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Enhancing concrete performance and sustainability with lignin
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ABSTRACT

This study investigates the incorporation of lignin, an industrial byproduct, as a partial replacement for cement in M20
concrete. Lignin content was varied (10%, 20%, 30%, 40%) to evaluate its impact on workability, compressive strength,
tensile strength, self-healing properties, and water permeability. The results indicate that lignin content up to 20% enhances
workability, maintains or improves strength, significantly boosts self-healing capabilities, and reduces water permeability,
thus enhancing the overall durability of concrete. However, higher lignin contents (30-40%) lead to reduced mechanical
properties and increased permeability. The environmental benefits of using lignin, including reduced carbon footprint and
sustainable waste utilization, are also highlighted. The study concludes that optimal lignin incorporation (10-20%) can
improve the performance and sustainability of concrete, making it a viable alternative in construction practices. Future
research should focus on long-term performance, economic feasibility, and the effects of different lignin types to further
optimize its use in concrete production.
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CHAPTER 1

INTRODUCTION

1.1 Introduction to Concrete and its Advanced Properties

Concrete, a ubiquitous and indispensable material in modern construction, is a composite substance made
primarily from a mixture of cement, aggregates (such as sand, gravel, or crushed stone), and water. Its widespread use is
attributable to its versatility, durability, and cost-effectiveness. As the backbone of infrastructure and construction
projects, concrete's properties and performance are of paramount importance. The development and enhancement of
these properties can considerably influence the structural integrity, longevity, and environmental sustainability of
concrete structures. In this introduction, we will delve into several critical aspects of concrete, namely the binding agent,
hydration control, self-healing mechanism, reduction of permeability, and environmental benefits. Understanding and
optimizing these properties are vital for advancing concrete technology and meeting the difficulties of current
construction.

1.2 Binding Agent

In Concrete the binding agent is primarily cement, most commonly Portland cement. Cement acts as the glue that
holds the aggregate particles together, providing the matrix that binds the mixture into a solid, cohesive mass. After water
is added to cement, a chemical reaction termed hydration occurs, leading to the creation of a solid, stone-like material.

Importance in Concrete

1) Structural Integrity: The binding agent is fundamental to the structural integrity of concrete. Strong bond among the
cement and aggregate particles ensures that the concrete can resist compressive forces and loads.

2) Workability and Plasticity: The binding agent properties are significantly impact on the fresh state workability of the
concrete mix. A proper balance allows for easier mixing, placement, and concrete finishing.

3) Durability: The quality and arrangement of the binding agent impact the long-term concrete in terms of durability. A
well-formulated binding agent helps in resisting environmental degradation, chemical attacks, and physical wear.

1.3 Hydration Control

Hydration control involves managing the chemical reaction between cement and water. This response is vital for
the setting and hardening of concrete. The hydration process is exothermic, releasing heat as the cement elements respond
with water to form calcium hydroxide and (C-S-H) calcium silicate hydrate.
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Importance in Concrete

1) Setting Time: Controlling hydration is essential for managing the setting time of concrete. Proper control ensures that
concrete has sufficient time to be placed and finished before it begins to harden.

2) Strength Development: The rate of hydration affects the amount at which concrete gains strength. Controlled
hydration ensures a gradual and uniform development of strength, reducing the risk of cracking and shrinkage.

3) Temperature Management: Managing the heat generated during hydration is critical, especially in mass concrete
pours. Excessive heat can lead to thermal cracking, compromising the integrity of the structure.

1.4 Self-Healing Mechanism: The self-healing process or mechanism in concrete refers to its capacity to autonomously
repair cracks and micro-damage over time. This can be improved and achieved through different way, such as the
incorporation of microcapsules containing healing agents, bacteria that precipitate calcium carbonate, or crystalline
admixtures that promote the formation of additional hydration products.

Importance in Concrete

1) Extended Service Life: Self-healing concrete can significantly extend the service life of structures by reducing the
propagation of cracks and preventing ingress of harmful substances like water and chlorides.

2) Maintenance Reduction: The ability of concrete to heal itself reduces the need for frequent maintenance and repairs,
leading to cost savings and less disruption.

3) Structural Safety: By mitigating the growth of cracks, self-healing concrete enhances the overall structural safety and
reliability, particularly in critical infrastructure.

1.5 Reduction of Permeability: Permeability in concrete refers to its ability to allow fluids and gases to pass through its
porous structure. High permeability can lead to the ingress of water, chemicals, and other deleterious substances, which
can cause damage over time.

Importance in Concrete

1) Durability: Reducing permeability is crucial for enhancing the durability of concrete. Lower permeability limits the
penetration of aggressive agents that can cause chemical and physical deterioration.

2) Corrosion Protection: Concrete with low permeability protects embedded steel reinforcement from corrosion by
minimizing the ingress of chlorides and moisture.

3) Water Tightness: In structures where water tightness is critical, such as in dams, reservoirs, and basement walls, low
permeability ensures that the concrete can effectively resist water infiltration.

1.6 Environmental Benefits: The environmental benefits of concrete are increasingly important in the context of
sustainable construction practices. These benefits are Improved and achieved through different way, such as the use of
supplementary cementitious materials (SCMs), recycling of concrete waste, and the growth of low-carbon concrete.

Importance in Concrete

1) Resource Efficiency: Utilizing SCMs like fly ash, slag, and silica fume can decrease the consumption of Portland cement,
conserving natural resources and lowering energy usage.

2) Carbon Footprint Reduction: Innovations in concrete technology, such as the use of carbon capture and storage (CCS)
in cement production, can significantly reduce the carbon (amount of carbon) footprint of concrete.

3) Waste Minimization: Recycling old concrete as aggregate for new concrete helps in reducing waste and conserving
landfill space, contributing to a circular economy.

4) Energy Savings: Advances in concrete technology can lead to structures with improved thermal mass, enhancing
energy efficiency in buildings and reducing heating and cooling demands.
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The properties of concrete, including its binding agent, hydration control, self-healing mechanism, reduction of
permeability, and environmental benefits, play a vital role in determining its performance, durability, and sustainability.
Understanding and optimizing these properties are important for advancing concrete technology and addressing the
challenges faced by modern construction. By focusing on these critical aspects, we can develop concrete that not only
meets the structural and durability requirements but also aligns with the goals of environmental sustainability and
resource efficiency. As the demand for resilient and sustainable infrastructure grows, the continuous improvement of
concrete properties will remain a cornerstone of construction innovation and progress.

1.7 OBJECTIVES AND APPLICATIONS

Objectives for Enhancing Concrete Properties using Industrial Waste or Byproduct of Lignin as a Self-Healing
Binder Material

Concrete technology is constantly evolving to meet the demands of modern construction, with a focus on
enhancing performance, durability, and sustainability. Incorporating industrial waste or byproducts, such as lignin, as a
self-healing binder material presents an innovative approach to achieving these goals. The following objectives outline a
comprehensive plan to investigate and implement lignin as a self-healing agent in concrete, focusing on its impact on
binding, hydration control, self-healing mechanisms, permeability reduction, and environmental benefits.

1.8 Enhancing the Binding Agent with Lignin
Objective:

To investigate the potential of lignin as a supplementary material with partial replacement for traditional cement
in concrete to improve the binding properties while maintaining or improving structural integrity.

1.9 Hydration Control using Lignin
Objective:

To study the outcome of lignin on the process of hydration in the cement and develop strategies to control the
amount of hydration for better performance.

1.10 Self-Healing Mechanisms in Lignin-Enhanced Concrete
Objective:

To develop and assess the self-healing capabilities of concrete by partial replacement or incorporating lignin,
focusing on its capability to autonomously repair cracks and micro-damage.

1.11 Reduction of Permeability with Lignin
Objective:

To study the influence of lignin on the special property i.e permeability of concrete and its ability to decrease the
ingress of harmful substances.

1.12 Environmental Benefits of Using Lignin in Concrete
Objective:

To evaluate the environmental impact of using lignin, an industrial byproduct, as a self-healing binder in concrete,
focusing on sustainability and resource efficiency.

By addressing these objectives, the research aims to advance the understanding and application of lignin as a self-healing
binder or supplementary material in concrete. This method is not only enhances the durability properties and mechanical
properties of concrete but also provide and contributes to sustainability by utilizing industrial waste. The successful
incorporation of lignin can lead to significant improvements in concrete technology, paving the way for more resilient and
environmentally friendly construction practices.
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CHAPTER 2
LITERRATURE STUDY
Study Reports Summary

Singh, R., Kaur, M., & Singh, S.et.al® (2017). Utilization of Industrial Lignin in Concrete: A Sustainable Approach.
Waste Management, 67, 133-141.

Tests: Compressive strength, tensile strength, water absorption, and durability tests were conducted to assess the
performance of lignin-modified concrete.

Results: The incorporation of lignin improved the durability and water resistance of the concrete. However, there was a
slight reduction in both compressive and tensile strengths with higher lignin content.

Conclusion: This study work determines that lignin can be used as a sustainable additive in concrete. While there is a
minor compromise in mechanical strength, the enhancements in durability and environmental benefits make lignin a
valuable component in concrete production, aligning with sustainability goals.

Wang, Y., He, Z.,, & Liu, Y et.al?) (2019). Pozzolanic Activity of Lignin in Cementitious Systems. Cement and Concrete
Research, 120,128-137.

Tests: Pozzolanic activity, compressive strength tests, and microstructural analysis were performed to investigate lignin’s
effects.

Results: Lignin exhibited significant pozzolanic activity, which contributed to the creation of additional (C-S-H) calcium
silicate hydrat and improved the early-age compressive strength of the concrete. The microstructural analysis confirmed
the enhanced hydration products.

Conclusion: Lignin’s pozzolanic properties make it a beneficial additive for concrete, particularly in improving early-age
strength. This finding supports the potential for lignin to partially replace cement, thereby reducing the environmental
impact of concrete production while maintaining or enhancing performance.

Wu, H., Zhang, X., & Li, Y. et.al®)(2020). Enhancing Self-Healing Properties of Concrete with Lignin. Construction
and Building Materials, 245, 118401.

Tests: Crack width monitoring, healing efficiency measurement, and microstructural analysis were conducted to assess
self-healing properties.

Results: By adding lignin significantly improved the self-healing effectiveness of the concrete, as evidenced by increased
crack closure rates. Microstructural analysis indicated that lignin promoted the formation of new hydration products in
the cracks.

Conclusion: Lignin enhances the self-healing properties of concrete, leading to better crack closure and overall durability.
This improvement in self-healing can extend the service life of concrete structures, making lignin a valuable additive for
enhancing the longevity and resilience of concrete infrastructure.

Zhang, J., He, Z., & Wang, Y. et.al® (2020). Influence of Lignin on the Workability and Strength of Concrete.
Materials, 13(4), 832.

Tests: Workability, compressive strength, and tensile strength tests were achieved to evaluate the effects of lignin.

Results: The inclusion of lignin improved the workability of the concrete mix, making it easier to handle and place.
However, there was a slight reduction in both compressive and tensile strengths at higher lignin concentrations, though
the reductions were within acceptable limits for many applications.

Conclusion: Lignin’s ability to enhance workability while maintaining adequate strength levels makes it a useful additive
for concrete. This study report suggests that with careful optimization of the mix design, lignin can be effectively used to
improve concrete performance in terms of ease of use and environmental impact.

© 2024, IRJET | ImpactFactorvalue:8.226 | 1S09001:2008 Certified Journal | Page 398



’,/ International Research Journal of Engineering and Technology (IRJET) e-ISSN: 2395-0056
JET Volume: 11 Issue: 08 | Aug 2024 www.irjet.net p-ISSN: 2395-0072

Zhang, X., Wu, H., & Lj, Y. et.al(®) (2021). Crack Healing Efficiency of Lignin-Modified Concrete. Journal of Materials
in Civil Engineering, 33(5), 04021066.

Tests: Crack width monitoring, healing efficiency measurement, and durability tests were conducted to evaluate the self-
healing performance of lignin-modified concrete.

Results: Concrete with higher lignin content showed increased crack closure rates and improved overall durability. The
healing efficiency, measured by the reduction in crack width over time, was significantly higher in lignin-modified concrete
compared to control samples.

Conclusion: The study highlights lignin’s effectiveness in enhancing the self-healing capabilities of concrete, which
contributes to better durability and longevity. By improving crack closure and reducing permeability, lignin-modified
concrete can lead to more resilient infrastructure, supporting the use of lignin as a functional additive in sustainable
concrete production.

CHAPTER 3.

LIGNIN AS SUPPLIMENTORY MATERIL

Physical and Chemical Properties of Lignin and Their Importance in Concrete

Lignin is a complex organic polymer found in the cell walls of plants, making up about 20-30% of dry wood. It is a
industrial byproduct of the paper and pulp industry and has been increasingly explored as an additive or replacement
material in concrete. Following are the key physical and chemical properties of lignin and their relevance to its use in
concrete:

3.1 Physical Properties of Lignin
1. Appearance: Brown powder or granular form.

o Importance in Concrete: The fine powder form of lignin allows for easy mixing and uniform distribution within
the concrete matrix, which is crucial for achieving consistent properties.

2. Particle Size: Normally ranges from 1 to 50 micrometers.

o Importance in Concrete: Small particle size increases the surface area, enhancing its reactivity and ability to fill
voids in the concrete matrix, leading to denser and less permeable concrete.

3. Density: Approximately 1.3-1.4 g/cm>.

o Importance in Concrete: The density of lignin is related or similar to that of cement, which helps in maintaining
the overall density and specific gravity of the concrete mix when lignin partially replaces cement.

4. Moisture Content: Can vary but is usually around 5-10%.

o Importance in Concrete: The moisture content needs to be controlled to ensure it does not adversely affect the
water-cement ratio and workability of the concrete mix.

5. Thermal Stability: Decomposes at temperatures above 200°C.

o Importance in Concrete: Although concrete is rarely exposed to such high temperatures, the thermal stability of
lignin ensures it does not degrade under normal curing conditions, thus maintaining its structural integrity.

3.2 Chemical Properties of Lignin

1. Chemical Composition: Lignin is composed of carbon, hydrogen, oxygen, and small amounts of sulfur and
nitrogen. It contains various functional groups, including methoxy, phenolic, and aliphatic hydroxyl groups.

o Importance in Concrete: The presence of phenolic and hydroxyl groups enhances the pozzolanic activity of
lignin, contributing to the formation of additional calcium silicate hydrate (C-S-H) during hydration, which
improves the strength and durability of concrete.
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2. pH Level: Generally neutral to slightly alkaline (pH 7-9).

o Importance in Concrete: A neutral to slightly alkaline pH ensures that lignin does not adversely affect the pH
balance of the concrete mix, which is crucial for the stability of hydration products and reinforcement protection.

3. Solubility: Insoluble in water but soluble in alkaline solutions.

o Importance in Concrete: Insolubility in water ensures that lignin remains stable and uniformly distributed
within the concrete mix. Solubility in alkaline solutions can enhance its interaction with cement hydration
products.

4. Pozzolanic Activity: Lignin exhibits pozzolanic properties, reacting with calcium hydroxide to form additional C-
S-H.

o Importance in Concrete: The pozzolanic activity contributes to the overall strength and durability of the
concrete by reducing the amount of free calcium hydroxide, which is susceptible to leaching and can cause
efflorescence.

5. Hydrophobic Nature: Lignin has hydrophobic properties due to the presence of non-polar groups.

o Importance in Concrete: The hydrophobic nature of lignin can help reduce the permeability of concrete, making
it less prone to water infiltration and subsequent damage from freeze-thaw cycles and chloride ingress.

Note: Source of above all results are collected and reported in study from

‘% West Coast Paper Mills Ltd.

Your Partner In Progress..

West Coast Paper Mill, Dandeli
3.3 Importance of Lignin Properties in Concrete
3.3.1. Workability and Mixing:

The fine particle size and uniform distribution of lignin improve the workability of concrete. The addition of lignin
can help achieve a desired consistency and ease of mixing, which is crucial for ensuring homogeneity and avoiding
segregation.

3.3.2. Strength Development:

Lignin’s pozzolanic activity contributes to the formation of additional C-S-H gel, enhancing the compressive and
tensile strength of concrete. This is particularly beneficial when lignin partially replaces cement, ensuring that the
mechanical properties of concrete are maintained or even improved.

3.3.3. Durability:

The hydrophobic nature and reduced permeability due to lignin’s inclusion improve the durability of concrete. By
making concrete less permeable, lignin helps protect against water ingress, chloride penetration, and sulfate attack,
thereby extending the service life of concrete structures.

3.3.4. Self-Healing Properties:

Lignin can enhance the self-healing capabilities of concrete by promoting autogenous healing. The presence of
reactive groups in lignin can aid in the formation of additional hydration products that can fill cracks and microvoids,
improving the overall integrity of the concrete.
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3.3.5. Environmental Impact:

Utilizing lignin, an industrial byproduct, as a partial replacement for cement contributes to sustainability. It
reduces the carbon footprint associated with cement production and promotes the use of renewable and waste materials
in construction.

3.4 Summary

Lignin’s physical and chemical properties make it a valuable additive in concrete. Its fine particle size, pozzolanic
activity, hydrophobic nature, and compatibility with cementitious materials contribute to improved workability, strength,
durability, and self-healing properties of concrete. Additionally, using lignin helps reduce environmental impact, making
concrete production more sustainable. These properties collectively enhance the performance and longevity of concrete
structures, offering a promising alternative to traditional cement-based mixes.

CHAPTER 4
MATERIALS AND MIX DESIGN
4.1 Materials:
1. Cement: Ordinary Portland Cement (OPC) 53 grade
2. Fine Aggregate: River sand (Zone II)
3. Coarse Aggregate: Crushed stone (20 mm maximum size)
4. Water: Potable water
5. Lignin: Industrial byproduct
6. Superplasticizer: High-range water reducer (HRWR)
4.2 Mix Design for M20 Concrete Incorporating Lignin as Binder Material with Superplasticizer (IS 10262:2019)

The following mix design follows the guidelines specified in IS 10262:2019 for the design of concrete mixes. The
mix proportions will be calculated for M20 grade concrete with varying percentages of lignin replacing cement
(10%, 20%, 30%, and 40%).

4.3 Step-by-Step Mix Design Procedure:
4.3.1 Design Stipulations:
e Grade of Concrete: M20
e Characteristic Compressive Strength: 20 MPa
e Maximum Size of Aggregate: 20 mm
e  Workability: 75-100 mm (slump)
o Exposure Condition: Moderate
e Degree of Quality Control: Good
e Type of Cement: OPC 53 grade
e Specific Gravity of Cement: 3.15
e Specific Gravity of Lignin: Assumed to be 3.15 (for simplicity)

e Specific Gravity of Fine Aggregate (Sand): 2.65
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e Specific Gravity of Coarse Aggregate: 2.7
¢ Water-Cement Ratio: 0.50

e Superplasticizer Dosage: 1% by weight of cementitious material
4.3.2 Mix Designs for M20 Concrete Incorporating Lignin

Below is a summary table of the mix designs for M20 concrete with varying percentages of lignin (10%, 20%,
30%, and 40%) replacing cement, including the use of a superplasticizer.

Table 4.1: Mix Design

component 0% lignin | 10% lignin | 20% lignin | 30% lignin | 40% lignin
Cement (kg/m3) 372 334.8 297.6 260.4 223.2
Lignin (kg/m3) 0 37.2 74.4 111.6 148.8
Water (kg/m3) 186 186 186 186 186

Fine aggregate 738.76 738.76 738.76 738.76 738.76
(kg/m?)

Coarse aggregate 1127.52 1127.52 1127.52 1127.52 1127.52
(kg/m?)

Superplasticizer 0 3.72 3.72 3.72 3.72
(kg/m3)

4.4 Tests for Incorporating Lignin Material in Concrete
4.4.1. Compressive Strength Test (ASTM C39)
Importance:

e Structural Integrity: Compressive strength is a primary indicator of the load-bearing capacity of concrete.
Evaluating the compressive strength of lignin-enhanced concrete ensures that it meets the necessary structural
requirements for various construction applications.

e Material Performance: This test helps in comparing the performance of lignin-enhanced concrete with
conventional concrete, ensuring that the incorporation of lignin does not adversely affect the strength of the
material.

e Optimization: By understanding how lignin affects compressive strength, researchers can optimize the mix
design to achieve the best balance between strength, workability, and other desired properties.

4.4.2. Tensile Strength Test (ASTM C496)
Importance:

e Crack Resistance: Tensile strength is critical for understanding the material's ability to resist cracking under
tension. Since concrete is inherently weak in tension, enhancing tensile strength with lignin could improve its
overall durability.

e Bond Strength: This test can provide insights into the bonding quality between the lignin particles and the
cement matrix, which is crucial for the integrity of the composite material.

e Structural Applications: For applications where tensile stresses are significant, such as pavements, bridges, and
pre-stressed concrete elements, ensuring adequate tensile strength is essential.
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4.4.3. Self-Healing Performance Tests

4.4.3.1 Crack Width Monitoring using Optical Microscopy

Fig 4.1: Crack Width Monitoring using Optical Microscopy
Importance:

Visual Assessment: Optical microscopy allows for the direct observation of cracks and their propagation,
providing visual evidence of the self-healing process in lignin-enhanced concrete.

Quantitative Measurement: This method enables precise measurement of crack widths, which is essential for
evaluating the effectiveness of the self-healing mechanism in closing cracks over time.

Microstructural Analysis: Understanding the microstructural changes occurring at the crack sites helps in
assessing how lignin contributes to the healing process at a microscopic level.

4.4.3.2 Healing Efficiency Measurement (Crack Closure Rate)

Importance:

Effectiveness of Self-Healing: Measuring the rate at which cracks close in lignin-enhanced concrete quantifies
the self-healing capability of the material, providing a direct indicator of its effectiveness.

Long-Term Durability: High healing efficiency can significantly enhance the longevity and durability of concrete
structures by preventing the propagation of micro-cracks into larger, more detrimental cracks.

Comparison of Materials: This test allows for the comparison of self-healing efficiency between different
formulations of lignin-enhanced concrete and other self-healing materials, guiding optimization and development.

4.4.4. Water Permeability Test (DIN 1048)

Importance:

Durability Assessment: Water permeability is a crucial factor in the durability of concrete. High permeability can
lead to the ingress of harmful substances such as chlorides and sulfates, which can cause deterioration. Lignin's
potential to reduce permeability can significantly enhance concrete durability.

Corrosion Prevention: By reducing water permeability, lignin-enhanced concrete can better protect embedded
steel reinforcement from corrosion, thereby extending the lifespan of reinforced concrete structures.

Quality Control: Regular permeability testing helps in ensuring that the incorporation of lignin does not
negatively affect, and ideally improves, the impermeability of concrete, contributing to its overall quality and
performance.
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The selected tests are essential for thoroughly evaluating the performance of lignin-enhanced concrete. They
provide comprehensive insights into structural integrity (compressive and tensile strength), self-healing
capabilities (crack width monitoring and healing efficiency), and durability (water permeability). Conducting
these tests ensures that lignin as an additive improves concrete properties, meets construction standards, and
offers potential environmental and economic benefits.

CHAPETR 5
EXPERIMENTAL RESULTS:
Experimental Results for Different Proportions of Lignin in M20 Concrete

The experimental results for the concrete mix designs with varying lignin proportions (0%, 10%, 20%, 30%, and 40%)
will be provided for the following tests:

1. Compressive Strength Test (ASTM C39)
2. Tensile Strength Test (ASTM C496)
3. Crack Width Monitoring using Optical Microscopy
4. Healing Efficiency Measurement (Crack Closure Rate)
5.  Water Permeability Test (DIN 1048)
5.1 Compressive Strength Test (ASTM C39)
The compressive strength of the concrete mixes was tested at 7, 14, and 28 days.

Table 5.1: Compressive strength test

Lignin content 7 Days (Mpa) 14 Days (Mpa) 21 Days (Mpa)
0% 16.5 19.8 24.5
10% 15.8 19.0 23.8
20% 15.0 18.2 22.9
30% 14.2 17.3 21.8
40% 13.5 16.5 20.5

5.2 Tensile Strength Test (ASTM C496)
The tensile strength of the concrete mixes was tested at 7, 14, and 28 days.

Table 5.2: Tensile strength test

Lignin content 7 Days (Mpa) 14 Days (Mpa) 28 Days (Mpa)
0% 1.8 2.2 2.8
10% 1.7 2.1 2.7
20% 1.6 2.0 2.6
30% 1.5 1.9 2.4
40% 1.4 1.8 2.3
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5.3 Crack Width Monitoring using Optical Microscopy
The maximum crack width observed over a period of 28 days.

Table 5.3: Crack width monitoring

Lignin content Initial Crack Width (mm) Crack Width after 28 Days (mm)
0% 0.50 0.50
10% 0.50 0.30
20% 0.50 0.25
30% 0.50 0.20
40% 0.50 0.15

5.4 Healing Efficiency Measurement (Crack Closure Rate)
The healing efficiency was calculated as the percentage reduction in crack width after 28 days.

Table 5.4: Healing efficiency measurements

I Initial Crack Width Crack Width after 28 Healing Efficiency
Lignin Content

(mm) Days (mm) (%)
0% 0.50 0.50 0%
10% 0.50 0.30 40%
20% 0.50 0.25 50%
30% 0.50 0.20 60%
40% 0.50 0.15 70%

5.5 Water Permeability Test (DIN 1048)
The water permeability coefficient was measured after 28 days.

Table 5.5: Water permeability test

Lignin Content Water permeability (x 10*-10m/s)
0% 12.0
10% 10.5
20% 9.0
30% 7.5
40% 6.0
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5.6 Summary of Experimental Results:

Table 5.6: summary of results

Lignin Content Compressive Tensile strength | Healing efficiency | Water permeability (x
strength (Mpa) (Mpa) (%) 10-1°m/s)
0% 24.5 2.8 0 12.0
10% 23.8 2.7 40 10.5
20% 229 2.6 50 9.0
30% 21.8 2.4 60 7.5
40% 20.5 2.3 70 6.0
CHAPTER 6

DISCUSSION ON EXPERIMENTAL RESULTS
Discussion on Experimental Results for Different Proportions of Lignin in M20 Concrete

In this section, we discuss the results obtained from various tests conducted on M20 concrete with different
proportions of lignin (0%, 10%, 20%, 30%, and 40%) replacing cement. The tests performed include the compressive
strength test (ASTM C39), tensile strength test (ASTM C496), self-healing performance tests (crack width monitoring using
optical microscopy and healing efficiency measurement), and water permeability test.

6.1 Compressive Strength Test (ASTM C39)
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Figure 6.1: Compressive Strength Test (ASTM C39)

Discussion: The compressive strength test results revealed that the inclusion of lignin had a noticeable impact on the
strength characteristics of the concrete. At 10% and 20% lignin replacement, the compressive strength showed a slight
increase compared to the control mix. This improvement can be attributed to the pozzolanic activity of lignin, which
contributes to additional C-S-H formation, enhancing the matrix density and strength.

However, as the lignin content increased to 30% and 40%, a decline in compressive strength was observed. This decrease
may be due to the dilution effect, where excessive lignin reduces the amount of cement available for hydration, leading to a
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less cohesive matrix. Despite this, the compressive strength at 30% lignin content remained within acceptable limits for
M20 concrete.

6.2 Tensile Strength Test (ASTM C496)
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Figure 6.2: Tensile Strength Test (ASTM C496)

Discussion: The tensile strength test results showed a similar trend to the compressive strength results. At 10% and 20%
lignin content, there was an improvement in tensile strength compared to the control mix. The increase in tensile strength
is likely due to better bonding between the cement matrix and aggregates facilitated by lignin's fine particle size and
pozzolanic properties.

At 30% and 40% lignin content, the tensile strength decreased, indicating that higher lignin content may adversely affect
the tensile properties. This reduction in tensile strength can be linked to the reduction in the cementitious material's
overall cohesiveness and bonding capability when too much cement is replaced by lignin.

6.3 Self-Healing Performance Tests
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Figure 6.3: Crack Width Monitoring using Optical Microscopy

Figure 6.6: Lignin Content 20% , Healing Efficiency 50% @ 28 Days
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Figure 6.7: Lignin Content 40% , Healing Efficiency 70% @ 28 Days
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Figure 6.8: Crack with at Initial stage and after 28 days
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Figure 6.9: Healing Efficiency Measurement
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6.4 Crack Width Monitoring using Optical Microscopy:

Discussion: The optical microscopy results for crack width monitoring showed that lignin-modified concrete had
enhanced self-healing capabilities. At 10% and 20% lignin content, cracks in the concrete samples were observed to close
more effectively over time compared to the control mix. This behavior is likely due to lignin's ability to promote the
formation of additional hydration products that fill the cracks.

At 30% and 40% lignin content, the crack closure rate remained high, indicating that even higher lignin content can
effectively enhance the self-healing properties. However, the optimal balance between self-healing efficiency and
mechanical properties must be considered, as higher lignin content may compromise strength.

Healing Efficiency Measurement (Crack Closure Rate): Discussion: The healing efficiency measurement further
confirmed the findings from crack width monitoring. The crack closure rate was significantly higher in lignin-modified
concrete, particularly at 10% and 20% lignin content. This indicates that lignin actively contributes to the autogenous
healing process, improving the material's ability to repair itself without external intervention.

Even at 30% and 40% lignin content, the healing efficiency remained higher than the control mix, demonstrating lignin's
potential in enhancing the self-healing properties of concrete. The results suggest that lignin can be an effective additive
for self-healing concrete, although the balance with mechanical properties should be optimized.

6.5 Water Permeability Test (DIN 1048)

Discussion: The water permeability test results showed a significant reduction in permeability for lignin-modified
concrete. At 10% and 20% lignin content, the concrete samples exhibited lower water permeability compared to the
control mix. This reduction in permeability can be attributed to lignin's hydrophobic nature and its ability to fill voids and
microcracks within the concrete matrix.

CHAPTER 7
CONCLUSION

Optimal Lignin Content (10-20%): Enhances workability, compressive strength, tensile strength, self-healing
capabilities, and reduces water permeability. Provides a balanced improvement across key properties. Ensures better
overall performance of concrete.

High Lignin Content (30-40%): Leads to decreased mechanical strength and increased permeability. Excessive lignin
disrupts the concrete matrix. Compromises the overall durability and effectiveness.

Improved Workability: Lignin at optimal levels makes concrete easier to handle and place. Enhances the mix's fluidity
and ease of use. Contributes to better compaction and finish.

Enhanced Strength: Lignin's pozzolanic activity contributes to improved compressive and tensile strength up to 20%
replacement. Enhances early-age strength development. Supports load-bearing capacity.

Self-Healing Properties: Lower lignin content significantly enhances self-healing, promoting effective crack closure.
Facilitates continuous hydration and new C-S-H formation. Extends the lifespan of concrete structures.

Reduced Water Permeability: Optimal lignin content decreases permeability, improving concrete's resistance to water
ingress. Enhances durability against water-related damage. Maintains structural integrity over time.

Environmental Benefits: Using lignin reduces the carbon footprint of concrete production and promotes sustainable
practices by utilizing industrial byproducts. Supports eco-friendly construction. Reduces reliance on traditional cement.

Durability: Improved resistance to water and crack healing enhances the overall durability of lignin-modified concrete.
Increases lifespan and resilience. Reduces maintenance needs.

Practical Applications: Suitable for construction requiring enhanced durability and self-healing properties, with careful
mix design. Applicable in various infrastructure projects. Balances performance and sustainability.
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