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A B S T R A C T   

This study presents a combined experimental and analytical study of the fracture behavior and toughening 
mechanisms of bioprocessed mycelium-based biocomposites. The composites comprise hemicellulose hemp ducts 
(as nutritional and reinforcing components) intertwined with increasing weight percentages of laterite particles. 
Single-edge notched fracture experiments and in-situ observations of crack growth were used to explore the ef
fects of varying proportions of laterite on the composite resistance-curve behavior. The toughening mechanisms, 
fracture modes, and crack-microstructure interactions were also elucidated. Since crack-bridging and crack- 
deflection were observed to be the dominant toughening mechanisms, they were modeled using fracture me
chanics approaches. Crack-bridging was shown to dominate the toughening at lower weight fractions of laterite 
(0–20 wt%). However, as the laterite content increases (20–40 wt%), a combination of crack-bridging and crack- 
deflection was observed. Finally, at higher laterite weight fractions (>40 wt%), crack-tip shielding occurred 
primarily via crack deflection. The fracture mechanics predictions of resistance-curve behavior are shown to be 
consistent with the experimental measurements. The results suggest that mycelium-based and mycelium-laterite 
composites can be engineered with tunable fracture toughness. The implications of the results are also discussed 
for the development of sustainable building materials.   

1. Introduction 

Modern research efforts are focusing on materials production and 
engineering concepts to incorporate sustainability within the motif of 
biodegradation [1,2]. Depletion of fossil fuels, problems of synthetic 
plastics, and environmental nondegradation are presently global con
cerns [3–5]. These considerations are now motivating sustainability 
design and materials-related research toward natural-based materials 
with renewable resources. For example, in the cement construction in
dustry, the energy demand and carbon footprint are rising due to the 
growing global population and acceleration of urbanization in devel
oping countries [6,7]. 

The realization of long-term sustainability goals is highly dependent 
on using renewable materials that minimize CO2 emissions, embodied 
energy, and end-of-life wastes [8]. There have been considerable efforts 
in the development of bio-based materials from naturally available 

resources, including cellulose and lignin from plant biomass [9], poly
esters from bacteria [10,11] proteins from plants [12,13] and animal 
membranes [14,15]. These materials offer the unique advantages of 
sustainability, biodegradability, and low-embodied energy requirement 
with a wide variety of interesting properties [1,16,17]. 

Mycelium-based biomaterials are new potential alternative materials 
that have attracted increased research interest in the past decades [18]. 
The biomaterial is based on the nutritional ability of saprophytic fungi to 
digest and cement lignocellulosic particles into rigid products [2,19]. 
This material has properties that are readily tunable and controllable 
during the growth process [2]. The mycelium composite is a multiscale 
structure of lignocellulosic reinforcing particles embedded within 
random mycelium fibrous networks. The chemical compositions of 
widely used mycelium (Pleuratus Ostreatus) and hemicellulose-rich 
reinforcing particles (hemp) are presented in Tables 1 and 2, respec
tively. The mycelium matrix is highly porous, composed of about 90 % 
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moisture, Table 1. The heterogeneous distribution of particles within the 
porous and random mycelium network makes the composite properties 
sensitive to material geometry and dimensions. 

Our recent study [1] showed that mycelium-hemp composites 
exhibited unique properties in uniaxial compression dependent on the 
specimen geometry. Slender beams (aspect ratio of 4:1) undergo global 
buckling phenomena dominated by the matrix shear and fiber–matrix 
detachment at higher loads. Whereas in thick beams (aspect ratio of 
2:1), the deformation behavior is comparable to that of an open cell 
structure and soft materials [1]. The composite exhibits an initial linear- 
elastic regime (~8% strain) followed by a linear strain-hardening 
domain and then undergoes continuous densification at higher loading 
[1]. Introducing laterite particles changes the failure mode of the com
posite to that expected in unidirectional composites, varying the 
compressive strengths from 250 to 750 kPa [1]. 

Few studies have investigated the mechanics of deformation of 
mycelium composite. Aiduang et al. [25] studied mycelium composites 
and the effects of different fungal species as well as agro-waste residues 
on the mechanical properties of the resulting composites. They devel
oped composites with compressive strengths ranging from 250 to 1710 
kPa and tensile strengths from 200 to 870 kPa. Islam et al. [26] reported 
lower compressive yield strengths on the order of 40–80 kPa, with ul
timate tensile strengths in the range of 100–300 kPa. Travaglini et al. 
[27] developed a woodchip-mycelium composite with a density of 318 
kg/m3 and reported yield strength of 47.5 kPa in compression. Although 
these studies provide useful insights into the mechanical properties of 
mycelium composites, there is limited fundamental understanding of the 
fracture and toughening mechanisms of mycelium composites. 

This study presents the results of a combined experimental and 
theoretical study of fracture, resistance-curve behavior, and toughening 
mechanisms of bioprocessed mycelium composites. Fracture toughness 
is studied using single-edge notched bend specimens (SENBs). A com
bination of in-situ optical microscopy and resistance-curve predictions 
are used to study the underlying toughening mechanisms associated 
with resistance-curve behavior. The measured resistance curves are 
compared with the predictions from theoretical fracture mechanics 
models. Finally, the implications of the current work are discussed for 
the design of mycelium and mycelium-laterite composites for potential 
applications in sustainable buildings. 

2. Materials and experimental methods 

2.1. Materials 

The mycelium strain (Pleuratus Ostreatus –white oyster mushroom) and 
hemp hurds were obtained from Ecovative Design, LLC, Green Island, 
NY, USA. The oyster mushroom possesses dense mycelium, rapid 
growth, and easy culture conditions [1]. The chemical compositions of 
the mycelium and the reinforcing hemp hurds are presented in Tables 1 
and 2. The hemp is rich in hemicellulose and functions as a high nutri
tional reinforcement (Table 2). Red laterite particles were obtained from 
Tamale Technical University, Ghana. 

2.2. Experimental methods 

2.2.1. Materials processing 
The sample preparation is based on mycelium spores and hemp 

hurds. Here, the hibernated vegetative spores of the fungi in the pres
ence of the hemp hurds are reactivated in a filter patch bag with 
nutritional supplements (calcium and carbohydrates). The inoculum is 
allowed to grow for five days in a sterile and controlled environment 
(25 ◦C and relative humidity of 60 %). Then, the inoculated mass is 
broken into pieces to redistribute the mycelium growth and mixed with 
laterite particles to achieve varying weight fractions (0–70 wt%). For the 
remaining sections of this manuscript, specimens with 0, 10, 20, 40, 60, 
and 70 wt% of laterites will be designated as MHC–0, MHC–10, 
MHC–20, MHC–30, MHC–40, MHC–60, and MHC–70, respectively. The 
blended mix is resupplied with nutrients to facilitate the fungal growth 
and then packed into rectangular molds (30 × 10 × 5 cm) to grow for 
five additional days. The fully grown mycelium bricks are air-dried for 
48 h, then heat-treated at 80 ℃ for 50 min to deactivate the fungal 
growth and render the sample biologically inactive. 

2.2.2. Scanning electron microscopy and energy dispersive x-ray 
spectroscopy 

The microstructural details of the composite and the elemental dis
tribution of the laterite were studied using a scanning electron micro
scope (SEM) equipped with an Oxford Energy Dispersive Spectroscopy 
(EDS) system for elemental analysis (JEOL, JSM-700F Field Emission 
Scanning Electron Microscope, Tokyo, Japan). The SEM specimens were 
coated with gold/palladium (60:40) at an average density of 17 g/m3 

using a current of 20 mA (EMS/Quorum 150R ES Sputter Coater, East 
Sussex, England). Then, they were imaged using an accelerating voltage 
of 10 kV with a spot size of 5 at an average working distance of 10 mm. 

The elemental details of the laterite particles were captured using an 
attached energy-dispersive X-ray spectrometer, and the spectra were 
analyzed using AZtecEnergy EDS software. An average spectrum is 
collected for each specimen based on individual spectra obtained from 
10 different sites. 

2.2.3. Mechanical characterization and resistance-curve experiments 
The resistance-curve experiments were carried out using an Instron 

8872 servo-hydraulic system (Instron 8872, Instron, Norwood, Massa
chusetts, USA) equipped with a load cell capacity of 1 kN. The SENB 
specimen was loaded monotonically in incremental stages until a frac
ture occurred. Fig. 1 shows a schematic of the specimen. A loading rate 
of 0.5 mm/min was used, corresponding to a stress-intensity-factor (K) 
increase rate of 0.01 kPa 

̅̅̅̅
m

√
/min. The crack-tip opening displacements 

were captured in-situ using a proscope digital microscope (Proscope HR, 
Bodelin Technologies, Oregon, USA) and a digital video camera (Sony, 
Model FDR-AX33, Japan). The crack-tip displacements and the corre
sponding applied loads were then plotted into a load-extension curve. 

The curve was analyzed using the 95 % secant method to identify the 
apparent peak load (PQ) for toughness calculations [28,29]. The con
ditional value of the fracture toughness (KQ) was determined from PQ 

Table 1 
Chemical composition of fresh Pleuratus Ostreatus [20].   

Typical range (%) 

Chemical composition Wet weight Dry weight 

Moisture  86.3 – 
Protein  4.67 34.09 
Total carbohydrates  6.43 46.94 
Ash  1.42 10.36 
Lipids  0.21 1.53 
Fibers  0.97 7.08  

Table 2 
Chemical composition of hemp fibers [21–24].  

Components Typical range 

Lignin (wt.%) 55–90 
Hemicellulose (wt.%) 15–22.4 
Cellulose (wt.%) 4–13 
Pectin (wt.%) 0.8–1.6 
Ash (%) 0.8 
Moisture (wt.%) 9–12 
Waxes (wt.%) 7–34 
Biomass (Mg DM/ha/y) 0.8  
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according to Eq. (1). The equation relates PQ, crack length (a), and the 
three-point specimen geometry (given in Fig. 1): 

KQ =
PQSf

(
a
W

)

BW1.5 (1)  

where f(a/w) is a compliance function that is adopted from ASTM E399- 
90 [30] as follows: 
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(2)  

Eq. (3) presents the critical conditions to ensure a highly triaxial/plane 
strain state at the crack tip for which the critical stress intensity factor is 
accepted as the fracture toughness (plane strain fracture toughness, KIC). 
KIC is a material property independent of the specimen thickness. The 
equation is given as follows [30]: 

B,W < 2.5
(

KQ

σyS

)2

(3a)  

(W − a) < 2.5
(

KQ

σyS

)2

(3b)  

Where B, W, and a are geometric dimensions illustrated in Fig. 1, and σy 
is 0.2 % yield strength. The test is considered valid and the measured 
conditional KQ is taken as the material fracture toughness KIC if Eq. (3) 
holds true and PQ ≥ 1.1 Pmax [28,31]. Otherwise, KQ is considered an 
apparent fracture toughness. 

3. Micromechanical modeling 

3.1. Crack toughening mechanism 

Toughening typically occurs when propagating cracks undergo 
crack-tip shielding in which the effective stresses are reduced. 
Depending on composition and crack microstructural interactions, there 
are different forms of toughening such as twin, transformation, crack-tip 
blunting, crack trapping, microcrack shielding/anti-shielding, crack 
crazing, crack deflection, and crack bridging [28]. Crack bridging and 
deflection are prevalent in fiber- and particle-reinforced composites 
[28]. Fig. 2 presents a schematic of crack deflection and bridging. 

3.1.1. Toughening due to crack bridging 
Toughening due to crack bridging was consistently observed in the 

resistance-curve experiments. Hence, a micromechanical bridging 
model is used to analyze the contribution to the toughening mechanism 
of the composite. The model was explored for small-scale bridging (SSB) 
and large-scale bridging (LSB) [28,32]. The SSB model is presumed to be 
accurate for crack length Δa < ~0.5 mm, while the LSB model is 
considered to provide better predictions for crack length ≥0.5 mm [33]. 

SSB conditions were observed at the early stages of loading as the 
crack fronts opened. An elastic–plastic spring model (Fig. 2a) has been 
used by Li and Soboyejo [34] and Budiansky [32] to idealize toughening 
due to small-scale bridging. The toughening contribution can be esti
mated in terms of the maximum stress intensity factor (ΔKSSB) the 
sample can sustain before fracture [35]. This is expressed in Eq. (4) [28]. 

Fig. 1. Schematic of fracture toughness testing of single-edge notched bend 
specimen of mycelium-hemp composite. 

Fig. 2. Schematic of toughening mechanisms due (a) small-scale crack bridging illustrated by a spring model (b) weighted distribution of traction forces across 
bridging ligaments in large-scale crack bridging (c) crack deflection by pure tilting. 
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ΔKSSB = αVf

̅̅̅
2
π

√ ∫L

0

σy
̅̅̅
x

√ dx (4)  

where α is the constraint/triaxiality parameter to finetune the model 
(typically of a value between 1 and 3) [36,37], Vf is the volume fraction 
of the bridging ligaments along the crack, σy is the uniaxial yield stress, L 
is the bridging length (taken as the horizontal distance between the 
crack tip and the last unfractured ligament), and x is the distance from 
the crack tip or the remaining distance behind the crack tip (Fig. 2a) 
[35]. 

In the case of LSB, the toughening increment (ΔKLSB) can be esti
mated using a model that constitutes a weighting traction function, as 
described by Fett and Munz [38]. The model is simplified to estimate the 
weighted distributions of bridging traction across the toughening 
domain, Fig. 2b [34,39,40]. ΔKLSB is expressed in Eq. (5). 

ΔKLSB = αVf

∫̇

L

σyh(a, x)dx (5)  

where h(a, x) is the weighting function for the bridging tractions and the 
expression is given by Fett and Munz [38] to be: 
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where the coefficients Av,u for SENB specimen are summarized in 
Table 3. 

The overall toughness of the fiber-reinforced composite (KC) can be 
expressed as the sum of the initiation toughness (Ki) and the toughening 
component due to the crack bridging (ΔKB). The expression is given in 
Eq. (7). 

KC = Ki +ΔKB (7)  

ΔKB = ΔKSSB and ΔKLSB for short-scale and long-scale bridging, 
respectively. 

3.1.2. Toughening due to crack deflection 
Crack deflections were observed as the prevalent toughening 

mechanism in specimens with laterite content greater than 40 wt%. 
Schematics of crack-deflections is provided in Fig. 2c. The laterite par
ticles at the crack front of an advancing crack deflect the crack path. 
Bilby et al. [41] and Cotterell and Rice [42] developed an approach to 
explain the role of in-plane crack tilting/deflection and out-of-plane 
twisting in crack-tip shielding. Deflection-induced shielding due to 
pure tilting through an angle (ϕ) can be estimated from the Modes I and 
II stress intensity factors, KI and KII[43]. When the crack consists of 
equal deflected and undeflected segments, KI and KII may be estimated 
using simple geometrical expressions according to Suresh [43]. These 
expressions are given in Eqs. (8) and (9). 

KI = [cos2(ϕ/2)]K∞ (8)  

and 

KII = [sin(ϕ/2)cos2(ϕ/2)]K∞ (9)  

where K∞ is the applied incremental stress intensity factor and ϕ is the 
angle of deflection. The toughening from deflection due to pure tilting is 
relatively small, except in conditions of high angle of tilt (>45◦). When 
the crack growth phenomenon is entirely due to KI, Eq. (8) can be 
reorganized in Eq. (10) to obtain the toughening ratio (λd). 

λd =
K∞

Ko
=

1
cos2(ϕ/2)

(10)  

where Ko is the intrinsic stress intensity factor. Furthermore, the 
toughening ratio can be rewritten as: 

λd =
K∞

Ko
=

KD + Ko

Ko
(11) 

where KD is deflection-induced toughening and can be rearranged as 
follows: 

KD = λdKo − Ko = (λd − 1)Ko (12)  

Finally, the overall fracture toughness of the composite (KC) is estimated 
using Eq. (13). 

KC = Ki +KD = Ki +

[
1

cos2(ϕ/2)
− 1

]

Ko (13)  

3.1.3. Linear superposition of toughening mechanisms 
The concept of linear superposition is used to estimate the combined 

contributions of the toughening mechanisms to the composite’s tough
ness. Possible interactions between individual toughening conditions 
are neglected. The superimposed toughening (KSC) due to SSB and crack 
deflection is given by Eq. (14): 

KSC = Ki +αVf

̅̅̅
2
π

√ ∫L

0

σy
̅̅̅
x

√ dx+
[

1
cos2(ϕ/2)

− 1
]

Ko (14a)  

or 

KSC = Ki +ΔKSSB +ΔKD (14b)  

Similarly, Eq. (15) shows the toughening superposition from LSB and 
crack deflection: 

KSC = Ki +αVf

∫̇

L

σyh(a, x)dx+
[

1
cos2(ϕ/2)

− 1
]

Ko (15b)  

or 

KSC = Ki +ΔKLSB +ΔKD (15b)  

4. Results and discussion 

4.1. Microstructure 

The mycelium morphologies observed under optical microscopy and 
SEM are presented in Fig. 3. Fig. 3a shows the network microstructure of 
the growing pure mycelium in a culture slant. As described above, each 
hypha filament elongates outward fusing with other growing filaments 
to form a large fractal network structure [1]. Fig. 3b shows a dense 
network of deactivated mycelium filaments. Image analysis of multiple 
SEM micrographs was performed to estimate the average hypha filament 
diameter. The corresponding size distribution is illustrated in Fig. 3c and 
the mean diameter is 1.19 ± 0.5 μm. 

The microstructural cross-section of the different samples with 
varying laterite proportions are presented in Fig. 4. A corresponding 
decrease in the mycelium density is observed with increasing laterite 

Table 3 
Summary of Fett and Munz SENB specimen parameters subjected to weighted 
crack bridging fractions [38].  

v μ 

0 1 2 3 4 

0  0.4980  2.4463  0.0700  1.3187  − 3.067 
1  0.5416  − 5.0806  24.3447  − 32.7208  18.1214 
2  − 0.19277  2.55863  − 12.6415  19.7630  − 10.986  
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composition. The laterite particles function as stiffening inclusions and 
not nutritional source. The mycelium forms a consistent binding matrix 
in samples with laterite content below 20 wt%, Fig. 4a–c. Poor mycelium 
growth and reduced density is observed in samples with increased 
laterite content from 20 to 60 wt%, Fig. 4d–e. The deterioration in the 
mycelial growth is more pronounced in samples with laterite content 
exceeding 60 wt%, Fig. 4f. The effect of the mycelium as a binder is 
significantly reduced. 

4.2. EDS analysis of laterite particles 

EDS elemental distribution maps and point analysis spectrum of the 
laterite particles are presented in Fig. 5. The EDS analysis of the soil 
indicated the presence of O, Si, Al, Pb, Fe, and C. The result reveals that 
the material stiffness due to the laterite particles is strongly associated 
with C, Al, Si, and O. This suggests the formation of cementitious hy
drates such as calcium silicate hydrate and calcium aluminum hydrate 
under high pH conditions created by the mycelium biological activities. 
These hydrates significantly increase the stiffness and strengths of the 
composites as reported in our earlier study [1]. Badreddine et al. [44], 
Islam et al. [45], and Moon et al. [46] reported similar findings, stating 
that the hydrates are primarily responsible for increased stiffness. Thus, 
the significance of adding the laterite particles was their ability to 
control the stiffness and compressive strength of the resulting compos
ites, in our previous study. The laterite particles also have the potential 
to control the underlying toughening and fracture mechanisms, as their 
weight fractions are varied, in this study. 

4.3. Resistance-curve behavior 

The measured resistance-curve behavior for each tested specimen 
showing the toughening increment over the intrinsic level is presented 
in Fig. 6. The calculated information from the resistance curves are 
quantified in Table 4 and illustrated in Fig. 7. These include the initia
tion, steady-state, and fracture stress intensity factors (KO,KSS, and KQ, 
respectively), toughening increment (ΔK), and critical notch length-to- 
width ratios (aC/W). 

The crack initiation stress intensity factor was measured over a range 
of 0.14 (MHC–20) to 0.17 MPa 

̅̅̅̅
m

√
(MHC–0). The average critical crack 

growth varied from an ac/W ratio of 0.54 to 0.81 mm. The critical stress 
intensity factor (KQ) varied approximately from 0.165 (MHC–70) to 
0.25 MPa 

̅̅̅̅
m

√
(MHC–0). The toughening increment was calculated to be 

highest in MHC–0 (0.087 MPa 
̅̅̅̅
m

√
) and lowest in MHC–70 (0.02 MPa 

̅̅̅̅
m

√
). 
The initial slope of the R-curve (ΔK/Δa) was measured to be steep in 

all samples, Fig. 6a–f. However, the slopes in MHC–0 and MHC–10 are 
very steep, because they are predominantly a function of the parameters 
1/x 1/2 and h(a, x) associated with crack bridging from section 3, 
Fig. 6a–b. The slope steepness in MHC–20 and MHC–40 is proportional 
to a partial contribution from 1/x 1/2 and h(a, x) as well as 1/cos2(ϕ/2). 

A reduced steepness from the crack bridging and crack deflection is 
observed, Fig. 6d–e. In both cases, evidence of transverse bridging lig
aments are observed from in-situ imaging of the sample side profiles, 
Fig. 8a–d, and the bridging is observed to occur before the peak load. 
Crack-bridging phenomena is further discussed in section 4.8. 

However, the slopes are shallower in MHC–60 and MHC–70 which 
are a function of 1/cos2(ϕ/2) associated with crack deflection, Fig. 8e–f. 
Generally, the curves then plateau into a steady state domain which is 
attributed to the condition in which the rate of fracture of the bridging 
ligaments (behind the crack tip) is balanced by the crack extension and 
the formation of new bridging ligaments (ahead of the initial crack tip), 
[28]. This domain occurs in the Δa range of ~ 1.5–2.5 mm, Fig. 6a–f. 

Then, finally, the curves undergo critical crack conditions in which 
there is rapid crack growth exceeding the shielding effects. Certain 
anomalies were observed in some specimens which are attributed to the 
influence of the specimen boundary and fracture process zone [33]. 
Hence, a limiting factor (ac/w ≤ 0.65) and a small crack-bridging zone 
were maintained to ensure plain strain conditions for the resistance 
curve behavior [47]. 

4.4. Fracture toughness 

The fracture toughness measurements of the mycelium-hemp com
posites are presented in Fig. 7. The critical values of the stress intensity 
at fracture (KIC) are re-presented. The calculated toughness is based on 
the critical value of the stress intensity factor for which Pmax < 1.1 PQ. 
The highest fracture toughness (0.25 MPa

̅̅̅̅
m

√
) is measured in MHC–0 

(Fig. 6a) and a systematic decrease is observed with increasing laterite 
proportions. Similar results have been reported by Agopyan and John 
[48] and Savastano et al. [49]. They observed that higher fiber volume 
fraction corresponds to increased fracture toughness in vegetable fiber- 
reinforced cementitious composites. 

4.5. Comparison of toughening predictions with measured results 

The predictions obtained from the analytical models are compared 
with the measured resistance-curves and are presented in Fig. 6. Pa
rameters such as the bridging fiber volume (Vf ) and the bridge length (L) 
are extracted from the image analysis of the side profiles presented in 
Fig. 8. Similarly, the local deflection angles (ϕ) for crack-deflection 
toughening predictions are quantified from the crack deflection pro
files [50], extracted from Fig. 8. 

The SSB and LSB model predictions capture the general trends of the 
resistance-curve behavior, reproducing the experimental curves. How
ever, from the SSB prediction, the overall toughening increment (ΔKSSB) 
is an overestimation of the experimental values. This is pronounced in 
domain with crack length exceeding 0.5 mm (Fig. 6a–d). This is 
consistent with results reported by Mustapha et al. [51]. In the case of 
the LSB model, the predictions provide a closer approximation of the 
experimental data (Fig. 6a–d). The LSB model also captures the load re- 

Fig. 3. Morphological characterization of mycelium: (a) optical image of living mycelium in a culture medium (b) SEM image of mycelium network (c) hyphae size 
distribution with mean diameter of 1.19 ± 0.5 μm. 
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Fig. 4. Morphological characterization of mycelium-hemp composite showing mycelial density variation in the different samples: (a) MHC–0 (b) MHC–10 (c) 
MHC–20 (d) MHC–40 (e) MHC–60 (f) MHC–70. 
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distribution that occurs along the bridging zone, as the crack length 
increases. It also accounts for the fracture of the bridging ligaments and 
the consequent redistribution of stress associated with such fracture. In 
contrast, the SSB model assumes no fiber cracking. A uniform stress 
distribution is also assumed to occur across the crack bridging zone. This 
explains why the SSB overestimates the resistance-curve behavior. 

In the case of the deflection model, the toughening effects due to 
pure tilting are relatively small and dependent on the tilting angles. The 
deflection model is limited in reproducing the measured resistance- 
curve in samples with low laterite contents. However, in samples with 
high laterite content, the crack deflection model approximates the 
measured curves (Fig. 6e–f). In samples with high laterite weight frac
tions (MHC–60 and MHC–70), initial crack length could not be 
measured due to crack propagation instability. Crack shielding due to 
bridging is negligible, Fig. 6e–f. Consequently, the SSB and LSB curves 
could not be obtained. 

The linear superposition of the multiple toughening mechanisms 
estimated the combined effects of the individual prediction models. 
Though this neglects the possible interaction between the individual 
toughening mechanisms, it provides the closest prediction to the 
experimental data (Fig. 6a–d). 

4.6. Fracture modes 

Observations of the fractured surfaces of the SENB test specimens 
provide valuable information on the mechanisms of fracture. The 
representative images of the fracture surfaces of the composites are 
shown in Fig. 9. In MHC–0, MHC–10, and MHC–20 samples, there were 
varying incidences of pulled-out fibers and associated voids left on the 
opposite surfaces of fracture (Fig. 9a–c). These behaviors are related to 
higher toughness and greater ductility levels, prior to final fracture. The 
fractured surfaces also show evidence of hemp hurds splitting and 
mycelium matrix incrustations, indicating a combined transgranular 
and intergranular fracture mechanisms. Whereas, in samples with 
higher laterite weight percentages (40–70 wt%), there is evidence of 
transgranular debonding and decreased mycelium incrustations. These 
suggest reduced interactions between the mycelium matrix and the 
hemp hurds as well as the laterite particles, as illustrated in Fig. 9d–f. 

4.7. Toughening mechanisms 

In-situ observations and schematics of the toughening mechanisms 

displayed by mycelium-hemp composite are presented in Fig. 10. The 
initiation toughness of each sample occurs at local domain of high 
ductility, the mycelium-rich regime. Laterite particles lower the initia
tion toughness due to crack growth instability at the crack tip. Increase 
in the laterite content results in additional stress concentration effects at 
the crack front [28]. This explains the variation observed in the initia
tion toughness of the different samples presented in Fig. 6. 

Beyond the initiation toughness, two different toughening mecha
nisms were predominant, depending on the proportion of laterite par
ticles. In samples with low laterite content (MHC–0 and MHC–10), 
toughening due to crack bridging was dominant, Fig. 10a and b. How
ever, in MHC–20 and MHC–40 samples, the toughening is due to local 
crack deflection and some amounts of crack bridging (Fig. 10c and d). 
However, as the laterite proportion further increases in MHC–60 and 
MHC–70 samples, the dominant toughening mechanism is by crack 
deflection (Fig. 10d and e). The crack microstructural interaction reveals 
that the fiber is a more ductile component and difficult crack path. 
Hence, at higher volume of mycelium ligaments, the crack propagation 
pathway is more constrained. The bridging ligaments therefore undergo 
constrained yielding before breaking which offers more toughening. 

4.8. Crack-microstructure interactions 

The crack-microstructure interactions and damage phenomena 
sequence observed in the single-edge notched fractured experiments are 
presented in Fig. 11. The crack interactions are of two types, depending 
on the laterite content. In both types, microcracks initiate from the notch 
tip at a critical crack driving force. In samples with low laterite content, 
growing cracks (from the notch tip) are associated with interfacial 
delamination at the mycelium–hemp interface, and loop around the 
hemp hurds. This results in debonding and radial cracking, as shown in 
Fig. 11a. However, in samples with high laterite content (type 2 sam
ples), crack instability is observed beyond the notch tip causing multiple 
microcrack initiations around the laterite particles (Fig. 11b). At higher 
crack driving forces, microcracks formed due to stress concentration 
effects develop into macrocracks. 

Progressively, as crack propagates in samples with low laterite con
tent, stress concentration builds up around the hemp hurds. This initi
ates longer cracks ahead, leaving the mycelium fibers bridging the crack 
behind. As the bridging length increases, the stresses on the bridging 
ligaments get higher and the components begin to crack (Fig. 11a). The 
effective bridge length keeps shifting forward as long as the crack 

Fig. 5. Microscopy and spectroscopy examination of laterite particles. Secondary electron image (top left), EDS spectrum (top right), and x-ray elemental maps 
(bottom) of laterite particles. The specimens were coated with Au/Pd (60:40), hence the Au and Pd peaks in the EDS spectrum. 
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opening displacement is sufficient to load the bridging ligaments to 
failure. This further explains why the LSB model is a better prediction of 
the resistance-curve behavior than the SSB. However, in samples with 
high laterite content, the macrocrack rapidly propagates through the 
brittle laterite interfaces of the composite, resulting in interfacial frac
ture (Fig. 11b). 

4.9. Implications 

This research provides new insights into the effects of laterite rein
forcement on the toughening mechanisms of mycelium-hemp compos
ites. The findings of this work show that the composite toughening is 
significantly influenced by the role of the mycelium either as a dominant 
material or as a natural glue. When the mycelium is a dominant 
component, the crack growth is intercepted by the fibers and that pro
vides attractive toughening by crack bridging. 

Fig. 6. Experimental and predicted resistance-curves of mycelium-based composites. The predictions are based on small-, large-scale bridging, and deflection 
models: (a) MHC–0 (b) MHC–10 (c) MHC–20 (d) MHC–40 (e) MHC–60 (f) MHC–70. 
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Whereas, when the mycelium functions only as a glue in composites 
with high laterite content, its crack bridging capability is significantly 
reduced. Alternatively, the laterite particles promote crack deflection 

which offers minimal toughening. At high laterite contents, the cracks 
typically deflect around the local boundaries of the laterite particles. 
This gives some modest deflection toughening but not as much tough
ening from bridging conditions. This understanding provides valuable 
insight to design mycelium-based composites with tunable range of 
material toughness. 

The resistance-curve experiments and the analytical predictions of 
the fracture mechanics provide valuable information about the effect of 
granular particles on the mechanical properties of mycelium-based 
composites. Our earlier study [1] shows that compressive strength is 
effectively increased with laterite particle inclusion. However, this work 
reveals that fracture toughness is inversely proportional to weight 
fractions of laterite particles. This offers useful insights into the design of 
mycelium-based composites with tunable properties for multifunctional 
applications. However, the potential applications the biocomposites are 
still limited to non-load bearing and indoor structures such as pavilions, 
cubicles, partition walls, and ceiling tiles [52]. The authors now state 
clearly that future work should focus on the use of cohesive zone models 
in the modelling of crack bridging. 

To realize the full potential of mycelium-based composites for 
structural applications, more research is needed for improved post- 
processing strategies and the toughening of these materials. Further
more, future work should focus on the use of more recent modeling 
approaches such as cohesive zone fracture models to provide more 
thorough analysis of fracture mechanics to elucidate the process of crack 
opening across extending crack tips. 

5. Summary and concluding remarks 

This study uses a combination of experiments and models to explore 
the fracture and toughening of mycelium-based composites. The bio
processed mycelium blocks, comprising cellulose hemp-ducts as rein
forcing and nutritional substrates, are intertwined with increasing 
proportions of laterite particles. Single-edge notch specimens are tested 
to explore the effects of varying laterite content on the resistance-curve 
behavior of the composites. The measured toughening mechanisms and 
analytical predictions provide new insights for the design of functional 
materials with tunable ranges of fracture toughness. They also provide a 
mechanism-based framework for the microstructural design of myce

Table 4 
Main information from the measured resistance-curve behaviors of mycelium- 
hemp composites.  

Sample Specimen No. Ko
a Kss KQ ΔK ac/W 

MHC-0 1–1  0.16  0.235  0.247  0.087  0.54  
1–2  0.155  0.221  0.29  0.09  0.65  
1–3  0.161  0.219  0.245  0.084  0.62  
1–4  0.17  0.225  0.27  0.06  0.55  

MHC-10 2–1  0.15  0.16  0.21  0.06  0.63  
2–2  0.145  0.175  0.2  0.055  0.60  
2–3  0.165  0.185  0.195  0.047  0.57  
2–4  0.155  0.2  0.205  0.045  0.55  

MHC-20 3–1  0.136  0.16  0.192  0.056  0.62  
3–2  0.15  0.145  0.2  0.05  0.58  
3–3  0.16  0.18  0.214  0.04  0.54  
3–4  0.14  0.175  0.19  0.05  0.62  

MHC-40 4–1  0.151  0.17  0.19  0.039  0.63  
4–2  0.16  0.157  0.193  0.033  0.54  
4–3  0.12  0.12  0.380b  0.260b  0.79b  

4–4  0.145  0.175  0.185  0.04  0.65  

MHC-60 5–1  0.156  0.15  0.182  0.026  0.63  
5–2  0.122  0.173  0.35b  0.228b  0.81b  

5–3  0.15  0.17  0.185  0.035  0.60  
5–4  0.155  0.175  0.17  0.015  0.61  

MHC-70 6–1  0.155  0.146  0.178  0.023  0.58  
6–2  0.145  0.165  0.165  0.02  0.64  
6–3  0.135  0.193  0.358b  0.223b  0.78b  

6–4  0.15  0.175  0.18  0.03  0.60 

Ko,Kss,KQ,ΔK : unit is in MPa 
̅̅̅̅
m

√
.

a aO/W ~ 0.45. 
b Values are not considered representative of the intrinsic behavior of the 

composite. 

Fig. 7. Chart of the main information from the measured resistance-curve behavior of mycelium-hemp composites with varying weight fractions of laterite particles.  
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Fig. 8. Optical images of in-situ observations of crack propagation from single edge notched fracture toughness experiments: (a)–(d) MHC–0, –10, –20, and –40 (i) 
initial notch, (ii) transgranular cracks with bridging segments, (iii) elongated unstable crack opening, (iv) increased crack opening and deflected crack profiles with 
bridging ligaments; (e)–(f) MHC–60 and –70 (i) initial notch, (ii) intergranular brittle and initial deflected cracks, (iii) unstable crack opening and further crack 
deflections, (iv) increased crack opening and pronounced crack deflection profiles. 
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lium and mycelium-laterite composites for potential applications in 
sustainable buildings. Salient conclusions arising from this study are 
summarized below:  

1. Toughening is dominated by crack-bridging at low-weight fractions 
of laterite (<20 wt%). A combination of crack-bridging and crack 
deflection is observed to occur at increased laterite weight fractions 
(20–40 wt%). However, toughening is shown to occur predomi
nantly by crack deflection at higher weight percentages (>40 wt%). 

2. The overall toughening in the composites is predicted by the super
position of the observed crack-tip shielding from crack bridging and 
crack deflection, for samples with weight percentages of laterite up 
to 60 wt%. Above this laterite fraction, toughening due to deflection 
occurs predominantly by crack tilting around the laterite particles.  

3. Fracture toughness of 0.17 and 0.25 MPa 
̅̅̅̅
m

√
were measured in 

MHC–0 and MHC–70, respectively. The higher toughness can be 
considered acceptable for fabrication of thin panels and tiles for in
ternal applications [52]. 

4. The fractographic analysis of samples with laterite weight pro
portions below 20 wt% indicates a combination of transgranular and 
intergranular fractures. Whereas the fracture mode of samples with 
higher weight percentages (≥40 wt%) predominantly constitutes 
intergranular brittle fracture. 
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