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ABSTRACT 
 
Steel structures are worldwide used in several civil engineering projects for their wide range of 
benefits such as: easy modelling, assembly and disassembly, reduced time of construction, 
reuse versatility, type of green construction, and high capacity resist to considerable loads while 
having a reduced weight. However, as the temperature grows, the steel’s mechanical properties 
suffer a softening process under a fire. These reductions tend to be more expressive from 500 
ºC, usually considered the structural steel’s critical temperature. Therefore, to safeguard the 
steel structure’s partial and global stability and preserve the existing goods and its users’ lives, 
passive protection measures are required to ensure the safety levels required by structural 
regulations. 
 
In this context, the main objective of this dissertation was the development and the mechanical 
characterization of cement and gypsum based passive fire protection mortars with nano and 
micro silica (NMS) particles. The mortars were constituted by different materials such as 
vermiculite, perlite, polypropylene fibres and NMS particles. The mortars` mechanical 
characterization will be carried out through non-destructive and destructive tests. The non-
destructive tests proceeding included the determination of the Young’s modulus, shear modulus 
and Poisson’s ratio, and through the destructive tests, the flexural and the compression strengths 
of each mortar composition were determined. Moreover, TGA, XRD and SEM were carried out 
as complementary tests.  
 
The experimental work was part of the research project NanoFire: Thermal and Mechanical 
behaviour of Nano Cements and their application in steel construction as fire protection, 
currently in progress at the University of Coimbra. 
 
Keywords:  cement and gypsum based mortars, mechanical characterization, passive fire 
protection, steel structures, vermiculite, perlite and polypropylene fibres. 
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RESUMO 
 
As estruturas metálicas são utilizadas em diversos tipos de projetos de engenharia civil à escala 
global devido ao grande número de benefícios que estas oferecem, tais como: facilidade de 
modelação, montagem e desmontagem, tempos reduzidos de construção, versatilidade de 
reutilização, tipo de construção sustentável e elevada capacidade para suportar esforços 
consideráveis com um peso próprio reduzido. No entanto, em situação de incêndio, as 
propriedades mecânicas do aço vão sendo reduzidas à medida a que a temperatura vai 
aumentando e, a partir dos 500 ºC, considerada normalmente como temperatura crítica do aço 
estrutural, estas reduções mecânicas são mais significativas. Portanto, para salvaguardar a 
estabilidade parcial e global de uma estrutura metálica, preservar os bens existentes e 
salvaguardar a vida dos seus ocupantes, é fundamental a adoção de medidas de proteção passiva 
que garantam os níveis de segurança exigidos pelos regulamentos estruturais. 
 
O objetivo principal do trabalho desta dissertação foi o desenvolvimento e a caracterização 
mecânica de diferentes argamassas de proteção passiva contra o fogo à base de gesso ou 
cimento com a adição de micro e nano partículas de sílica (NMS). Estas argamassas foram 
constituídas por diversos materiais, tais como vermiculite, perlite, fibras de polipropileno e 
partículas de NMS. A caracterização mecânica das argamassas foi realizada através de ensaios 
não destrutivos e destrutivos. Os ensaios não destrutivos englobaram a determinação dos 
módulos de Young, módulos de elasticidade transversal e coeficientes de Poisson e, através de 
ensaios destrutivos sforam determinadas as resistências à compressão e à flexão de cada 
argamassa. Além disso, também foram realizados testes TGA, XRD e SEM, definidos como 
testes complementares. 
 
O trabalho experimental enquadrou-se na execução do projeto NanoFire: Comportamento 
térmico e mecânico de Nano Cimentos e sua aplicação na construção de aço como revestimento 
de proteção passiva contra incêndios, atualmente em curso na Universidade de Coimbra. 
 
Palavras-chave: argamassas à base de gesso e cimento, caracterização mecânica, proteção 
passiva ao fogo, estruturas metálicas, vermiculite, perlite e fibras de polipropileno.
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NOTATIONS 
 
θa The steel temperature  
ρ Density 
μ Poisson’s ratio 
vs Versus 
fct,c Compression strength 
fct,fl Flexural strength 
ff Fundamental resonant frequency of bar in flexure 
ft Fundamental resonant frequency of bar in torsion 
Vp Pulse-propagation velocity of the compression wave 
Vs Pulse-propagation velocity of the shear wave 
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ABBREVIATIONS 
 
AFP Active fire protection 

C 
Commercial passive protection solution used as reference 
mortar 

Ca2+ Calcium ion 
Ca6Al2(SO4)3(OH)12·26H2O Calcium sulfoaluminate hydrate 
CaCO3 Calcium carbonate (calcite) 
CaSO4 Calcium sulfate (anhydrite) 
CaSO4 · 2H2O Calcium sulfate di-hydrate (Gypsum) 
CaSO4 · 0.5H2O Calcium sulfate hemihydrate 
CH Calcium hydroxide 
CO2 Carbon dioxide 
CPPS Commercial passive protection solution 
CP Compression 
C-S-H Calcium silicate hydrate 

CV 
Developed cement mortar with vermiculite and polypropylene 
fibres 

CV.NMS 
Developed cement mortar with vermiculite and polypropylene 
fibres, nano and micro silica particles 

E Young’s modulus 
EP Expanded perlite 
EV Expanded vermiculite 
FL Flexural 
G Shear modulus 
GP Developed gypsum mortar with perlite 

GP.NMS 
Developed gypsum mortar with perlite, nano and micro silica 
particles 

GV Developed gypsum mortar with vermiculite 

GV.NMS 
Developed gypsum mortar with vermiculite, nano and micro 
silica particles 

GY Gypsum powder 
IEV Impulse excitation of vibration 
MS Microparticles of silica 
nano-Al2O3 Aluminium Oxide Nanoparticles 
nano-Fe2O3 Iron Oxide Nanoparticles 
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Ref. Reference 
RH Relative humidity 
SD Standard deviation 
SEM Scanning electron microscopy 
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TGA Thermo gravimetric analysis 
ULS Ultimate limit state 
UPV Ultrasonic pulse velocity 
V/B Vermiculite to binder ratio 
W Water 
W/B Water to binder ratio in weight % 
XRD X-ray diffraction 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Mechanical Characterization of Cement and Gypsum 
Based Mortars with Nano and Micro Silica Particles for 
Passive Fire Protection of Steel Structures 1 INTRODUCTION 

 

 

 

Eduardo Celso Cruz Monteiro 1 

 
 

1 INTRODUCTION 
 
1.1 Initial considerations 

 
The present work is within the scope of the national research project PTDC/ECI-
EGC/31850/2017 (NANOFIRE - Thermal and Mechanical behaviour of Nano Cements and 
their application in steel construction as fire protection), funded by FCT (Foundation for 
Science and Technology). The project's main objective is to develop mortars with nano 
particles, to enhance its behaviour under fire situations as passive fire protection material for 
steel structures.  
 
The author was involved in different types of activities such as: i) the preparation of the 
specimens and their physical characterization and experimental mechanical characterization 
tests, ii) the treatment of the data, iii) the elaboration of the state-of-the-art review and iv) the 
assistance on the scientific research report writing. Moreover, the author also collaborated on 
the complementary tests carried out at IPN (Pedro Nunes Institute), based in Coimbra - 
Portugal. 
 
Finally, the author also contributed to other activities in the scope of the project which were not 
part of this dissertation: i) fabrication and preparation of different passive fire protection 
mortars in SHS columns, ii) evaluation of the fire resistance of steel columns under axial 
loading, protected with different fire protection mortars through experimental tests and iii) 
fabrication and preparation of specimens to obtain a patent. 
 

1.2 Overview 
 
Widely used in structural design for their many valuable benefits, such as its strength to weight 
ratio, ductility, fast construction and sustainability, steel sections are nonetheless highly 
vulnerable to fire [1-4]. When heated, steel undergoes a rapid degradation of strength and elastic 
modulus, which may lead to a fast and uncontrolled collapse. Therefore, it usually need to be 
protected by a fire protection system to ensure human safety, reduce material loss and comply 
with existing standards [5,6]. In the general context of fire safety, the critical temperature for 
such members is generally regarded to 500 ºC; in other words, it is the range of temperature at 
which structural steel’s design resistance equals the design effect of accidental actions [7-10].  
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Fire protection systems are divided into active and passive fire protection materials or methods. 
Active fire protection (AFP) devices detect and work to extinguish the fire [10-12], while 
passive fire protection (PFP) works to ensure structural stability until the fire is controlled or 
extinguished [10, 13-15]. The most common AFP solutions are fire extinguishers, fire hose 
reels, sprinkler systems, smoke alarms and firefighters. Concerning the PFPs, methods such as 
fire-resistant borders, intumescent paints, insulation paints and fire-protecting mortars are 
highly used and studied. Compared to PFP methods, AFPs are more efficient but usually more 
expensive. According to Milke (2015) [16], fire protection engineers assess the nature and 
magnitude of fire and the selection of the strategies above-mentioned.  
 
When protection consists of positioning another material between the steel and the fire, the 
material and its quantity should be chosen carefully. According to EN 1993-1-2 [17], the 
heating rate of the steel members depends, beyond the fire’s characteristics, upon the material’s 
surface/volume ratio and its thermal and mechanical behaviour. This is explained by: i) heat is 
transferred from molecule to molecule in this case; therefore, heat spread is decreased as the 
material’s contact area reduces and its thickness increases; ii) thermal conductivity, specific 
heat, and specific weight directly affect the heat transfer process as the velocity of heating is 
directly proportional to the first and inversely proportional to the specific heat and weight; and 
iii) the material has to resist both thermal and displacement actions, as much as possible, to 
ensure the stability and homogeneity needed to perform its expected insulating function during 
the fire event. 
  
In the case of this study, passive fire protection mortar is highly used in steel structures, mostly 
when the aesthetic aspect isn’t a requirement, as it ensures the stability of the structure with a 
reduced investment of financial resources compared to other methods [18].  
 

1.3 Research objectives and scopes 
 
This work presents the results of experimental research work to characterize the mechanical 
properties of cement and gypsum based with nano and micro silica particles passive fire 
protection mortars by destructive and non-destructive tests.  
 
From previous Nanofire research [19], it was selected a group of compositions with the best 
thermal behaviour. Different contents of polypropylene fibre, expanded perlite, expanded 
vermiculite and nano and micro silica particles were used in the compositions. One composition 
has been studied, a commercial solution (C), as reference composition, and six others have been 
developed in the laboratory: i) one cement based composition with expanded vermiculite and 
polypropylene fibre (CV); ii) two gypsum based compositions with perlite (GP) or vermiculite 
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(GV), and iii) three compositions but with the addition of nano and micro silica particles 
(CV.NMS, GP.NMS and GV.NMS). 
 
A total of twenty-eight 160 x 40 x 40 mm specimens were carried out by ultrasonic pulse 
velocity test, flexural and compression tests, and seven 200 x 100 x 40 mm specimens were 
carried out by impulse excitation of vibration test. By non-destructive tests, the Young’s 
modulus (E), shear modulus (G) and Poisson’s ratio (μ) were assessed, while the flexural and 
compression strengths were assessed by destructive tests. Moreover, density and porosity tests, 
Thermogravimetric Analysis (TGA), X-Ray Diffraction (XRD) and Scanning Electron 
Microscopy (SEM) were carried out. Lastly, the properties results were assessed and compared 
with literature values. 
 

1.4 Contents of the Dissertation 
 
The present work is organized into five chapters: 
 
Chapter One is the introduction of the dissertation, where the overview, scopes and objectives 
are presented, aiming to summarize, succinctly, the content of the project and the work where 
developed.  
 
Chapter Two justifies the use and development of passive fire protection mortars for steel 
structures and a state-of-the-art review of the materials and PPF cement and gypsum based 
mortars. 
 
Chapter Three presents the studied mortars’ compositions, their fabrication process, the 
experimental testing systems, and the procedure carried out for the mechanical characterization 
of the mortars. 
 
Chapter Four presents the procedure and the results of the complementary tests, the results of 
the non-destructive and destructive tests, followed by a discussion based on the literature 
review. 
 
Finally, Chapter Five brings the work’s conclusions and the proposed future works. 



Mechanical Characterization of Cement and Gypsum 
Based Mortars with Nano and Micro Silica Particles for 
Passive Fire Protection of Steel Structures 2 LITERATURE REVIEW 

 

 

Eduardo Celso Cruz Monteiro 4 

 
 

2 LITERATURE REVIEW 
 

2.1 Theoretical and normative framework of the research study 
 
Standard design methods and rules for the different types of structures have been a concern on 
the past years. With that objective and under the guidance of CEN Technical Committee 250 
(CEN/TC250), the EN Eurocodes have been developed and are divided into ten parts: 
 

1. EN 1990, Eurocode 0: Basis of structural design; 
2. EN 1991, Eurocode 1: Actions on structures; 
3. EN 1992, Eurocode 2: Design of concrete structures; 
4. EN 1993, Eurocode 3: Design of steel structures; 
5. EN 1994, Eurocode 4: Design of composite steel and concrete structures; 
6. EN 1995, Eurocode 5: Design of timber structures; 
7. EN 1996, Eurocode 6: Design of masonry structures; 
8. EN 1997, Eurocode 7: Geotechnical design; 
9. EN 1998, Eurocode 8: Design of structures for earthquake resistance; 
10. EN 1999, Eurocode 9: Design of aluminium structures. 

 
Normalized by EN 19931-1 [20], steel design is under several variables’ conditions, however, 
some moulds its baselines. Among them, selecting the most efficient steel’s yield stress is one 
of the most important prerequisites for the economical design of this type of construction [21]. 
The 275 and 355 MPa steel grades are most commonly used in Portugal. However, a decrease 
in the difficulties associated with manufacturing steel materials [22-23] and increased demand 
for new steel with enhanced structural behaviour have been observed. Three new families of 
steels are arising: i) high strength steels (HSS), with a yield stress of 460 to 560 MPa, ii) ultra-
high strength steels (HPS), featuring yield stress above 560 MPa and iii) high-performance 
steels which are HSS and HPS but with exceptional technological features. Therefore, the 
designer shall pay attention to the selection of the steel’s yield stress as the relative cost of the 
material decreases as the strength increases [24].  
 
However, experimental studies show that, under high temperature, steel’s mechanical 
properties suffer a softening process due to the reduction of its yield stress, proportional limit 
and Young’s modulus [25-28]. Thus, it’s fundamental to understand the behaviour of the steel 
under a fire situation to proceed with the selection, or not, of the protective materials and/or 
methods [29]. 
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Each of the codes, except for EN 1990 [30], is divided into parts. In Portugal, the structural fire 
design of steel structures is normalized in EN 1993 part 1-2, and has to comply with the exposed 
in Decree Law n.º 220/2008 [31] and Ministerial Orders n.º 1532/2008 [32] and actual 
corresponding versions. Complying the requeriments, the structure is classified with a 
minimum value of fire resistance to provide structural support (R), watertightness (E) and/or 
thermal insulation (I). Each function has to resist from 30 to 180 minutes, according to the risk 
in consideration. 
 
According to the above-mentioned Eurocode, the variation of the steel’s yield stress, 
proportional limit and Young’s modulus is dependent of temperature in accordance with the 
reduction factors (RF) [33] given in Table 2.1. In the same table, it is possible to compare the 
reduction factors’ values with the steel temperature (θa). 
 
Table 2.1 - Reduction factors, relative to the values of fy and Ea at 20 ºC, for the stress-strain 

relationship of carbon steel at high temperatures and a comparison between RFs with the 
increasing of 100 ºC of the steel temperature (adapted from Ref. [17]). 

 
Temperature RF Ratio (%) RF  Ratio (%) RF  Ratio (%) 

θa (ºC) ky,θ= fy,θ/fy ky,θ/ ky,θ-100 kp,θ= fy,θ/fy kp,θ/ kp,θ-100 kE,θ= Ea,θ/Ea kE,θ/ kE,θ-100 

100 1.00 100 1.00 100 1.00 100 
200 1.00 100 0.81 81 0.90 90 
300 1.00 100 0.61 76 0.80 89 
400 1.00 100 0.42 69 0.70 88 
500 0.78 78 0.36 86 0.60 86 
600 0.47 60 0.18 50 0.31 52 
700 0.23 49 0.08 42 0.13 42 
800 0.11 48 0.05 67 0.09 69 
900 0.06 55 0.038 75 0.068 75 
1000 0.04 67 0.025 67 0.045 67 
1100 0.02 50 0.013 50 0.023 50 
1200 0.00 0 0.00 0 0.000 0 

 
The assessment of Table 2.1 allowed a clear picture of the decrease of the mechanical 
properties’ values from 400 to 600 ºC, in comparison to the ambient temperature’s values. At 
600 ºC, a drop of 40%, 50% and 48% from the 500 ºC’s yield stress, proportional limit and 
Young’s modulus values is observed. It endorses the disposed in Ref. [5-10], concerning the 
critical temperature in the range of 500 ºC. Therefore, in most cases, it’s essential to protect the 
steel with a protection measure to delay the heat increasing and guarantee the safety required 
[34-35].
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2.2 Passive fire protection methods 
 
According to Ref. [35], the construction works must be designed and build in such a way, that 
in the event of an outbreak of fire, the load bearing resistance of the construction can be assumed 
for a specified period of time, the generation and spread of fire and smoke within the works are 
limited, the spread of fire to neighbouring construction works is limited, the occupants can leave 
the works or can be rescued by other means and the safety of rescue teams is taken into 
consideration. In this context, passive fire protection systems control the spread of fire and 
prevent or delay the collapse of compartments [10, 34].  
 
The material selection shall attend to the fire safety requirements; however, the aesthetic 
requirement is also an important step to comply with. Currently, the intumescent paintings are 
the passive fire protection method that best fits this requirement [18, 36]. 
 
At ambient temperature, paintings are inert however they can expand and degrade at 
temperatures of 280 to 350 ºC, to provide a layer of low conductivity materials, which acts as 
a heat transfer barrier to protect the coated structure, physically and thermally [37]. This method 
presents other strengths, such as reduced weight and waste, provides a high-quality finishing, 
and it’s indicated to complex shapes [38]. The main disadvantage is the price compared to 
sprayed solutions [39]. For example, in Portugal, the cost is 15 to 20 euros per m2 [40] and 
demands specialized manpower, which increases the expenses. The solution is represented in 
Figure 2.1. 
 

(a) (b) (c) 

Figure 2.1 – Intumescent painting in different phases: specialized application procedure (a), 
under proceeding (b) and under high temperature at its expanded form (c) (from Ref. [41-43], 

respectively). 

On the opposite side of the intumescent paintings, the flexible blanket system is one of the 
cheapest solutions [44]. This solution presents a reduced thermal conductivity, mainly 
composed of rock or glass wool. Also, it allows a clean installation procedure and is a 
lightweight material. The main disadvantage is its aesthetical appearance [39]. The solution is 
shown in Figure 2.2. 
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(a) (b) (c) 

Figure 2.2 – Flexible blanket systems: rock wool (a), glass wool under installation procedure 
(b) and beams coated by the material (c) (from Ref. [45, 46 and 39], respectively). 

 
A very commonly used method is the intumescent board systems. It is widely used due to its 
ease of manufacture, widespread availability of the materials for its production, environmental 
friendliness, and energy-consuming dehydration process [47]. The mainly used materials to 
manufacture the boards are gypsum, cement, vermiculite and perlite [37]. Also, it guarantees a 
certified quality as it is manufactured in a factory and could be applied above untreated work. 
However, the erection time setting is high, and it is difficult to set in a complex system. A 
decorative system is more costly and adds an overload to the structure [39, 48]. Boards are 
shown in Figure 2.3. 
 

  
(a) (b) (c) 

Figure 2.3 – Fire resistive boards protecting steel structures (a), (b) and (c) (from Ref. [49-51], 
respectively). 

Passive fire protection mortars are one of the most commonly used solutions for their thermal 
behaviour, which easily complies with the requirements: are less costly than a board protection 
system, and the application is by spray. So it allows an easy application in complex frames, and 
surface preparation is not required [18-28]. Aesthetical appearance is the main disadvantage 
[18], so it is indicated for sheds, industries and non-visible places [39]. It is usually constituted 
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by cement, gypsum and lightweight aggregates such as perlite and vermiculite. To enhance the 
mortar’s mechanical strength or thermal behaviour, fibres such as polypropylene, glass, steel 
and hemp are often added [52-54]. Figure 2.4 shows passive fire protection sprayed mortars 
under and after the application. 
 

(a) (b) 

Figure 2.4 – Passive fire protection sprayed mortar under application procedure (a) and after 
the application in steel structures (b) (from Ref. [55-56], respectively). 

The EN 1993-1-2 characterizes the unprotected and protected steel temperature development.  
 
2.3 State-of-the-art review 
 
Passive fire protection mortars must have good thermal behaviour to comply with the insulating 
requirements needed from case to case. Materials commonly used as binders are cement and 
gypsum due to their vast availability, low cost, ease of production and quality as fire barriers 
[19, 39, 47, 57-58].  
 
To enhance the material's fire resistance by improving its insulator properties, aggregates are 
usually introduced into the compositions. The minerals perlite and vermiculite are two of the 
most commonly used materials [57]. According to Formosa et al. [18], PFP mortars with these 
minerals as lightweight aggregates take benefit of their low thermal conductivity and weight 
and their capacity to retain water to obtain a porous insulating mortar that is easy to spray.  
 
The main disadvantage of cement based mortars is the pre-existence of micro-cracks which 
develop into macro-cracks [52]. To restrict the cracks, fibres are added to the composition [59]. 
However, while the inclusion of metal fibres improves the mechanical strength, polypropylene 
fibres limit the thermal damage of the mortar [53-54]. 
 



Mechanical Characterization of Cement and Gypsum 
Based Mortars with Nano and Micro Silica Particles for 
Passive Fire Protection of Steel Structures 2 LITERATURE REVIEW 

 

 

Eduardo Celso Cruz Monteiro 9 

Moreover, several studies [60-73] have shown that nanomaterials addition, including nano 
silica, can improve the mechanical properties of cementitious materials. Despite the knowledge 
of nano silica in cement based compositions, the addition in gypsum based mortars is still poorly 
understood. Therefore, it’s important to study the materials mentioned above to understand their 
importance and effect on the composition of passive fire protection mortars. 
 
Perlite is a glassy volcanic rock with large crystals of quartz, alkali feldspar and plagioclase 
feldspar, formed mainly by SiO2, with a rhyolitic composition and 2 to 5% of combined water 
[74]. The combined water is converted to gas at high temperatures and, subsequently, the 
volume expands 4 to 20 times its original value, forming a lightweight and high porosity 
material called expanded perlite [75]. Its expanded form has an enhanced capillary action: it is 
very porous and can hold 3 to 4 times its weight in water [75]. 
 
Vermiculite is a hydrated magnesium-aluminium-iron silicate primarily formed by alteration of 
micaceous minerals due to weathering, hydrothermal action, percolating ground water or a 
combination of these three factors [74]. Its expanded form is produced by heating the grinded 
and sieved material to 1000 ºC, converting water into vapour and pushing the layers away from 
each other in a process called exfoliation [75]. This process modifies the vermiculite structures 
to granules with accordion shape, lightweight and high porosity [75]. 
 
The main advantage of adding these two minerals is the good insulation properties owing to 
their highly porous nature. However, due to their porous and lightweight nature, their addition 
drastically modifies the mortar’s mechanical characteristics, reducing its compressive and 
flexural strengths compared to plain cement/gypsum mortars [76]. These statements are 
confirmed by the literature and this work, as will be seen then.  
 
Gypsum (CaSO4.2H20) is a mineral used as binder in construction engineering which has a 
lower calcination temperature than the cement’s, within a range of 135 to 180 ºC, reducing CO2 
emissions and becoming an environmentally friendly material [77], furthermore, it has an 
excellent cost-durability ratio [78-79]. Besides its lightweight and excellent mouldability and 
sound resistance, it is also a good insulating material as, when subjected to fire, it goes through 
an endothermic dehydration process which consumes part of fire energy and retards the heat 
transfer process [79], making its thermal conductivity about six times lower than cement’s [73]. 
However, the main disadvantage of gypsum is its low compressive strength when compared to 
cement based mortars [79-80] and its poor resistance to water, as prolonged exposure to the 
atmosphere causes a softening [81]. To solve the second disadvantage, gypsum mortar is 
recommended in indoor ambient or, if applied on external walls, the process shall include 
treatment with silicon or bitumen and a plaster coating [78]. 
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Hydrated PC paste consists mainly of calcium silicate hydrate (C-S-H), calcium hydroxide 
(CH) and calcium sulfoaluminate hydrate (Ca6Al2(SO4)3(OH)12·26H2O) [82]. The use of 
cement based materials for PFP is mostly due to its dehydration process, which occurs 
gradually and delays the heat transfer. According to Rodrigues et al. [59], when cement paste 
is under high temperatures, the hydrated products gradually lose water, generating water 
steam and increasing pore pressure within the material. This event starts at 100 °C and 
continues up to 500 °C, which corresponds to the vaporisation temperature of the crystalline 
water in the material. At about 300 °C, the interlayer and combined water from C-S-H and 
sulfoaluminate hydrates would be lost. Further dehydration of the cement paste, due to 
decomposition of the calcium hydroxide, begins at about 500 °C. Although cement based 
materials generally provide adequate fire resistance for most applications, their strength and 
durability properties are significantly affected when subjected to elevated temperatures. For 
example, in terms of loss in the compressive strength, the critical temperature range is between 
600 and 800 ºC [83]. Inclusion of steel fibres could enhance the material thermal and/or 
mechanical properties, while polypropylene fibres enhance the mortar’s thermal behaviour, 
reducing the cracking process [53]: in the range of 170 ºC, a connecting porosity is created, 
which contributes to lower vapour pressure and, consequently, reduces cracking process [54].  
 
The addition of nano materials into cementitious compositions is explained by: i) the 
nanomaterial acts as a void filler due to its nanosized particle also, they cross-linkes in the 
matrix due to its tubular shape, interacting chemically with Ca2+ available in cement paste, thus 
leads to a denser microstructure and ii) the high amount of silica in the nanomaterial leads to 
increase the rate of C–S–H due to the consumption of Portlandite in cement matrix [71]. 
Moreover, using different sizes of nanomaterials may enhance their benefits on the mechanical 
properties of cement-based mortars even more because it allows a more compact, homogeneous 
and denser microstructures [73]. 
 
Several previous studies are in accordance with the statements mentioned above:  
 
Caetano et al. [19] developed and studied a large group of mortars aiming to select the ones 
with the best thermal behaviour and to compare it with commercial solutions. The specimens 
were subjected to two types of tests. One of them is an experimental test to analyze the influence 
of expanded perlite’s and expanded vermiculite’s grain size on the thermal performance of 
developed mortars using steel plate moulds exposed to high temperatures on one side up to 
900°C. And the second one, an experimental program of tests carried out on twelve steel square 
section S355 columns protected by the studied mortars under a ISO 834 fire condition and 
subjected to a preload of 50%  of the design value of the load bearing capacity of the  columns   
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at ambient temperature (ULS): 727.8 kN. The bests developed mortar compositions were 
selected, and their materials were gypsum as binder and expanded perlite or vermiculite as 
aggregates. 
 
Laím et al. [73] concluded that gypsum based mortars have better thermal properties than 
cement’s; however, it has low strength and poor toughness. Moreover, when perlite or 
vermiculite is added as aggregates, the thermal properties increases, but the mortar’s 
mechanical properties decrease even more.  
 
Mo et al. [76] studied the effects of the inclusion of expanded vermiculite in cement based 
mortar. Three types of composition were produced, one of them constituted by cement and sand 
and the other two by different amounts of vermiculite added into the cement/sand solution, 
always with equal water to cement ratios. Following the procedure recommended in EN 12390-
5, the compressive test was carried out, and it was observed that the value for the cement/sand 
mortar had a strength value of 99% higher than the composition with the smallest amount of 
vermiculite and 173% higher than the composition with the highest amount of the aggregate. 
 
Köksal et al. [83] evaluated the combined effect of steel fibres and expanded vermiculite on the 
properties of lightweight mortar. The compositions had three different amounts of vermiculite, 
from V/C (vermiculite cement ratio) equal to 4 until V/C equal to 8. The same authors assessed 
the combined effect of silica fume and expanded vermiculite on the properties of lightweight 
mortars [84]. They developed twelve compositions, each with different contents of cement to 
vermiculite. By ultrasonic pulse velocity and flexural and compression tests, it was clear that 
the samples with smaller quantities of vermiculite presented enhanced strengths and 
homogeneity. 
 
Köksal’s statements [83-84] were also verified by Gencel et al. [85]. It was studied the 
replacement of natural sand with expanded vermiculite in mortars, developing a total of twelve 
compositions with different contents of binder and expanded vermiculite and submitting the 
specimens to ultrasonic pulse velocity and compression tests. 
 
Hasanabadi et al. [86] assessed the influence of the introduction of expanded perlite and 
paraffin into cement based compositions. Nine cubic samples were tested under compression at 
28 days of age. It was concluded that the addition of lightweight aggregates leads to a decrease 
of about 60% on the compositions’ compression strength. 
 
Ezziane et al. [53] evaluated the heat exposure on various types of fibres in mortars’ 
compositions, including polypropylene. The results showed that adding 0.58% of the material 
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tends to reduce the strength; this effect may be due to poor compaction. At 170 °C, the fibres 
melted and created the connecting porosity. However, beyond 400 °C, when all the content of 
the polypropylene fibres has melted, the thermal damage becomes more noticeable. The 
polypropylene fibres could reduce cracking by controlling the vapour pressures, but it didn’t 
affect the physico-chemical changes. Therefore, this suggests that the tensile strength is more 
sensitive to cracking than physico-chemical changes, while compressive strength is sensitive to 
these two phenomena. Including glass and polypropylene fibres into the composition shall 
enhance thermal and mechanical behaviours. Ezziane et al. [54] also assessed the high 
temperature behaviour of polypropylene fibres reinforced mortars and concluded that 
introducing these fibres reduces the fracture energy. Also, it was concluded that cement 
incorporating polypropylene fibre could benefit the mortar and prevent it from spalling because 
it is melted under a temperature of around 170 °C and, hence, accumulated moisture pressure 
in mortar can escape through inter-connected pores to the outside of it. Furthermore, at room 
temperature, the stress transfer between the faces of the cracks by polypropylene fibres was 
important and gave samples ductility. 
 
Farzadnia et al. [71] studied the effect of adding nanomaterials into the compressive resistance 
of cement based compositions. It was concluded that adding 3% of the material into the 
composition increased the compressive strength up to 24% compared to the control samples.  
 
Oltulu et al. [72] analysed the effect of the addition of nano-SiO2, nano-Al2O3 and nano-Fe2O3 
powders on cement-based mortars' compressive strengths. After assessing the compressive test 
results, it was concluded that the addition of nano-SiO2 increased the compressive strength of 
mortars.  
 
Laím et al. [73] conclude that the addition of nanoparticles to cementitious materials leads to 
four different types of effects: i) decreases porosity, ii) increases durability, iii) behaves as an 
activator that promotes pozzolanic reactions and iv) enhances the microstructure of the cement 
by consuming portlandite crystals by decreasing their orientation, reducing their size. After an 
extensive review, it was also concluded that adding nano silica particles led to an improvement 
in the compressive strength of the mortar of 54%, compared to mortars without this material, at 
28 days of age. 
 

2.4 Challenges 
 
As mentioned before, the present work is within the scope of Nanofire project and it is 
composed by several other investigations. The first challenge was to study the bests materials 
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to include into the developed mortars’ compositions. Then, dozens of mortars were developed 
and were set to experimental tests to determine the top thermal performances. 
 
With the collected data, two gaps were created: thermal and mechanical characterisation needed 
to be performed. As mentioned, the inclusion of light weight materials, such as EP and EV, 
increases the thermal and decreases the mechanical performances. Passive fire protection 
mortars mostly have to attend thermal requirements, however, beside formal and commercial 
requirements, its mechanical characterisation is important to guarantee the flexibility of the 
materials to accommodate the structure’s displacements. 
 
Thus, two works were performed to fill up the thermal and the mechanical characterisation 
gaps. The present work attend the mechanical characterisation gap and is correlated with the 
thermal characterisation work as it is expected that the mortars with the best thermal 
performance has the lowests mechanical strengths, according to the literature. 
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3 MATERIALS AND METHODS 
 

3.1 Materials and compositions  
 
Based on a previous experimental campaign [19], it was possible to identify three laboratory 
developed mortars with the best thermal performances (CV, GP and GV) and the best 
commercial passive fire protection solution used as reference composition (C). With the 
addition of nano and micro silica, three other compositions were made from laboratory 
developed mortars: CV.NMS, GP.NMS and GV.NMS. The following materials were used in 
the compositions of the mortars: commercial passive protection solution (CPPS), Portland 
cement CEM II/B-L 32.5 (PC), the gypsum powder (GY), expanded perlite (EP), expanded 
vermiculite (EV), polypropylene fibres with an average diameter of 31 μm and an average 
length of 6 mm (PP), silica microparticles with an average diameter of 1000 nm (MS), silica 
nanoparticles with an average diameter of 200 nm (NS) and water (W). The granulometry of 
CPPS, PC, GY, EP and EV is shown in Table 3.1. The EP and EV grains were submitted to the 
milling procedure, according to [19]. 
 

Table 3.1 – Granulometry of the materials used in the mortars’ compositions. 

Material 

Particle Size (mm) 
> 1.400 1.400 1.000 0.500 0.355 0.250 0.180 0.125 0.090 0.025 

(%) (%) (%) (%) (%) (%) (%) (%) (%) (%) 

CPPS 0.21 1.44 7.90 5.56 16.69 5.46 7.29 14.39 40.84 0.21 

PC 0.00 0.00 0.19 0.16 3.22 1.53 0.72 8.32 72.43 13.43 
GY 0.22 2.72 11.52 7.84 28.54 9.52 4.79 13.30 21.54 0.01 

EP 0.21 0.60 6.39 5.06 12.78 3.94 2.60 19.13 49.27 0.00 
EV 2.69 25.02 32.15 9.94 11.86 4.86 4.50 3.36 5.61 0.01 

 
The mortars are referenced as C, CV, CV.NMS, GP, GP.NMS, GV and GV.NMS, where C 
stands for the commercial solution, CV for cement-vermiculite, CV.NMS for cement-
vermiculite with nano and micro silica (NMS) particles, GP for gypsum-perlite, GP.NMS for 
gypsum-perlite with NMS particles, GV for gypsum-vermiculite and GV.NMS for gypsum-
vermiculite with NMS particles. Compositions of the mortars are presented in Table 3.2. 
 

Table 3.2 – Composition of the selected mortars – amount of materials (%) in volume 
(adapted from [19]). 

 
Mortar Designation CPPS PC GY EV EP PP NMS  W/B 

C 100% - - - - - - 0.60* 
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CV - 49% - 50% - 1% - 2.00 
CV.NMS - 48% - 50% - 1% 1% 2.40 

GP - - 40% - 60% - - 1.08 
GP.NMS - - 39% - 60% - 1% 1.04 

GV - - 75% 25% - - - 0.70 
GV.NMS - - 74% 25% - - 1% 0.66 

* Water commercial solution ratio in weight %. 
 
Cement and gypsum based mortars demand a certain amount of water for their manufacture. 
However, the water to binder ratio is between 1/3 and 1/5.3 [87] for cement and gypsum based 
mortars, respectively. It’s possible to see the higher water to binder ratios among the developed 
mortars due to the addition of hygroscopic materials such as EP and EV [87]. As higher is the 
content of EP and EV, higher is the W/B, for the different types of binders. 
 
CIMPOR produced the PC, and the GY was supplied from PTFLIX SUPER PLUS, both from 
Portugal, the EP and EV from PROJAR, Spain, the PP from DURO FIBRIL, Portugal, and the 
NMS were manufactured at the Department of Chemical Engineering of the University of 
Coimbra and its manufacturing was in accordance with the exposed by Vaz-Ramos et al. [88]. 
The raw materials are shown in Figure 3.1.  
 

   
(a) (b) (c) 

  
(d) (e)           (f.i)                     (f.ii) 

   

Figure 3.1 – Raw materials utilized in the manufacturing of the mortars: PC (a), GY (b), EP 
(c), EV (d), PP (e), NS (f.i) and MS (f.ii). 
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3.2 Experimental program  
 
Mixtures were prepared at the Department of Civil Engineering of Coimbra University, 
Portugal, while tests were conducted at the Department of Mechanical Engineering. The 
experimental program included four different tests, among non-destructive and destructive 
tests, to characterize the mortars’ mechanical properties: i) an ultrasonic pulse velocity (UPV) 
test and ii) an impulse excitation of vibration (IEV) test, as the non-destructive tests, and iii) a 
flexural (FL) and iv) a compression (CP) tests, as the destructive tests. The experimental 
program of tests is summarized in Table 3.3. 
 
The non-destructive program characterised the mortars’ Young’s modulus, the shear modulus 
and the Poisson’s ratio through UPV and IEV tests. Two types of specimens followed each 
standard recommendation: a 160 x 40 x 40 mm specimen was used in UVP tests and a 200 x 
100 x 20 mm specimen in IEV tests. 
 
The destructive tests defined the mortars’ flexural and compression strengths. Following the 
respective standards recommendations, the 160 x 40 x 40 mm specimen was subjected to the 
flexural test. After its collapse, it was divided into two 80 x 40 x 40 mm halves and subjected 
to the compression test. 
 

Table 3.3 – Experimental program tests of the different specimens. 
 

Mortar 
Designation 

160 x 40 x 40 mm 
specimen 

80 x 40 x 40 mm 
specimen 

200 x 100 x 20 mm 
specimen 

UPV test FL test CP test IEV test 

C 4 4 6* 1 
CV 4 4 8 1 

CV.NMS 4 4 8 1 
GP 4 4 8 1 

GP.NMS 4 4 8 1 
GV 4 4 8 1 

GV.NMS 4 4 8 1 

* Two specimens had no data collected. 
 
To obtain a better correlation, only three specimens’ results with the lower standard deviation 
were selected for each mortar and test type. The results were collected according to the 
respective regulation, the average values were defined, and the compositions’ final results were 
characterized.
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3.3 Preparation of the specimens 
 
For the fabrication of the mortars, a 0.01 grams precision balance, a Hobert N50 mixer with 5 
litres of capacity (Figure 3.2a), a graduate beaker and a stainless-steel lab spatula (Figure 3.2b) 
were used. The procedure followed the steps: 1) The raw materials were weighed and placed 
inside the mixer container; 2) the mixer was put into operation for 5 minutes at a slow speed 
and, at the same time, the corresponding amount of water was added; 3) the mortar was 
manually kneaded with a spatula to remove parts of the mortar that were on the walls of the 
container and thus homogenize the mixture, then returning the container to the mixer; 4) for the 
mortars with NMS particles and aiming its activation, 2.4 grams of NMS particles were placed 
in a 45 millilitres water solution and submitted to ultrasounds for twelve hours, using Retsh 
equipment (Figure 3.2c); and 5) the mortar was placed inside the mould.  
 

   
(a) (b) (c) 

Figure 3.2 – Equipment used for the fabrication of the mortars: Hobert N50 mixer with 5 
litres of capacity (a), graduate beaker and stainless-steel lab spatula (b) and Retsh ultrasounds 

equipment (c). 
 
A total of 7 and 42 specimens were cast in 200 x 100 x 20 mm and 160 x 40 x 40 mm steel 
moulds, respectively. The mixtures were placed inside the mould, compacted by manual 
vibration, and the upper faces were cleaned up and flattened. Forty-eight hours after casting, 
the specimens were demoulded and submitted to 28 days curing process in the laboratory 
environment with a controlled temperature (25 °C) and relative humidity (RH) of 55%. To 
minimize possible effects that temperature and humidity might have on the properties of each 
mortar composition, all composition mixtures were manufactured on the same day. The 
specimens were submitted to the experimental tests after six months of age. 
 



Mechanical Characterization of Cement and Gypsum 
Based Mortars with Nano and Micro Silica Particles for 
Passive Fire Protection of Steel Structures 3 MATERIALS AND METHODS 

 

 

Eduardo Celso Cruz Monteiro 18 

The specimens inside the moulds and their schematic representation are shown in Figure 3.3. 
 

  
 

Figure 3.3 – 200 x 100 x 20 mm and 160 x 40 x 40 mm specimens inside the moulds (a) and 
(b) and their schematic representation (a.i) and (b.i), respectively. 

 
For SEM analysis, it was taken care to polish the samples with fine paper to avoid filling the 
pores with particles. To obtain clear images and proceed to the analysis, the samples were 
coated with a 4 nm layer of gold, as the granules are nonconductive in vacuum (Figure 3.4). 
 

(a) (b) (c) 

Figure 3.4 – Samples before (a), during (b) and after (c) the gold coating process. 
 
 

(a) 

(b) 

(a.i) 

(b.i) 
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3.4 Experimental testing system and procedure 
 
3.4.1 Non-destructive tests 
 

The UPV tests collected the propagation velocities of the compression and shear waves by 
inducing the specimen to repetitious pulses by a pulse generator. The tests were carried out 
under the ASTM D 2845-05 [89] recommendations, and Pundit Lab equipment was used. 
 
The IEV tests were carried out using PICO equipment under ASTM E 1876-01 [90] standard 
recommendations. The experimental test consisted in inducing a manual excitation by a singular 
strike by an impulser (in this case, a steel sphere fixed to the end of a flexible polymer rod) to 
obtain the specimens’ mechanical resonant frequencies.  
 
Both tests had the same objective: to determine the specimens’ dynamic properties. The 
properties were calculated through normalized equations, defined in both standards. The elastic 
constants determined by the UPV test method are termed ultrasonic since the pulse frequencies 
used are above the audible range so they may differ from those determined by other dynamic 
methods. Hence, the two different dynamic tests were carried out. 
 
3.4.1.1 Ultrasonic pulse velocity test 
 

Under the before mentioned standard recommendations, the experimental testing system setup 
is represented in Figure 3.5. 
 
It consisted of a 160 x 40 x 40 mm specimen (a); a pulse generator (b) which applies pulses 
with variable width repeatedly on the specimen; two types of transducer: a 54 kHz capacity (c) 
for the determination of P waves (longitudinal or primary waves, Vp) and a 1 MHz capacity (d) 
which determines the S waves (shear or secondary waves, Vs), both consists of a transmitter 
that converts electrical pulses into mechanical pulses and a receiver that converts mechanical 
pulses into electrical pulses; a computer (e) that contains the equipment’s software which 
displays the on-time readings, the graph and its parameters; and a support (f) to accommodate 
the specimen in the correct position.  
 
It is important to refer that the energy transmission between the transducer element and test 
specimen was improved by lapping the surfaces of the face plates to make them smooth, flat, 
and parallel and by coupling the transducer element to the face plate by a thin layer of Vaseline 
gel, an electrically conductive adhesive. 
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Before proceeding to the readings, a pulse length was set, probe a frequency and pulse 
amplitude (Table 3.4) by a trial-and-error process, following the equipment’s 
recommendations. 
 

Table 3.4 – Parameters values for compression and shear waves procedure. 
 

Wave Type Pulse Length Probe Frequency Pulse Amplitude 

Longitudinal 9.3 μs 54 kHz 125 V 
Shear 2.0 μs 250 kHz 500 V 

 
3.4.1.2 Impulse excitation of vibration test 
 
The IEV test method is specifically appropriate for determining elastic, homogeneous, and 
isotropic materials' modulus. The specimen’s dimensions differ from the others tests  due to its 
standards recommendation, which indicates a ratio width to thickness of five or greater. This 
ratio minimizes experimental difficulties during the shear modulus measurement.

Figure 3.5 – UPV test setup: specimen (a), pulse generator and display unit (b), 
longitudinal waves transducer (c), shear waves transducer (d), computer (e) and support 

system (f). 

(f) 

(e) 

(b) 

(a) (a) 

(c) (d) 
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The experimental testing system (Figure 3.6) consisted of a 200 x 100 x 20 mm mortar specimen 
(a); a impulser (b); a 10 kHz frequency capacity transducer (c) in direct contact with the 
specimen to detect and transport the frequencies waves; an electronic system (d) to amplify, to 
read and to analyze the signals received; a computer (e) to display the waves that determine the 
frequencies and two types of supports: support for the longitudinal frequency measurement (f.i) 
and the torsional frequency measurement (f.ii). The first support system consisted of two 
supports spaced by 0.224 L (L being the specimen’s length) from the borders, and the second 
support system consisted of cross-shaped support located at the midpoint of the specimen’s 
length and width. 
 

  
 

Figure 3.6 – IEV test experimental setup representation: test specimen (a), impulser (b), 
transducer (c), electronic system (d), computer (e), schematic representation of the 

longitudinal (f.i) and the transversal (f.ii) frequencies measurement. 
 
In an illustrative way, Figure 3.6 contains a 160 x 40 x 40 mm specimen instead of a 200 x 100 
x 20 mm. This is explained due to the usage of the wrong type of specimen at the beginning of 
the experimental programs. After verifying that the dimensions had to have a ratio width to 
thickness of five or greater, specimens 200 x 100 x 20 mm were used, however, no photo was 
taken. 
 
The transducer location was set in the proper location to measure the desired vibrations mode, 
following the standard recommendation. It was taken special care that the transducer's location 
remains similar within multiple readings, as well as the force used on the impulser. 
 
 
 
 

(b) 

(c) 

(d) 

(a) 

(e) 
(f.i) 

(f.ii) 
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3.4.2 Destructive tests 

 
The destructive tests took place in a SHIMADZU compression-tensile machine. The flexural 
test followed the European standard EN 12390-5 [91] and the compression test, EN 1015-11 
[92]. 
 
It is important to mention that, in the flexural test, the specimens were subject to a bending 
moment by applying load through two upper and two lower rollers while, in the compression 
test, through a 40 x 40 mm steel plate. The objective of selecting a four-point flexural test was 
to reduce to zero the shear strength at midspan, thus, producing a pure bending moment at that 
point.  
 
A constant displacement of 0.005 mm/s was applied to the specimen, and the computer 
registered the force (N) needed to generate this displacement. The test ended when no greater 
load could be sustained (collapse). The maximum loads recorded are the outputs needed to 
determine the flexural and compression strengths, following the respective standards 
normalized equations. 
 
It is important to highlight that the standard velocity is 0.001 mm/s. However, a velocity of 
0.005 mm/s was adopted because preliminary tests showed that no deviation of results has 
occurred even with a velocity five times faster.  
 
The experimental testing system (Figure 3.7) consisted of a compression-tensile machine of 
100 kN capacity (a); two types of support system (b.i and b.ii) for each test; a load cell (c); a 
computer (d) equipped with the machine’s software for data acquisition; and by a 160 x 40 x 
40 mm (e.i) and a 80 x 40 x 40 mm (e.ii) test specimens in the flexural and compression tests, 
respectively. Also, a schematic representation of both support systems (f.i and f.ii) is shown for 
better visualisation. 
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Figure 3.7 – Experimental test setup representation for both destructive tests: test machine 
SHIMADZU (a), flexural (b.i) and compression (b.ii) support systems, load cell (c), computer 

(d), flexural (e.i) and compression (e.ii) tests specimens and flexural (f.i) and compression 
(f.ii) support systems schematic representation. 

 
3.4.2.1 Flexural test 

 
The support system consisted of two supporting rollers (on the bottom) and two upper rollers, 
which equally divided the load the machine applied. Three rollers, including the two upper 
ones, could rotate freely around their axis and be inclined in a plane normal to the longitudinal 
axis of the test specimen. These support conditions reduce friction forces between the rollers 
and the specimen.  
 
The supporting rollers have a circular cross-section with a diameter of 25 mm. The specimens’ 
surfaces were cleaned up, aiming to eliminate other particles to avoid additional friction 
resistance. Before and during the procedure, all vertical planes of the supports were parallels, 
while the specimen’s and the load cell’s geometric centres were aligned.  
 
 
 

 

(e.i) 

(e.ii) 

(b.i) 

(b.ii) 

(f.i) 

(f.ii) 
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3.4.2.2 Compression test 

 
The support system was defined by a hollow steel rectangular box (160 x 120 x 215 mm) opened 
on two parallel sides and equipped with a 40 mm square section piston on the top, pushed by 
the load cell that transfers the load as a pressure to the specimen.  
 
The tests were carried out on each half of the specimens after the breakage after the flexural 
test. All surfaces were cleaned up to avoid additional friction resistance, the specimen’s and 
piston’s geometric centres were aligned, and the load was applied to the specimen’s face cast 
against the face of the mould.  
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4 RESULTS AND DISCUSSION OF THE MECHANICAL AND THE 
COMPLEMENTARY TESTS 
 
4.1 Complementary tests 
 
The non-destructive’s test results are highly dependent of the specimens’ physical parameters, 
such as mass and dimensions. Furthermore, it is well known that insulating materials have 
decreased mechanical strengths due to their porous structure. However, present a lower 
mechanical loss under high temperatures [93-100]. Given the importance, density and porosity 
were determined according to ASTM C20-00 [101] and to ISO/DIS 15901-1 [102] standards 
recommendations, respectively. Furthermore, the mass loss as a function of temperature was 
determined by a TGA analysis, the identification of crystalline phases of materials by XRD and 
the image microstructure by SEM. 
 
The density (ρ) evaluation used a 0.01g precision scale and a 0.01mm precision electronic 
pachymeter (Figure 4.1). The porosity evaluation was carried out at IPN using a Mercury 
porosimetry procedure, which measures inter-particle and intra-particle porosity. Both tests 
were carried out at room temperature (25 ºC).  
 

  
(a) (b) 

Figure 4.1 – 0.01g precision scale (a) and a 0.01mm precision electronic pachymeter (b). 
 
In Figure 4.2, it is possible to see the density and porosity tests results: 
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(a) (b) 

Figure 4.2 – Mortars’ average density (a) and porosity (b). 
 
A notorious variation between the densities was measured. The commercial solution has the 
lowest density, about 22%, 25%, 7%, 10%, 21% and 17% lower than CV, CV.NMS, GP, 
GP.NMS, GV and GV.NMS, respectively. The differences in densities between the gypsum 
based mortars are due to two factors: i) the higher apparent density of EV when in comparison 
to the EP’s as they have maximum values of 192 kg/m3 [103] and 100 kg/m3 [104], respectively, 
and ii) the different amount of binder into the compositions. Among the cement based and 
gypsum based mortars, the variation in densities is due to the difference in the specific weight 
of cement (1900 to 2300 kg/m3) and gypsum (1200 to 1800 kg/m3), according to EN 1991-1-1 
[105]. 
 
Concerning the porosity rates, the mortars C, CV and CV.NMS stands out as the ones having 
the highest porosities. The commercial solution has the highest rate, about 2%, 4%, 51%, 60%, 
30% and 24% higher than CV, CV.NMS, GP, GP.NMS, GV and GV.NMS, respectively. The 
elevated porosity percentage of CV and CV.NMS is due to the high amount of water used to 
fabricate the mortars. The cement uses the water for its hydration, however, the remaining water 
stays cloistered inside the mortar, and, after the six months of age, this water evaporates, 
forming voids. The sizes of EP and EV’s particles led to a notorious difference between the 
gypsum based mortars’ porosities. As shown in Table 3.1, about 50% of EP particles have a 
size of 0.090 mm, while about 65% of EV’s have a size between 1.400 and 1.000 mm.  This 
led to GP and GP.NMS group to present the lowest values of porosity.  
 

795

1019 1059

851 880
1003 961

Density (kg/m³)

C CV CV.NMS GP
GP.NMS GV GV.NMS

56 55 54

37 35
43 45

Porosity (%)

C CV CV.NMS GP
GP.NMS GV GV.NMS
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It can be observed that the NMS addition didn’t show considerable effects on both parameters 
as CV.NMS/CV, GP.NMS/GP and GV.NMS/GV densities ratios are 1.04, 1.03 and 0.96, 
respectively, and porosities ratios are 0.98, 0.95 and 1.05.  
 
The weight loss with increasing temperature of the compositions was analyzed by TGA (Figure 
4.3). It was tested the commercial solution and GP.NMS (the composition which had the best 
thermal behaviour) [19]. The test consisted in powder samples heated from room temperature 
to 1000 °C, at a heating rate of 10 ºC/min, in air atmosphere. The tests were carried out in 
NETZSCH TG 209F1 Libra equipment. 
 

 
Figure 4.3 – C and GP.NMS compositions’ TGA data. 

 
To allow further insight into the mineralogy of the GY, EP, EV and NMS, the XRD test was 
carried out, and the results are presented in Figures 4.4 and 4.5 for C and GP.NMS composition, 
respectively. The tests were carried out in a Philips X’Pert – MPD diffraction with cobalt (kα1= 
1.78897 Å) radiation, with steps of 0.025º and 2 seconds per step, between 4 and 100°, two 
theta. 
 

 
Figure 4.4 – C composition’s XRD data. 
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Figure 4.5 – GP.NMS composition’s XRD data. 

 
By the assessment of the TGA results, it is clear that the first peak of weight loss occurred 
between 100 and 170 ºC, and the second was between 600 and 790 ºC. Both curves are similar 
in their behaviour, only having a notorious difference concerning the weight loss: GP.NMS lost 
10.4% and 15.5% of its initial weight at 170 and 1000 ºC, respectively, while C, 15.9%  and 
22.8% at 170 and 1000 ºC, respectively. 
 
In general, dehydration of gypsum takes place at a temperature range between 80 and 250 ºC, 
depending on the gypsum's heating rate and composition. In this case, nearby 100 ºC, the first 
dehydration occurs (CaSO4 · 2H2O  CaSO4 · 0.5H2O), and nearby 130 ºC, the complete 
dehydration takes place (CaSO4 · 0.5H2O  CaSO4). The typical behaviour between the 
compositions is in accordance with the gypsum TGA behaviour [47, 81, 105-106]. However, 
there are two cases of the development of the second peak: 1) According to Wakili et al. [47], 
the second peak occurs due to the decomposition of calcium carbonate, present in the industrial 
gypsum chemical structure, turning into calcium oxide and carbon dioxide and, according to 
Azdarpour et al. [106], the second peak occurs due to evaporation of sulphate phases as the 
reaction SO4 to SO3 occurs above 550 ºC and SO3 to SO2, above 700 ºC. 
 
By assessing XRD and TGA results, it’s determined that the commercial solution is formed 
mainly by gypsum, about 70%, with the remaining 30% being EP, EV and other unknown 
materials. The XRD results show that both compositions (C and GP.NMS) present similar 
gypsum’s crystalline phases [80, 105-107]. Furthermore, GP.NMS’ results indicate the 
existence of an amorphous between 15 and 45º, two theta, which is a characteristic of EP [108-
109]. Adding perlite and vermiculite in their expanded forms decreases the weight loss of 
gypsum based mortar due to their insulating properties, as previously mentioned [87, 106, 109-
111]. However, this situation could only be seen in GP.NMS as the weight loss of C is similar 
to the pure gypsum’s weight loss, according to the literature.  
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In conclusion, in both cases, the formation of the first peak is due to the gypsum’s dehydration, 
and of the second peak, the decomposition of calcium carbonate and the evaporation of sulphate 
phases. Furthermore, the difference in weight loss is due to the percentage of the content of 
insulating aggregates, EP and/or EV, in the composition. 
 
The morphology and microstructures of the mortars were observed through HITACHI SU3800 
SEM equipment. SEM images are shown in Figure 4.6.  
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(e)  (f) 

* CV image isn’t available due to a malfunction of the machine. 

 
Figure 4.6 – SEM images of the various compositions: C, CV.NMS, GP, GP.NMS, GV and 

GV.NMS represented in (a), (b), (c), (d), (e) and (f), respectively. Gp stands for Gypsum 
structure, Eps for expanded perlite’s, EVs for expanded vermiculite`s and PC’s for cement`s. 

 
SEM analysis shows a common type of structure between the compositions due to the similarity 
of materials used and also differences in porosity of the compositions because of C and 
CV.NMS presents a higher percentage of voids. The gypsum is mainly formed by prismatic 
shape crystal structures, with an average length of 4 µm to 6 µm, in accordance with the 
literature [81, 105, 111-113]. EP and EV show a lamellar shape with different lengths but 
always longer than the gypsum structures. The formation and distribution of the structures are 
in accordance with several previous studies [86, 104, 111-114]. The PC random and isotropic 
structure satisfys the structures from the literature [115-117], also no degradation of portlandite 
and C-S-H is seen. According to Rodrigues et al. [59], the degradation of these solids starts 
above 550 ºC. 
 
Due to the reduced quantity of PP and NMS, it wasn’t possible to visualize them in the presented 
SEM analysis images. The PP has only been seen with a zoom 60% lower than the used. 
According to Wang et al. [117] and Lim et al. [118], an approach using EDS spot analysis and 
BSE micrographs would be possible to identify the NMS.  
 
 
 
 
 
 

EVs 

Gs 

Gs 

EVs 



Mechanical Characterization of Cement and Gypsum 
Based Mortars with Nano and Micro Silica Particles for 
Passive Fire Protection of Steel Structures 

4 RESULTS AND DISCUSSION OF THE 
MECHANICAL AND THE COMPLEMENTARY 

TESTS 
 

 

Eduardo Celso Cruz Monteiro 31 

4.2 Non-destructive tests 
 
4.2.1 Ultrasonic pulse velocity test 

 
After the experimental procedure, it was possible to obtain the propagation velocities of 
longitudinal and shear waves (Vp and Vs, respectively) and, using the following equations, to 
determine the Young’s modulus (E), the shear modulus (G) and the Poisson’s ratio (μ): 

   

E = [ρ Vs
 2 (3 Vp

 2 - 4 Vs
 2)]/( Vp

 2 - Vs
 2) (Eq. 1) 

G = ρ Vs
 2  (Eq. 2) 

μ = (Vp
 2 - 2 Vs 2)/[2(Vp

 2 - Vs 2)] (Eq. 3) 
   

The specimens’ mechanical properties obtained by the UPV tests are shown in Table 4.1. 

Table 4.1 – Ultrasonic pulse velocity test results.  

Designação da Argamassa Vp (m/s) Vs (m/s) E (GPa) G (GPa) μ 

C 1899 1192 2.656 1.130 0.18 
CV 1033 537 0.772 0.294 0.32 

CV.NMS 1147 575 0.933 0.350 0.33 
GP 1289 751 1.192 0.488 0.23 

GP.NMS 1284 756 1.212 0.491 0.23 
GV 1831 1105 2.913 1.217 0.21 

GV.NMS 1743 1069 2.674 1.116 0.20 

 
 
4.2.2 Impulse excitation of vibration test 
 
After the experimental procedure and the frequencies readings, it was determined the Young’s 
modulus by the following equation: 

E = 0.9465 (m ff
2/ b)(L3 / t3)T1 (Eq. 4) 

where m stands for the mass of the bar (g), b for the width of the bar (mm), L for the length of 
the bar (mm), t for the thickness of the bar (mm), ff for the fundamental resonant frequency of 
bar in flexure (Hz) and T1 for the correction factor for the fundamental flexural mode to account 
for finite thickness of bar and Poisson’s ratio. 
 
The dynamic shear modulus was obtained through the following equation: 

G = 4 L m ft2 [B / (1 + A)] / b t (Eq. 5) 
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where ft stands for the fundamental resonant frequency of bar in torsion (Hz), B and A are only 
dependent of the specimen’s dimensions. 
 
Finally, the Poisson’s ratio is given by the Equation 6: 

E/G = 2 (1 + μ) 
(Eq. 6) 

 
The IEV tests results are shown in Table 4.2. 

Table 4.2 – Impulse excitation of vibration test results 

Designação da Argamassa ff (Hz) ft (Hz) E (GPa) G (GPa) μ 

C 972 1114 2.601 1.091 0.19 
CV 464 506 0.753 0.283 0.33 

CV.NMS 536 582 0.910 0.344 0.32 
GP 667 756 1.381 0.564 0.22 

GP.NMS 666 755 1.293 0.533 0.21 
GV 950 1077 2.721 1.111 0.22 

GV.NMS 867 999 2.708 1.118 0.20 

 
4.2.3 Discussion of the tests results 
 
Through the assessment of non-destructive test results, the mechanical properties of the 
developed mortars were compared. Also, it allows evaluating the influence of the binder and 
aggregates and the addition of nano and micro silica particles.  
 
Studies highlights that as higher is the non-destructive tests’ values of velocities/frequencies, 
the greater is the quality of the mortar’s uniformity and homogeneity [83-85]:  
 
Köksal et al. [83] evaluated the effect of expanded vermiculite on properties of lightweight 
mortar. It was produced three different compositions, and it was expected that the ones with a 
higher amount of aggregate lead to lower velocities due to the high amount of air inside the 
voids, and the results confirmed it: the composition with the lower content of vermiculite had 
a velocity around 11% and 21% higher than the other two, respectively. The same author also 
assessed the effect of expanded vermiculite and other materials on the properties of three other 
lightweight mortars [84]. The higher the vermiculite to binder ratio (V/B), the lower the 
velocities. The composition with the highest binder content had an average velocity (2367 m/s) 
of 5% and 11% higher than the other, respectively.  
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Gencel et al. [85] studied the replacement of natural sand with expanded vermiculite: the 
compositions without vermiculite added had an ultrasonic pulse velocity of 2800 m/s, the 15% 
vermiculite by weight composition had a velocity of 2660 m/s and the 30% vermiculite by 
weight composition, 2330 m/s.  
 
Figure 4.7 presents the correlation between the velocities and frequencies and the binder content 
for each composition. 
 

 
 

Figure 4.7 – UPV velocities (m/s) and IEV (Hz) frequencies in the function of the binder 
content. 

 
As shown in Figure 4.7, and according to the literature review, the results obtained from the 
non-destructive tests show that the velocities/frequencies increase as the binder content 
increases. Analyzing the results of the gypsum based mortars developed in the laboratory, GV 
has the highest amount of binder and it can be seen that it has the highest values of velocities 
and frequencies, while P.NMS has the lowest values. Comparing the values of velocities and 
frequencies between EP and EV when increasing 1% of binder into the composition, GV 
showed a 6.4% average increase in its properties compared with GV.NMS; however, GP and 
GP.NMS didn’t show considerable differences. Moreover, these results show that, for the tested 
dosages, the addition of nano and micro silica particles slightly influences the alteration of these 
properties. 
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However, statements weren’t in accordance when including the cement-based compositions. 
Having a higher percentage of binder content when in comparison to GP and GP.NMS, the 
mortars also presented lower velocities/frequencies. It could be explained by the high retraction 
and cracking process on the CV and CV.NMS due to the natural behaviour of PC and the 
claylike water release behaviour of EV. After six months of age, it was measured that a 
reduction of 1.5% of the specimens’ dimensions due to the retraction process and cracks with 
a thickness thinner than 0.5mm were also visible. This set of conditions reduces the quality of 
the specimen. Furthermore, adding fibres does not lead to lower qualities of homogeneity, i.e., 
to such notorious decreased velocities/frequencies [52-54]. Also, having a lower percentage of 
binder, the commercial solution presented higher velocities/frequencies when compared with 
GV; however, this comparison isn’t reliable due to the unknown content of materials of C. 
 
It was expected that NMS would fulfil the voids, producing denser and less porous mortars 
[73]; however, this effect didn’t occur in the gypsum based mortars as: i) GP and GP.NMS had 
results within a similar range of values, and ii) GV had Vp, Vs, ff and ft only 5%, 3%, 10% and 
8% higher than GV.NMS’, respectively. The statement mentioned above occurs to the cement 
based compositions as CV.NMS had Vp, Vs, ff and ft more than 11%, 7%, 16% and 15% higher 
than CV’s, respectively. This leads to believe that NMS behaved as impurities and didn’t react 
to the gypsum. 
 
Table 4.3 shows the average property values from UPV and IEV tests for each mortar. 

Table 4.3 – Average property results from the non-destructive tests. 

Designação da Argamassa E (GPa) G (GPa) μ 
C 2.629 1.111 0.18 

CV 0.765 0.289 0.32 
CV.NMS 0.921 0.347 0.33 

GP 1.286 0.526 0.23 
GP.NMS 1.253 0.512 0.22 

GV 2.817 1.164 0.22 
GV.NMS 2.691 1.117 0.20 

 
The Poisson’s ratio directly influences the compression and flexural strengths as it is 
proportional to the elastic modulus of elasticity and the shear modulus (Eq. 6). In this context, 
several studies assessed the Poisson’s ratio of cement and gypsum based mortars: 
 
As referenced by Gercek [119], the Poisson’s ratio value for pure gypsum is 0.336, and the 
addition of lightweight materials with lower Poisson’s ratio values shall decrease it. According 
to Rahmanian [80], the Poisson’s ratio for fire resistance gypsum materials has an average value 
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of 0.20. Sánchez-Aparicio et al. [120] reached an average Poisson’s ratio value of 0.24, with a 
maximum of 0.32 and a minimum of 0.19. According to Zhang et al. [121] and Rajeev et al. 
[122], cement based mortars present an average Poisson’s ratio of 0.17 with minimum and 
maximum values of 0.15 and 0.21. However, with an increase in water content, the mortar’s 
Poisson’s ratio also increases. CV and CV.NMS, as previously mentioned, has a high W/B 
ratio, thus the increased value of μ. The Poisson’s ratios results of the present work are in 
accordance with the statements mentioned above, as seen in Table 4.3. 
 
According to Table 4.3, it can be concluded that GV and GV.NMS group had the highest range 
of average E and G values. GV stands out as the composition with the highest mechanical 
properties values as its Young’s modulus was 268%, 206%, 119%, 125% and 5% higher than 
CV, CV.NMS, GP.NMS, GP and GV.NMS values, respectively, and its shear modulus were 
284%, 220%, 121%, 127% and 4% higher, respectively.  
 
It is expected that the composition with the highest amount of binder also has the highest values 
of mechanical properties, such as the Young’s modulus (E) and the shear modulus (G), due to 
the reduced mechanical properties values which lightweight aggregates have, as shown by 
several previous studies: 
 
Gomes et al. [106] studied several mortars' compositions' mineralogical, mechanical and 
hygroscopic characteristics. The author concluded that the plain gypsum mortar had a mean 
Young’s modulus of 4.006 GPa. Sánchez-Aparicio et al. [120] developed a high-fired plain 
gypsum mortar with Young’s modulus maximum and minimum values of 4.282 and 2.211 GPa, 
respectively, and an average value of 2.989 GPa. By Equation 6, the mean shear modulus was 
equal to 1.205 GPa. Therefore, maximum and minimum values were defined for plain gypsum 
mortars and gypsum based mortars with lightweight aggregates. 
 
Rahmanian [80] developed a comparative study between two gypsum panels which 
compositions varied from one manufacturer to another. Then, by an approximate analysis of 
the stress-strain relationship, E was obtained: 1.573 and 2.378 GPa for the panel with the highest 
content of aggregates and the lowest, respectively. As mentioned before, the Poisson’s ratio 
obtained by this author was 0.20. Therefore, through Equation 6, the panels’ shear modulus was 
0.655 and 0.990 GPa, respectively. 
 
The assessment of the means E and G showed the repetition of the phenomenon that occurred 
in the results from the UPV velocities and IEV frequencies in the binder content, confirming 
the results' reliability. Moreover, apart from the cement based composition due to the high 
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amount of W/B used, the results are in accordance with the literature’s as the main objective of 
the studied mortars is to provide an enhanced thermal behaviour. 
 
Table 4.4 summarizes the relationship between the developed mortars’ and the commercial 
solution’s mechanical parameters. Figure 4.8 shows the linear regression between E and G 
average values. 

Table 4.4 – Developed mortars’ non-destructive test results to commercial solution’s ratios. 

Mortar 
Designation 

UPV’s E ratios 
(%) 

IEV’s E ratios 
(%) 

UPV’s G ratios 
(%) 

IEV’s G ratios 
(%) 

C - - - - 
CV 29.1 29.0 26.0 25.9 

CV.NMS 35.1 34.9 31.0 31.5 
GP 44.9 53.1 43.2 51.7 

GP.NMS 45.6 49.7 43.5 48.9 
GV 109.7 104.6 107.7 101.8 

GV.NMS 100.7 104.1 98.8 102.5 

 
The assessment of Table 4.4 allowed to conclude that the developed mortars showed three 
distinct characteristics: i) CV and CV.NMS group has the lowest ratios, approximately one-
third or less than the commercial solution`s results; ii) GP and GP.NMS group have E and G 
average values in the range of 50% lower than the commercial solution’s and iii) GV and 
GV.NMS group showed a clear enhanced E and G average values when in comparison to C’s. 
The enhanced results of GV and GV.NMS group are due to 75% and 74% binder content, 
respectively. An increase in binder content of the cement based compositions shall increase the 
studied properties values, as previously shown. 
 

 
Figure 4.8 – Linear regression between the average values of the compositions’ Young’s 

modulus and shear modulus. 
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According to Nettleton [121], the Pearson’s correlation method assigns a value between -1 and 
1, where 0 means no correlation, 1 is a total positive correlation, and -1 is a total negative 
correlation. Based on the results of Figure 4.8, it is possible to conclude that there is a 
correlation between E and G since Pearson's correlation coefficient is 0.9992.  
 
Based on this correlation, it is expected that the compositions GV, GV.NMS, C, GP.NMS, GP, 
CV.NMS and CV may have, respectively, the highest values of compressive and flexural 
strength. Next, the results of the flexural and compression tests and the respective verification 
of this prediction are presented. 
 

4.3 Destructive tests 
 
4.3.1 Flexural test  

 
In four-support flexural tests, the flexural strength is given by the following equation: 

fct,fl = F L / b t2 (Eq. 7) 

where fct,fl  stands for the flexural strength (GPa), F for the maximum load (N), L for the distance 
between the lower rollers (mm), b for the width of the bar (mm) and t for the thickness of the 
bar (mm). 
 
The specimens’ maximum load and flexural strength values are given in Table 4.5, and the 
compositions’ average load-displacement behaviour in the flexural test are given in Figure 4.9. 
 

Table 4.5 – Flexural test results. 

Specimen Designation Maximum Load (N) Average Load (N) fct,fl (MPa) SD 

C.1 984.0 
939.4 1.945 0.066 C.2 922.9 

C.3 911.3 

CV.1 195.3 
158.7 0.320 0.063 CV.2 160.2 

CV.3 120.6 

CV.NMS.1 442.0 
441.2 0.913 0.011 CV.NMS.2 434.6 

CV.NMS.3 446.9 

GP.1 445.4 
461.3 0.955 0.028 GP.2 478.1 

GP.3 460.4 
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GP.NMS.1 404.1 

419.5 0.868 
 

0.038 
 

GP.NMS.2 445.6 

GP.NMS.3 408.9 

GV.1 1065.4 
1057.5 2.189 0.015 GV.2 1047.7 

GV.3 1059.3 

GV.NMS.1 979.1 
969.8 2.008 0.017 GV.NMS.2 971.4 

GV.NMS.3 959.0 

 

 
Figure 4.9 – Flexural tests’ load-displacement curves. 

 
4.3.2 Compression test 
 

Such as the flexural test procedure, when the specimen’s collapse occurred, the maximum load 
was registered. The compression strength is given by the following equation: 

fct,c = F / d 2 (Eq. 8) 

where fct,c stands for the compression strength (GPa), F for the maximum load (N), and d for 
the dimension of the piston’s square section steel plate (mm). 
 
The specimens’ maximum load and compression strength values are given in Table 4.6, and the 
compositions’ average load-displacement behaviour in the compression test are given in Figure 
4.10. 
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Table 4.6 – Compression test results. 

Specimen Designation Maximum Load (N) Average Load (N) fct,c (MPa) SD 

C.1.1 5259.0 

5275.2 3.297 0.013 C.1.2 5306.1 

C.2.1 5260.5 

CV.1.1 965.5 
863.5 0.540 0.059 CV.1.2 738.5 

CV.2.1 886.5 

CV.NMS.1.1 2322.6 
2345.4 1.466 0.015 CV.NMS.1.2 2335.3 

CV.NMS.2.1 2378.2 

GP.1.1 1628.0 

1636.6 1.023 0.034 GP.1.1 1575.4 

GP.2.1 1706.4 

GP.NMS.1.1 1833.9 

1775.9 1.110 0.050 GP.NMS.1.2 1711.7 

GP.NMS.2.1 1782.1 

GV.1.1 5040.3 

5007.5 3.139 0.031 GV.1.2 4937.9 

GV.2.1 5044.3 

GV.NMS.1.1 4387.8 

4427.5 2.767 0.091 GV.NMS.1.2 4552.7 

GV.NMS.2.1 4341.9 

 

    
Figure 4.10 – Compression tests’ load-displacement curves. 
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4.3.3 Discussion of the tests results  
 
The assessment of the developed mortars’ destructive test results allowed observing a decrease 
in flexural and compression strengths when higher amounts of aggregate are added. Therefore, 
plain mortars tend to have higher strengths than lightweight mortars.  
 
Several studies defined a range of values for plain cement and gypsum mortars. However, the 
strengths values are highly dependent on the amount of water content [122]: 
 
The gypsum based mortars studied by Gomes et al. [106] were submitted to flexural and 
compressive tests, and their average values were 1.51 and 4.15 MPa, respectively. Sánchez-
Aparicio et al. [120] also obtained compressive strength results from the previous study: by a 
stress-strain test procedure, the values were in a range of 3.57 to 4.53 MPa with an average 
value of 4.01 MPa. Babu et al. [123] obtained, for the plain gypsum reference mortar, flexural 
and compressive strengths of 2.48 and 4.75 MPa, respectively. 
 
According to Mo et al. [76], the water to cement ratio is directly correlated to the specimen’s 
compression strength as, at room temperature, the 0.52 W/B specimen had a compression 
strength of 33.03 MPa, 140% higher than the 0.71 W/B specimen’s strength. Benli et al. [124] 
concluded that, at 90 days of age, the 0.41 W/B cement based specimen had flexural and 
compressions strengths of 11.34 and 78.21 MPa. Moreover, an increment in the content of water 
drastically reduces the strengths. Köksal et al. [125] studied the flexural and compression 
strengths of several insulating mortars, and the 0.5 W/B control cement based specimen had 
average values of 48.3 and 6.6 MPa, respectively. The compositions of the before-mentioned 
specimens were only constituted by cement, sand and water, thus, with high strengths values. 
The results highlight the importance and influence of the water to binder ratio and the reduced 
flexural strengths that cement based compositions have compared to the compression strengths. 
 
As previously mentioned, expanded perlite and vermiculite’s main objective is to provide an 
improved thermal behaviour to the mortars [19]; hence, weaker aggregates lead to lower 
resistance, reducing the load-bearing capacity of the mortars. From previous studies, it was seen 
that the usage of insulating aggregates reduces the mortar’s compressive and the flexural 
strengths: 
 
Mo et al. [76] concluded that the incorporation of lightweight aggregates in mortars decreased 
its mechanical strength: by compression tests’ results, it was possible to see that the reference 
mortar had strength 99% higher than the composition with less amount of aggregate and 173% 
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higher than the composition with the highest amount. According to Köksal et al. [83], samples 
with smaller quantities of vermiculite present enhanced strengths as the V/B = 4 mortar had 
flexural and compressive strengths 10% and 100% higher, respectively, than the V/B = 8 
mortar’s. The author also studied the usage of this aggregate in others compositions [84] and 
concluded that the composition with the smallest amount of vermiculite had a compressive 
strength 108% higher than the one with the highest amount of the aggregate.  
 
The literature review agrees with the developed compositions’ results, as the highest 
mechanical strengths are observed in the GV and GV.NMS group which have 25% and 24%, 
respectively, of aggregate content, while the GP and GP.NMS group have 50% and 49%, 
respectively. Due to the high water to binder content, CV and CV.NMS group presents lower 
strengths compared with the literature’s cement based mortars. 
 
Moreover, it is observed that the addition of nano and micro silica particles achieved the 
expected effect when added to the cement based mortar [60-73]. However, it is observed that 
the addition of nano and micro silica particles caused a decrease in the flexural strength and a 
slight variation in GP and GP.NMS group’s compression strength and a decrease in GV and 
GV.NMS group’s compression strength. 
 
Table 4.7 summarizes each mortar’s strengths and the relationship between the developed 
mortars’ and the commercial solution’s strengths. 

Table 4.7 – Developed mortars’ destructive test results and comparison ratios to the 

commercial solution’s. 

Specimen 
Designation 

Flexural 
Strength (MPa) 

Flexural Strength 
versus C’s (%) 

Compression 
Strength (MPa) 

Compression Strength 
versus C’s (%) 

C 1.945 - 3.297 - 
CV 0.320 16.5 0.540 16.4 

CV.NMS 0.913 46.9 1.466 44.5 
GP 0.955 49.1 1.023 31.0 

GP.NMS 0.868 44.6 1.110 33.7 
GV 2.189 112.5 3.139 95.2 

GV.NMS 2.008 103.2 2.767 83.9 

 
Showing the best performance between the developed mortars, GV had flexural and 
compressive strengths 584% and 481% higher than CV’s, 140% and 114% higher than 
CV.NMS’, 9% and 13% higher than GV.NMS’, 129% and 206% higher than GP’s and 152% 
and 182% higher than GP.NMS’, respectively. When comparing the commercial composition 
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with the developed mortars, GV and GV.NMS group had enhanced flexural strengths and 
decreased compression strengths; however, the results are within a similar range of values.  
 
The results shown in Table 4.7 are in accordance with the non-destructive test results, as the 
highest velocities/frequencies are seen in GV and the lowest in CV. 
 
C and GV stand out as the compositions with the best mechanical behaviours; however, passive 
fire protection mortars’ mechanical strengths aren’t limited by a minimum value, according to 
Ref. [124]. Hence, only thermal requirements should have complied with. 
 
To obtain the magnitude of the reliability of the data, several linear approaches of the different 
test results are seen in Figure 4.11. 
 

 

 Figure 4.11 – Studied mortars’ mechanical parameters’ linear regression relationship. 
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From Figure 4.11, it is observed that the flexural strength is highly correlated to the mortars’ 
Young’s modulus and shear modulus as the Pearson’s factors are 0.963 and 0.957. It is also 
verified that there is a strong correlation between the compressive strength of the various 
mortars and the respective Young´s modulus of elasticity and shear modulus, namely, 0.912 
and 0.909, respectively. Although the correlation between flexural strength versus compressive 
strength is not as high as the previous ones, a correlation of 0.947 can be identified. These 
correlation factors are also in accordance with the exposed by Nettleton [121]. 
 
Moreover, excluding CV and CV.NMS group, due to the affected results by the elevated water 
to binder ratio used, the correlation factors increased: 
 

Flexural vs compression strengths R2 = 0.943 
Flexural strength vs average E R2 = 0.995 
Flexural strength vs average G R2 = 0.992 

Compression strength vs average E R2 = 0.958 
Compression strength vs average G R2 = 0.967 
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5 CONCLUSIONS AND FUTURE WORKS 

 
The objective of this work was the mechanical characterization of cement and gypsum based 
mortars for passive fire protection. Seven types of compositions, among one commercial 
solution, were tested to evaluate the influence of the amount of binder and aggregates and the 
effects of the addition of nano and micro silica particles on the mechanical behaviour of the 
mortars by non-destructive and destructive tests. Moreover, complementary tests were carried 
out to proceed with the physical characterization of the specimens. The following conclusions 
can be taken from the results of this work: 
 
- The results of the complementary tests concluded that the better thermal performance of 

the GP.NMS composition, when compared to C, is due to the fact that it loses less mass 
with increasing temperature (consequently, less cracking) and due to the existence of an 
amorphous material (EP) in its composition. 

 
- From the analysis of the non-destructive tests, it is concluded that the mortars developed 

have uniform, and homogeneous matrices since the values of velocities/frequencies are in 
agreement with the range of values presented in the review literature. 

 
- It was also concluded that the higher the binder dosage and the lower the aggregate dosage, 

the higher the velocities/frequencies obtained in the non-destructive tests and, 
consequently, higher values of mechanical strength and physical properties. 

 
It was concluded that the compositions GV and GV.NMS presented superior or similar 
mechanical properties to the commercial composition and the CV, CV.NMS, GP and 
GP.NMS presented inferior mechanical properties to the commercial composition.  
 

- Adding 1% by volume of nano and micro silica particles in the mortars developed in the 
laboratory (CV, CV.NSM, GP, GP.NMS, GV and GV.NMS) improved their thermal 
properties (thermal conductivity and specific heat). However, its addition into the gypsum 
based mortars caused a decrease in its mechanical and physical properties, namely, flexural 
and compression strength, Young's modulus elasticity, shear modulus and Poisson's ratio.  
 

- The addition of NMS into the cement based composition showed the expected 
effectiveness, as it was more homogeneous and had higher strengths than CV. 
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- It was concluded that for the mortars developed, the mechanical properties studied (flexural 
and compression strength) seems to be well correlated with the physical properties 
(Young’s modulus and shear modulus) since the correlation values vary between 0.909 and 
0.963. 
 

In the context of the presented work, it will be proposed several future works which could 
minimize the problems and gaps found during this research: 
 
- It was clear the effects of cracking of the cement bases mortars; however, the addition of 

glass fibres into the compositions with polypropylene fibres shall enhance both thermal 
and mechanical behaviour of the mortars. In this context, a study within this scope shall be 
defined.  
 

- The addition of a higher amount of nano and micro silica particles into the gypsum based 
compositions shall be an object of study to understand if the NMS behaves as impurities or 
the content of 1% in volume was insufficient. 

 
- The mechanical characterization by static non-destructive tests shall be done in future work 

to characterize the mortars’ Young’s modulus’ curve completely. It’s important to refer 
that the dynamic tests are reliable; however, if commercialized, it’s relevant to the Young’s 
modulus curve to be characterized. 

 
- It is important to study the expenses of fabrication of the developed mortars. It is clear that 

GV and GV.NMS shows the highest strength values when in comparison to the developed 
mortars and similar values when in comparison to the commercial solution. However, the 
objective of the Nanofire project is to develop passive fire protection mortars, i.e., mortars 
with enhanced thermal behaviour, therefore, not only GV and GV.NMS but all mortars 
shall be an objective of analyses of cost study. The developed mortar’s expenses shall 
decrease if developed in large scale production [126-127]. In this context, the study of 
large-scale production of GP.NMS and GV shall be an objective of the study to understand 
the viability of commerciality. 

 
- A study of the application procedure of the developed mortars to the steel structure shall 

be done. A sprayed solution seems to be the most indicated method [7].
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APPENDIX A – NON-DESTRUCTIVE TESTS 
 
Appendix A shows, in section A1, the photos of the intact specimens before the tests and, in 
section A2, it is possible to see the dynamic modulus of elasticity, the shear modulus and the 
Poisson’s ratio results for each specimen. 
 

A.1 Photos of the specimens before the tests 
 

Table A.1 – Photos of each specimen before the tests 
 

C composition 

    
C.1 C.2 C.3 C.4 

CV composition 

    
CV.1 CV.2 CV.3 CV.4 

CV.NMS composition 

    

CV.NMS.1 CV.NMS.2 

CV.NMS.3 
 
 
 

CV.NMS.4 
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GP composition 

    
GP.1 GP.2 GP.3 GP.4 

GP.NMS composition 

    
GP.NMS.1 GP.NMS.2 GP.NMS.3 GP.NMS.4 

GV composition 

    
GV.1 GV.2 GV.3 GV.4 

GV.NMS composition 

    
GV.NMS.1 GV.NMS.2 GV.NMS.3 GV.NMS.4 

 
 
 
 
 
 
 



Mechanical Characterization of Cement and Gypsum 
Based Mortars with Nano and Micro Silica Particles for 
Passive Fire Protection of Steel Structures APPENDIX A - NON-DESTRCTIVE TESTS 

 

 

Eduardo Celso Cruz Monteiro A-3 

A.2 Non-destructive tests’ results 
 

Table A.2 – Non-destructive tests’ results for each specimen. 
 

Mortar 
Designation 

E (GPa) G (GPa) µ 
UPV test IEV test UPV test IEV test UPV test IEV test 

C.1 2.656 2.601 1.130 1.091 0.18 0.19 
C.2 2.656 2.601 1.130 1.091 0.18 0.19 
C.3 2.656 2.601 1.130 1.091 0.18 0.19 
C.4 2.656 2.601 1.130 1.091 0.18 0.19 

CV.1 0.772 0.765 0.294 0.289 0.32 0.32 
CV.2 0.772 0.765 0.294 0.289 0.32 0.32 
CV.3 0.772 0.765 0.294 0.289 0.32 0.32 
CV.4 0.772 0.765 0.294 0.289 0.32 0.32 

CV.NMS.1 0.933 0.921 0.350 0.347 0.33 0.33 
CV.NMS.2 0.933 0.921 0.350 0.347 0.33 0.33 
CV.NMS.3 0.933 0.921 0.350 0.347 0.33 0.33 
CV.NMS.4 0.933 0.921 0.350 0.347 0.33 0.33 

GP.1 1.070 1.381 0.412 0.564 0.30 0.22 
GP.2 1.181 1.381 0.472 0.564 0.25 0.22 
GP.3 1.136 1.381 0.446 0.564 0.27 0.22 
GP.4 0.913 1.381 0.374 0.564 0.22 0.22 

GP.NMS.1 1.212 1.293 0.491 0.533 0.23 0.21 
GP.NMS.2 1.212 1.293 0.491 0.533 0.23 0.21 
GP.NMS.3 1.212 1.293 0.491 0.533 0.23 0.21 
GP.NMS.4 1.212 1.293 0.491 0.533 0.23 0.21 

GV.1 3.175 2.721 1.370 1.111 0.16 0.22 
GV.2 2.537 2.721 0.979 1.111 0.29 0.22 
GV.3 3.028 2.721 1.301 1.111 0.16 0.22 
GV.4 2.411 2.721 0.915 1.111 0.32 0.22 

GV.NMS.1 2.674 2.708 1.116 1.118 0.20 0.21 
GV.NMS.2 2.674 2.708 1.116 1.118 0.20 0.21 
GV.NMS.3 2.674 2.708 1.116 1.118 0.20 0.21 
GV.NMS.4 2.674 2.708 1.116 1.118 0.20 0.21 
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APPENDIX B – FLEXURAL TEST 
 
Appendix B is shown, in section B1, the photos of the specimens after the flexural tests. In 
section B2, it is possible to observe the load-displacement curves of the flexural tests and, in 
section B3, the flexural strength results for each specimen. 
 

B.1 Photos of the specimens after the flexural tests  
 

Table B.1 – Specimen’s photos after the flexural test. 
 

C.1 C.2 

  
C.3 C.4 

  

CV.1 CV.2 

  
CV.3 CV.4 

  

CV.NMS.1 CV.NMS.2 
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CV.NMS.3 CV.NMS.4 

  

GP.1 GP.2 

  
GP.3 GP.4 

  

GP.NMS.1 GP.NMS.2 

  
GP.NMS.3 GP.NMS.4 

  

GV.1 GV.2 



Mechanical Characterization of Cement and Gypsum 
Based Mortars with Nano and Micro Silica Particles for 
Passive Fire Protection of Steel Structures APPENDIX B – FLEXURAL TESTS 

 

 

Eduardo Celso Cruz Monteiro B-3 

  
GV.3 GV.4 

  

GV.NMS.1 GV.NMS.2 

  
GV.NMS.3 GV.NMS.4 

  
 

B.2 Load-displacement curves results 
 

 
Figure B.1 – C composition’s load – displacement curves of each specimen. 
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Figure B.2 – CV composition’s load – displacement curves of each specimen 

 

 
Figure B.3 – CV.NMS composition’s load – displacement curves of each specimen 
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Figure B.4 - GP composition’s load – displacement curves of each specimen. 
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Figure B.5 - GP.NMS composition’s load – displacement curves of each specimen. 
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Figure B.6 - GV composition’s load – displacement curves of each specimen. 
 

Figure B.7 - GV.NMS composition’s load – displacement curves of each specimen. 
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B.3 Flexural strength’s results 
 

Table B.2 - Flexural strength’s results for each specimen. 
 

Specimen Designation Maximum Load (N) Flexural Strength (MPa) 

C.1 984.0 2.037 
C.2 922.9 1.910 
C.3 911.3 1.886 
C.4 1041.3 2.156 

CV.1 195.3 0.404 
CV.2 160.2 0.332 
CV.3 120.6 0.250 
CV.4 240.5 0.498 

CV.NMS.1 442.0 0.915 
CV.NMS.2 434.6 0.900 
CV.NMS.3 446.9 0.925 
CV.NMS.4 451.5 0.935 

GP.1 445.4 0.922 
GP.2 478.1 0.990 
GP.3 460.4 0.953 
GP.4 357.4 0.740 

GP.NMS.1 404.1 0.836 
GP.NMS.2 445.6 0.922 
GP.NMS.3 408.9 0.847 
GP.NMS.4 366.8 0.759 

GV.1 1065.4 2.205 
GV.2 1047.7 2.169 
GV.3 1059.3 2.193 
GV.4 1039.1 2.151 

GV.NMS.1 979.1 2.027 
GV.NMS.2 971.4 2.011 
GV.NMS.3 959.0 1.985 
GV.NMS.4 947.6 1.962 
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APPENDIX C – COMPRESSION TEST 
 

Appendix C is shown, in section C1, the photos of the specimens after the compression tests. 
In section C2, it is possible to observe the load-displacement curves of the compression tests 
and, in section C3, the compression strength results for each specimen. 
 

C.1 Photos of the specimens after the compression tests  
 

Table C.1 – Specimen’s photos after the compression test. 
 

CV.1.1 CV.1.2 

  
CV.2.1 CV.2.2 

  
CV.3.1 CV.3.2 

  
CV.4.1 CV.4.2 

  

CV.NMS.1.1 CV.NMS.1.2 
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* No photo registered. * No photo registered. 

CV.NMS.2.1 CV.NMS.2.2 

* No photo registered. * No photo registered. 

CV.NMS.3.1 CV.NMS.3.2 

  
CV.NMS.4.1 CV.NMS.4.2 

  

GP.1.1 GP.1.2 

  
GP.2.1 GP.2.2 

  
GP.3.1 GP.3.2 
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GP.4.1 GP.4.2 

  

GP.NMS.1.1 GP.NMS.1.2 

  
GP.NMS.2.1 GP.NMS.2.2 

  
GP.NMS.3.1 GP.NMS.3.2 

  
GP.NMS.4.1 GP.NMS.4.2 

  

GV.1.1 GV.1.2 
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GV.2.1 GV.2.2 

  
GV.3.1 GV.3.2 

  
GV.4.1 GV.4.2 

  

GV.NMS.1.1 GV.NMS.1.2 

  
GV.NMS.2.1 GV.NMS.2.2 

  
GV.NMS.3.1 GV.NMS.3.2 
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GV.NMS.4.1 GV.NMS.4.2 

  
* The commercial solution’s compression tests’ photos weren’t registered. 
 

C.2 Load-displacement curves results 
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Figure C.1 – C composition’s load – displacement curves of each specimen. 
* C.4.1 and C.4.2 have no data due to machine’s error. 

 

Figure C.2 - CV composition’s load – displacement curves of each specimen. 
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Figure C.3 – CV.NMS composition’s load – displacement curves of each specimen. 

Figure C.4 – GP composition’s load – displacement curves of each specimen. 

Figure C.5 – GP.NMS composition’s load – displacement curves of each specimen. 



Mechanical Characterization of Cement and Gypsum 
Based Mortars with Nano and Micro Silica Particles for 
Passive Fire Protection of Steel Structures APPENDIX C – COMPRESSION TESTS 

 

 

 

Eduardo Celso Cruz Monteiro C-7 

 

 
 

 

 
 

C.3 Compression strength’s results 
 

Table C.2 – Compression strength’s results for each specimen. 
 

Specimen Designation Maximum Load (N) Compression Strength (MPa) 

C.1.1 5259.0 3.287 
C.1.2 5306.1 3.316 
C.2.1 5260.5 3.288 
C.2.2 5439.9 3.400 
C.3.1 5078.9 3.174 
C.3.2 5766.4 3.604 
C.4.1 - - 
C.4.2 - - 

CV.1.1 965.5 0.603 
CV.1.2 738.5 0.462 
CV.2.1 886.5 0.554 
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Figure C.6 – GV composition’s load – displacement curves of each specimen. 

Figure C.7 – GV.NMS composition’s load – displacement curves of each specimen. 
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CV.2.2 653.9 0.409 
CV.3.1 476.3 0.298 
CV.3.2 371.8 0.232 
CV.4.1 1160.8 0.726 
CV.4.2 1205.8 0.754 

CV.NMS.1.1 2322.6 1.452 
CV.NMS.1.2 2335.3 1.460 
CV.NMS.2.1 2378.2 1.486 
CV.NMS.2.2 2241.0 1.410 
CV.NMS.3.1 2272.5 1.420 
CV.NMS.3.2 2234.6 1.397 
CV.NMS.4.1 2154.2 1.346 
CV.NMS.4.2 2289.6 1.431 

GP.1.1 1628.0 1.017 
GP.1.2 1575.4 0.985 
GP.2.1 1706.4 1.066 
GP.2.2 1404.6 0.878 
GP.3.1 1544.3 0.965 
GP.3.2 1462.1 0.914 
GP.4.1 1340.5 0.838 
GP.4.2 1261.5 0.788 

GP.NMS.1.1 1833.9 1.146 
GP.NMS.1.2 1711.7 1.070 
GP.NMS.2.1 1782.1 1.114 
GP.NMS.2.2 1835.7 1.147 
GP.NMS.3.1 2093.2 1.308 
GP.NMS.3.2 2074.4 1.297 
GP.NMS.4.1 1865.4 1.166 
GP.NMS.4.2 1957.1 1.223 

GV.1.1 5040.3 3.150 
GV.1.2 4937.9 3.086 
GV.2.1 5044.3 3.153 
GV.2.2 4873.1 3.046 
GV.3.1 4522.2 2.845 
GV.3.2 4694.8 2.934 
GV.4.1 4522.5 2.827 
GV.4.2 4846.3 3.029 

GV.NMS.1.1 4387.8 2.742 
GV.NMS.1.2 4552.8 2.845 
GV.NMS.2.1 4341.9 2.714 
GV.NMS.2.2 5001.0 3.126 
GV.NMS.3.1 4953.3 3.096 
GV.NMS.3.2 4238.4 2.649 
GV.NMS.4.1 4148.9 2.593 
GV.NMS.4.2 4253.3 2.658 

 


