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ABSTRACT 
 

     This study investigated the effects of cellulose nanofibril (CNF) incorporation and 
surface modification using (3-aminopropyl)triethoxysilane (APTES) on the mechanical 
performance and microstructural characteristics of cement mortar composites. CNF is an 
environmentally friendly nanomaterial with a high specific surface area and a fibrous 
morphology, which can contribute to crack control and hydration-product formation in 
cement-based materials. However, CNF tends to agglomerate due to hydrogen bonding 
between fibrils, and this limits its uniform dispersion in the cement matrix. To improve the 
dispersion and interfacial behavior of CNF, CNF was surface-modified using APTES. 
Eight mixtures were prepared: S1 as the plain reference mixture, S2–S4 containing 
unmodified CNF, S5–S7 containing APTES-modified CNF, and S8 containing APTES 
solution only. The CNF content was varied from 0.2 to 0.4 wt% by cement mass, and the 
APTES concentration was varied from 1 to 5 vol%. Compressive and flexural strength 
tests were conducted to evaluate the mechanical properties. Scanning electron 
microscopy (SEM), X-ray diffraction (XRD), and Fourier-transform infrared spectroscopy 
(FT-IR) were used to examine the microstructural and chemical characteristics. The 
experimental results showed that S7, containing 0.3 wt% CNF and 5 vol% APTES, 
exhibited the highest mechanical performance. The 28-day compressive strength of S7 
was 60.81 MPa, which was approximately 30.1% higher than that of S1 and 
approximately 16.0% higher than that of S3. The 28-day flexural strength of S7 was 4.6 
MPa, corresponding to an increase of approximately 21.1% compared with S1. SEM 
observations showed that APTES-modified CNF was more uniformly distributed than 
unmodified CNF and formed a denser interfacial morphology with hydration products. 
XRD results indicated hydration-related changes in the cement matrix, and FT-IR 
analysis confirmed the presence of APTES-related functional groups, including C-N, N-
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H, Si-O-C, and Si-O-Si related signals. Based on these results, APTES-modified CNF 
can be considered an effective nanoreinforcement for improving the strength and 
microstructure of cement mortar composites. 
 
 
1. INTRODUCTION 
 
     1.1 Research background 
     Cement-based materials are widely used in construction because of their high 
compressive strength, workability, and economic feasibility. However, they have 
relatively low tensile and flexural resistance and are vulnerable to microcrack formation 
caused by drying shrinkage or external loading. Although these cracks may initially occur 
at a small scale, they can increase pore connectivity and provide pathways for water and 
aggressive ions. As a result, microcracks may contribute to long-term durability 
deterioration. Therefore, many studies have focused on improving the crack resistance 
and microstructural quality of cementitious composites by incorporating reinforcing 
materials. 
     Recently, cellulose nanofibrils (CNF) have attracted attention as sustainable 
nanoreinforcing materials. CNF is derived from plant-based cellulose and has a low 
density, high specific surface area, and fibrous morphology. When incorporated into 
cementitious composites, CNF can potentially act as a nucleation site for hydration 
products and can also bridge microcracks during crack propagation. These effects are 
expected to improve the compactness of the matrix and enhance the mechanical 
properties of cement-based composites. 
     Nevertheless, the practical use of CNF in cementitious materials is limited by its 
dispersion problem. CNF has many hydroxyl groups (-OH) on its surface, which can 
easily form hydrogen bonds between fibrils. As a result, CNF tends to agglomerate in 
aqueous media and cement matrices. Once agglomerated, CNF cannot form an effective 
reinforcing network. In addition, CNF agglomerates may create local pores or weak 
regions in the cement matrix. Therefore, both the amount of CNF and its dispersion state 
should be considered when applying CNF to cementitious composites. 
 
     1.2 Need for APTES surface modification 
     Surface modification can be used to improve the dispersion and interfacial bonding 
of CNF in cement matrices. In this study, (3-aminopropyl)triethoxysilane (APTES), a 
silane-based coupling agent, was used to modify the CNF surface. APTES can introduce 
amine groups (-NH2) and silane-related bonding structures onto the CNF surface. These 
functional groups may help form chemical interactions between organic CNF and 
inorganic cement hydration products. 
     The use of APTES surface modification is meaningful in two aspects. First, the 
functional groups introduced onto the CNF surface can improve the interfacial bonding 
between CNF and hydration products. Second, APTES modification can reduce CNF 
agglomeration and improve its dispersion in the cement matrix. If these effects occur 
together, APTES-modified CNF may act not only as a physical fiber reinforcement but 
also as a functional reinforcement that contributes to hydration-product formation and 
interfacial densification. 
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     Previous studies have reported that CNF and modified CNF can improve the 
strength and microstructure of cementitious composites. However, when only unmodified 
CNF and modified CNF are compared, it is difficult to distinguish whether the observed 
improvement is caused by the physical reinforcing effect of CNF, the chemical 
modification effect of APTES, or the independent effect of APTES solution on cement 
hydration. Therefore, a comparative experimental design is required to separate these 
effects. 
 
2. EXPERIMENTAL PROGRAM 
 
     2.1 Materials and mixture proportions 
     Ordinary Portland cement, fine aggregate, mixing water, CNF slurry, and (3-
aminopropyl)triethoxysilane (APTES) were used to prepare the cement mortar 
composites. The reference mortar was designed at a cement-to-fine aggregate-to-water 
mass ratio of 1.0:2.48:0.40. In this study, the CNF dosage refers to the mass of the CNF 
slurry relative to the cement mass. The CNF slurry dosages for S2, S3, and S4 were 0.2, 
0.3, and 0.4 wt%, respectively. 
     For the unmodified CNF mixtures, CNF was added at 0.2, 0.3, and 0.4 wt% by 
cement mass. For the APTES-modified CNF mixtures, the CNF content was fixed at 0.3 
wt%, while the APTES concentration was varied at 1, 3, and 5 vol%. In addition, S8 was 
prepared by adding APTES solution without CNF to evaluate the independent effect of 
APTES on cement mortar. 

Table 1. Mixture proportions of cement mortar composites 

Specimen Cement 
Fine 

aggregate 
Water CNF(wt%) APTES 

S1(Plain) 

1.0 2.48 0.4 

- - 

S2 0.2 - 

S3 0.3 - 

S4 0.4 - 

S5 0.3 1 

S6 0.3 3 

S7 0.3 5 

S8 - 3 

 
     2.2 Preparation of APTES-modified CNF 
     APTES-modified CNF was prepared using an ethanol-based modification medium. 
For each modification batch, 150 mL of the modification solvent was prepared, and its 
pH was adjusted to approximately 4 using glacial acetic acid. APTES was then added 
dropwise over approximately 5–10 min to obtain concentrations of 1, 3, and 5 vol% for 
S5, S6, and S7, respectively. 
     The CNF slurry was combined with the APTES-containing solution and stirred for 
6 h to promote interaction between the silane molecules and the hydroxyl groups on the 
CNF surface. After stirring, the suspension was centrifuged twice at 4,000 rpm for 10 min 
per cycle. The recovered modified CNF was subsequently subjected to thermal treatment 
at 105°C for 15 min and then incorporated into the cement mortar mixtures. 
     S8 was prepared using a 3 vol% APTES solution without CNF. This mixture was 
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included to examine the influence of the APTES solution itself on the mechanical and 
microstructural properties of the cement mortar. 
 
     2.3 Specimen preparation and test methods 
     For each mixture, cement, fine aggregate, mixing water, and the designated CNF 
or APTES-containing admixture were mixed according to the proportions presented in 
Table 1. The fresh mortar was cast into 40 × 40 × 160 mm prismatic molds and water-
cured for 7 and 28 days. 
     Flexural strength tests were conducted first, and the fractured portions of the 
prismatic specimens were subsequently used for compressive strength testing. The 
compressive strength was calculated by dividing the maximum applied load by the 
loading area of 40 × 40 mm. The mechanical-test results were presented as mean values 
with standard deviations. 
     Microstructural and chemical analyses were performed using the 28-day 
specimens. SEM analysis was used to qualitatively examine fiber-like features, CNF 
agglomeration, pores, and the interfacial morphology between CNF and the cement 
matrix. XRD analysis was conducted to compare hydration-related crystalline phases, 
while FT-IR analysis was used to identify changes in functional groups associated with 
APTES modification. 
 
3. RESULTS AND DISCUSSION 
 
     3.1 Compressive strength 

 

Figure 1. Compressive strength of cement mortar composites 
 

     Figure 1 shows the compressive strength results of the cement mortar composites 
containing CNF and APTES-modified CNF. For all specimens, the 28-day compressive 
strength was higher than the 7-day strength, indicating that cement hydration continued 
with curing age and contributed to strength development. 
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     The 28-day compressive strength of the plain mixture, S1, was 46.75 MPa. The 
unmodified CNF mixtures, S2–S4, showed compressive strengths of 54.56, 52.44, and 
50.94 MPa, respectively. These values correspond to increases of approximately 16.7, 
12.2, and 9.0% compared with S1. Although CNF incorporation improved the 
compressive strength compared with the plain mixture, the strength did not increase 
proportionally with increasing CNF content. This result suggests that CNF can contribute 
to strength development when it is properly dispersed, whereas excessive CNF content 
may reduce the reinforcement efficiency due to agglomeration and local pore formation. 
     The APTES-modified CNF mixtures, S5–S7, showed 28-day compressive 
strengths of 53.50, 55.69, and 60.81 MPa, respectively. Compared with S1, the 
compressive strengths of S5, S6, and S7 increased by approximately 14.4, 19.1, and 
30.1%, respectively. Among all mixtures, S7 exhibited the highest compressive strength. 
This indicates that the combination of 0.3 wt% CNF and 5 vol% APTES was the most 
effective condition for compressive strength development in this study. 
     To examine the effect of APTES modification more clearly, S7 was compared with 
S3, which contained the same CNF content of 0.3 wt% without APTES modification. The 
compressive strength of S3 was 52.44 MPa, whereas that of S7 was 60.81 MPa. This 
corresponds to an increase of approximately 16.0% compared with S3. This comparison 
shows that APTES modification improved the reinforcing efficiency of CNF beyond the 
effect of CNF incorporation alone. 
     S8, which contained APTES solution without CNF, showed a compressive strength 
of 56.81 MPa, corresponding to an increase of approximately 21.5% compared with S1. 
This result indicates that APTES solution itself may affect cement hydration or matrix 
densification. Because S8 contained 3 vol% APTES whereas S7 contained 5 vol% 
APTES, the difference between these two mixtures cannot be attributed solely to the 
presence of CNF. Therefore, the S8 result should be interpreted primarily as evidence 
that APTES solution itself may contribute to compressive-strength development. 
 
     3.2 Flexural strength 

 

Figure 2. Flexural strength of cement mortar composites 
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     Figure 2 shows the flexural strength results of the specimens. Similar to the 
compressive strength results, most specimens showed higher flexural strength at 28 
days than at 7 days. This increase can be attributed to the continued hydration reaction 
and strength development of the cement matrix. 
     The 28-day flexural strength of S1 was approximately 3.8 MPa. The unmodified 
CNF mixtures, S2–S4, showed flexural strengths of 4.3, 4.4, and 3.9 MPa, respectively. 
These values correspond to increases of approximately 13.2, 15.8, and 2.6% compared 
with S1. These results indicate that an appropriate amount of CNF can improve flexural 
performance, but the improvement was not proportional to CNF content. 
     The APTES-modified CNF mixtures, S5–S7, showed flexural strengths of 4.15, 
4.40, and 4.60 MPa, respectively. Compared with S1, the flexural strengths of S5, S6, 
and S7 increased by approximately 9.2, 15.8, and 21.1%, respectively. Among all 
mixtures, S7 showed the highest flexural strength. This improvement can be mainly 
attributed to the crack-bridging effect of CNF and the improved interfacial condition 
induced by APTES modification. When microcracks occur under flexural loading, well-
dispersed CNF can connect crack surfaces and delay crack propagation. 
     S7 was also compared with S3 to evaluate the effect of APTES modification at the 
same CNF content. The flexural strength of S3 was 4.4 MPa, while that of S7 was 4.6 
MPa. This corresponds to an increase of approximately 4.5% compared with S3. 
Although the increase was smaller than that observed in compressive strength, the result 
suggests that APTES modification contributed to flexural performance by improving the 
interfacial condition of CNF. 
     S8 showed a flexural strength of approximately 3.8 MPa, which was similar to that 
of S1. This indicates that APTES solution alone did not provide a significant flexural 
reinforcing effect. Therefore, the flexural strength enhancement observed in S7 is mainly 
related to the combined action of CNF crack bridging and APTES-modified interfacial 
bonding. 
 
     3.3 Microstructural characteristics observed by SEM 

 

Figure 3. SEM images of cement mortar composites 



The 2026 World Congress on
The 2026 Structures Congress (Structures26)
23-25, August, 2026, Convensia, Incheon, Korea

  

 
     Figure 3 shows SEM images of the 28-day specimens. In S1, a typical hydrated 
cement matrix was observed, and no fibrous structure was identified. This indicates that 
the plain mixture did not contain a phase capable of directly bridging cracks. 
     In the unmodified CNF mixtures, S2–S4, Fiber-like features consistent with CNF 
were observed within the cement matrix. In S3, a relatively clear fibrous network and 
hydration products around CNF were observed, suggesting that an appropriate CNF 
content can contribute to microstructural development. In contrast, S4 showed partial 
CNF agglomeration and pores around the agglomerated region. This result indicates that 
excessive CNF content may generate local weak zones rather than providing effective 
reinforcement. 
     In the APTES-modified CNF mixtures, S5–S7, CNF appeared to be more uniformly 
distributed than in the unmodified CNF mixtures. A relatively dense interfacial region was 
also observed around the modified CNF, and hydration products were formed near the 
fiber surface. In particular, S7 showed a more compact matrix around CNF, which is 
consistent with its improved compressive and flexural strength. These observations 
suggest that APTES modification helped improve the dispersion of CNF and the 
interfacial morphology between CNF and the cement matrix. 
     In S8, a relatively dense matrix was observed in some regions, but no fibrous 
network was present. This indicates that APTES may affect matrix formation to some 
extent, whereas the crack-bridging effect is mainly associated with the presence of CNF. 
 
     3.4 Crystalline phase analysis by XRD 

 

Figure 4. XRD patterns of cement mortar composites 
 

     Figure 4 shows the XRD patterns of the specimens. In S1, peaks corresponding to 
portlandite and calcite were observed. Portlandite was attributed to cement hydration, 
whereas calcite may be associated with carbonation or carbonate-containing 
constituents. 
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     In the CNF-containing mixtures, changes in hydration-related peaks were observed 
depending on the CNF content and APTES modification. These changes indicate that 
the incorporation of CNF and APTES-modified CNF affected the hydration products and 
crystalline phases of the cement matrix. In particular, the APTES-modified CNF mixtures 
showed some differences in the XRD patterns compared with the plain and unmodified 
CNF mixtures. 
     Overall, the XRD results suggest that CNF and APTES-modified CNF may 
influence the hydration behavior of cement mortar. In this study, XRD was used mainly 
as supporting evidence for hydration-related changes, and the mechanical performance 
was discussed primarily based on the strength results together with SEM and FT-IR 
observations. 
 
     3.5 Chemical bonding characteristics by FT-IR 

 

Figure 5. FT-IR spectra of cement mortar composites 
 

     Figure 5 shows the FT-IR spectra of the specimens. All specimens showed an O-
H stretching vibration peak near 3640 cm−1, which is associated with Ca(OH)2 formed 
during cement hydration. A Si-O vibration peak related to C-S-H gel formation was also 
observed near 960 cm−1, indicating that hydration occurred in the cement mortar 
specimens. 
     In the APTES-modified CNF mixtures, S5–S7, additional peaks related to APTES 
modification were observed. The signals in the range of 1200–1350 cm−1 were 
associated with C-N stretching vibration, while the signals near 1500–1650 cm−1 and 
3300–3500 cm−1 were related to N-H bending and N-H stretching vibrations, 
respectively. These peaks indicate that amine groups were introduced onto the CNF 
surface through APTES modification.  
     In addition, signals related to Si-O-C and Si-O-Si bonding were observed near 
1000–1100 cm−1. These results suggested that APTES-related functional groups were 
present in the modified CNF mixtures and that surface modification of CNF was 
consistent with APTES-related modification. Therefore, the FT-IR results support the 
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interpretation that APTES modification improved the chemical compatibility between 
CNF and the cement matrix. 
 
     3.6 Reinforcing mechanism of APTES-modified CNF 
     Based on the experimental results, the performance improvement of APTES-
modified CNF can be explained by the combined effects of CNF reinforcement and 
APTES surface modification. First, CNF can act as a fibrous reinforcement that bridges 
microcracks and delays crack propagation. This effect is particularly important for flexural 
strength improvement. In addition, CNF may provide nucleation sites for hydration 
products because of its high specific surface area. 
     However, unmodified CNF can agglomerate due to hydrogen bonding between 
fibrils. Agglomerated CNF may form pores or local weak regions in the matrix, which 
reduces the reinforcing efficiency of CNF. This explains why the strength did not 
continuously increase with CNF content in the unmodified CNF mixtures. 
     APTES modification helped improve the dispersion and interfacial morphology of 
CNF in the cement matrix. The SEM results showed that APTES-modified CNF was more 
uniformly distributed than unmodified CNF, and hydration products were observed 
around the modified fibers. The FT-IR results also confirmed the presence of APTES-
related functional groups, indicating that CNF surface modification was achieved. 
     Because S8 contained 3 vol% APTES whereas S7 contained 5 vol% APTES, a 
direct comparison between S7 and S8 cannot fully isolate the contribution of CNF. 
Nevertheless, the S8 results suggest that APTES solution itself may influence 
compressive-strength development, while the higher flexural strength of the modified-
CNF mixtures indicates an additional contribution from CNF reinforcement. 
     Within the scope of this study, S7, containing 0.3 wt% CNF and 5 vol% APTES, 
showed the highest compressive and flexural strengths. This indicates that the balance 
between CNF content and APTES concentration was most effective under the S7 
condition. 
 
4. CONCLUSIONS 
 
     This study evaluated the mechanical performance and microstructural 
characteristics of cement mortar composites incorporating APTES-modified CNF. Based 
on the experimental results, the following conclusions can be drawn. 
     1) At 28 days, CNF incorporation improved the compressive and flexural strengths 
of the cement mortar composites compared with the plain mixture. However, the strength 
improvement was not proportional to CNF content, suggesting that excessive CNF 
incorporation may reduce reinforcement efficiency because of agglomeration and local 
defects. 
     2) S7 showed the highest 28-day compressive strength of 60.81 MPa, which was 
approximately 30.1% higher than that of S1 and approximately 16.0% higher than that of 
S3, the unmodified CNF mixture with the same CNF content. This result suggests that 
APTES modification was associated with an improvement in the reinforcing efficiency of 
CNF. 
     3) S7 also showed the highest 28-day flexural strength of approximately 4.6 MPa, 
which was approximately 21.1% higher than that of S1 and approximately 4.5% higher 
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than that of S3. This improvement may be associated with the crack-bridging contribution 
of CNF and the improved interfacial condition resulting from APTES modification. 
     4) SEM observations suggested that the APTES-modified CNF mixtures exhibited 
a relatively more uniform fiber distribution and denser local interfacial morphology than 
the unmodified CNF mixtures. These qualitative microstructural observations were 
consistent with the improved mechanical performance of the modified CNF mixtures. 
     5) XRD analysis showed qualitative differences in hydration-related crystalline 
phases depending on CNF incorporation and APTES modification. FT-IR analysis 
identified signals associated with APTES-related functional groups, including C-N, N-H, 
Si-O-C, and Si-O-Si, supporting the presence of APTES-related modification in the 
modified CNF mixtures. 
     6) Within the range of variables investigated in this study, S7, containing 0.3 wt% 
CNF and 5 vol% APTES, exhibited the highest compressive and flexural strengths. Its 
improved performance may be associated with the combined contributions of CNF 
reinforcement, improved fiber distribution, APTES-related surface modification, and local 
microstructural densification. However, because S8 contained 3 vol% APTES whereas 
S7 contained 5 vol% APTES, their direct comparison could not fully isolate the 
independent contribution of CNF. 
     Further studies are needed to evaluate the long-term durability, dispersion stability, 
and reproducibility of APTES-modified CNF cement composites. For practical application, 
the dispersion process, result consistency, and economic feasibility should also be 
considered. 
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