
practice’. They are produced by activating aluminosilicate precursors — primarily fly ash Class F,
ground granulated blast furnace slag (GGBS), or metakaolin — with an alkaline activator (sodium
hydroxide NaOH, sodium silicate Na,SiOs;, or potassium hydroxide KOH). The resulting three-
dimensional aluminosilicate gel (N-A-S-H or C-A-S-H) provides compressive strengths comparable to
OPC (3—30 MPa at 28 days) with a CO, footprint 60-90% lower. Of particular relevance for grouting
in aggressive chemical environments is the dramatically improved resistance of geopolymers to
sulfate attack, acid attack, and seawater: Zhang et al. (2024)® demonstrated that metakaolin-based
geopolymers reduce expansion strain by more than 50% compared to lime stabilisation in sulfate-
rich soils.

The main practical challenges of geopolymer grouts are: (i) sensitivity of fresh properties to the
temperature of the host ground (a 20°C increase approximately halves the setting time®); (ii) the
requirement for sodium silicate or NaOH activator, which carries its own environmental and handling
implications; (iii) limited commercial availability and standardisation compared to OPC. Recent
research (IOP Science 2026)° has demonstrated that optimised fly ash/GGBS geopolymer grouts
achieve UCS of 2.4 MPa with N(C)-A-S-H gel completely filling pores and cementing particles in soil-
rock mixtures, confirming the technical feasibility of their use as a direct OPC replacement in soil
improvement grouting.

3.5 Bio-Grouts: Microbially Induced Calcium Carbonate Precipitation (MICP)

MICP represents a paradigm shift in geotechnical injection: instead of introducing an engineered
grout, bio-grouting uses bacteria to catalyse the in-situ precipitation of calcium carbonate (calcite)
that cements soil particles. The process exploits the urease enzyme produced by the bacteria to
hydrolyse urea (CO(NH;), + H,O = NH4* + CO, - CaCOs precipitation), producing cementation. The
grout injected is essentially a bacterial suspension plus a cementation solution (CaCl, + urea), both
with near-water viscosity, enabling treatment of sands with Dio < 0.1 mm where no cementitious or
chemical grout can penetrate.

MICP-treated sands at a CaCOs content of 3—5% by mass achieve UCS of 0.5-1.5 MPa and a two-
to four-fold increase in cyclic shear resistance, making MICP particularly relevant for liguefaction

"Provis J.L., van Deventer J.S.J. (2014). Alkali Activated Materials — State-of-the-Art Report, RILEM TC 224-AAM.
Springer. Key reference for geopolymer binders with 60-90% CO, reduction vs OPC. Compressive strengths 5-80 MPa
depending on precursor and activator.

8Zhang M. et al. (2024). Metakaolin-based geopolymers for soft clay stabilisation: UCS up to 3.2 MPa; reduction of
expansion strain by >50% vs lime in sulfate-rich environments. Polymers, 18(5), 650. DOI: 10.3390/polym 18050650
Scientific Reports (2025). Temperature and composition effects on fresh and hardened properties of slag-fly ash-silica
fume alkali-activated grouting materials. Key finding: at 60°C (deep tunnels) strength increase of +30-50% vs 20°C; set
time decreases significantly. DOI: 10.1038/s41598-025-33462-0

1010pP science (2026). Optimised fly ash-slag-based geopolymer for soil-rock mixture reinforcement: UCS increases from
1.88 MPa (0.3 MPa injection) to 2.37 MPa (0.5 MPa injection); N(C)-A-S-H gel fills pores and cements particles. DOI:
10.1088/2631-8695/ae58¢eb
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mitigationt!. The Life Cycle Sustainability Assessment of MICP (MDPI 2025)* confirms a near-zero
net CO, footprint compared to OPC-based grouting, but identifies the NH4* by-product (one mole
produced per mole of CaCOs) as the primary environmental challenge. lon exchange or biologically
mediated nitrification can remove NH,* effectively, adding approximately 20% to total project cost.
MICP is currently at Technology Readiness Level (TRL) 5—6: proven at field pilot scale but not yet
commercially deployed at large scale. The challenges of uniform distribution at depth, sensitivity to
ambient temperature and groundwater chemistry, and limited design codes remain active research
topics.

4 Mix Design Workflow, Laboratory Testing and Field Quality Control

The best practice workflow for grout mix design, proceeds through five phases: site
characterisation, objective definition, material selection, laboratory mix design, and field trial with
quality control. The workflow is iterative: results from each phase may require revision of upstream
decisions. The key quality control tests are summarised in Table 2.

Table 2 — Key quality control tests for cement-based, chemical, and bio-grouts: test method, measured parameter,
acceptance criteria, and applicable standard

Measured
Parameter

Acceptance
Criterion

Applicable Standard / Reference

Marsh funnel test

Bleed /
sedimentation test

Initial / final setting
time (Vicat)

Unconfined
compressive strength
(UCS)

Filtration /
penetrability test
(sand column)

Water permeability
of hardened grout

Lugeon test (pre- and
post-grouting)

Viscosity (s / 946 mL)

Free water
separation (%) at 2 h,
24 h

Setting time (hours)

UCS (MPa) at 7d, 28d

Grout travel (cm) in
sand column under
pressure

Permeability
coefficient k (m/s)

Lugeon unit (L) =

Q/(P-8)

30-90 s (water =
26s)

<5%at2h;<10%
at 24 h (neat
cement)

Initial = 2 h; Final <
8 h (typical)

>0.5 MPa
(sealing); > 5 MPa
(structural)

Dos grout < Dyp soil
/ 3 (Mitchell
criterion)

k<108 m/s
(hydraulic cut-off)

Post-grouting L <
1-3 Lu (dams); <5
Lu (tunnels)

AP|I RP 13B-1/1SO 10414-1; ASTM C939;
typically performed every 30 min on site

ASTM C940; EN 12715 Annex; anti-bleed
target critical in upward injection

EN 196-3 / ASTM C191; adjust with retarder
/ accelerator as needed

EN 196-1 / ASTM C109; cubes 50x50 mm;
curing conditions critical

Modified Mitchell (1970) criterion; Markou
(2014); column test at project-specific
pressure

EN 12390-8 / ASTM D5856; test on cubes or
cylinders at 28 d

EN ISO 22282-3; ASTM D4630; GIN: AL/
initial L > 80% reduction

yan Paassen L.A. et al. (2022). MICP field pilot for liquefaction mitigation. NH4* is a major by-product requiring
environmental management (ion exchange or bioremediation). Target CaCOs; content 2—-5% by mass achieves UCS > 0.5
MPa and doubles cyclic shear resistance.
2MIcP Life Cycle Sustainability Assessment (MDPI 2025): MICP has significantly lower CO, than OPC but NH4*
production (1 mol NHs per mol CaCOs) must be managed. lon exchange treatment adds ~20% to MICP total cost but
resolves environmental constraint. DOI: 10.3390/app15031059
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Rheology (rotational Yield point YP (Pa); YP 0-10 Pa; PV 2— Fann VG meter; API RP 13B-1; critical for

viscometer) plastic viscosity PV 20 mPa:s injectability in fine soils

(mPa:-s)
pH and electrical pH; EC (mS/cm) pH 11-13 (OPC); pH meter; relevant for environmental
conductivity 10-12 impact assessment in contaminated ground

(geopolymer)

4.1 Phase 1: Site Characterisation

Adequate site characterisation is the foundation of effective grout mix design. The geotechnical
investigation programme should provide at minimum: (a) the particle size distribution (PSD) of the
soil to be grouted, characterised by Do, D3o, Deo, and fines content; (b) in-situ permeability from
packer tests, Lugeon tests or laboratory tests on undisturbed samples; (c) groundwater level,
pressure, and chemistry (particularly pH, sulfate content, chloride content, total dissolved solids); (d)
soil mineralogy if chemical aggression is a risk. For urban projects, a structural sensitivity survey of
adjacent buildings and infrastructure should inform the allowable injection pressures and the
monitoring programme.

A critical but often overlooked investigation item is the chemical compatibility between the
proposed grout and the groundwater. Soft, low-pH groundwater will attack OPC grout (leaching of
calcium), while sulfate-rich groundwater promotes ettringite formation and delayed expansion.
Contaminated ground with elevated heavy metals, organic compounds or chloride may alter the
setting behaviour of chemical grouts and introduce regulatory constraints on the use of pH-modifying
grouts. Pre-design groundwater sampling and laboratory compatibility testing are strongly
recommended.

4.2 Phase 2 and 3: Objective Definition and Material Selection

The selection of the appropriate grout material follows directly from the project objectives and
site conditions. Key decision criteria include: (i) soil permeability — guides the choice between OPC
(k= 107* m/s), microfine cement (k> 107 m/s) or chemical/bio grout (k < 107 m/s); (ii) target
performance — structural UCS > 5 MPa favours cement-based systems; hydraulic cut-off favours
bentonite-cement or geopolymer; (iii) environmental constraints — proximity to sensitive receptors
(drinking water wells, ecologically sensitive sites) limits the use of chemical grouts; (iv) durability
requirements — chemical aggression in the ground favours SCM-rich or geopolymer formulations;
(v) carbon budget — projects with low-carbon procurement requirements should consider GGBS/fly
ash replacement or geopolymers.

4.3 Phase 4: Laboratory Mix Design

Laboratory mix design for cement grouts follows a sequential programme: (1) screening of w/c
ratios (typically 0.4, 0.6, 0.8, 1.0, 1.5, 2.0) for fresh state properties (Marsh, bleed, set time); (2)
selection of the optimal w/c range based on ASTM C940, EN 196-3 results and target viscosity; (3)
optimisation of admixtures (SP dosage for injectability, bentonite for stability, retarder/accelerator
for setting time control); (4) confirmation of hardened properties (UCS, permeability) on cylinders
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cured to project temperature; (5) groutability verification through penetration tests in sand columns
at project-representative PSD and injection pressure.

For geopolymer grouts, additional mix design variables include the SiO,/Al,0s molar ratio of the
precursor blend, the activator modulus (SiO,/Na,0 ratio), and the liquid-to-solid ratio. Literature data
and proprietary software tools are available for initial parameter selection'?, but project-specific
laboratory confirmation is always required given the sensitivity of geopolymer systems to precursor
variability. MICP mix design requires optimisation of bacterial cell density, urea/CaCl, concentration,
and injection volume per cycle, calibrated against the target CaCOs; content from column
experiments.

4.4 Phase 5: Field Trial and Quality Control

Field execution quality control comprises three levels: (i) incoming materials control — verification
of cement specific surface (Blaine), GGBS/FA activity index, admixture batch consistency; (ii) batch
control — Marsh viscosity and bleed measurements on each production batch (minimum once per
30 minutes during continuous grouting); (iii) in-hole monitoring — real-time recording of injection
pressure, flow rate, and cumulative grout volume per stage. Modern grouting rigs record these
parameters at 1-Hz frequency with automatic GIN calculation and alarm systems. Post-grouting
verification relies on Lugeon tests, coring with UCS testing of recovered grout, and (increasingly)
cross-hole seismic tomography or electrical resistivity tomography to map the treated volume.

5 Sustainability in Grouting Practice

The production of ordinary Portland cement clinker contributes approximately 8% of global
anthropogenic CO, emissions, making it the second largest industrial emitter after steel production.
Each tonne of OPC grout injected into the ground generates approximately 0.7-0.85 t CO,eq when
accounting for clinker production and on-site logistics. For large infrastructure grouting programmes
consuming thousands of tonnes of cement, this represents a substantial carbon liability. The
sustainability comparison of common grout systems shown in Figure 3 and Table 4 provides a

structured framework for evaluating the trade-offs between environmental impact, performance,
and ecological risk.

Table 4 — Comparative assessment of low-carbon and sustainable binders for grouting: CO, reduction potential, fresh
state performance and durability indicators

Binder System OPC Content (% CO, Reduction Key Fresh State Durability /
by binder weight) vs 100% OPC Characteristics Limitations
100% OPC (w/c=0.8) 100% Baseline: 0% Marsh 42 s; bleed 3%; Good durability (pH
set ~4 h; excellent 12.5); susceptible to
pumpability sulfate attack; 0.85 t
CO,/t
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OPC + 30% Fly Ash 70% ~30% Retarded set (+1-3 h); Enhanced long-term
Class F improved fluidity; lower  strength; improved
heat; bleed < 3% sulfate resistance;
pozzolanic reaction at
28-90d
OPC + 40% GGBS 60% ~40% Near-cement fluidity; Excellent resistance
(slag) slight retardation; self- to seawater, chloride,
healing properties sulfate; preferred for
marine works
OPC +50% FA +silica = 45% ~50% Excellent injectability; High durability;
fume 5% low bleed; silica fume requires careful
improves stability activator balance;
cost moderate
Fly Ash/GGBS 0% 60—90% Fast or slow set Excellent resistance
Geopolymer (no OPC) (adjustable via activator  to acid, sulfate, alkali;
modulus); viscosity 30— C0O, 0.1-0.3 t/t;
120 mPa-s requires NaOH or
waterglass activator
Metakaolin-based 0% ~70% High strength potential UCS up to 32 MPa;
geopolymer (UCS > 20 MPa); slightly ductile failure in clay;
higher viscosity low shrinkage;
metakaolin supply
constraints
Cement + recycled 80% ~20% + waste Pozzolanic; similar fresh Emerging technology;
glass powder (20%) diversion behaviour to OPC+FA; ASR risk if Na,O
bleed < 5% equivalent too high;
additional testing
needed
MICP bio-grout (no 0% >95% Near-water viscosity; NH4* by-product
cement) (biological) multi-cycle injection; requires

long set time (days)

management; UCS
0.5-5 MPa; TRL 5-6;
field scale limited

5.1 Reducing the Carbon Footprint of Grout Mixes

The most immediate and practically accessible route to reducing the carbon footprint of grouting
operations is the partial replacement of OPC with supplementary cementitious materials (SCMs).
Based on data from Verdolotti et al. (2025)** and the broader literature, the following hierarchy of
options is recommended:

— 30% GGBS substitution — CO, reduction ~30%; no loss of injectability or strength; improved
durability. Recommended as a default specification for all grouting projects without specific
contra-indications.
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— 30% Class F fly ash — CO, reduction ~30%; extended set time (may be beneficial for large-
volume grouting); check availability of low-carbon fly ash (some coal fly ash has high carbon
content).

— 50% SCM blend (GGBS + FA) — CO; reduction ~50%; requires careful activation and
admixture design; proven in dam rehabilitation and tunnel grouting.

— Geopolymer AAM (0% OPC) — CO, reduction 60-90%; higher unit cost; requires alkaline
activator; suitable for aggressive environments and projects with explicit carbon targets.

— MICP bio-grout — near-zero net CO,; NH4* by-product management required; TRL 5-6;
suitable for pilot projects in sensitive contexts (contaminated ground, groundwater protection
zones).

Beyond material substitution, several operational practices reduce the overall carbon intensity of
grouting: (i) mix design optimisation to minimise cement dosage while meeting performance targets
(the margin between minimum required and actual injected quantities is frequently 30-50% in
practice); (ii) recycling of grout return — in compaction grouting, spoil from adjacent holes can be
incorporated into subsequent batches; (iii) monitoring-driven optimisation — real-time GIN or
electronic flow monitoring allows injection to stop at refusal, preventing unnecessary cement
consumption in areas already grouted.

5.2 Groundwater and Soil Chemistry Impact

Any injection operation alters the chemistry of the pore water in the treated zone. The pH of fresh
OPC grout pore solution is 12.5-13.0, which can mobilise heavy metals (arsenic, lead, chromium VI)
in soils with elevated background concentrations. Environmental impact assessment should
therefore include baseline groundwater sampling for metals, sulfate, and organic pollutants before
grouting in potentially contaminated ground. For projects in groundwater protection zones (ZPR —
Zone de Protection de Captage) or near drinking water sources, lower-pH alternatives (geopolymer
at pH 10-11, sodium silicate at pH 10—11) or physical containment measures should be considered.

Chemical grout residuals — unreacted monomer in acrylate systems, organic additives in resins —
can reach groundwater receptors if grout injection is performed above the water table in permeable
soils. REACH Regulation (EC) No 1907/2006 and the Water Framework Directive (2000/60/EC) impose
constraints on the use of substances classified as persistent, bioaccumulative and toxic (PBT) or very
persistent, very bioaccumulative (vPvB) in grouting near water bodies. The geotechnical engineer has
a professional duty to screen proposed chemical admixtures against these classifications and to
include groundwater monitoring in the construction environmental management plan (CEMP).

6 Research Frontiers and Innovation

6.1 Digital Tools: Real-Time Mix Design Optimisation and Al
The integration of real-time sensor data from grouting rigs with machine learning models is an
emerging and potentially transformative development. Modern rigs equipped with electronic
pressure transducers, flow meters and conductivity sensors generate high-frequency data streams
that, when analysed in real time, can detect grout take anomalies, predict bleed risks, and optimise
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injection pressure dynamically. Recent studies (Zhao et al. 2024) have applied gradient-boosted
decision trees and physics-informed neural networks to predict grout diffusion radius and UCS from
in-hole parameters, with R? values exceeding 0.90 on validation datasets. These models could enable
continuous mix design adjustment during operations, replacing the current practice of fixed batch
compositions verified only by morning slump and bleed tests.

6.2 Self-Healing Grouts

Self-healing concrete (incorporating microencapsulated healing agents or vascular networks) has
been adapted to grouting applications, where micro-cracks induced by post-injection ground
movement can compromise the long-term impermeability of the treated zone. Chemical-based and
Bacteria-based self-healing has been shown to reduce permeability of cracked grout. Polymer micro-
capsule systems achieve similar results with longer shelf-life. While current testing is largely
laboratory-based, self-healing grouted zones could dramatically extend the service life of hydraulic
barriers, particularly in dams and containment walls subject to seismic loading.

6.3 Reactive Transport Modelling for MICP at Field Scale

One of the key barriers to widespread MICP deployment is the difficulty of achieving uniform CaCOs
distribution at field scale: gravity-driven sedimentation, preferential flow paths, and competitive
inhibition between bacterial activity and calcite nucleation cause heterogeneous cementation.
Reactive transport models (RTMs) coupling microbial ureolysis, ion transport, and CaCOs
precipitation in variably saturated porous media are now available at field scale (van Paassen et al.;
ScienceDirect 2023). These models, validated against large-scale column experiments, allow design
engineers to specify injection well spacing (typically 0.5-1.0 m), treatment cycle number, and
bacterial/cementation solution concentrations to achieve target CaCOs content (2-5%) with +30%
spatial uniformity. Their integration into routine design practice is expected within the next 5-10
years.

6.4 Circular Economy Applications

The recovery and recycling of grout materials from construction waste streams is an emerging area
of practice. Waste soil from urban excavations (contaminated or clean) can be incorporated into AAM
grouting mixes as the aluminosilicate precursor, eliminating both landfill costs and virgin material
procurement — a practice demonstrated for Shenzhen Metro sandy clay soils (ScienceDirect 2024).
Recycled glass powder (20% OPC replacement), calcined clay, and agricultural ash (rice husk ash,
sugarcane bagasse ash) are under investigation as low-carbon SCMs for grouting in lower-income
regions where traditional SCMs are not locally available. The principle of local material utilisation in
grout production is consistent with ISO 14001 Environmental Management Systems and with the
circular economy objectives of the European Green Deal.

7 Conclusions and Practical Recommendations

This document has presented a comprehensive review of best practices in grout mix design for soil
improvement by injection, with equal attention to mechanical performance, long-term durability and
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environmental sustainability. The following practical recommendations emerge from the synthesis of
the scientific literature and documented case experience:

— Conduct a groundwater compatibility assessment before any grouting campaign in sensitive
hydrogeological contexts: screen for mobile metals, sulfate, chloride, and organic pollutants.

— Apply Life Cycle Assessment (LCA) at the pre-design stage to quantify the carbon footprint of
grouting options and identify the most impactful substitution opportunities.

— For grouting in groundwater protection zones, consider geopolymer AAM alternatives (pH 10—
11) or physical containment grouting to avoid high-pH leachate reaching drinking water
receptors.

— For temporary ground improvement treatments, consider bio-grouting or controlled-set
chemical grouts with documented in-situ degradation to limit long-term chemical burden in
the ground.

8 Normative and Technical References

BS EN 12715:2020: Execution of special geotechnical work — Grouting. BSI, London.
BS EN 12716:2018: Execution of special geotechnical work — Jet grouting. BSI, London.

ASTM C940-16: Standard Test Method for Expansion and Bleeding of Freshly Mixed Grouts for Preplaced-
Aggregate Concrete in the Laboratory. ASTM International.

ASTM D4219-08: Standard Test Method for Unconfined Compressive Strength Index of Chemical-Grouted
Soils.

EN 196-3:2016: Methods of testing cement — Determination of setting times and soundness.

API RP 13B-1:2019: Recommended Practice for Field Testing Water-based Drilling Fluids (applicable for
Marsh funnel viscosity of grouts). 5th edition, American Petroleum Institute.

FHWA-HIF-18-004 (2017): Ground Modification Methods Reference Manual. Federal Highway
Administration. Freely available: https://www.fhwa.dot.gov/engineering/geotech/pubs/hif18004.pdf
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