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A B S T R A C T   

Engineered cementitious composite (ECC) is widely employed in engineering due to its high toughness and 
ductility. The Interfacial Transition Zone (ITZ) between the fibers and the matrix plays a vital role in influencing 
the strength and durability of ECC. This study introduces a numerical method to simulate fiber pull-out be-
haviors, specifically the fiber debonding and slipping. A birth-death method is proposed to account for the 
mechanical transition from fiber debonding stage to slipping stage. The contributions of various phases in the ITZ 
are explicitly considered. Furthermore, nanoindentation tests and Backscattered Electron (BSE) imaging were 
conducted to determine the microstructures of ITZ and local mechanical properties of each phase within the ITZ. 
A series of fiber pullout experiments with polyvinyl alcohol (PVA) fibers were conducted to calibrate and validate 
the model. Subsequently, the validated model was employed to explore the influence of w/c ratios, fiber ori-
entations and bonding properties on the interfacial behavior. The microstructure-informed model proposed 
herein effectively predicts fiber pull-out behavior, facilitating a thorough exploration of fracture mechanisms 
throughout the pull-out process, and serves as the basis for multiscale modeling of ECC.   

1. Introduction 

Engineered cementitious composite (ECC) is widely used due to its 
high toughness, pre-peak tensile ductility, and the presence of multiple 
narrow microcracks [1–4]. The toughness and formation of multiple 
cracks in ECC rely on the incorporation of fibers, specifically 
high-performance polymer micro-fibers. When cracks appear around the 
fibers, the crack-bridging effect of the fibers helps maintain the strength 
of the composite and enhance its toughness. Therefore, when designing 
ECC, special consideration should be directed towards incorporating 
fibers and ensuring robust adhesion between fibers and concrete. 

Mechanical interaction between fibers and the matrix depends on the 
ITZ microstructure [5–10]. There is a significant difference in the 
microstructure between the fiber-concrete ITZ and the bulk concrete 
matrix. This difference is attributed to the wall-effect phenomenon 
present at the fiber locations in the concrete [4,7,11,12]. The wall-effect 
causes a local increase in the water-cement ratio and enhances hydra-
tion, leading to higher porosity in the ITZ. Scrivener et al. [12] noted 
that the thickness of the ITZ was less than 50 µm. It is well known that 
the microstructure of the ITZ is important for the pulling-out behaviors 
of the fibers. The hydration products in contact with the fibers affect the 

formation of chemical bonds, and the local pore structure influences 
stress concentrations and triggers the crack initiation and propagation, 
thus affecting the slip strength and slip-hardening behavior of fiber at 
the slipping stage [13]. 

In general, the evaluation of the adhesion between fibers and con-
crete is conducted through single-fiber pull-out tests [8,14,15]. Several 
effects have been investigated, such as matrix, fiber type, fiber inclina-
tion, etc. [16–18]. Kanda and Li [19] categorized the outcomes of 
single-fiber pull-out tests into two phases: the debonding and the slip-
ping process. The debonding stage is due to the chemical bond between 
the hydration products and the fiber, characterized by the absence of 
significant deformation [20]. During the slipping process, load transfer 
from the fiber to the matrix occurs solely through friction [21]. Kanda 
and Li [19] conducted single fiber pull-out bond tests with different w/c 
ratios. The results showed that the chemical bond strength at the 
debonding stage is relatively stable independent of the w/c ratio, con-
trary to the behavior of friction strength at the slipping stage. In addi-
tion, Robert et al. [18] tested the bonding characteristics of three 
different cement types and three types of fibers. The results revealed that 
the ettringite crystal structure, characterized by the increased rigidity 
and density, exhibited a higher capacity to transfer interfacial stress 
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from the fiber to the matrix—a crucial factor influencing friction 
strength. It was also found that the pull-out behaviors varied based on 
the interaction between the fiber type and the type of cement used. 
Specifically, PVA fibers demonstrated a significantly lower strain ca-
pacity compared to polypropylene (PP) fibers and steel fibers, particu-
larly in establishing a high-strength chemical bond with the matrix, with 
failure predominantly occurring near the fiber tip. Besides the fiber 
types, PVA fibers as the common fiber embedded in ECC are often 
treated to reduce hydrophilicity for more strain hardness and ductility. 
Li et al. [19,22] performed fiber pull-out experiments to assess the 
characteristics of hydrophilic fiber-matrix contact and applied oil 
coating to the fiber surface to lower the interface bond. The coating 
results shows that oil is effective in counteracting the excessive chemical 
bond and facilitating the slipping-hardening effect for PVA fibers in 
cementitious composites. Meanwhile, Arain et al. [23] also employed 
various oiling agents to enhance the surface of PVA fibers locally. The 
diverse oiling treatments proved highly effective, significantly reducing 
the chemical debonding energy by 50–80 % compared to untreated PVA 
fibers. Curosu et al. [24] carried out experiments involving the chemical 
surface modification of PVA fibers. The findings revealed that the 
fiber-matrix adhesion of the modified fibers is significantly lower 
compared to the as-received oiled and non-oiled fibers. 

It has been recognized that the fiber inclination also influences fiber 
pull-out behaviors on the friction strength, referred to as fiber apparent 
strength by Zhang and Li [17]. Curosu et al. [3] studied the impact of 
fiber inclinations on crack-opening relationships in various 
strain-hardening cementitious composites (SHCC). Curosu introduced 
dispersed fibers into the matrix during fiber pull-out tests, revealing that 
the impact of fiber orientation on pull-out behavior largely depends on 
the matrix type, whether plain or fiber-reinforced. Furthermore, speci-
mens incorporating polyethylene fibers indicate that those embedded in 
a fiber-reinforced matrix exhibit stronger bond strength compared to 
those in a plain matrix. Conversely, specimens incorporating PVA fibers 
exhibit contrasting behavior. 

In addition to experiments, several researchers investigate the 
bonding behaviors using analytical and numerical methods [25–29]. To 
improve the understanding of fiber pull-out and the matrix failure, Lin 
et al. [27] conducted a simulation of quasi-static fiber pushout 
employing a cohesive volumetric finite element scheme. The numerical 
analysis was segmented into two phases: the debonding process and the 
pull-out process. The debonding process was based on the cohesive zone 
model, while the pull-out process was simulated using the 
Coulomb-friction model. Within the pull-out process, the cohesive zone 
model incorporated a constitutive relation describing the tractions 
exerted on the interface in relation to the corresponding interfacial 
separation. Similarly, Tsai et al. [28] employed the same interface sep-
aration models. They integrated the models through node-to-node 
contact detection for cohesive debonding and node-to-surface contact 
detection for frictional sliding. This mixed model was capable of simu-
lating the entire process, successfully reproducing fiber pull-out that 
involved plastic deformation within the fiber. While the previously 
mentioned model took into account cohesive contact at the interface, the 
effect of ITZ was not explicitly analyzed but rather considered in the 
equations within node and surface contacts. In a study of Li and 
Mobasher [29], they defined the ITZ as a third phase characterized by 
lower stiffness and strength compared to both the matrix and the fiber. 
The failure condition of the interface was represented by a biaxial yield 
surface, with interfacial shear strength taken into account during the 
debonding stage. The results indicated that the finite element simulation 
aligned with the experimental findings regarding debonding strength. 
However, the pull-out force during the slipping stage was found to be 
lower than the experimental results, and the stiffness of the fiber pull-out 
response was significantly overestimated using the finite element 
method (FEM). Likewise, Ellis et al. [30] investigated the fiber pull-out 
behavior using an ITZ thickness of 50 µm. They used a 3D finite element 
model at the scale of a single fiber to comprehend the mechanisms 

involved in debonding and slipping during the quasi-static pull-out of 
twisted fibers from cementitious materials. The model effectively rep-
licates physical phenomena pertinent to the extraction of fibers from the 
concrete matrix. Li et al. [25] simulated the fiber pull-out failure by 
FEM. This simulation integrated a discrete cohesive concept into the 
smeared phase-field method. By employing a phenomenologically 
defined cohesive traction-separation law to model the interaction be-
tween the fiber and matrix, the numerical simulations successfully 
reproduced the characteristics observed in the experiments. Although 
previous models have made great progress in simulating fiber pull-out 
behavior, ITZ as the key determinant is often considered as homoge-
nized phase in simulations. Within the ITZ, the chemical bond mainly 
determines the cohesive contact, particularly the hydrogen bonds 
formed between the fiber and different hydration phases. The compo-
sition of hydration products varies depending on the ITZ structure of 
different material compositions. Additionally, porosity and the strength 
of each phase in the ITZ affect the slipping behavior and pull-out 
strength of the fiber. Since the critical scale for studying and under-
standing the fracture behavior of ITZ is at the microscale [14,31–35], 
analyzing and understanding the fiber pull-out behavior is enhanced 
when considering the microstructure of ITZ. Furthermore, the numerical 
model attains greater reliability and generality when the realistic 
microstructure is considered [36–38]. 

The purpose of this paper is to establish a fiber pull-out model by 
considering the microstructure of the ITZ and use it to predict the two 
stages of fiber pull-out process. The first step involves single fiber pull- 
out experiments in order to calibrate and validate the numerical 
model. Furthermore, nanoindentation tests performed to determine the 
local mechanical properties of various cement phases, and BSE tests to 
obtain the realistic microstructure of ITZ. In the second step, a 
microstructure-informed lattice model simulating debonding and slip-
ping stages of fiber pull-out is established based on the experimental 
results. The last step involves systematically analyzing the influences of 
w/c ratio, fiber inclination, and bond strength on debonding and slip-
ping behaviors by utilizing the microstructure-informed lattice model. 

2. Experiments 

2.1. Materials 

This investigation utilized CEM I 42.5 N Portland cement to formu-
late cement pastes with water-to-cement (w/c) ratios of 0.4. The PVA 
microfiber sourced from Kuraray (Japan), featuring a 1.2 % oiling 
coating by weight, which is a common constituent in ECC, was used. 
According to the manufacturer, the fiber has a nominal diameter of 39 
μm. The oil coating acts as a hydrophobic barrier between the hydro-
philic PVA surface and the cement-based matrix. Given the minimal 
thickness of the coating, it is improbable that the microstructure of the 
ITZ will be significantly affected by its presence. 

2.2. Sample preparation 

Two types of specimens were prepared for the experiments. For 
single fiber pullout tests, the specimen preparation adhered to the pro-
tocol outlined in our prior publication [39]. In brief, a continuous fila-
ment was trimmed to approximately 150 mm and embedded within the 
cement paste matrix. Following one day of curing, the hardened speci-
mens were demolded and subjected to an additional 27 days of curing in 
lime-saturated water within a laboratory environment maintained at a 
temperature of 23 ± 3 ◦C. After curing, the specimens were precisely 
sawn into thin sections with 1 mm in thickness, each featuring a single 
fiber extruding from one side. 

For BSE image analysis and nanoindentation, the same specimens 
utilized for single fiber pullout underwent further preparation steps. A 
comprehensive procedure is outlined in the Appendix of our previous 
publication [40]. To summarize, after slicing the specimens into thin 
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plates, an additional cutting was made approximately 20 microns away 
from the fiber. This adjustment aimed to facilitate epoxy impregnation 
into the pores within the ITZ region and aid in the polishing process. 
After hardening of the epoxy, the specimens underwent grinding to 
produce a longitudinal section intersecting the fiber’s long axis. The 
final step involved surface polishing, adhering to a dedicated protocol 
detailed in [40]. 

2.3. Characterization techniques 

2.3.1. Single fiber pullout test 
The interface properties were determined using single fiber pullout 

tests following previous studies by Redon et al. [20]. A 
micromechanics-based model proposed by Lin et al. [41] was adopted to 
describe the bond properties through the notions of: (1) chemical bond 
strength Gd quantified by interfacial fracture toughness, (2) constant 
frictional bond strength τ0 for small sliding, and (3) slip hardening co-
efficient β that characterizes the increasing effective frictional bond 
during large sliding (pullout) stage. The tests were performed by a test 
setup schematically shown as Fig. 1. Details of the test equipment 
employed can be found in our previous publication [39]. During the test, 
both the bottom surface of the thin specimen and the free end of the 
fibers were glued to two small metal blocks, which were then clamped 
with the actuator and the load cell. The pull-out process was carried out 
at a displacement rate of 0.005 mm/s. 10 specimens were tested for w/c 
ratio of 0.4, the results of which were then analyzed to determine the 
interface properties (i.e., chemical bond Gd, frictional bond τ0, and 
slip-hardening coefficient β) according to Eqs.1–3: 

Gd =
2(Pa − Pb)

2

π2Ef d3
f

(1)  

τ0 =
Pb

πdf Le
(2)  

β = (df
/
lf )[(1

/
τ0πdf )(ΔP/ΔŚ )|Ś →0 +1] (3)  

where Ef, df and Le are the elastic modulus [GPa], diameter [mm], and 
embedded length of PVA fiber [mm], respectively. ΔP/ΔŚ  is the initial 
slope of the pullout load vs displacement. Pa is the load up to full 
debonded length and Pb is the load when the fiber begins to slip. 

2.3.2. BSE image analysis 
BSE analysis was performed under the BSE detector in an FEI 

QUANTA FEG 650 environmental SEM in high vacuum chamber con-
dition. All specimens were coated with a roughly 10 nm thick layer of 
carbon before BSE examination. In a typical BSE image as shown in  
Fig. 2, the brightness of each pixel depends on the mean atomic number 
of the underlying phases. This allows pores, hydrated phases, and 
anhydrous phases to be differentiated on the basis of their grayscale 
value. The embedded fiber, which contains mainly the element of car-
bon, can be easily identified as a dark black rectangle. Epoxy filled pores 

could be seen also in dark black. 
To precisely analyze the individual phases, various methods for 

segmentation have been proposed [42–45]. In this study, a random 
forest machine learning model [46] was used for segmentation. The 
random forest machine learning algorithm builds multiple decision trees 
during training and combines their results to produce more accurate and 
stable predictions. The original training data were selected from BSE 
images. Five subsets were created by randomly sampling, with each 
subset used to train a different decision tree. The training dataset 
comprised over 300 samples for each phase. During the construction of 
each tree, a random subset of features, such as characteristic grayscale 
and morphology, is chosen for splitting a node. Each decision tree is 
grown to its maximum depth without pruning. The resulting learning 
model was trained better to identify the phases and was then applied to 
all specimens. The segmentation results were also validated through the 
testing results in literature. For instance, the volume fraction of pore, 
high-density of calcium-silicate-hydrate (HD C-S-H), low-density of 
calcium-silicate-hydrate (LD C-S-H), calcium hydroxide (CH) and 
anhydrous cement were 6.91 %, 41.13 %, 33.66 %, 9.18 % and 9.12 % 
respectively, with hydration degree of 80.1 %, when the w/c ratio is 0.4. 
The segment volume fraction results align closely with those reported by 
other researchers [34–36]. Wong and Buenfeld [45] derived the volume 
fractions of pore, hydration products and anhydrous cement as 21.6 %, 
68.2 % and 10.1 % respectively, with hydration degree of 78.8 %. These 
results are consistent with the segment results obtained in this study. 
Similarly, Zhang et.al [37] calculated volume fraction of LD C-S-H in 
C-S-H to be 0.53. Additionally, Zhang and Gjørv [47] determined CH 
content to be 8.59 % by volume at a w/c ratio of 0.4. 

2.3.3. Nanoindentation 
The local mechanical properties for different phases were deter-

mined through Nanoindentation. These tests were performed by using a 
G200 Nanoindenter with a continuous stiffness method (CSM) module in 
the ITZ region at both sides of a microfiber. Each indent was made to a 
depth of 500 nm at a strain rate of 0.05 s-1. The modulus (or hardness) 
results of each indentation test were determined from the CSM inden-
tation curves by averaging the hardness (or modulus) values between 
100 nm and 500 nm indentation depth. The harmonic frequency and 
displacement of CSM oscillation are 45 Hz and 2 nm, respectively. In 
total, 600 nanoindentation points were tested around the fiber for the 
specimen with a w/c of 0.4. At each side, an array of 10 × 30 indentation 
at a spacing of 10 μm were performed to cover an area of 100 μm × 300 
μm parallel to the fiber. The closest row of points to the fiber was 
positioned at a distance of 10 µm. Fig. 1. Illustration of single fiber pull-out test.  

Fig. 2. BSE image of fiber pull-out specimen with w/c of 0.4.  
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As suggested by previous studies [36,48], the continuous stiffness 
method was used to calculate the hardness and modulus utilizing the 
results of nanoindentation testing. Due to the significant variations in 
the mechanical properties of different phases within the heterogeneous 
microstructure, the calculation results exhibit a high degree of vari-
ability. Herein, Gaussian Mixture Model (GMM) was used to classify the 
results into categories for each phase. The results of modulus and 
hardness are shown in Fig. 3. 

Based on research examining the relationship between hardness of 
nanoindentation result and strength of the relevant phase [36], the 
tensile strength is approximately 1/30 of the hardness. The compressive 
strength is considered as 10 times higher than the tensional strength. 8 
specimens with different microstructures were considered in lattice 
model subjected to fiber pullout. 

3. Lattice modeling of fiber pull-out 

3.1. Microstructure-informed lattice model 

The current study utilizes the two-dimensional lattice fracture model 
to analyze the debonding and slipping stages during fiber pull-out pro-
cess. The lattice model is a promising tool for simulating the fracture 
behavior of quasi-brittle material by calculating and removing the 
broken elements step by step [36,37]. The lattice network construction 
is depicted in Fig. 4. In this model, a network of cells is initially gener-
ated. Within each cell, a sub-cell is delineated where a node is randomly 
positioned. The ratio between the length of the sub-cell and the cell itself 
is defined as randomness [37]. Pore phase cells do not generate any 
lattice nodes. Then the lattice nodes in the neighboring cells are con-
nected by lattice beam elements, forming a lattice network system 
capable of bearing loads. During each loading step, an element dis-
playing the highest stress is selectively removed from the mesh. The 
lattice model has the capability to explicitly incorporate the micro-
structural heterogeneity and replicate the evolution of cracks, as well as 
stress-strain curves, in a manner consistent with experimental observa-
tions [36,37]. For the simulation of two stages in the fiber pull-out 
process, two different constitutive laws are assigned to the interface 
element. In the debonding stage, the interface element mimics the 
chemical bonding between the fiber and paste matrix, which shows 
elastic-brittle behavior. After the fracture of the chemical bond, all the 
interface elements were removed and the fiber was elevated to a new 
position. At this stage, new interface elements between the fiber and the 
matrix will be generated (see Fig. 6). These new elements exhibit higher 
resistances including high friction between the matrix and the fiber, and 
dowel action caused by the inclined deformation. The interface elements 
achieve unique functionality at different stages through different 
element mechanical properties shown at Table 1. 

The ITZ microstructure is then mapped to the lattice model through 
the BSE result, as shown in Fig. 5. The lattice model has the same scale as 
the microstructure. In the model, the size of a lattice element is 1 µm, 
and the size of the model is 1040 µm in length and 600 µm in height. 
Every node is restricted within its sub-cell with a randomness of 0.5. 
After all the node positions are established, nodes will be connected to 
surrounding adjacent nodes by beam elements. And the cross sections of 
element are defined as circular. 

Through the mapping relationship of ITZ microstructure and lattice 
modeling mesh, every node has a unique corresponding position in the 
microstructure. The microstructure was divided into anhydrous cement, 
C-H, HD C-S-H, LD C-S-H and pore. According to the corresponding 
position of every cement phase on 2-D plate, the nodes can be divided 
into four categories including anhydrous cement node, C-H node, HD C- 
S-H node and LD C-S-H node. Nodes in pores were deleted. The type of 
element can be determined by the types of its two nodes. The elements 
which belong to each phase are identified by the corresponding mate-
rials (i.e., A-A represents the element in anhydrous cement). Contact 
elements are generated between two phases (i.e., A-C represents the 
element across anhydrous cement and CH). Among the contact 

Fig. 3. Modulus (a) and hardness (b) GMM results of specimens with w/c ratio 
of 0.4. Fig. 4. Lattice network construction diagram.  
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elements, the fiber-cement interface elements (FCIEs) can be classified 
into 5 types as listed in Table 1. 

As shown in Fig. 5, the load is applied as a normal force exerted on 
the upper side of the fiber during both the debonding and slipping 
stages. The boundary conditions are represented by fixed support at the 
bottom of the specimen. 

For the PVA fiber, the determination of material properties was 
based on experiments. Their material properties are given in Table 2. For 
the elements which connect different types of nodes, the tensile strength 
is decided by the weak phase, and the modulus of the element i-j are 
determined as Eq. (4). 

2
Eij

=
1
Ei

+
1
Ej

(4)  

where Eij is modulus of the element i-j, GPa, Ei is the modulus of cement 
phase at node i, GPa, Ej is the modulus of cement phase at node j, GPa. 

3.2. Birth-death method 

Birth-death method is proposed herein to simulate the transition of 
fiber pull-out process from the debonding to the slipping stage. This 
method becomes effective after the failure of the fiber-matrix interface, 
during which all bonding elements are broken. Once all bonding ele-
ments have been eliminated, re-birth elements that represent the slip-
ping behavior of the fiber are generated, as shown in Fig. 6. This 
assumption is rooted in the experimental observation that the failure of 
bond only occurs under small elastic deformations, while the slip of fiber 
is associated with large unrecoverable deformations. During the 
debonding stage, the interface elements experience breakage due to 
their low strength, until all interface elements are fractured. This 
breakage leads to irreversible deformation occurring before the com-
plete elimination of all interface elements, establishing a new equilib-
rium where the balance is achieved through friction and loading. 
Simultaneously, the fiber is repositioned to a new location. According to 
the load-displacement curve (see Fig. 7), maximal deformations during 
debonding stage can be determined at the ultimate strength. The unre-
coverable deformation is derived as the abscissa of the intersection point 
between the fitting line of the slipping curve and the x-axis. Empirically, 
based on data from 10 experiments, the ratio of eventual unrecoverable 
deformation to maximum deformation at the debonding stage is deter-
mined to be 53.84 ± 15.5 %. The interface elements, acting as the 
"death" elements, are subsequently removed from the model. New 
interface elements are then generated between fiber nodes and matrix 
nodes at the fiber’s new position. These newly generated interface ele-
ments, termed "re-birth" elements, are utilized to simulate fiber slippage 
and are assigned distinct material properties to represent frictional ef-
fects. The material properties of interface elements employed during the 
debonding and slipping stages are given in Table 1. It is noted that, 
during debonding stage, a few cracks may generate in the matrix. The 
broken element shown in matrix are permanently removed. 

After the transformation between death elements and birth elements 
was accomplished, the lattice slipping model analysis was conducted 
under the same load and boundary condition. 

3.3. Calibration and validation of lattice model 

In the experiment, the exposed fiber length is not well defined due to 
the measurement difficulties. The primary components of specimen 
displacement are the elastic stretching of the exposed fiber length and 
the debonded fiber segment [20,29]. To calibrate the length of the 
exposed fiber outside the matrix, the same microstructure was used to 
simulate the fiber pull-out behavior with the fiber length of 8 mm, 
10 mm, 12 mm, and 14 mm, respectively. The stress-strain results from 
both the modeling and experiments are illustrated in Fig. 8. Based on the 
simulation results, the 10 mm exposed length of the fiber outside the 
matrix fit well with the majority of experimental results. Consequently, 
the 10 mm exposed length of fiber outside the matrix is used in the 
following modeling. 

Besides, the strengths of FCIEs also need to be calibrated. FCIEs 
include F-A, F-C, F-HD, F-LD and F-M. The calibration includes the 
tensile strength and modulus of elasticity at both debonding and slipping 
stages. The calibration and validation processes are as follows [49]. The 
strength ratio of each FCIE is initially determined based on the pro-
portion of corresponding strength of phase with which fiber is intact 
within the FCIE. The strengths of FCIEs are adjusted proportionally until 
the simulated results align with the experimental data. The material 
properties of the elements are preserved and applied to 8 specimens with 
distinct microstructures (FP1 to FP8), yielding results as depicted in the  
Fig. 9. The results demonstrate a satisfactory alignment of the model 
with the experimental data. The material properties of the elements are 
summarized in Table 1. 

Table 1 
Classification of FCIE types and material properties during debonding and 
slipping stage.  

Stage Element 
Type 

Phase 
1 

Phase 2 Modulus of 
Elasticity 
(GPa) 

Tensional 
strength 
(MPa) 

Debonding F-HD Fiber HD C-S-H 18 45 
F-LD LD C-S-H 13.5 27 

Slipping F-A Fiber Anhydrous 
cement 

6 150 

F-C C-H 4.5 90 
F-HD HD C-S-H 0.5 10 
F-LD LD C-S-H 0.5 6  

Fig. 5. Generation of lattice model including the microstructure of ITZ.  

Table 2 
Mechanical properties assigned for different element types.  

Element Type Modulus of Elasticity (GPa) Tensile strength (MPa) 

Anhydrous cement 95.01 615.19 
C-H 34.64 315.82 
High density C-S-H 30.13 78.73 
Low density C-S-H 19.97 53.26 
Matrix 80 200 
Fiber 41.1 1640  
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4. Results and discussion 

The results encompassed the experimental and numerical outcomes 
regarding the performance of individual fiber pull-out, debonding, and 
sliding stress, taking into account the influences of microstructure, w/c 
ratio, fiber inclination angle, and bond strength on PVA fiber pull-out 
behavior. 

4.1. Effect of microstructure 

The simulated stress-strain curves along with experimental results 
are shown in Fig. 10. It can be seen that the curve displays significant 
slipping hardening behavior and there are mainly two stages: debonding 
and slipping. The maximum stress in the debonding stage is approxi-
mately 3 MPa, denoted as the chemical bond strength [19], with a 
corresponding strain ranging from 0.15 to 0.2. Subsequently, the stress 
decreases to around 2 MPa termed as the fractional bond strength [20]. 
The slipping stage is characterized by friction process between the fiber 
and matrix, resulting in hardening behavior. Chemical bond strength τd, 
frictional pull-out strength τf and in-situ fiber pull-out strength σf are 
calculated according to Eqs. 5–7: 

τd =
Pa

πdf Le
(5)  

τf =
Pmax

πdf Le
(6) 

Fig. 6. Process of interface elements transition and structural status change with birth-death model.  

Fig. 7. Unrecoverable deformation in the load-displacement curve resulting 
from single fiber pull-out experiment with a w/c ratio of 0.4. 

Fig. 8. Pull-out stress-strain curves from experiments under various exposed 
lengths of fiber and simulations under exposed fiber length of 8 mm, 10 mm, 
12 mm, 14 mm with w/c ratio of 0.4. 

Fig. 9. Pull-out stress-strain curves from experiments and simulations with 
various microstructures under w/c ratio of 0.4. 
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σf =
Pmax

πd2
f

/
4

(7)  

where Pmax is the fiber pull-out load at slipping stage, [N]. 
As shown in Table 3, the simulation results are consistent with that of 

experiment with w/c ratio of 0.4. It can be seen that the results exhibit 
large standard deviations especially in the chemical bond strength and 
frictional pull-out strength. The different microstructures surrounding 
the fiber influence the strength and failure patterns during fiber pull-out 
process. Furthermore, the exposed fiber in experiments generates elastic 
extension during pull-out process. The microstructure and exposed 
length of fiber contribute to the increased magnitude of the standard 
deviation. 

The results in Table 4 illustrated the simulation results of specimens 
FP2, FP3, and FP4 with different microstructures. The results are 
consistent with the experimental data reported by Curosu et al. [3], 
which include an average frictional bond strength of 2.34 MPa and an 
in-situ strength of 677 MPa. 

The microstructure of ITZ influences fracture patterns observed 
during both the debonding and slipping stages. As shown in Fig. 10 (a), 
most cracks observed during the debonding stage appear along the 
interface between the fiber and the matrix. As a result, factors affecting 
debonding strength include the quantities and the types of interface 

elements. As shown in Table 5, compared to FP2 and FP4, the quantities 
of interface elements between the fiber and the matrix are noticeably 
smaller in FP3. Additionally, concerning the types of crack elements, 
Table 5 provides the proportion of fracture element types. From the 
table, it can be observed that FP2 has a higher proportion of F-HD, and F- 
HD has the maximum debonding strength. Consequently, model FP2 has 
more contact elements and higher proportion of F-HD. FP2 exhibits 
significantly higher debonding strength than FP3 and FP4, as shown in 
Fig. 10. 

In the slipping stage, fracture patterns are depicted in Fig. 10 (a). 
Contrary to the debonding stage, the strength of the interface elements 
between the fiber and matrix is higher, as evidenced by Table 1, leading 
to the emergence of broken elements within the matrix. A greater 
number of cracks is observed during the slipping stage, and these cracks 
extend into the matrix. Consequently, the strength during the slipping 
stage surpasses that of the debonding stage. Moreover, the microstruc-
ture within the ITZ directly influences the frictional strength during the 

Fig. 10. (a) Fracture of elements in ITZ at the end of debonding and slipping (cracks are shown as red) and (b) stress-strain curves from experiments and simulations 
with the w/c of 0.4. 

Table 3 
Simulation and experiment results of specimens with w/c ratio of 0.4. Average 
values are given with standard deviations in parentheses.  

Results τd 
(MPa) 

τ0 

(MPa) 
τf 

(MPa) 
σf 

(MPa) 
Gd 
(J/m2) 

β 

Simulation 3.00 
(0.59) 

1.57 
(0.36) 

9.92 
(1.18) 

495.88 
(59.04) 

1.07 
(0.43) 

2.00 
(0.47) 

Experiment 3.48 
(0.86) 

2.03 
(0.58) 

8.34 
(2.69) 

417.07 
(134.71) 

1.28 
(0.89) 

1.25 
(0.31) 

Note: τd represents chemical bond stress, τ0 represents frictional bond strength, 
τf represents frictional pull-out strength, σf represents in-situ tensile strength, Gd 

represents chemical debonding energy.  

Table 4 
Simulation results of specimens with different microstructures (w/c 0.4).  

Model τd 
(MPa) 

τ0 

(MPa) 
τf 

(MPa) 
σf 

(MPa) 
Gd 
(J/m2) 

β 

FP2  3.96  2.14  11.29  564.55  1.65  1.52 
FP3  2.59  1.43  12.03  601.50  0.70  2.55 
FP4  3.08  1.68  8.49  424.31  0.98  1.55  

Table 5 
The proportion of each FCIE and the total broken element numbers at the end of 
debonding of model FP2, FP3 and FP4 with w/c ratio of 0.4.  

Element Type FP2 FP3 FP4 

F-HD 42.77 % 11.01 % 16.70 % 
F-LD 36.94 % 62.20 % 54.47 % 
F-C 8.83 % 9.64 % 16.06 % 
F-A 1.91 % 0 0.27 % 
Others 9.55 % 17.15 % 12.5 % 
Broken element numbers 1100 800 1200  
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slipping stage. When the porosity is high and the proportion of low- 
density CSH is higher which has low strength, as illustrated in Fig. 10 
(a), the frictional pull-out strength of the slipping stage diminishes. 
Conversely, in scenarios where the porosity in the ITZ is low, and the 
hydration product comprises a higher proportion of phases with high 
strength, such as high-density CSH and anhydrous cement particles, the 
energy required for crack initiation increases. Additionally, owing to the 
high strength of anhydrous cement and CH, cracks tend to disperse 
around anhydrous cement particles and penetrate deeper into the ma-
trix, resulting in a higher strength during the slipping stage, as observed 
in Fig. 10 (a). 

4.2. Effect of w/c ratio 

The impact of the w/c ratio on fiber pull-out behavior during both 
the debonding and slipping stages has been examined. As discussed in 
Section 4.1, the microstructure of the ITZ significantly influences the 
strength and fracture patterns of fiber pull-out. Moreover, w/c ratio 
affects the formation of the microstructure on porosity and content of 
cement hydration. To evaluate the influence of the w/c ratio on the 
single-fiber pull-out test, nine models were generated. Each set of three 
models shared the same w/c ratio, with values of 0.3, 0.4, and 0.5. The 
simulation results closely align with experimental results, with the 
simulated in-situ strength averaging 417.07 MPa for a w/c ratio of 0.4. 
Experimental results fall within the range of 460 MPa to 560 MPa for a 
w/c ratio of 0.36 [23]. 

It can be observed from the Fig. 11 (b) that with the increase of w/c 
ratios from 0.3 to 0.5, chemical bond strength remains around 3 MPa. 
Kanda and Li [19] thought the chemical bond strength was relatively 
stable and independent of w/c ratio of matrix. The strength during the 
debonding stage is influenced by factors such as the quantity and the 
proportion of contact elements. Although there is not a significant dif-
ference in strength during the debonding stage, it is noteworthy that the 
strength tends to be relatively higher when the w/c ratio is 0.3. 

During the slipping stage, the frictional pull-out strength signifi-
cantly decreases with an increase in the w/c ratio. As shown in the 
Fig. 11 (a), when the w/c ratio is 0.5, the ITZ exhibits higher porosity 
and higher proportion of LD CSH. As a result, the frictional pull-out 
strength is low, and few cracks develop, with fractures occurring near 
the fiber. As the w/c ratio decreases to 0.4, the ITZ exhibits lower 
porosity and higher proportion of HD CSH. Comparing to w/c 0.5, the 
weak regions in the specimens become more resistant to fracture at w/c 
0.4. Consequently, the frictional pull-out strength is higher, and frac-
tures occur in areas farther from the fiber. In these new areas, broken 
elements typically consist of LD CSH elements and other elements sur-
rounding anhydrous cement, as shown in Fig. 11 (a). When the w/c ratio 
decreases to 0.3, there is lower porosity, reduced hydration degree and a 
higher proportion of HD CSH. The microstructure in matrix is well- 
distributed and is hard to break. Therefore, more energy is required 
for fracture with a w/c ratio of 0.3 and frictional pull-out strength is 
higher. It should be noted that cracks in the specimen with a w/c ratio of 
0.3 are distributed more densely in ITZ, extending from the top to the 
bottom. 

4.3. Effect of fiber inclination 

The lattice models with a w/c ratio of 0.4 at different angles of fiber 
inclination are depicted in Fig. 12. The simulation results of pull-out 
behaviors at different angles are presented in Table 6. In general, the 
average bond strength decreases with the increasing inclination angle. 
The Fig. 13 shows the in-situ tensile strength ratios at various angles 
relative to the in-situ tensile strength at 0◦. The snubbing coefficient is 
calculated as 0.515. It is noteworthy that the snubbing coefficient in the 
experiments conducted by Kanda and Li [19] is 0.3, while Zhang and Li 
[17] derived it as 0.5 and Curosu [3] reported a value of 0.18. 

To evaluate the influence of the fiber inclination angle on frictional 

pull-out strength and crack generation, different microstructures with 
fiber inclination angle of 0◦, 30◦, 45◦ and 60◦ were simulated. Two 
specimens with different microstructures were compared with the 
strength and crack details. As shown in Fig. 14. the chemical bond 
strength noticeably decreases with an increasing inclination angle in 
model FP1. At the slipping stage, the strength increases with the 

Fig. 11. (a) Fracture of elements in ITZ at the end of debonding and slipping 
stage and (b) chemical bond strength and frictional pull-out strength with w/c 
ratio from 0.3 to 0.5. 
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increasing inclination angle from 0◦ to 45◦ and then significantly de-
creases at the angle of 60◦. Fig. 15 compares the crack patterns of model 
FP1 with different inclination angles at slipping stage. When the fiber is 
inclined, the pull-out load can be resolved into a horizontal force and a 
vertical force. Under the horizontal force, the matrix on one side of fiber 

Fig. 12. Lattice model of FP1 with a w/c ratio of 0.4 at fiber inclination angle 
of: (a) 0◦, (b) 30◦, (c) 45◦,and (d) 60◦. 

Table 6 
Simulation results with different angles of fiber inclination with the same 
microstructure under w/c ratio of 0.4. Average values are given with standard 
deviations in parentheses.  

Angle of fiber 
inclination 

τd 
(MPa) 

τ0 

(MPa) 
τf 

(MPa) 
σf 

(MPa) 
Gd 
(J/m2) 

β  

0 3.00 
(0.59) 

1.57 
(0.36) 

9.92 
(1.18) 

495.88 
(59.04) 

1.07 
(0.43) 

2.00 
(0.47)  

30 2.86 
(0.22) 

1.67 
(0.12) 

6.82 
(2.43) 

341.03 
(121.24) 

0.73 
(0.25) 

1.39 
(0.45)  

45 1.60 
(0.40) 

0.88 
(0.25) 

7.32 
(2.15) 

365.92 
(107.46) 

0.27 
(0.11) 

3.46 
(1.99)  

60 1.10 
(0.36) 

0.57 
(0.19) 

5.65 
(1.47) 

282.64 
(73.37) 

0.15 
(0.08) 

4.43 
(2.11)  

Fig. 13. Comparison with experiment results from literature on apparent pull- 
out strength ratio concerning fiber inclination angle at 0◦. [3,19,50]. 

Fig. 14. The effect of inclination angle on chemical bond strength and fric-
tional pull-out strength of FP1 with w/c ratio of 0.4. 

Fig. 15. Crack details in the ITZ of FP1 at slipping stage with w/c ratio of 0.4. 
Cracks are shown as red. 
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undergoes compression, and the other side experiences tension. When 
the porosity of microstructure at the compression zone is lower, with 
increasing angle of inclination, a higher pull-out strength is expected. As 
shown in Fig. 15(a), when the angle is 0◦, the cracks in the matrix are 
mostly inclined. When the inclination angle is increased to 30◦ and 45◦, 
the cracks become nearly parallel on the side subjected to compression, 
as shown in Fig. 15(b), (c). The cracks remain inclined in the area under 
vertical force. With the increasing load, the horizontal force is increased 
and resisted by matrix compression. Simultaneously, the vertical force is 
resisted by the matrix shear until shear fracture occurs. The combination 
of forces enhances the frictional pull-out strength. When the inclination 
angle increases to 60◦, the horizontal force is also increased, causing the 
local region under compression to be crushed (see Fig. 15(d)). The pull- 
out load reaches its strength limit when the crushing occurs. Conse-
quently, the fracture mode changes, with cracks mainly caused by the 
crushing of matrix. Additionally, few inclined cracks may from in other 
regions under vertical force generate due to the matrix crushing. The 
matrix spalling and fracture mode change were also observed in ex-
periments as the angle of fiber inclination increased [51]. On the other 
side of fiber, the matrix under tension experiences the main fracture 
occurring at the surface of fiber. 

Contrastingly, as depicted in Fig. 16, both the chemical bond 
strength and pull-out strength demonstrate a rapid decrease with 
increasing inclination angle. Noteworthy is the increased porosity 
observed in the ITZ near the load side, contributing to a microstructure 
susceptible to spalling, as illustrated in Fig. 17. The fracture patterns 
differ significantly from those observed in model FP1. As the load in-
creases, the vertical force increases and is countered by matrix shear. At 
the same time, the horizontal force is resisted by matrix compression 
until a compression fracture occurs. With the increasing angle of incli-
nation, the proportion of horizontal force also rises, resulting in a 
decrease in pull-out strength. In summary, the microstructure within the 
ITZ profoundly influences both the strength and fracture patterns 
observed with changes in fiber inclination. 

4.4. Effect of bond strength 

The chemical bond connecting the fiber and the matrix influences the 
debonding strength and frictional behaviors. Some researchers have 
modified the fiber surface to alter its hydrophilicity to achieve the 
enhancement and reduction of bond strength [20,23,52]. In the simu-
lation, the strengthening or weakening of bond strength is accomplished 
by modifying the material properties of the interface elements. Herein, 

three types of bond strength were selected. The PVA fiber used in this 
paper features a 1.2 % oiling coating by weight, providing standard 
strength. A bond strength equivalent to 0.1 times the standard strength 
represents the bond strength provided by the PVA fiber with decreased 
bond strength due to excessively oiling coating or other methods. 
Similarly, a bond strength equivalent to 10 times the standard strength 
represents the bond strength provided by untreated PVA fiber or PVA 
fiber coated to increase bond strength. Models of specimen with those 
three bond strengths are established to analyze the influence of bond 
strength on fiber pull-out behaviors. 

In Fig. 18, the chemical bond strength and fracture patterns for 
specimen FP2 with different bond strengths are presented. As expected, 
at debonding stage, the chemical bond strength increases with the 
increasing bond strength. For the fracture patterns, when the interface 
elements have the lowest strength, all the interface elements are 
ruptured. When the 1.2 % oiling coating PVA fiber is used, only a small 
number of fractures appear within the matrix. When the bond strength 
of the interface elements is set to 10 times of the standard strength, 
cracks extensively penetrate into the matrix, resulting in the spalling of 
the matrix. It should be noted that the specimen with the high bond 
strength might exhibit brittle behavior during slipping stage due to 
matrix spalling in ITZ. Conversely, with weak adhesion, the fiber might 
be smoothly pulled out, demonstrating strain-softening behavior. It is 
reported that untreated and excessively oiling coating PVA fibers may 
exhibit the low ductility in single fiber pull-out experiments, empha-
sizing the necessity of achieving a balance between debonding and pull- 

Fig. 16. The effect of inclination angle on chemical bond strength and fric-
tional pull-out strength of FP5 with w/c ratio of 0.4. 

Fig. 17. Crack details in the ITZ of FP5 at slipping stage with w/c ratio of 0.4. 
Cracks are shown as red. 
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out to achieve better strain-hardening behavior [23,24,53]. 

5. Conclusions 

An experimentally-informed lattice fracture model is established to 
simulate PVA fiber pull-out behaviors at the microscale. Single fiber 
pull-out testswere conducted to calibrate and validate the numerical 
model. Fracture patterns and the chemical bond strength, chemical bond 
energy during the debonding stage, as well as frictional pull-out strength 
and stress hardening during the slipping stage, were assessed.The in-
fluences of the w/c ratio, fiber inclination, and bond strength on the 
pull-out behavior were evaluated. Based on the obtained results, the 
following conclusion can be drawn:  

1. Lattice model considers the real microstructure of ITZ and can 
accurately simulate the fiber pull-out behaviors with the ‘birth- 
death’ method. The simulated stress-strain curves agree well with the 
experimental results in terms of fracture properties, fracture pattern 
and stress-strain curves.  

2. The ITZ microstructures affect the pull-out stress-strain response of 
fiber pull-out process by varying the fracture patterns at debonding 
and slipping stages.  

3. There is a decreasing trend in the frictional pull-out strength with 
increasing angle of inclination. Also, it is found that the fracture 
modes of fiber pull-out transition from interface failure to matrix 
spalling with the increasing angle of fiber inclination. The change of 
fracture modes is associated with the matrix in the compression zone 
and the interface properties.  

4. Enhanced bond strength allows the cracks extending into the matrix. 
The higher degree of damage in matrix might cause more brittle 
behavior of the fiber slipping stage. 

Even though the microstructure-informed model can effectively 
predict the fiber pull-out behavior, the 2D model used in this paper 
cannot fully represent the actual microstructure and fracture patterns. 
Future studies should focus on 3D simulation of fiber pull-out behavior. 
Besides, the proposed model at microscale servers as the basis for further 
development in multiscale modeling of ECC. The behaviors of fiber pull- 
out can be utilized as constitutive law for mesoscopic model of ECC, and 
efforts could be directed towards upscaling the microscopic fiber pull- 
out behavior to interaction between fiber and matrix at the mesoscale. 
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