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ABSTRACT: This study explores how nanosilica impacts the mechanical properties and fracture behavior of ultra-high-performance 
concrete (UHPC). We delved into the role of nanosilica in enhancing pozzolanic reactions and its effects on UHPC’s pore structure. This 
was investigated using advanced techniques such as scanning electron microscopy and mercury intrusion porosimetry. We prepared 
UHPC samples with varying nanosilica concentrations, replacing cement by 0 to 7.5%wt, to understand its influence comprehensively. 
Our findings reveal that higher nanosilica content, while beneficial in some aspects, compromises the self-compacting nature of UHPC. 
This necessitated conducting slump tests to evaluate workability. Remarkably, the addition of nanosilica led to a reduction in both 
capillary and macropores, enhancing the density and strength of the concrete. Specifically, a maximum of 5%wt nanosilica addition 
resulted in a 13% increase in compressive strength. However, this improvement in strength comes with a trade-off. The fracture energy 
of UHPC decreased by 23.2%, indicating an increase in brittleness due to nanosilica. Interestingly, tensile strength saw a 10.5% 
increase, primarily attributed to the enhanced formation of the C-S-H gel, a key component for concrete strength. This study illuminates 
the dual-edged effects of nanosilica in UHPC, presenting a nuanced view of its role in concrete technology and fracture mechanics.
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RESUMEN: Sinergia de la nanosílice: Desvelando los mecanismos de resistencia y fractura en compuestos de hormigón avanzado. Este 
estudio explora cómo el nanosílice afecta las propiedades mecánicas y el comportamiento de fractura del hormigón de ultra alta prestaciones 
(UHPC). Profundizamos en el papel que el nanosílice juega en la mejora de las reacciones puzolánicas y sus efectos sobre la estructura porosa 
del UHPC. Para ello, se utilizaron técnicas avanzadas como la microscopía electrónica de barrido y la porosimetría por intrusión de mercurio. 
Se prepararon muestras de UHPC con diferentes concentraciones de nanosílice, sustituyendo el cemento entre un 0 y un 7,5% en peso, para 
comprender a fondo su influencia. Nuestros resultados revelan que, aunque un mayor contenido de nanosílice es beneficioso en algunos aspectos, 
compromete la capacidad autocompactante del UHPC. Esto hizo necesario realizar ensayos de escurrimiento para evaluar su trabajabilidad. 
Sorprendentemente, la adición de nanosílice llevó a una reducción tanto de los poros capilares como de los macroporos, mejorando la densidad 
y resistencia del hormigón. Concretamente, una adición máxima del 5% en peso de nanosílice resultó en un aumento del 13% en la resistencia 
a compresión. Sin embargo, esta mejora en la resistencia conlleva una contrapartida. La energía de fractura del UHPC disminuyó en un 23,2%, 
lo que indica un aumento en la fragilidad debido al nanosílice. Curiosamente, la resistencia a tracción aumentó en un 10,5%, principalmente 

PALABRAS CLAVE: Hormigón de ultra alto rendimiento; Nanosílice; Resistencia a la compresión; Comportamiento a la fractura; 
Porosimetría; SEM.
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1.   INTRODUCTION

Concrete stands as the cornerstone of modern infrastructure, forming the backbone of buildings and civil structures 
globally (1, 2). The pivotal ingredient, cement, however, casts a long shadow on environmental sustainability due to its 
carbon-intensive production process. Alarmingly, the manufacture of every ton of Portland cement dispatches 0.8 tons 
of CO2 into our skies (3), contributing to the staggering 4.1 billion tons of annual cement output (4). In response to the 
escalating concerns over pollution, there has been a global uptick in environmental consciousness, particularly towards 
slashing CO2 emissions. Illustrating this shift, the European Union has set an ambitious goal of curtailing greenhouse 
gas emissions by 55% come 2030 (5). This environmental imperative has sparked innovative research into alternative 
materials with pozzolanic characteristics akin to cement (6–11) These alternatives, which include by-products like sil-
ica fume, fly ash, ground granulated blast furnace slag, and limestone powder, not only mimic cement’s properties but 
also offer a pathway to repurpose industrial waste, thus contributing to a more circular economy.

The recent surge in nanotechnology has notably influenced concrete science, particularly through the integration of micro- 
(12–14) and nano-sized particles (15, 16). These advancements have prompted extensive studies into their effects on concrete’s 
mechanical (1, 17-20) and chemical characteristics (3, 7, 21, 22). Among these, Nanosilica (NS) emerges as a particularly 
promising addition. This ultrafine material, with particles nearly a thousandfold smaller than those of cement (3), wields a potent 
chemical profile and expansive specific surface area (23). Such attributes serve as catalysts, multiplying the nucleation sites for 
cement hydration, thereby enhancing the pozzolanic interactions with portlandite, Ca(OH)2—also known as CH. This process 
enriches the formation of the calcium silicate hydrate (C-S-H) gel (24, 25), the bedrock of concrete’s strength.

The incorporation of NS doesn’t just enhance the reaction dynamics; it also leads to a densification of the concrete 
matrix. As NS particles amalgamate with portlandite, not only is a denser, more robust matrix formed, but the levels of 
portlandite itself are reduced (26-28). Additionally, the NS particles that remain unreacted act as a filler, occupying the 
voids within the matrix, which in turn escalates the density and diminishes permeability (3, 18). This intricate interplay 
between NS and the concrete matrix elevates the material’s performance, promising a future where strength and sus-
tainability are no longer mutually exclusive.

While the mechanical fortitude and longevity of concrete enhanced with nanosilica (NS) have been the focus of nu-
merous studies (7, 13, 26, 29-31), the fracture characteristics of NS-augmented ultra-high-performance concrete (UHPC) 
have not been explored to the same extent. Research to date has revealed that even a modest percentage of NS—ranging 
from 0.5% to 5%wt—can markedly improve the mechanical behavior of traditional concrete and cement mortars (7, 31-
33). Empirical evidence from Li et al. (17) demonstrates a substantial 18% increase in compressive strength at the 28-day 
mark when 5%wt of NS is incorporated, attributable to the additional C-S-H gel produced and a reduction in the size of 
Ca(OH)2 crystals. Gadag et al.’s findings align, noting a 21% enhancement in tensile strength in UHPC matrices (29).

Moreover, the nuanced effects of nanosilica (NS) on porosity have been captured by Yu et al., who found that while ini-
tial additions of NS can decrease UHPC porosity, beyond a certain threshold, the air content increases, suggesting an op-
timal NS level contingent on the specific concrete matrix (20, 26, 27, 34). Despite the depth of research into the hydration 
processes  (3, 7, 21) and the quest to improve the interfacial transition zones between aggregate and cement (1, 35) or fiber 
and cement (16, 17, 25, 36), the full potential of NS in enhancing UHPC’s fracture properties remains relatively untapped 
(12) (37). This underscores the need for a deeper dive into establishing a more comprehensive relationship between NS’s 
influence on the chemical and porosity properties of UHPC and its consequent mechanical and fracture behaviors.

In our investigation, we meticulously explored how varying levels of nanosilica (NS) supplementation, from none 
to a substantial 7.5%wt, affect the robustness and fracture mechanisms of ultra-high-performance concrete (UHPC). 
We embarked on a multiscale experimental odyssey, scrutinizing the changes within the concrete matrix. Our toolkit 
comprised sophisticated mercury intrusion porosimetry (MIP) and scanning electron microscopy (SEM) to dissect the 
pore architecture and elemental composition. We didn’t stop there each UHPC variant was put to the test, undergoing 
rigorous mechanical and fracture examinations to quantify their strengths and weaknesses.

The crux of our study lies in correlating the intricate details captured by MIP and SEM with the concrete’s physical 
prowess and fracture behavior. By doing so, we aim to decode the intricate dance between the concrete’s microstruc-
tural alterations spurred by NS additions and their macroscopic mechanical manifestations. This comprehensive anal-
ysis strives to uncover the underlying mechanisms that govern the performance of NS-modified concrete, potentially 
paving the way for more resilient and sustainable infrastructures.

This paper unfolds in a deliberate sequence designed to guide the reader through our investigative journey. Section 2 lays 
the foundation, detailing the materials selected, the methodologies adopted, and the experimental procedures employed. In 
Section 3, we delve into the heart of our findings, presenting the results before weaving them into a comprehensive discus-
sion that seeks to both inform and provoke thought. The final section, Section 4, distills our comprehensive analysis into key 
conclusions, encapsulating the essence of our research and its implications for the future of concrete technology.
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2.   MATERIALS AND METHODS

2.1.   Materials

2.1.1.   Material description

In our study, the binder matrix was composed of three main components. First, we utilized Type I cement of the 
52.5 R/SR strength class, adhering to the EN 197-1 standard (38), procured from Portland Valderribas. To comple-
ment this, silica fume (SF) S-92-D sourced from Sika, and ground-granulated blast-furnace slag (GGBS) provided by 
Arcelor-Mittal, were incorporated. The aggregate framework consisted of two varieties of quartz sand, each selected 
for its specific particle size distribution: fine sand (FS) with particles up to 0.315 mm, and a coarser variant (CS) with 
particles under 0.800 mm. The precise chemical compositions of the binders were determined using X-ray fluorescence 
spectrometry, the details of which are presented in Table 1.

Cement GGBS SF
Al2O3 6.59 9.83 0.20
BaO 0.06 — —
CaO 45.61 35.12 0.30
Cl2O3 0.07 — —
CuO 0.04 — —
Fe2O3 2.85 0.31 0.06
K2O 1.09 2.01 0.42
MgO 1.00 6.63 0.35
MnO2 0.05 0.11 —
Na2O 0.29 0.21 0.12
P2O5 0.13 — —
SiO2 18.29 27.81 79.58
SO3 4.02 — —
SrO 0.05 0.08 —
TiO2 0.41 0.48 —
ZnO 0.02 — —

To enhance the concrete’s workability, a superplasticizer (20HE) from Sika was introduced. Furthermore, Master-
Roc MS 685 nanosilica (NS), supplied by Masterbuilders, was integrated in a carefully measured aqueous solution 
of 0.250 g/cm³ and a density of 1.134 g/cm³. The specific particle size distribution of this nanosilica, which ranges 
between 0.040 and 0.398 µm, is graphically detailed in Figure 1. This choice of materials was intended to explore 
the synergistic potential of traditional and advanced additives in the creation of ultra-high-performance concrete. It is 
important to clarify that commercial nanosilica material was used following the supplier’s instructions, without any 
prior treatment, to improve the ease of manufacturing the material from a practical standpoint. Therefore, the size dis-
tribution is an intrinsic property of the supplied nanosilica and might be considered not to fall within the classification 
of nanomaterials, but rather submicron materials.

2.1.2.   Mixes’ composition

Our study engineered six distinct blends of ultra-high-strength concrete (UHSC), each distinguished by varying 
concentrations of nanosilica (NS) particles used to fortify the mix. The foundational recipe for the matrix remained 
constant across all variations, as detailed in Table 2. The innovation lay in the substitution of cement with NS at pro-
portions of 0% (creating our baseline reference concrete, NS-0), and escalating additions of 1.5%, 2.5%, 3.5%, 5%, 
and 7.5%wt for the respective mixes named NS-1.5, NS-2.5, NS-3.5, NS-5, and NS-7.5. Given that NS was introduced 
in a water suspension form, we meticulously adjusted the water content in each mix to ensure a consistent hydration 
baseline, crucial for comparing the performance impacts of our NS-enhanced concrete.

Table 1. XRF chemical composition of the binder materials (%).

Figure 1. Particle size distribution of nanosilica.
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Constituent/mix NS-0 NS-1.5 NS-2.5 NS-3.5 NS-5.0 NS-7.5
Cement 540 531.9 526.5 521.1 513 499.5
Nanosilica — 8.1 13.5 18.9 27 40.5
Silica fume 210 210 210 210 210 210
GBFS 310 310 310 310 310 310
FS 470 470 470 470 470 470
CS 470 470 470 470 470 470
Water 204.25 204.25 204.25 204.25 204.25 204.25
Superplasticizer 42 42 42 42 42 42

2.1.3.   Mix and sample preparation

Our preparation process began by blending the dry components—cement, silica fume, blast furnace slag, and both 
fine and coarse aggregates—in a vertical mixer for a duration of four minutes to ensure a uniform dry mix. Following 
this, we combined the superplasticizer with the nanosilica solution in water and stirred for one minute, creating a ho-
mogenous mixture. It’s important to note that the water content in the nanosilica solution was accounted for, resulting 
in each mix having an equal water ratio. The final step was a thorough mixing of all components, solids and liquids 
alike, for thirty minutes, achieving the desired consistency for our concrete mix.

With the fresh concrete mix ready, we cast three prismatic specimens measuring 40 x 40 x 160 mm3 for each mix 
type. These were then left to set for 24 hours before being demolded. The curing process, a critical stage for strength 
development, involved submerging the specimens in water at ambient temperature for a full 28-day cycle.

2.2.   Methods

2.2.1.   Abrams miniature slump test

To evaluate the workability of our fresh concrete, we employed a bespoke miniature slump test, guided by the 
principles laid out in the EN 12350-2:2020 standard (39). This method is depicted in Figure 2, where we utilized a 
scaled-down version of the classic Abrams cone (40), with proportions finely tuned to 50 mm at the top, broadening to 
100 mm at the base, and standing 150 mm tall. Each assessment was meticulously carried out on a level surface using 
a precision-crafted steel mini-slump cone.

The process was simple yet precise: the cone was filled with our freshly mixed concrete and then gently lifted to mini-
mize any inertial influences. A brief ten-second pause post-lifting allowed the concrete to settle, after which we measured 
the spread in two perpendicular directions. These readings were taken from a bird’s-eye view to ensure accuracy.

The average spread of the concrete, denoted as the flow extension (Df), was the metric of choice to gauge the self-com-
pacting ability of our mix. According to established criteria (41), a concrete mix is deemed self-compacting if its spread 
falls within the 300 to 400 mm diameter range, a testament to its ability to flow and fill forms under its own weight.

2.2.2.   Mercury intrusion porosimetry

To delve into the porosity and pore size intricacies of our ultra-high-strength concrete (UHSC), we employed 
high-pressure mercury intrusion porosimetry (MIP). This technique allowed us to probe pore structures ranging 

Table 2. Constituents and mix compositions of all mixes (kg/m3).

Figure 2. Abrams miniature slump test for fresh concrete. Figure 3. Diagram of a bilinear cohesive law of mixes.



Nanosilica synergy: unveiling the strength and fracture mechanisms in advanced concrete composites  • 5

Materiales de Construcción 75 (358), April - June  2025, e374. ISSN-L: 0465-2746. https://doi.org/10.3989/mc.2025.381724

from the minuscule 1 nm to a more substantial 10 µm. Parameters were meticulously set, with a surface tension of  
480 mN/m and a contact angle of 140 degrees, under a formidable pressure of up to 413 MPa. Samples for MIP testing 
were carefully extracted from the upper segments of our prismatic specimens to ensure consistency and precision in 
our measurements. Two samples per composition have been subjected to the MIP.

2.2.3.   Scanning electron microscopy

Post-mechanical testing, the microscale examination of the UHSC was paramount to understand the material’s re-
sponse to stress. Here, scanning electron microscopy (SEM) came into play, utilizing the high-resolution capabilities 
of the FEI Teneo microscope. This allowed for an in-depth look at the damage morphology within the fragments of 
crushed concrete. Selecting fragments that presented flat surfaces, we prepared them for observation by sputter-coating 
with titanium, thus enhancing the contrast for clearer imaging and meticulous analysis.

2.2.4.   Mechanical and fracture tests

Our assessment of the concrete’s strength and fracture properties was conducted through rigorous testing of both cubic 
and prismatic specimens. Prisms were precisely molded to dimensions of 40 × 40 × 160 mm³ while 40 mm³ cubes were 
obtained by cutting the ends of the prism halves after testing them in bending. The cubic samples were subjected to a com-
pressive strength evaluation in line with the EN 12390-3 standard (42). Meanwhile, the fracture toughness was investigat-
ed using three-point bending tests on notched prismatic specimens, adhering to the specifications of the RILEM TCM-85 
(43). Each specimen was prepared with a notch-to-depth ratio of 1/6 to ensure uniform stress concentration during testing.

To capture the intricacies of the fracture process, a 10-mm linear vertical displacement transducer was meticulously 
positioned to record mid-span deflection, coupled with a clip gauge to track the crack mouth opening displacement 
(CMOD). This measurement was used for regulating the three-point bending tests. The tensile strength, ft, along with 
other parameters defining the cohesive law (visualized in Figure 3), were extrapolated via an inverse analysis leverag-
ing the non-linear hinge model (44, 45). This analytical approach hinges on fine-tuning the cohesive law parameters to 
achieve a congruence between the experimental and modeled load-CMOD curves.

For a more granular understanding, the bilinear cohesive law was dissected into two distinct segments (as depicted 
in Figure 3): the initial branch, Gf, and the subsequent branch, GF-Gf. The rationale behind this bifurcation of the cohe-
sive law and its implications are thoroughly explored and justified in Section 3.

3.   RESULTS AND DISCUSSION

3.1.   Abrams miniature slump test 

The Abrams slump test outcomes, depicted in Figure 4, reveal a clear pattern: the spread values, indicative of workability, 
inversely correlate with the increasing nanosilica (NS) content. Each increment of NS introduced to our ultra-high-strength 
concrete (UHSC) mixes resulted in a measurable dip in spread values, yet all compositions retained self-compacting qualities.

A modest 1.5%wt NS addition marked a 6.7% reduction in spread from the reference concrete (NS-0), setting the 
stage for a trend where each additional 1% of NS (NS-2.5 and NS-3.5) proportionally lessened spread by around 6%, 
culminating in decreases of 13.3% and 18.3%, respectively. The impact became more pronounced with 5%wt NS (NS-
5), resulting in a 20.8% spread reduction—a significant leap from NS-3.5. This suggests an optimal NS range for work-
ability lies between 3.5% and 5%. The most substantial decrease, however, was seen with NS-7.5, where workability 
plummeted by 43.3% compared to NS-0, highlighting the consequences of excessive NS—impeded material fluidity 
due to the NS’s high specific surface area which, while enhancing pozzolanic activity through increased water contact, 
also saps the free water needed for lubrication, thereby curtailing particle movement and spread (46).

In contrast to typical ultra-high-performance fiber concretes (UHPFCs), which exhibit spread values between 25 
and 34 cm using the same mini-cone (41), our results demonstrated no signs of aggregate segregation within the spread 
samples, as evidenced in Figure 5. This finding underscores the delicate balance between nanosilica content and con-
crete workability, a relationship critical for practical applications of UHSC.

3.2.   Mercury intrusion porosimetry

Mercury intrusion porosimetry provided us with a detailed portrait of the pore architecture within our concrete 
mixes, with a specific focus on NS-0, NS-5, and NS-7.5. The resultant pore size spectrum, ranging from the minute  
0.01 µm to the expansive 200 µm, is visually captured in Figure 6. Within this range, the concrete’s porosity is charac-
terized by two primary pore types: capillary pores (with a radius of 0.01 to 5 µm, typically the interstitial voids left by 
water among cement particles) and macropores (larger voids between 5 and 200 µm, mostly formed by entrapped air).
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A delineating green line in Figure 6 neatly segments these two pore realms. NS-0, our reference mix, displayed a predomi-
nance of larger macropores peaking at 8 µm, contrasting with fewer capillary pores. Introducing nanosilica to the mix, as seen 
in NS-5 and NS-7.5, leads to a marked decline in macropore volume (21.8 and 22.5% respectively), as it can be seen in Table 3. 
This is due to nanosilica’s affinity for water, its larger specific surface area, and its role in promoting pozzolanic activity 

Interestingly, the NS inclusion raised the count of smaller capillary pores—smaller than 0.5 µm— of 24.2 % with NS-
5, especially below 0.04 µm aligning with prior findings (47). Unreacted NS particles, observed within the 0.09 to 0.2 
µm range (indicated by orange lines in Figure 6), notably contributed to this effect by occupying potential void spaces.

For the NS-7.5 mix, however, the percentage of pores higher than 8 µm is similar to NS-5 (0.9% lower). The 
percentage of pores between 0.5 and 8 µm is highest in ND-7.5. In the range between 0.5 and 8 µm, the porosity of 
NS-7.5 is increased almost double (5,5%), due to the lower workability of the mix (Figure 4). While the percentage of 
pores lower than 0.5 was slightly lower than NS-5, almost completely disappearing the pores of an NS particle size, 
this is indicative of poor dispersion at elevated NS levels (48-the synergistic role of micro-nano silica mixture was 
rarely studied on the direct corrosion protection performance of concrete. This research is to investigate the efficiency 
of using MS and NS mixture, as cement partial replacement, on corrosion protection and sulphate resistance of ce-
mentious materials. In addition, the influence of this silica multi-sized mixture was also studied on some durability 
characteristics related to corrosion and sulphate protection. Based on the maximum mortar compressive strength, 10% 
MS and 2% NS were the optimum cement replacement ratios for each size separately. For the comparative purposes, 
the total cement replacement ratio of MS and NS mixture was kept equal to the optimum MS (i.e.10%50), an insight 
that underscores the delicate balance between nanoparticle concentration and dispersion within the concrete matrix.

DO N5 N7,5

<0,5 micra 41.7 65.9 62.1

0.5 y 5 8.9 6.5 11.0

>5 49.4 27.6 26.9

3.3.   SEM analysis

Through the lens of scanning electron microscopy (SEM), we captured and compared the intricate microstructures 
of NS-0, NS-0 and NS-7.5 specimens, as vividly presented in Figure 7a, b and c. Figure 7a shows that NS-0 presents 
a considerable proportion of well-formed plates of calcium hydroxide, which shows that with no NS was added. The 
SEM imagery brings to light the transformative effect of nanosilica. In NS-5 (Figure 7b), ultra-high-performance 
concrete with 5 %wt Nano-silica, it can be noted that a very packed structure in the hard sample with a minor number 
of voids. No calcium hydroxide crystals could be detected. Moreover, finer gels of calcium-silicate-hydrate can be 
observed, possibly developed from the pozzolan reaction of NS with calcium-hydroxide (51). This tighter lattice is 

Figure 4. Spread values of each mix with different nanosilica content. Figure 5. Spread diameter for NS-5.

Table 2. Percentage of Porosity in different ranges of N-0, N-5 
and N-0.75.

Figure 6. Mercury intrusion porosimetry results.
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accompanied by an increased and evenly distributed calcium-silicate-hydrate (C-S-H) gel—highlighted at points num-
ber 2—bolstering the concrete’s inherent strength (Figure 7c).

Unreacted nanosilica particles step into an additional role, filling the microstructural vacancies (52), and thereby aug-
menting the density of the matrix. In stark contrast, NS-0 samples (Figure 7a) reveal a lesser degree of interconnectivity 
within the concrete constituents, punctuated by an abundance of pores and void spaces—visible at points number 3.

Nanosilica emerges as a dual-function agent within the concrete mix: a catalyst for pozzolanic reactions that foster 
the formation of C-S-H gel, and as an infill that mitigates voids, enhancing the overall structural integrity (53). The 
sample’s microstructure with the inclusion of 7.5 % NS is displayed in Figure 7(d), in which many pores could be 
noted. As clarified in Section 3.1., due to the addition of NS significantly diminishing spread (Figure 4) the raising the 
viscosity of the UHSC, and more free air can be captivated in the sample’s matrix.

3.4.   Mechanical properties

This section unveils the compressive strength across all our concrete mixes, with findings distilled from testing an 
average of three specimens per mix.

The journey of compressive strength vis-à-vis nanosilica (NS) content is plotted in Figure 8. We observed a crescen-
do of strength as NS percentages climbed, culminating in a peak 13% increase at 5%wt NS compared to the baseline 
mix, NS-0. This upward trajectory in strength is attributable to the augmented generation of C-S-H gel, a phenomenon 
intricately detailed in Section 3.3 and exemplified in Figure 7b. A denser matrix, courtesy of reduced voids and more 
C-S-H gel, naturally translates to fortified compressive strength (17).

However, surpassing the 5%wt NS threshold (specifically at NS-7.5) triggers a reverse trend, where compressive strength 
dips to levels akin to NS-1.5. At such high NS levels, the concrete’s flowability becomes markedly hampered. The excessive 
NS hinders even distribution within the matrix, obstructing the full spectrum of pozzolanic reactions and leaving a portion of 
NS unreacted—an outcome that underscores the delicate balance between NS content and concrete performance.

3.5   Fracture Properties

3.5.1.   Size-Independent Fracture Energy 

Drawing on the methodology refined by Guinea et al. (54-56), we calculated the size-independent fracture energy 
using the RILEM work-of-fracture method. Our analysis, derived from three tested samples per mix, is graphically 
represented in Figure 9. It became evident that as NS content increased, the fracture energy required for the UHPC 
matrix to fail decreased. Notably, mixtures with 2.5% to 5%wt NS content exhibited fracture energies that were 11% 

a) NS-0

c) NS-5(2) 

b) NS-5

d) NS-7,5

Figure 7. Scanning electron microscopy (SEM) images of reference concrete and nanosilica UHSC. Images of (a) NS-0 and (b) NS-5, (c) 
NS-5-2 and (d) NS-7.5.
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less than the NS-0 reference, illustrating the trade-off between density and brittleness due to more prevalent C-S-H gel 
formation (Figure 7) (13, 27). This phenomenon is particularly crucial for UHPCs, which are inherently high-density 
and often rely on steel fibers to improve ductility and fracture energy (57).

3.5.2.   Cohesive Law Parameters and Tensile Strength

In our quest to decode the fracture mechanics of concrete, we leveraged cohesive law parameters—essential tools 
for simulating how concrete cracks and understanding the forces at play (54, 58). By employing an inverse approach 
grounded in the non-linear hinge model (44,namely, the size-independent specific fracture energy GF, and the corre-
sponding tension softening relation sigma-w (45), we meticulously calculated the bilinear cohesive laws. Our objective 
was to pinpoint the exact parameters that would align with the experimental load-CMOD curve. Figure 10 illustrates 
this alignment for mixes with 0 and 3.5% NS content, displaying the impressive accuracy of the fit, with R2 values very 
close to unity, underscoring the precision of our inverse analysis.

The data (see Table 3 and Figure 11) reveals a distinct correlation between the NS content and the initial slope of 
the cohesive law, a1. Starting from NS-0 with an initial slope of 92 mm-1, there was a general upward trend observed 
as NS content was increased, indicating a greater material rigidity. This trend was exemplified in mix NS-1.5, reaching 
115 mm-1, with a slight dip in NS-2.5 at 102 mm-1, before ascending again in NS-3.5 to 109 mm-1. The most substantial 
increases were noted in NS-5 and NS-7.5, with initial slopes of 123 mm-1 and 139 mm-1, respectively, as detailed in the 
table provided. This progressive stiffening response up to the onset of microcracking suggests that higher NS contents 
contribute to a more rigid matrix, which is echoed in the decreased crack opening displacement, signifying a reduced 
capability to absorb energy during fracture, consistent with the trends observed in measured fracture energy (Figure 9).

A denser matrix, reflected in our MIP results (Figure 6), generally contributes to increased concrete strength due to 
fewer internal voids. However, it also ushers in a more brittle failure post-peak strength, evidenced by lower fracture 
energy (13, 59). This was corroborated by tensile strength gains observed with NS supplementation (Table 3 and Figure 
12), where NS-5 and NS-7.5 reported increases of 10.5% and 40.4%, respectively. NS-7.5, with the smallest pores, 
benefited from both the C-S-H gel generation and unreacted NS filling the capillary pores.

3.5.3.   Fracture energy consumption

Remarkably, NS-7.5 was found to consume 78.0% of the fracture energy during microcracking (Gf in Table 4), a 
testament to the mix’s high density and the intensive energy required to propagate nano- and microcracks. NS-1.5 to 
-5 behave very well during the frictional interlocking phase, accounting for 32% on average of the fracture energy 
consumption (GF-Gf in Table 4). This suggests that an optimal distribution of NS, resulting in a more uniform C-S-H 
gel within the matrix, can enhance the ITZ and subsequently increase the energy dissipated during fracture (35, 60).

Mix ft
(MPa)

sk
(MPa)

a1
(mm-1)

a2
(mm-1)

w1
(µm)

wc
(µm)

GF
(N/m)

Gf*
(%)

GF-Gf*
(%)

Ec
(GPa)

𝓁ch
(mm)

NS-0 5.7 0.52 92 1.8 11 60 65.2 70.9 29.1 33.0 66
NS-1.5 5.9 0.71 115 3.4 9 43 60.3 67.4 32.6 32.3 56
NS-2.5 6.0 0.70 102 4.6 10 34 55.6 67.2 32.8 35.8 55
NS-3.5 6.0 0.59 109 2.3 9 50 55.5 69.7 30.3 30.4 47
NS-5.0 6.3 0.65 123 2.7 8 46 55.1 67.6 32.4 28.3 39
NS-7.5 8.0 1.55 139 16.4 7 18 48.0 78.0 22.0 38.1 29

Figure 8. Mean compressive strength 
results for each mix.

Figure 9. Mean experimental size-
independent fracture energy of each mix.

Figure 10. Average experimental load-
CMOD curves and fitted hinge model: (a) 

NS0 and (b) NS-3.5.

Table 4. Parameters of the bilinear softening diagrams of each mix.
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3.5.4.   Ductility analysis

In assessing the ductility of our concrete mixes, we turned our attention to the characteristic length (𝓁ch in Table 4) 
—a parameter intricately tied to the fracture process zone (FPZ). Derived from the product of the elastic modulus and 
the fracture energy, and inversely related to the square of the tensile strength, the characteristic length serves as a direct 
indicator of the FPZ’s extent and the energy dissipation within it. The NS-0 mix, displaying the highest characteristic 
length, indicated a larger FPZ and, hence, more energy dissipation, signifying a more ductile behavior (Figure 13). On 
the contrary, mixes with added NS showed a reduction in characteristic length, reflecting a shorter FPZ and less energy 
dissipation, which corresponds to a more brittle fracture response—a pattern that is consistent with the lower porosity 
and reduced fracture energy observed in these mixes (Figure 9).

4. CONCLUSIONS

The comprehensive study conducted on ultra-high-performance concrete (UHPC) with varying concentrations of 
nanosilica (NS) has culminated in several notable findings:

1.	 Workability: The incorporation of NS into UHPC results in decreased workability, as evidenced by the slump test 
results. However, the self-compacting nature of the concrete was preserved up to a 5% NS content.

2.	 Pore structure: The mercury intrusion porosimetry revealed that NS modifies the pore structure significantly, reducing mac-
roporosity and altering capillary pore distribution, which directly correlates with the densification of the concrete matrix.

3.	 Fracture energy: The study demonstrated that NS content affects the fracture energy of UHPC, with a notable decrease in frac-
ture energy as NS content increases. Despite this, the highest fracture energy ratio during microcracking was observed with the 
NS-7.5 mix, indicating a complex interaction between the matrix density and the energy required for crack propagation.

4.	 Cohesive law parameters: Our findings from the cohesive law parameters highlighted that higher NS contents lead to a stiffer 
initial response in the material up to the point of microcracking. The slope of the initial linear segment of the cohesive law 
increased with the NS content, suggesting that higher NS levels contribute to a more brittle matrix post-peak strength.

5.	 Strength and durability: The compressive and tensile strength of the concrete mixes increased with the addition 
of NS, reaching an optimum at 5% NS addition. Beyond this concentration, the effects on flowability and distri-
bution within the matrix negatively impacted the potential for pozzolanic reactions, thereby reducing the overall 
strength gains.

6.	 Ductility: Characteristic length measurements indicate that NS addition leads to a more brittle behavior, with 
reduced energy dissipation in the fracture process zone.

7.	 Optimization of NS content: The study underscores the importance of optimizing NS content to balance the ben-
efits of increased strength and density against the adverse effects on workability and fracture energy.

This research provides valuable insights into the design of UHPC mixes with tailored mechanical properties for spe-
cific structural applications, promoting a more judicious use of NS to enhance performance while considering practical 
limitations in construction scenarios.
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