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A B S T R A C T   

Self-healing is an ideal mechanism for concrete to achieve self-repair of microcracks. While extensive efforts have 
been invested in capsule-based autonomous self-healing, the dilemma between capsules’ survivability during 
concrete mixing and their rapture upon concrete cracking to release healing agents remains unsolved. This study 
aims to address this challenge by investigating a lignin-based capsule system with tunable properties in concrete. 
Ellipsoidal capsules with varying dimensions, aspect ratios and shell thicknesses manufactured via 3D printing 
are investigated in terms of survivability, degradation kinetics, mechanical compatibility, self-healing capacity, 
concrete property recovery and microstructure analyses. The results indicate exceptional survivability of the 
capsules with intact and survival ratios of 100% and 95%, respectively. By leveraging the alkaline degradation 
and mineralization of lignin, tunable capsule properties are triggered with 88.5% strength and 57.3% rapture 
strain decreases after 3 h in pore solution and a 57.6% degradation degree in concrete after 28 days, which 
ensure robust release of healing agents. No negative impact on first cracking strength was observed by 
embedding capsules over the predicted crack path, and the 120-h crack width and cracking density are reduced 
by 64.3% and 84%, respectively. After 14 days, 78.7% of first cracking strength and 94.5% of bulk resistance are 
recovered.   

1. Introduction 

Concrete, the most consumed material only after water, is inherently 
quasi-brittle in nature, which makes it susceptible to cracking. Concrete 
cracking commonly occurs under environmental or mechanical loadings 
in terms of weathering, shrinkage, creep, chemical attacks, subgrade 
settlement, and thermal stress. Mechanically, the presence of cracks 
reduces the effective cross-sectional area, flexural rigidity, shear 
modulus, and fracture toughness of concrete structures. More impor
tantly, the formation of cracks can provide new transport paths for heat, 
moisture, and external chemical reactants into concrete thereby leading 
to a variety of deterioration issues such as corrosion of steel reinforce
ment [1,2], alkali-silica reaction [3,4], sulfate attack [5], carbonation 
[6], and freeze-thaw damage [7]. A direct result of these fatal de
teriorations is the decreased long-term durability or even premature 
failure of structures. This remains an intractable problem that shortens 
the lifetime of concrete structures and costs billions of dollars for 
maintenance each year [8,9], which is 84% to 126% higher than the cost 
of the material itself [10,11]. According to a version 2020 for concrete 

repair protection published in 2004 [8], in the United States alone, 
$18–21 billion was estimated as the annual economic impact associated 
with maintaining, rehabilitating or strengthening aged concrete struc
tures. This demonstrates that the annual cost is between $2.00 and $2.33 
per cubic yard of in-place concrete (with an assumption of 60% of the 15 
billion cubic yards placed since 1930 is still in place) [8]. Associating 
with the increased maintenance costs is the increasingly negative envi
ronmental impact of cement manufacturing and consumption. In the 
past 90 years, the global cement production has been increased by 
5777% and the cement-related annual CO2 emissions have been raised 
to 2.5 Gt [12–14], approximately 8% of the global CO2 emissions [15]. 
Given its ubiquity, an extension of the service life of concrete structures 
would result in less cement consumption thereby a significant influence 
on sustainability and climate change. 

Outperforming the traditional repair techniques, such as epoxy in
jection [16–18], electrodeposition [19,20], and grouting [21,22] that 
involve complicated machinery and significant manpower and are only 
able to heal surface cracks up to a limited depth, self-healing has been 
proven a promising approach to reduce maintenance costs as cracks can 
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be autonomously repaired inside-out without human intervention [23]. 
As summarized in Table 1, to date, two self-healing approaches have 
been employed for concrete. By leveraging the continuous hydration of 
anhydrous cement particles [24,25] or in-situ carbonation of cement 
hydrates [24,26] in the crack zones, intrinsic (autogenous) self-healing 
is an ideal concept for concrete. However, this intrinsic self-healing 
approach depends heavily on the age of concrete, in which the hydra
tion of unhydrated cement and the carbonation of hydrated products get 
less robust in old concrete over time. Moreover, the supply of water is 
indispensable to trigger the hydration and carbonation reactions. As a 
result, the self-healing efficiency is limited, and only narrower cracks 
with a width less than 300 μm can be healed [24–31]. Different from 
autogenous self-healing, autonomous self-healing approaches are ach
ieved via the incorporations of external agents, such as mineral admix
tures [32], supplementary cementitious materials [33], polymers 
[34–39], sodium silicate solutions [40–42], bacteria [43–47] and fungi 
[48–51]. Table 1 summarizes the current state of intrinsic and autono
mous approaches with a variety of mechanisms and triggers for 
self-healing concrete. Regardless of the mechanisms and triggers, 
autonomous self-healing approaches exhibit efficient crack repairing 
performance outperforming intrinsic self-healing mechanisms, while the 
self-healing agents need to survive during the harsh concrete mixing and 
keep dormant in the alkaline hydrated cement matrix until to be acti
vated upon concrete cracking. Therefore, capsules play critical roles in 
preventing the core healing agents and determining the crack healing 
efficiency. 

To date, a variety of capsule shell materials have been investigated 
for carrying healing agents in self-healing systems including urea- 
formaldehyde [59–62], polylactic acid (PLA) [42], glass [63–68], 
expansive clays [69,70], plant fibers [71,72], ceramic [73], perspex 
[66], wax [74], silica and silica gel [75–77], paraffin [78,79], 

diatomaceous earth [80], porous concrete [81] low alkali cementitious 
materials [82], polymethyl methacrylate [61,62], low alkali cementi
tious materials [82], recycled brick aggregates [83], sugar-coated 
expanded perlite [84] and carbide slag fly ash and desulfurized gyp
sum [85]. While extensive research efforts have been conducted in this 
field, the self-healing efficiency and robustness of the studied systems 
are still less than anticipated. A primary reason lies in the critical 
challenge that remains unsolved for years: the dilemma between the 
capsules’ resistance again concrete mixing (survivability) and the effi
cient rupture to release healing agents upon concrete cracking (easy 
damage), which are mechanically opposite to each other. 

To address the aforementioned difficulties and challenges, a novel 
capsule system with both high survivability and effective healing agent 
release is desired. Towards this end, a sustainable biomass capsule-based 
self-healing system derived from lignin is investigated in this study. 
Lignin, the second most abundantly available biopolymer in the world 
after cellulose, is a byproduct of the pulp and paper-making industry 
[86]. In addition to being cost-effective over synthetic polymers, such as 
acrylonitrile butadiene styrene (ABS), Polyethylene terephthalate (PET), 
Polyether ether ketone (PEEK), polypropylene (PP), and nylon, lignin is 
environmentally more sustainable, renewable and biodegradable and 
obtainable from various plants [87]. In addition to these merits, the 
unique alkaline degradation behavior of this biopolymer can be lever
aged to trigger a switchable property of the capsules, namely high sur
vivability to survive the concrete mixing process and degradable 
strength to guarantee easy rupture in the presence of concrete cracking. 
With this anticipation, a comprehensive investigation on a lignin-based 
capsule system synthesized via precise 3D printing is conducted in the 
present study. The ability of lignin capsules with a variety of dimen
sional and geometrical characteristics to withstand concrete mixing was 
evaluated. The property tunability was dually verified via micro-tensile 
tests on dog-bone specimens conditioned in a simulated concrete pore 
solution and thermogravimetric analysis (TGA) on the capsules extrac
ted from concrete. The compatibility of the lignin capsules with concrete 
was elucidated based on the evolutions of concrete mechanical prop
erties and the microstructure of interfacial bond between the capsules 
and the cement matrix. The self-healing capability of the concrete con
taining the lignin capsule system filled with sodium silicate solution as a 
self-healing agent was evaluated by monitoring the post-cracking 
strength and permeability recovery and crack closure behavior. 

2. Materials and methodology 

2.1. Materials 

A lignin-based filament with a diameter of 1.75 mm, density of 1.23 
gm/cm3 and Vicat softening temperature of 48 ◦C was used to manu
facture the capsules in this study. The tensile strength, flexural strength, 
and flexural modulus of the filament are 40 MPa, 43 MPa, and 3,200 
MPa, respectively. A TGA test of the filament showed that the onset and 
burnout degradation temperature occurred in two steps between 250- 
375 ◦C and 275–450 ◦C. A reagent-grade sodium silicate (Na2SiO3) so
lution containing 10.6% NaO2 and 26.5% SiO2 by mass, respectively, 
was used as the healing agent. Type I/II Ordinary Portland cement, all- 
purpose sand, and 3/8-inch gravels were used for concrete specimens. 
Table 2 summarized the chemical and mineral compositions of the 
cement. The specific gravity of the cement, fine and coarse aggregate 
were 3.15, 2.7, and 2.6, respectively. Sufficient workability and low 
segregation of concrete were ensured by mixing a high-efficiency poly 
carboxylate-based superplasticizer (ADVA® Cast 555). A simulated pore 
solution with a pH value of 13.47 was prepared using reagent-grade 
sodium hydroxide with a purity of over 97.0%, calcium hydroxide 
with a purity of over 99%, potassium hydroxide with a purity of over 
85%, potassium sulfate, sodium metasilicate, sodium aluminate and 
deionized water. The composition summarized in Table 3 was employed 
to simulate the real pore solution from cement at 70 days according to 

Table 1 
Self-healing approaches for concrete.  

Category Mechanism Trigger Need of 
encapsulation 

Reference 

Intrinsic Hydration of 
unhydrated cement 

Moisture No [24,25] 

Carbonation of 
hydrated cement 

CO2 and 
moisture 

No [24,26] 

Autonomous Cementing action 
and crystal 
formation of 
mineral admixtures 

Water Yes [52] 

Formation of 
C–S–Ha and calcite 
with additions of 
SCMsb 

Water No [33] 

Polymerization of 
encapsulated 
monomer and 
catalyst 

Catalyst 
chemicals 

Yes [53] 

Formation of 
C–S–H from 
silicates 

Moisture Yes [40–42] 

Calcite 
precipitation by 
bacteria via 
ureolysis, nitrate 
reduction and 
aerobic oxidation 

Nutrients, 
CO2, 
calcium or 
nitrate 

Yes [43,44, 
46,54] 

Calcite 
precipitation by 
Fungi 

Nutrients, 
CO2, or 
calcium 

Yes [48–51] 

Air curing of 
Cyanoacrylates 

Air or 
moisture 

Yes [55,56] 

Heat or air curing of 
epoxy 

Air or 
moisture 

Yes [57,58]  

a C–S–H: calcium silicate hydrates. 
b SCM: supplementary cementitious materials. 
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Ref. [88]. Brass-coated steel microfibers with a diameter of 0.2 mm, 
length of 12.95 mm, and average tensile strength of 2,903 MPa were 
used as reinforcement for mortar beams. 

2.2. Sample preparation 

Spherical and elliptical lignin capsules with varying dimensions and 
shell thickness were manufactured via fused deposition modeling (FDM) 
3D printing using an Anycubic 4Max Pro printer with a 0.4 mm nozzle 
head. An extruder temperature of 175 ◦C, a bed temperature of 60 ◦C, a 
printing speed of 60 mm/s and a layer thickness of 0.1 mm were 
employed for high print quality and to avoid printing defects. To 
investigate the effect of geometry and size on the survivability of the 
capsules against the harsh concrete mixing, capsules with minor di
ameters between 9.5 mm and 19.5 mm in accordance with the nominal 
size of gravel used in concrete were manufactured. As summarized in 
Table 4, the aspect ratios varying from 1 to 2 and shell thicknesses 
varying from 0.4 mm to 2.0 mm were employed. Selected capsule groups 
are shown in Fig. 1. To uncover the influence of sand-level capsules on 
the mechanical properties of mortar, smaller capsules with a minor 
diameter of 5 mm, an aspect ratio of 1.5 and shell thickness of 0.2 mm 
were also prepared. The capsules were injected with the healing agent 
sodium silicate solution and sealed with the same filament material with 
a hot needle to study the self-healing efficacy of the system. Dogbone 
specimens with a gauge length of 7.5 mm, gage width of 2 mm and 
gauge thickness of 0.4 mm were prepared via the same 3D printing 
method for a micro-tensile test to investigate the degradation behavior 

of the capsule material in the alkaline cement pore solution. After 
multiple iterations, the print speed and layer thickness were set at 60 
mm/s and 0.06 mm, respectively, to obtain the optimum print quality. 

Cylindrical concrete specimens with a diameter of 75 mm and height 
of 150 mm were cast using cement, sand, and gravel in a ratio of 1:2:3 
with a water to cement ratio of 0.4. The ADVA® Cast 555 super
plasticizer was used at a dosage of 0.014 ml per 100 g of cement, to 
maintain workability and prevent segregation. The moisture absorption 
capability of the aggregates was considered to adjust the amount of 
mixing water. Previous studies have shown that the optimum volume 
fraction of capsules to achieve sufficient self-healing without affecting 
the mechanical properties of concrete varied between 2% and 5% [89]. 
In this study, a volume fraction of 5% was employed to assess the 
compatibility of the lignin-based capsules in the concrete matrix and 
their effect on mechanical strength. The concrete was mixed using a 
Gilson Brothers Co. concrete mixer following ASTM C192 [90]. After 
obtaining a homogeneously mixed concrete matrix, the capsules were 
added followed by an additional 5 min of mixing to ensure uniform 
distribution of the capsules. The slump test carried out according to 
ASTM C143 [91] showed that the slump of fresh concrete increased from 
38 mm to 119 mm in the presence of lignin capsules indicating improved 
workability. 

Cubic 50 mm by 50 mm by 50 mm mortar specimens containing the 
sand-level lignin capsules at a volume fraction of 2% were prepared to 
evaluate the compatibility and influence on mechanical strength. The 
same cement and sand as those in concrete at a water to cement ratio of 
0.4 and a cement to sand ratio of 1:2 were used. with the same pro
portions, mortar cylinders with a diameter of 75 mm and height of 150 
mm containing the gravel-level capsules at a volume fraction of 3.5% 
were prepared to monitor the bulk resistivity due to the self-healing of 
cracked specimens. Two 40 mm by 75 mm by 254 mm mortar beams 
with a 6.5 mm deep and 3.15 mm wide notch at the midspan were 
prepared for crack-healing efficacy and property recovery evaluations. 
Three gravel-sized capsules (G8) filled with sodium silicate solution with 
equal intervals were placed at a depth of 20 mm (13.5 mm right above 
the notch), which yields a distance of 15.25 mm between the beam top 
surface and the capsule top. One beam without capsules was prepared 
for comparison. The mortar for the beams had the same mix design as 
the cubes with an addition of 2% volume fraction of steel fibers to 
improve ductility and the ease of micro-crack creation. All the concrete 
cylinders, mortar cubes and beams were demolded after 24 h of casting 
followed by curing in saturated lime solution at room temperature (23 
± 2 ◦C) until testing. 

To investigate the degradation behavior of lignin capsules in the 
concrete environment at an elevated temperature, 50 mm by 50 mm by 
50 mm mortar cubes at a water-cement ratio of 0.4 with 2 gravel-level 
capsules embedded in the center were cast. After demolding, the cubic 
samples were cured in saturated lime solution at 50 ◦C until testing. 

2.3. Experimental procedures 

2.3.1. Survivability test 
The survivability and functionality of the capsules were evaluated by 

mixing in concrete with a standard mixing process in a regular drum 
concrete mixer. Twenty capsules from each of the 12 manufactured 
gravel-level groups equivalent to a volume fraction of 1.8% were added 
and mixed for 5 min to ensure enough physical impact and abrasion. 
Immediately after the mixing process, the entire mixture was washed on 
a sieve with a mesh opening size of 4.76 mm to clear cement slurry and 
sand from the capsule shells. Then, the capsules were separated from the 
aggregates followed by a precise inspection of the integrity and leakage. 
In this study, two parameters were determined to evaluate the surviv
ability of capsules during concrete mixing. The ratio of intact capsules to 
initially mixed capsules was considered the intact ratio, whereas the 
intact capsules without leakage were considered active capsules and 
were used to determine the survival ratio. 

Table 2 
Chemical and mineralogical compositions of Type I/II Portland cement.  

Chemical 
composition (%) 

SiO2 Al2O3 Fe2O3 CaO MgO SO2 CO2 

19.9 4.8 3.1 62.2 3.4 3.6 0.5 

Mineral components 
(%) 

C3Sa C2Sb C3Ac C4AFd LSe Equivalent 
alkalis 

53 17 7 9 1.2 0.60  

a C3S: tricalcium silicate. 
b C2S: dicalcium silicate. 
c C3A: tricalcium aluminate. 
d C4AF: tetra-calcium aluminoferrite. 
e LS: limestone. 

Table 3 
Composition of simulated pore solution.  

Chemical Ca(OH)2 Na2SiO3 NaAlO2 KOH K2SO4 NaOH 

Mass (gm/L) 0.1111 0.0256 0.0090 29.4852 9.9737 2.5786  

Table 4 
Geometric specifications for lignin capsules.  

Group Minor 
diameter 
(mm) 

Major 
diameter 
(mm) 

Aspect 
ratio 

Shell 
thickness 
(mm) 

Sand 
level 

S1 5 7.5 1.5 0.2 

Gravel 
level 

G1 19.05 19.05 1 0.8 
G2 19.05 28.575 1.5 0.8 
G3 12.7 19.05 1.5 0.8 
G4 19.05 38.1 2 0.8 
G5 9.5 9.5 1 0.4 
G6 9.5 19.05 2 0.4 
G7 9.5 19.05 2 0.8 
G8 9.5 14.25 1.5 0.4 
G9 9.5 14.25 1.5 0.8 
G10 9.5 14.25 1.5 1.2 
G11 9.5 14.25 1.5 1.6 
G12 9.5 14.25 1.5 2  
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2.3.2. Micro-tensile test 
To validate the hypothesis of switchable properties of the lignin 

capsules and understand the rupture behavior of the aged capsule shells 
in a simulated environment inside a concrete matrix, the degradation of 
lignin inside the simulated pore solution of concrete was assessed by 
performing a micro-uniaxial tensile test on the dogbone specimens using 
a dynamic mechanical analyzer (DMA) Q800 from TA instruments. The 
degradation of the dogbone specimens was achieved by soaking the gage 

area of the specimens with a paper towel saturated with the pore solu
tion (see Fig. 2a and b). The soaking time of 1 h and 3 h were used to 
assess the degradation in strength and stiffness as compared to the un
treated control specimens. As shown in Fig. 2c and d, the micro-tensile 
test was conducted by fixing the two ends of the dogbone specimens in 
the loading frame of the DMA with a controlled force loading procedure 
at a loading rate of 3 N/min. The test was performed at a temperature of 
25 ◦C and a preload force of 0.01 N was applied prior to loading. Static 

Fig. 1. Selected lignin capsules (a) G1, (b) G2, (c) G4, and (d) G6 (note: the measurements shown in the scale are in centimeters).  

Fig. 2. (a) unaged specimens, (b) conditioning of specimens, (c) and (d) micro-tensile test setup before and after failure.  
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force, elongation, stress and strain were collected by the data acquisition 
software. The tensile strength and rupture strain were calculated as the 
average peak stress and the strain at rupture for each of the specimen 
groups. The modulus of elasticity for each specimen was calculated as 
the slope of the linear elastic part of each of the stress vs. strain curves. 

2.3.3. Compression and split tension test 
The effects of the gravel and sand level capsules on the mechanical 

property development of concrete and mortar were evaluated via 
compressive and split tensile tests after 7, 28 and 60 (90 for mortar) 
days. The compressive strength tests of concrete cylinders and mortar 
cubes were performed according to ASTM C39 [92] and ASTM C109 
[93] respectively, using a PILOT compression testing machine at a 
constant loading rate of 126 MPa/s. The split tensile test according to 
ASTM C496 [94] was performed on concrete cylinders using the same 
machine at a loading rate of 83 MPa/s. 

2.3.4. Thermogravimetric analysis 
To uncover the mechanisms of the tunable properties of the lignin 

capsules inside the concrete, mortar, and cement paste, the degraded 
capsules were isolated from the specimens using a tweezer at different 
ages followed by a room temperature cleaning, and heating at 80 ◦C to 
remove the surface water or moisture. TGA of the collected samples was 
performed between 30 ◦C and 800 ◦C at a heating rate of 10 ◦C/min 
using a PerkinElmer TGA4000 under an inert nitrogen atmosphere at a 
flow rate of 20 mL per minute. The weight loss was recorded along with 
the temperature and time. The onset and burnout temperatures were 
determined using the modified tangent method [95] and the weight 
drop between a particular temperature range was ascertained to quan
tify the phases. 

2.3.5. Self-healing efficiency 
To evaluate the self-healing efficiency of the system, the mortar 

beams with and without lignin capsules filled with Na2SiO3 solution 
were first cracked using a 3-point flexural loading setup with a span of 
203 mm (see Fig. 3). The position of the capsules inside the beam is 
shown in Fig. 3a. A low loading rate of 222 N/min was used, and the test 
was instantaneously stopped open the formation of a crack at the notch 
area. As shown in Fig. 3b, exudation of sodium silicate solution was 
observed in the crack zones indicating the effective rupture of the cap
tures and robust healing agent release upon cracking. The crack tip 
passed through and reached over the capsules as shown in Fig. 3a. Due to 
the suction induced by the tiny crack tip, the entire crack area can be 
covered with exuding liquid. After creating cracks, the beams were 
placed under a normal room condition with a temperature of 23 ± 2 ◦C 
and relative humidity of between 30% and 35%. The evolutions of crack 
widths in all the beams were recorded immediately after cracking and 

subsequently at 1 h, 2 h, 6 h, 12 h, 24 h, 48 h, 96 h, and 120 h using a 
digital microscope that has a maximum magnification of 1000x and 
analyzed using a commercially available software ImageJ. The micro
scope images were converted to binary images using ImageJ and the 
crack area was manually segmented to analyze the change in average 
crack widths and crack density using a MATLAB image processing 
package. The images were skeletonized, and the average crack width 
and the total crack area were calculated using MATLAB in pixels to units 
of mm and mm2, respectively. The crack density was obtained by 
dividing the crack area by the selected area covering the cracks. To 
evaluate the mechanical property recovery of the beams containing 
capsules, the cracked beams with and without the lignin capsule system 
were tested again using the same 3-point bending setup after curing for 
14-days. 

2.3.6. Bulk resistivity test 
To evaluate the role of self-healing in the recovery of permeability, 

the bulk resistivity of mortar cylinders before and after cracking was 
measured according to ASTM C1876 [96] using RCON resistivity meter 
from Giatec Scientific. The cylinders were first vacuumed in a vacuum 
chamber with a pressure of 900–950 Pa for 3 h and then saturated in a 
simulated pore solution [96] under the same vacuum condition for 1 h. 
After the release of vacuum, the specimens were kept immersed in the 
pore solution for 24 h before the bulk resistivity test. The bulk resistivity 
of the uncracked specimens was measured by placing the cylinders be
tween two end caps lined with conducting sponge pads and the resis
tance was recorded at a frequency of 1 kHz. The cylinders were then 
cracked by loading up to 80% of their compressive strength (as deter
mined by the compression test) using a CONTROL compression machine 
in 3 cycles at a loading rate of 126 MPa/s. After each cycle, the loading 
was released before loading again. The development of bulk resistance 
of the post-cracking cylinders after 1, 3, 7 and 14 days was measured 
through the same vacuum saturation and resistivity test procedures as 
employed for the uncracked specimens. 

2.3.7. Microstructure characterization 
The microstructure of the 28-day aged gravel-level capsules 

embedded in cement paste samples was analyzed using a digital mi
croscope and a JEOL JSM- 7401F field-emission scanning electron mi
croscope (SEM) (JEOL USA, Peabody, MA, United States) under an 
accelerating voltage of 10 kV and a probe current of 9 mA, respectively. 
The specimens were cut from the cubic sample along the minor diameter 
of the capsules using a slow-speed precision saw. For the SEM test, the 
samples were first conditioned in a desiccator with saturated sodium 
hydroxide solution to remove the surface moisture and the surfaces were 
made conductive by sputtering deposition of a thin layer of gold using a 
Denton vacuum sputter coater. Energy-dispersive X-ray analysis (EDX) 

Fig. 3. (a) schematic diagrams of the beam with top view and front view, and (b) a specimen after cracking with exudation of the liquid self-healing agent (sodium 
silicate solution), (note: the dimensions in the schematic diagram are in mm). 
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under an accelerating voltage of 10 kV and a probe current of 11 mA was 
carried out to determine the elemental composition around the capsule- 
cement interface using an EDX Genesis XM2 imaging system with a 10 
mm2 Si (Li) detector and a SUTW window equipped in the SEM. 

3. Results and discussion 

3.1. Survivability of capsules during concrete mixing 

The survivability of capsules is the first paramount important pre
requisite to achieving robust self-healing capacity in concrete. Different 
from other composite materials, concrete is typically manufactured by 
blending the raw materials via a harsh mixing process, where impact, 
abrasion and tear from the heavy granular gravels and sands pose a 
threat to the integrity and functionality of the hollow capsules with thin 
shells. The capsules must have enough robustness to avoid shell rupture 
and be capable of holding the self-healing agent. In this study, two 
quantities, namely intact ratio and survival ratio, have been used to 
assess the survivability of the synthesized lignin-based capsules during 
concrete mixing. One of the authors’ previous studies on polylactic acid 
capsules has shown that geometry, aspect ratio, and shell thickness 
determine the survivability of the capsules. Here, all these factors were 
investigated for the new lignin capsules. 

3.1.1. Influence of capsule size 
Fig. 4 shows the intact ratio and survival ratio of the lignin capsules 

with a shell thickness of 0.8 mm and two aspect ratios of 1.5 and 2 and 
varying minor diameters from 9.5 mm to 19.05 mm. As shown in Fig. 4a, 
at a lower aspect ratio of 1.5, the capsules yielded a promising intact 
ratio between 95% and 100% for all three minor diameters (9.5 mm, 
12.7 mm and 19.05). The survival ratio, however, decreased with 
capsule size. The small capsules in 9.5 mm and 12.7 mm exhibited 
survival ratios of 95% and 90%, respectively, while only 30% of the 
largest capsules can survive. Fig. 4b shows that for capsules with an 
aspect ratio of 2, an increase in minor diameter from 9.5 mm to 19.05 
mm does not significantly impact the intact ratio of the lignin capsules 
for both capsules with 0.4 mm and 0.8 mm shell thickness. However, a 
65% decrease in the survival ratio was obtained when the capsule size 
increased to 19.5 mm. For the two aspect ratios, the highest intact ratio 
of 100% and survival ratio of 95% were both yielded by the small 
capsules i.e., G6 and G7, which may be due to the increased surface of 
the larger capsules exposed to increased contact and abrasion during 
concrete mixing. The increased capsule size with a longer printing 
pathway might have also led to increased printing defects. Therefore, 
although a large size can deliver more healing agents, given the high 

intact and survival ratios, a lignin capsule with a small minor diameter is 
preferred. 

3.1.2. Influence of aspect ratio 
The aspect ratio was also found to influence the intact and survival 

ratios of the capsules. As is shown in Fig. 5, all the investigated capsules 
with minor diameters of 9.5 mm and 19.5 mm and shell thicknesses of 
0.4 and 0.8 mm with varying aspect ratios from 1 to 2 can remain intact 
after concrete mixing. Fig. 5a shows that, for the large capsules with a 
minor diameter of 19.05 mm, the survival ratio drops from 60% to 30% 
when the aspect ratio changes from 1 to 1.5. This low survival ratio does 
not change with a further increase in aspect ratio. A survival ratio of 
95% was yielded by the smaller capsules with a minor diameter of 9.5 
mm and shell thickness of 0.8 mm, and no influence of aspect ratio was 
observed (see Fig. 5b). It is interesting to observe that, when the shell 
thickness was decreased to 0.4 mm, the small capsules exhibited the 
same survival ratio of 95% for the aspect ratios of 1 and 1.5, which 
dropped by 5% when the aspect ratio increased to 2. The comparisons 
indicate that the small capsules with a shell thickness of 0.4 mm are 
superior to large capsules with even a shell thickness of 0.8 mm. Again, 
this might be due to the greater surface area of the larger capsules 
providing more contact and abrasion from the gravel in concrete mixing. 
With the same minor diameter, capsules with a higher aspect ratio are 
preferred to carry a greater quantity of self-healing agent and capture 
cracks more efficiently. However, the negative impact of an extremely 
high elongation (i.e., an aspect ratio of 2) on capsule survivability must 
be taken into account. 

3.1.3. Influence of shell thickness 
Fig. 6 shows the effect of shell thickness on the intact and survival 

ratios of the lignin capsules. Based on the results above, the preferred 
small capsules with a 9.5 mm minor diameter and aspect ratio of 1.5 and 
2 were focused on in this section. It was observed that an increase in 
shell thickness does not result in improved survivability. As shown in 
Fig. 6a, at an aspect ratio of 1.5, the capsules with shell thickness of 0.4 
and 0.8 showed the same intact and survival ratios of 100% and 95%, 
respectively. However, the intact ratio was found to decrease by 5% and 
10%, respectively, as the shell thickness increased to 1.2 mm and 2.0 
mm, except for 1.6 mm shell thickness (G11). A more significant 
decrease in survival ratio by 15% was observed as the shell thickness 
increased to 1.2 mm. Although an increased survival ratio was yielded 
by further increased shell thickness to 1.6 mm and 2.0 mm, their sur
vivability is still lower than that of the capsules with thinner shells (0.4 
mm and 0.8 mm). This may have occurred from the weak spots in the 
shell created due to irregularities in between the multiple layers. 

Fig. 4. Intact ratio and survivability ratio of capsules having: (a) aspect ratio of 1.5; and (b) aspect ratio of 2.  
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Furthermore, with the same dimension, the inner space of the hollow 
capsules decreases with shell thickness and hence less healing agents can 
be delivered. The results in Fig. 6b indicate that, at a higher aspect ratio 
of 2, the same intact ratio (100%) and a lower survival ratio (90%) were 
yielded by the capsules with a shell thickness of 0.4 mm, while the 
survival ratio decreased to 30% when the minor diameter was increased 
to 19.5 mm at a shell thickness of 0.8 mm. Based on these observations, 
it can be concluded that the small capsules having a minor diameter of 
9.5 mm, an aspect ratio of 1.5, and a shell thickness of 0.4 mm (G8) have 
the maximum intact (100%) and survivability ratio (95%). Although a 
similar performance was obtained from G7 and G9, a higher shell 
thickness decreases the efficiency of capsules in reserving and delivering 
self-healing agents and consumes more materials in capsule synthesis. 
Furthermore, with the same survivability, a thinner shell will trigger a 
more robust rapture efficiency of the capsule upon concrete cracking to 
release the healing agent. Therefore, G8 and the sand-level capsules (S1) 
were focused on for further investigations into compatibility and self- 
healing capability. 

3.2. Degradation behavior of lignin capsules 

3.2.1. Degradation in simulated pore solution 
As a key innovation of the lignin-based capsules of this study, the 

degradation of lignin in the cementitious environment is leveraged to 
achieve tunable properties, i.e., high survivability during concrete 
mixing and high rupture efficiency upon concrete cracking. To verify 
this assumption, the degradation in tensile strength of the lignin shell 
exposed to a simulated concrete pore solution at room temperature was 
evaluated by carrying out a micro-tensile test on dogbone specimens. 
Fig. 7a shows the stress vs. strain behavior of the lignin dogbone spec
imens at both unaged state and after being treated in the simulated pore 
solution for 1 and 3 h. The stress-strain curves of the unaged specimens 
show a linear variation of stress and strain indicating an elastic response 
up to a stress of 6 MPa, beyond which the specimens showed inelastic 
behavior up to failure. The differences in the stress-strain behavior of the 
unaged specimens may have been due to small imperfections in the gage 
region of the specimens resulting from 3D printing. In the presence of 
the alkaline solution, the influence of the small imperfections was 
reduced and the aged capsule shells with decreased strength and 
deformation capacity showed lower variation in the stress and strain 
curves. The specimens treated in simulated pore solution for 1 and 3 h 

Fig. 5. The influence of aspect ratio on the intact and survival ratios of lignin capsules with: (a) minor diameter of 19.05 mm and thickness of 0.8 mm, (b) minor 
diameter of 9.5 mm and thicknesses of 0.8 mm and 0.4 mm. 

Fig. 6. Influence of shell thickness on the survivability of lignin capsules with aspect ratios of (a) 1.5 and (b) 2.  
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showed elastic response for up to 0.45 MPa and 0.23 MPa, respectively, 
with lower slopes indicating the degradations in tensile resistance and 
stiffness. Among the three groups, the unaged samples exhibited the 
highest peak load, which decreased dramatically with the time of pore 
solution treatment. As shown in Fig. 7b, the control group without 
treatment showed the maximum tensile strength of 8.2 MPa. After 1 h 
and 3 h of soaking in the concrete pore solution, the strength decreased 
by 69.3% and 88.5%, respectively. Although this treatment is more 
aggressive than the real condition, the results provide an indication of 
the efficient degradation of the lignin-based capsule shell in concrete. 
After 1 and 3 h of conditioning, the aged specimens exhibited 14.6% and 
68.6% lower modulus of elasticity, respectively (see Fig. 7c). Compared 
with the unaged controlled group, the ultimate strain at rupture was 
found to decrease by 49.5% and 57.3% after being conditioned for 1 and 
3 h, respectively (see Fig. 7d). The decreases in tensile strength and 
rupture strain were more profound during the first hour of exposure to 
pore solution than the changes in the subsequent 2 h. This reveals the 
highly efficient property tunability of the lignin capsules, which is 
desirable for healing early-age concrete cracks. The degradation 
behavior of the lignin capsules in actual concrete and mortar environ
ment was investigated (see the sections below) to further test this 
hypothesis. 

3.2.2. Degradation of gravel-sized capsules in concrete 
In addition to the high survivability, efficient rupture of the capsules, 

i.e., a tunable property, is the second prerequisite to trigger robust seal- 

healing action in concrete. This property switchability of the lignin 
capsules was evaluated by the phase evolution of the capsules extracted 
from the concrete matrix at 7, 28, and 60 days via TGA. Fig. 8a and b 
shows the weight loss thermogravimetry and the derivative thermog
ravimetry (DTG) curves of the lignin capsules as functions of tempera
ture, respectively. The unaged capsules showed a two-step degradation: 
the first weight loss from 308 ◦C to 362 ◦C, which is the degradation 
temperature range of lignin, shows a weight drop of 58.6%, while the 
second weight drop of 18.6% between 392.2 ◦C and 422.5 ◦C is attrib
uted to the biopolymers (polylactic acid) mixed in the filament for 
printability improvement. It is worth noting that both the lignin matrix 
and the polylactic acid additive are alkaline degradable. After a 7-day 
immersion in concrete, the lignin capsules showed a weight loss in 3 
stages: the first two weight losses for temperature ranges of 
230–276.4 ◦C and 300–330.1 ◦C are attributed to the decomposition of 
lignin, and the second weight drop from 379 to 421.9 ◦C is due to pol
ylactic acid. The reduction in the onset temperature of lignin from 
308 ◦C to 230 ◦C indicates a decrease in thermal stability induced by the 
formation of soluble lignin and depolymerization in the presence of al
kalis, which can decrease the content of C–C linkages [97]. The 2-stage 
degradation of lignin after 7 days indicates partial depolymerization, 
which was completed after 28-days as seen from a single broad weight 
loss with a similar onset temperature. The contents of lignin and poly
lactic acid were decreased by 49.4% and 14.5%, respectively. At later 
ages, the onset temperature of lignin remained similar to that observed 
from the 7-day sample. After 28 and 60 days, lignin degradations were 

Fig. 7. Degradation of lignin in pore solution with time: (a) stress-strain curves from the micro-tensile tests and evolutions of (b) tensile strength, (c) Modulus of 
elasticity and (d) rupture strain. 
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increased to 57.6% and 58.3%, respectively. A small amount of hydrated 
cement paste adhered to the surface or migrated into the shells (even 
after cleaning) was also observed from the extracted capsules indicated 
by the slight weight drops in the characteristic temperature ranges of 
calcium silicate hydrate (C–S–H), portlandite, and calcite. Compared 
with the authors’ previous study [42], the main difference between the 
lignin capsules and that synthesized from pure PLA lies in the rate of 
degradation: the lignin exhibits a higher early-age degradation rate, 
which is almost 4 times that of the PLA at 28 days. 

3.2.3. Degradation of sand-sized capsules in a mortar matrix 
To understand the property tunability of the sand-level capsules in 

the matrix of mortar, TGA was conducted on the extracted capsule shells 
after an immersion of 7, 28, 90 and 120 days. Fig. 9a and Fig. 9b show 
the TGA and DTG curves of the unaged and aged lignin capsules inside 
mortar cubes cured in saturated lime solution at 23 ◦C. It can be seen 
that, after 7 days, the onset and burnout temperature of the lignin 
decreased to 268 ◦C and 318.4 ◦C, respectively, due to depolymerization 
in the alkaline mortar matrix, which is consistent with the observation 
for the gravel-level capsules in concrete. However, a lower degradation 
rate was observed from the sand-level capsules. After 7 and 28 days, the 
degrees of degradation of the sand-level capsules in mortar are 16.8% 
and 14.3% lower than that of the gravel-sized capsule. This might be due 
to two reasons: (i) the difference in the alkalinity between concrete and 
mortar, and (ii) the smaller surface area of the sand-level capsules 

leading to less effective contact area and a lower possibility of encoun
tering pore solutions. Compared with the previously studied polylactic 
acid-based capsules, the lignin capsules exhibited 14.8% and 39.9% 
higher degradation rates after 7 and 28 days, respectively. Beyond 28 
days, the lignin capsules did not show a significant increase in degra
dation, and the onset and burnout temperature decreased to 240.9 ◦C 
and 328.1 ◦C, respectively, after 120 days. The disappearance of the 
weight drop of additive indicates the full degradation of this phase at 90 
days. 

3.2.4. Degradation of capsules under an elevated temperature 
To understand the degradation rate of the lignin capsules under a 

thermal condition, such as the core part of a massive concrete structure, 
TGA was performed on the capsule shells extracted from a cement paste 
in a saturated lime solution at an elevated temperature of 50 ◦C. The 
TGA and DTG curves of the capsules are shown in Fig. 10a and b, 
respectively. After 7 days, the onset temperature of the lignin degrada
tion was reduced to 244.8 ◦C, while the burnout temperature decreased 
to 307.14 ◦C, which is lower than that observed from the embedded 
capsules at room temperature. This might be due to the accelerated 
depolymerization of lignin under the elevated curing temperature. It is 
interesting to note that the degradation rate was not increased appre
ciably under higher temperatures and a single broad weight loss be
tween 290.9 ◦C and 374.7 ◦C was observed after 28 days. After being 
conditioned for 90 days, 48.6% capsule was degraded, which is 9.7% 

Fig. 8. (a) TGA and (b) DTG of unaged capsules and aged capsules extracted from concrete after 7, 28, and 60 days.  

Fig. 9. (a) TGA and (b) DTG of unaged capsules and aged capsules extracted from mortar after 7, 28, 90, and 120 days.  
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lower than the 60-day capsule degradation in concrete conditioned 
under room temperature but 16% higher than the degradation degree of 
polylactic acid capsules in the same condition. The onset and burnout 
temperatures of the lignin capsule shell were further decreased to 
268.6 ◦C and 352.2 ◦C, respectively, after 90 days of conditioning. The 
onset and burnout temperatures as well as the degradation degrees of 
the capsules under different curing conditions are summarized in 
Table 5. 

3.3. Mechanical compatibility of the lignin capsules 

The compatibility of the gravel-level and sand-level lignin capsules 
in concrete and mortar was evaluated by carrying out compressive and 
tensile strength tests on concrete cylinders and mortar cubes, respec
tively. The concrete contains 5 vol% G8 capsules, while the mortar is 
incorporated with 2 vol% S1 capsules. 

3.3.1. Influence of gravel-sized capsules on concrete strength 
Fig. 11a and b shows the influence of the gravel-level lignin capsules 

on the developments of concrete compressive strength and splitting 
tensile strength, respectively. As shown in Fig. 11a, by incorporating 5 
vol% capsules, the 7-day, 28-day and 60-day compressive strength of 
concrete were reduced by 36.3%, 47.7% and 36.4%, respectively. This 
might be induced by multiple reasons: (i) the high capsule volume 
fraction employed in this study, (ii) the degradation of the lignin capsule 
creates weak zones inside the concrete matrix, and (iii) the capsules are 
lighter than the regular gravels and tended to move up during casting 
resulting in less homogeneous distribution. Nevertheless, increasing 

compressive strength of the concrete containing the lignin capsules with 
time was observed and the 60-day strength was increased to 34 MPa. 
Besides the continuous cement hydration, the decreased strength loss 
with the control group (plain concrete) might be partially due to the 
formation of solid products (C–S–H and calcite) from the reaction be
tween sodium silicate (healing agent) with portlandite and CO2. In 
addition to the strength evolution, as Fig. 12a and b, an effective 
exudation of the liquid sodium silicate was observed during cracking 
under compressive loading, which indicates the highly robust rupture 
and healing agent release efficiency of the aged lignin capsules upon 
concrete cracking. 

The development of splitting tensile strength of concrete with and 
without capsules after 28 and 60 days is shown in Fig. 11b. The 28-day 
tensile strength of the concrete cylinder is 20.2% lower than the control 
group. After 60 days, the tensile strength was found to increase signif
icantly making the tensile strength lower by only 17.6% when compared 
to the plain concrete. Since concrete is prone to cracking in flexure, the 
improvement of the tensile strength is promising. It is worth noting that 
the main reason for the decreased compressive and splitting tensile 
strength of concrete is the high-volume fraction of capsules employed in 
this study. The high number of capsules might decrease the homogeneity 
of the concrete mixture and induce stress concentrations resulting in 
local spalling or end rolling in the concrete cylinders under mechanical 
loadings as shown in Fig. 12a to c. Previous studies have also shown that 
an adverse effect on concrete strength and Young’s modulus can be 
generated when the capsule volume fraction reaches 5%. The detri
mental effect can be suppressed by decreasing the capsule volume 
fraction to 2%, while the self-healing capacity can also be concomitantly 

Fig. 10. (a) TGA and (b) DTG of unaged capsules and aged capsules extracted from cement paste cured at 50 ◦C after 7, 28, and 90 days.  

Table 5 
Summary of thermogravimetric analysis results.  

Sample Matrix (temperature) Age (days) Onset 
Temperature, 
Td (◦C) 

Maximum Degradation Temperature (◦C) Weight Loss (%) Degradation (%) 

Unaged – 0 308.0 422.5 77.2 – 

Aged capsules Concrete (23 ◦C) 7 230.7 421.9 45.5 31.7 
28 259.1 412.8 19.7 57.6 
60 263.9 424.5 18.9 58.3 

Mortar (23 ◦C) 7 268.2 426.0 62.4 14.9 
28 241.1 464.1 33.9 43.3 
90 237.5 348.0 27.9 49.3 
120 240.9 328.1 26.8 50.4 

Cement paste (50 ◦C) 7 244.8 422.3 54.1 23.1 
28 290.9 374.7 47.8 29.4 
90 268.6 352.2 28.6 48.6  
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reduced [98]. As shown in Fig. 16, the fiber-reinforced mortar beams 
with three embedded G8 capsules over the notch yielded comparable 
first cracking strength when compared with the plain concrete beams, 
which is promising since concrete is susceptible to flexural cracking. 
Further studies are necessary to determine the optimum dosage of 
capsules to achieve efficient self-healing without compromising the 
mechanical properties of concrete. 

3.3.2. Influence of sand-sized capsules on mortar strength 
The impact of the sand level capsules at a lower volume fraction of 

2% on the compressive strength of mortar cured in saturated lime so
lution at room temperature is shown in Fig. 13. It was found that the 
incorporation of the lignin capsules lowers the 7-day mortar strength by 
14.4%. A similar phenomenon was also observed from polylactic acid 
capsule in the author’s previous study [42]. It is interesting to see that 
the overall strength development of the mortar is significantly improved 
compared with the case of concrete containing gravel-level capsules. At 
28-days, the strength of mortar containing S1 capsules is comparable 
with the control group (plain mortar). A slower strength gain was yiel
ded from 28 days to 90 days. As a result, the 90-day strength of the 
mortar with capsule is 12.7% lower than the plain mortar, which might 
be due to the degradation of the lignin capsules and the fact that the sand 
level capsules are still larger than most of the sand particles used in the 
mortar. The improvement in strength gain of the mortar outperforming 

Fig. 11. Development of (a) compressive and (b) splitting tensile strength of concrete.  

Fig. 12. Concrete cylinders under compression: (a, b) cracking and exudation of healing agent from ruptured capsules, and (c, d) end spalling.  

Fig. 13. Development of compressive strength of mortar containing sand- 
level capsules. 
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concrete specimens might be due to the lower volume fraction of the 
sand-level capsules of 2%, which is much lower than that of the 
gravel-level capsules in concrete (5%). Furthermore, the smaller size of 
the sand-level capsules can create fewer voids with a less detrimental 
effect on the matrix strength. These observations indicate acceptable 
compatibility of the sand-level lignin capsules in the mortar mix, which 
is in accordance with previous investigations [42,98,99]. 

3.4. Self-healing and property recovery efficiency 

3.4.1. Crack self-healing capacity 
The crack healing capability of the lignin capsule-based self-healing 

system was evaluated by monitoring the crack closure behavior of post- 
cracking fiber-reinforced mortar beams. After creating a microcrack in 
each bottom notch area manifested by a sharp drop in load and the 
exudation of the self-healing fluid, the cracks were immediately 
measured under a digital microscope followed by periodic 

Fig. 14. Evolution of the crack width in mortar beams with and without lignin capsules: (a) original images, and (b) binary images after processing (the scale bar is 
50 μm). 
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measurements in the next 120 h. Fig. 14a shows a comparison of the 
crack width at selected periods of the specimens with and without lignin 
capsules. The beam containing lignin capsules filled with sodium silicate 
solution showed exudence of the liquid from the crack immediately after 
the crack initiation. The crack was progressively closed due to the pre
cipitation of C–S–H derived from the reaction between sodium silicate 
and portlandite, as well as the hardening of sodium silicate itself, 
whereas the control beam did not show crack closure even the contin
uous hydration of cement likely exists in this young mortar matrix. To 
obtain an accurate determination of the cracks and progressive crack- 
healing efficiency, the digital images were further quantified by an 
imaging processing toolbox in MATLAB after preliminary processing via 
ImageJ software. Fig. 14b shows the filtered binary images corre
sponding to the images in Fig. 14a with progressive changes in crack 
width and area, which were further analyzed using MATLAB to obtain 
average crack width and cracking density. A clear decrease in the crack 
width and area in the beam containing lignin capsules was observed, 
which indicates the successful closure of cracks via filling with sodium 
silicate solution and its hardening and reaction with the hydrated 
cement over time, whereas the plain beam showed a slight increase in 
crack size. 

The change in the average crack width and cracking density of the 
beams with and without capsules is shown in Fig. 15a and b, respec
tively. The control beam showed no crack closure but increases of 19.5% 
and 8.75% in average crack width and cracking density, respectively, 
after 6 h. Thereafter, the average crack width and crack density of the 
control beam increased steadily and resulted in a maximum increase of 
51.4% and 31.1%, respectively. This might be due to the self-weight of 
the beam as the specimens were horizontally placed on two vertical 
supports at the beam ends with a span that generates a mild flexural load 
widening the cracks on the downward cracked surface. However, under 
the same condition, the self-healing capsules were able to reduce the 
average crack width and cracking density by up to 64.3% and 84%, 
respectively. During the first hour, a sharp decrease in average crack 
width by 43.6% was observed, which is more significant in the reduction 
of cracking density (by 63%). This indicates the rapid crack healing 
capacity of the developed self-healing system, which is due to the effi
cient release of the sodium silicate solution from the lignin capsules (see 
the wet area around the cracks in Fig. 14a), and its quick hardening and 
reaction with the hydration cement phases in the crack zones. The 
successful and rapid crack closure indicates the feasibility of using the 
proposed self-healing system in concrete to achieve robust self-repairing 
capacity. 

3.4.2. Strength recovery 
The efficiency of mechanical property recovery of the self-healing 

system was evaluated by monitoring the restored flexural strength of 
the post-cracking beams after 14 days. As shown in Fig. 16, no decrease 
but a 0.7% increase in the first cracking strength was observed from the 
mortar beams containing three G8 capsules, which indicates that the 
presence of capsules over the predicted path of the crack propagation 
does not negatively influence the flexural cracking behavior of concrete. 
This is in agreement with the simulations by Huang and Ye [98], in 
which a capsule volume fraction of 2% is a safe value to eliminate the 
compromising effect on concrete mechanical properties. Compared with 
the original first cracking strength, although the size of surface cracks 
decreased, the plain beam showed a 45% lower ultimate strength. This 
may be due to the quasi-brittle behavior displayed by the 
fiber-reinforced beams after first cracking due to the major crack 
simulated at the notch as well as the high span to depth ratio of the 
beams. In the quasi-brittle type of failure, the first cracking strength is 
considered the ultimate strength, since no increase in load is observed 
beyond the first cracking, which is unlike the strain-hardening behavior. 
The regain of the first cracking strength by 55% indicates that, even with 
limited intrinsic self-healing capacity attributed to the continuous hy
dration of the unhydrated cement particles inside the cracks, the 

Fig. 15. Self-healing efficiency: (a) development of average crack width and (b) evolution of cracking density of mortar beams with and without lignin capsules.  

Fig. 16. First cracking strength and flexural strength of mortar beams with and 
without the lignin capsule system after self-healing. 
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fiber-reinforced mortar beams in this study exhibited quasi-brittle 
behavior under bending and the peak load was obtained from the 
first-cracking stage. It was observed that the crack created at the notch 
reached up to 80% of the overall depth of the beam (as shown in Fig. 3b). 
However, with the robustly healed cracks, the two beams with the lignin 
capsule system showed that the ultimate strength after crack closure was 
62.2% and 78.7% of the original first cracking stress, which are 13.9% 
and 43.5% greater, respectively, when compared to the plain beam. This 
indicates that the cracks inside the damaged beams were filled with 
products from the reaction between sodium silicate and the cement 
hydrates (like portlandite) with high interfacial bonding coherence. 
However, a more comprehensive elucidation of the recovery of flexural, 
compressive and tensile strength, as well as an in-situ understanding of 
mechanical property evolution of the newly formed phases and the 
bonding strength within the crack zones under repeated cracking are 
desired in future works. 

3.4.3. Recovery of permeability 
Cracks substantially change the transport properties and increase the 

permeability of concrete by providing paths for external moisture and 
salts to migrate into concrete leading to a variety of deteriorations. 
Therefore, one of the most critical roles of self-healing is to suppress the 
crack-induced permeability increase. In this study, the efficiency of the 
lignin capsule-based self-healing system in recovering concrete perme
ability was evaluated by measuring the evolution of bulk electrical 
resistance. A decrease in bulk resistivity indicates the presence of a well- 
connected network of pores or cracks, which are filled with conducting 
fluid and help the flow of current. As shown in Fig. 17, before cracking, 
the plain cylinders showed an average bulk resistivity of 1,858.8 Ω cm. 
Interestingly, the incorporation of lignin-based capsules resulted in a 
14.1% increase in bulk resistivity indicating a reduced permeability of 
the uncracked cylinders. Right after cracking, due to the formation of a 
network of connected paths through which current can flow, the bulk 
resistivity of the control and capsule-containing cylinders dropped by 
4.7% and 6.3%, respectively. A continuous decrease in the bulk re
sistivity of the control cylinders was observed. As a result, the perme
ability after 72 h and 168 h is 5.3% and 7.1% higher than the original 
value. Agreeing well with the evolutions of crack width and strength 
recovery, the specimens with lignin capsules showed resistivity in
creases of 1.7% and 2.2% after 72 h and 168 h, respectively. This is most 
likely induced by the effective crack healing, which reduced the con
nectivity of the inner network due to the precipitations of newly formed 
phases. As a result, the bulk resistivity of the cylinders containing the 
lignin capsule-based self-healing system is 14.8% and 19.6% higher than 

the plain cylinder after 72 and 168 h, respectively, exceeding the orig
inal difference of the uncracked cylinders. This robust recovery of bulk 
resistivity further evidences the effective role of the synthesized lignin- 
based capsules in triggering robust crack self-healing and property re
covery of concrete. It is well known that the permeability of concrete 
dominates its resistance against a variety of deteriorations. Therefore, it 
is anticipated that the developed tunable capsules can also play a posi
tive role in improving the degradation tolerance of concrete. Further 
complementary investigations remain crucial in elucidating the role of 
this novel capsule system in optimizing the durability of cement com
posites, which will be the focus of an upcoming study. 

3.5. Microstructure and chemical composition analysis 

The microstructure and morphology of the degraded capsules inside 
the cement matrix were evaluated under a digital microscope and SEM. 
Fig. 18a and b shows a cross-section after cutting along the minor axis of 
an embedded capsule under the digital microscope. From Fig. 18a, it can 
be seen that the capsule still maintained high integrity even with 
degradation. A tight interfacial bond between the capsule shell and the 
hydrated cement matrix is observed in Fig. 18b. The white and trans
lucent gel-like phases inside the capsule or adhering to the inner shell 
wall are the sodium silicate. The SEM imaging was performed by 
focusing on the interfacial transition zone between the capsule and 
cement to elucidate the interplay between the two materials, as well as 
the capsule shell to understand its chemical degradation. As a local zoom 
of the interface in Fig. 18b and c shows an interlaced contact between 
the capsule shell and the surrounding hydrated cement matrix implying 
a strong interfacial bonding. The lignin microfibrils are partially strip
ped as a result of alkaline degradation (see Fig. 18d). Enlarging a portion 
of the interface shows the aligned micro-fibrils of the lignin capsule 
intercalated with cement hydration products (Fig. 18e and f). The for
mation of these hydrated cement phases inside the capsule shell might 
be a result of cement hydration products ingress into the stripped micro- 
fibrils, mineral precipitations due to the supersaturation of pore solution 
after infiltrating into the capsule shell wall, or the combination of these 
two mineralization mechanisms. The same phenomenon was observed 
in the author’s previous study [100,101], where calcium hydroxide 
induced mineralization and self-mineralization due to alkaline hydro
lysis of lignin in a natural fiber were identified and quantitatively 
characterized. The combination of these two mineralization mecha
nisms can substantially increase the brittleness of natural biopolymers 
leading to decreased tensile resistance and strain capacity. This is in line 
with the observations from the micro-tensile test of the lignin capsule 
shell (see Section 3.2.1) and explains the ease of capsule rupture in the 
concrete and mortar specimens under compression and tensile loads. 
This again evidences the great compatibility and property tunability of 
the synthesized lignin-based capsules in the matrix of concrete. 

To further elucidate the mineralization and deposition behavior of 
cement hydration products in the capsule shell, EDS at the cement- 
capsule interface was performed to analyze elemental composition. As 
shown in Fig. 19a, a series of testing sites linearly distributed along a line 
perpendicular to the interface from the cement paste to the inner capsule 
was tested. The intersection between cement paste and capsule shell was 
defined as the origin point, from which the distances to the left cement 
paste and the right capsule are assigned negative and positive values, 
respectively. From Fig. 19b, it was found that the points in the cement 
paste show high atomic percentages of calcium and silica, which are the 
main constituents of the major hydration product C–S–H. Carbon was 
also detected in the cement paste region, which may be due to con
taminants from specimen handling and coating. As the selected location 
moved away from the cement paste into the lignin capsules region, the 
carbon content increased steadily. This is expected since lignin is an 
organic biopolymer consisting of cross-linked and polymerized three 
monolignols (p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol) 
[102]. The amount of silicon was detected at a low level inside the 
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capsule shell, while a high content of calcium between 16.7% and 23.3% 
was observed. This indicates that the capsule shell’s mineralization is 
not induced by silicious hydrates but by calcium-rich phases like por
tlandite. With a further increase of distance into capsules, less calcium 
can be detected indicating that the mineralization is most prominent at 
the interface between capsule and cement, as well as inside the capsule 
shell. This not only reveals the reason for the tunable property of the 
capsule but also indicates that the healing agent can be well protected in 
the capsule without reaction before the self-healing action. Additional 
EDS acquired from the hydration products (the solid symbols in 
Fig. 19b) intercalated inside the capsule shell microfibrils suggested the 
co-existence of carbon from lignin, calcium from portlandite, and a high 
amount of silicon from the silicious hydrates, like C–S–H and ettringite. 

These observations again indicate the excellent compatibility between 
the lignin capsules and the surrounding cement matrix and support the 
future application of the lignin capsules for robust self-healing concrete. 

4. Conclusions 

To address the contradiction between the requirements of high sur
vivability of capsules in the harsh concrete mixing process and the 
effective rupture of the capsules upon concrete cracking for effective 
release of healing agents into the crack zone, the present study investi
gated a biomass capsule system derived from lignin. Ellipsoidal capsules 
at both gravel and sand levels with different sizes, aspect ratios and shell 
wall thicknesses manufactured via 3D printing were studied. The 

Fig. 18. Microstructure and morphology of the degraded capsules inside the cement matrix: (a) cross-section after cutting, (b) interfacial bonding between capsule 
wall and the cement matrix, (c, d) SEM images of the capsule-cement interface, and (e, f) aligned, stripped microfibrils of capsule shell intercalated with cement 
hydration products (the red circles present the spot with further enlargement, and the red arrows indicate the local zoom highlighted by the circles). (For inter
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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feasibility and compatibility of the lignin-based capsules with concrete 
were evaluated by means of survivability in concrete mixing, degrada
tion behavior of the capsule shell material in simulated pore solution, 
concrete, mortar and cement paste under varying temperatures, the 
influence of capsules on compressive and flexural strength of concrete 
and mortar, self-healing efficiency of the cracks, and recovery of cracked 
concrete strength and permeability. The findings from this study indi
cate the promising potential of this biomass capsule to achieve robust 
self-healing capacity in concrete and pave a path for designing self- 
repairing concrete with various healing agents in a cost-effective and 
sustainable way. The following conclusions can be drawn:  

1. The capsules with an aspect ratio of 1.5, a minor diameter of 9.5 mm, 
and shell thickness of 0.4 mm exhibited exceptional intact and sur
vival ratios of 100% and 95%, respectively, outperforming larger 
capsules with thicker shells. The lower shell thickness implies less 
raw materials, faster manufacturing along with the capability of 
carrying more healing agents.  

2. After being treated in concrete pore solution, the tensile strength, 
modulus of elasticity and rapture strain of the capsule shell material 
decreased by 88.5%, 57.3% and 68.6%, respectively. The capsules 
embedded in concrete at 23 ◦C exhibited a degradation degree of 
57.6% after 28 days, while a lower degradation degree of 48.6% was 
obtained after 90 days at an elevated temperature (50 ◦C). This 
verified the tunable properties of the lignin-based capsules, in which 
the high initial strength ensures survivability during concrete mixing 
and the low strength at later ages triggers the ease of rupture upon 
the formation of concrete cracks.  

3. The 60-day compressive and splitting tensile strength of concrete 
with 5 vol% gravel-level capsules was reduced by 36.4% and 17.6%, 
respectively. However, the 90-day strength loss of mortar containing 
sand-level capsules at a volume fraction of 2% was reduced to 12.7%, 
and a 0.7% increase in the first cracking strength was obtained from 
the mortar beams containing three capsules over the predicted crack 
propagation path, which indicates the great mechanical compati
bility of the lignin capsules with concrete at an appropriate volume 
fraction. 

4. In the presence of lignin capsules filled with a sodium silicate solu
tion, the average crack width and cracking density were decreased by 
43.6% and 63%, respectively, within 1 h of cracking. After 120 h, the 
healing degrees of average crack width and cracking density were 
further increased to 64.2% and 84% indicating the efficient crack 
healing performance.  

5. After 14 days, the rapid and robust self-healing capacity resulted in a 
78.7% first cracking strength recovery in the cracked mortar beams 

and a 94.5% recovery of concrete bulk resistance suggesting a sig
nificant permeability reduction. 

6. The microstructural and elemental analyses show excellent interfa
cial bonding between the lignin capsules and the surrounding cement 
matrix with the migration of cement hydration products into the 
capsule shells, which verified the alkaline degradation and miner
alization of lignin and explained the effective release of the healing 
agent when cracks are formed in concrete. 
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