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ABSTRACT 

Mortars have been used for thousands of years by Phoenicians, Greeks, Romans and Indians, 

to cite some of the many peoples who knew mortar properties for both structural and non-

structural purposes. Beside air-setting mortars, hydraulic mortars have been increasingly 

used not only for their good mechanical properties, but also for their high workability and 

deformability (cement-lime mortars), and for their quick setting and water tightness (cement-

based mortars). Furthermore, introducing fibres and textiles into mortar mixes is keeping 

interest high for both high/ultra-high performance mortars and ordinary/bed-fixing mortars, as 

these composite materials can effectively contribute to structural safety and durability. 

Though structural safety comprises fire safety, there is limited information in the technical 

literature about the high-temperature behaviour of ordinary hydraulic mortars. To contribute 

to extend the database, the thermo-mechanical behaviour of a bed-fixing mortar (reference 

cement-lime mortar, cube strength Rc  5 MPa), and of two higher-grade cement-based 

mortars (Rc  10 and 15 MPa) are investigated in this project in ordinary conditions and after 

being subjected to 200, 400 and 600°C. On the whole, the heat-induced decay of the 

mechanical properties is close to that of ordinary concretes, the mass loss at high temperature 

is somewhat higher, and the insulating capability is always greater at any temperature. One 

may conclude that the layers made of hydraulic mortars are certainly not the weakest ring of 

the resisting chain in such structures as brick or block walls and firewalls, all the more 

because the confinement activated by the friction with the bricks and the blocks improves 

mortar mechanical behaviour with respect to the uniaxial behaviour investigated in this and 

other papers. 

 

Keywords: masonry, mortars, fire, high temperature, compressive strength, modulus of 

elasticity, indirect tensile strength  
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1. INTRODUCTION 

Mortars are well-known construction materials whose introduction goes back to the 19th 

century for cement-based mortars (used in modern buildings) and to centuries or even 

millennia ago for lime and lime-pozzolanic mortars (extensively used in historic masonry). In 

spite of such remarkable history, the high-temperature mechanical decay of ordinary mortars 

(bed-fixing hydraulic/cementitious mortars used in walls, columns, arches, made of either 

bricks or concrete blocks,… or to plaster walls and ceilings) is far from exhaustive, as there is 

limited documentation in the literature on cement mortars and very little information on lime-

based mortars at high temperature and in fire. 

It is true that these mortars generally have lower mechanical properties than – for instance 

– concrete, yet their properties should guarantee structural integrity at high temperature. 

(Mortar layers should not be the weakest link of the resisting chain in masonry exposed to 

fire, see – for instance – the firewall in Figure 1 from [1]). 

Such a situation is confirmed by the comprehensive and highly informative paper by Tate 

[2], where among the 45 references there were no papers about cement/lime mortars exposed 

to high temperatures and fire. After 2005, however, thanks to the increasing technical and 

scientific interest for high-performance and ultra high-performance mortars and cementitious 

pastes, not only many papers have been dedicated to this subject, but also cement/lime-based 

mortars (ordinary mortars) have enjoyed a renewed attention, with specific reference to high 

temperatures and fire. 

Similarly to concretes – whose high-temperature properties are well known - the 

evaporation of free water (above 100°C), the decomposition of gypsum into calcium sulphate 

and water (130-170°C), the dissociation of calcium hydroxide/Portlandite into calcium oxide 

and water (at 470°C, in siliceous aggregate), the expansive inversion of α- to β-quartz (at 

573°C) and calcination (with calcium carbonate turning into calcium oxide and carbon 

dioxide above 700°C) cause a sizeable mostly unrecoverable mechanical decay in ordinary 

mortars, both during and after a thermal process [3-5]. 

The compressive strength of mortars increases or remains almost constant up to 200°C as 

in historic lime-pozzolanic mortars with clay, brick dust or cement [6], 300°C as in lime 

mortars [7], or 400°C as in cement mortars [8] and in lime-pozzolanic mortars [6]. At higher 

temperatures, the strength decreases with a loss in excess of 50% above 600°C. On the whole, 

the decreasing trend is roughly linear according to certain studies [9]. The previous 

considerations hold for both hot conditions and residual conditions (with the tests carried out 

at high temperature and past cooling, respectively). 

As in concrete, the elastic modulus of the mortars exhibits a monotonic decrease at 

increasing temperatures, is more heat-sensitive than the compressive strength and loses more 

than 50% of its original value at 500°C [7,8,10], as confirmed by recent measurements on the 

dynamic elastic modulus [6]. The residual elastic modulus, however, may even slightly 

increase after cooling, as shown by for Tmax = 300°C [11]. 

The above considerations may be extended to the indirect tensile strength in bending 

(flexural strength [11,12]), which may even increase above 200°C, as observed in certain 

historic mortars [6]. 

Beside the maximum temperature (which undoubtedly takes the lion’s share in mortar 

damage), other phenomena come into play, like the thermal shock, in both the heating and 

cooling phases, and the heating rate and duration. The heating rate, however, has negligible 

effects on the residual compressive strength and elastic modulus of cement mortars [12], 

while cooling in water yields a greater strength reduction and a larger strain at the peak stress 
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than cooling in air [12,13]. Also time plays a certain role past cooling because of Portlandite 

formation: mortar strength tends to decrease in the short term and to recover in the long term 

– as concrete does – but the scanty results indicate no clear trends. Thermal shocks and time-

related phenomena, however, question the performance of mortar joints after the extinction of 

a fire, all the more if water is used to extinguish the fire. 

Like in concretes and masonry units, also in ordinary and high-performance mortars the 

stress-strain curves exhibit linear + nonlinear + softening behaviour [14,15], that can be 

described via parabolic or parabolic-exponential laws, to take care of  both pre-peak loss of 

linearity and post-peak softening [9,16]. 

Last but not the least, cement-based mortars generally exhibit a significant transient creep 

when heated for the first time [17,18]. The effect of transient creep and its related mostly 

unrecoverable strains (LITS = Load-Induced Thermal Strain) is to make strain distribution in 

the mortar joints more uniform and so the thermal-stress field [19], to the benefit of masonry 

assemblies. 

Other studies on the temperature-activated degradation of mortars and cement pastes may 

be cited with reference mainly to high-performance mortars [12] or ultra high-performance 

mortars whose mechanical properties (both at ambient and at high temperature) are very close 

to those of ordinary and high-performance concretes (fc = 30-60 MPa and even up to 90 MPa 

and above). Two comments are appropriate: (a) these mortars are very effective structural 

materials especially if fibers are added to the mix; and (b) commonly called ultra high-

performance concretes (max. aggregate size  4 mm) are no less than – or very close to - ultra 

high-performance mortars. 

Mortar structure has been investigated both at the micro- and meso-level [20,21], with 

specific attention to the thermo-hygral phenomena [22-24], to the inclusion of polymeric, 

metallic, inorganic and  hybrid fibres [25,26], to the replacement of cement with ash [27] or 

with alkali-activated materials (geopolymers [28]), to fracture energy [15,29], and to hot 

versus residual properties [15]. Last but not the least, various test modalities and technologies 

have been proposed, like applying pressure during the cycle at high temperature (to increase 

the mechanical performance, autoclaved mortars [30]) or quenching the mortar in water after 

heating (to measure the possible benefits compared with cooling in air [31]). 

Within this context, one lime-cement mortar and two cement-based mortars have been 

investigated in this project up to 600°C, in quasi-steady thermal conditions, to study their 

mechanical behaviour after being exposed to high temperatures ( 600°C) and their thermal 

diffusivity from 20 to 900°C [32]. Beside the thermal and mechanical properties as a function 

of the temperature, the evolution of the strengths on cubes and cylinders at high temperature, 

the stress-strain curves measured during the tests and their formulation via parabolic-

exponential laws are key issues. 
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Figure 1. Concrete-block firewall past a fire: thermal bowing towards the reader and extensive 

detachment of the front sheet of the blocks (from [1]), by courtesy of the Headquarters of the 

National Corps of Firemen, Turin, Italy). 

 

As mortars are cementitious composites, reference is made in the following sections not only 

to the (limited) results available in the literature on mortars behaviour at high temperature, but 

also to the much more numerous results on concrete behaviour at high temperature. 

The three bed-fixing mortars, indicated as “M5”, “M10” and “M15” in the following, 

belong to the classes M5, M10 and M15 of the Italian standard [33], with Rc  5, 10 or 

15 MPa, respectively. M5 is considered as reference mortar despite its fairly low fiber content 

(pp fibers, vf = 0.1%), while M15 is considered as a high-strength mortar. The main 

properties are reported in Table 1. 

 

Table 1. Mix-design and main physical and mechanical properties of the mortars; (*, **) 
Actual values: (*) 3.6% and (**) 2.9%. 

Mix M5 M10 M15 

Lime [kg/m
3
] 220 10 10 

Cement [kg/m
3
] – Portland R42.5 220 280 340 

Siliceous aggregate (0-4 mm) [kg/m
3
] 1220 1330 1380 

Soluble chloride  0.05% 

Entrapped air (by concrete volume) 9.5% 2.5% 2.0% 

Added water [kg/m
3
] 300 

Compressive strength on cylinders fc [MPa] 5.1 8.4 12.1 

Compressive strength on cubes Rc [MPa] 8.5 16.1 18.0 

Nominal density N [kg/m
3
] 1960 1920 2030 

Actual density (after hardening)  [kg/m
3
] 1758 1866 1982 

Cement/lime/aggregate (by mass) 1/1/5.5 1/0*/4.8 1/0**/4.6 

Cement+lime/aggregate (by mass) 0.36 0.22 0.22 
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2. EXPERIMENTAL PROGRAM 

The compressive and tensile strengths, the elastic modulus, the mass per unit volume and the 

thermal diffusivity are among the main parameters to be evaluated in order to chacterize a 

mortar (as any other material), both in ordinary hygro-thermal conditions and at high 

temperature. 

In this project, twenty-four cylinders were cast to perform the tests in compression and to 

evaluate the elastic modulus (diameter  height = 80  160 mm). Three slightly longer 

cylinders (  h = 100  300 mm) were cast as well to evaluate the thermal diffusivity. 

Before casting two thermocouples were properly fastened inside each cylinder by means of 

steel wires, with the electrical cables running longitudinally (i.e., parallel to the isotherm 

lines). One thermocouple was placed very close to the lateral surface and the other along the 

axis, both reaching the mid-height section of the specimen. 

In addition, 24 prisms (40  40  160 mm) were cast for three-point bending tests aimed at 

measuring the indirect tensile strength. Following the bending tests, compression tests were 

carried out on the two stumps resulting from the fracture of each prism, with the load applied 

via two steel plates (40  40 mm). 

All cylinders were stored for 28 days inside plastic moulds, without plugs at the 

extremities, at 20-25°C and 60-70 R.H. After being removed from the moulds, the specimens 

were cut to the desired length and the end sections were suitably ground, to achieve sufficient 

planarity and parallelism (/h = ½). 

All prisms were stored for 28 days in controlled thermo-hygral conditions (20°C, 95% 

R.H.) and this is the reason of their better performance in compression, compared with the 

cylinders, as discussed later. 

Figure 2a shows the typical set-up used for the evaluation of the thermal diffusivity inside 

the electric furnace. The steel pipe around the specimen guarantees the homogeneity of the 

thermal field. The control parameter of the furnace is the temperature of the steel pipe. 

In order to guarantee the uniformity of the thermal field and to avoid any self-stresses, the 

thermal cycles were performed in quasi-steady conditions: the heating/cooling rate were 1.0/-

0.25°C/min, while the rest at the reference temperature was 120 minutes. 

All the tests on the cylinders were displacement-controlled, with a displacement rate of 

2.5 m/s up to the maximum load, 5.0 m/s in the softening branch down to 50% of the 

maximum load and 10.0 m/s down to the crushing of the specimen. All cylinders were 

provided with 3 LVDTs (base length = 50 mm) located at 120° at the mid-height section, to 

measure the shortening of the specimen. 

 



6 

 

 
 

(a) (b) 

Figure 2. (a) Cylinder inside the electric furnace instrumented with 2 thermocouples (TC1 and 

TC2) to evaluate the thermal diffusivity; and (b) plots of the density as a function of the 

temperature. 

 

3. MASS LOSS AT HIGH TEMPERATURE 

Prior to and after each thermal cycle, the weight of the specimen was measured to evaluate the 

mass loss per unit volume as a function of the temperature. The mass loss is roughly the same 

for the three mortars (Figure 2b) and is higher than in concrete (at 600°C, -12% compared 

with -5%, respectively [34]). The most probable reason is the higher water content of the 

mortars, where the water-cement ratio may exceed 90%, while the cement content is close to 

that of ordinary concrete. As an example, for a nominal mass at the fresh state of 1950 kg/m
3
, 

cement content of 300 kg/m
3
, added water equal to 300 kg/m

3
 (cement/water ratio = 1), 

combined/bound water equal to 22% of the cement mass (66 kg) and free water in the 

capillary pores equal to 300 – 66 = 234 kg, the mass loss of the mortar at 600°C would be 

234/1950 = 12% (practically coincident with the measured value), if the free water is assumed 

to be fully expelled at 600°C and the water contained in the aggregate is neglected. 

Note that in the building site a sizable quantity of the added water is lost in the passage 

from the fresh state to the hardened state, something that did not occur in the specimens cast 

in this project because they were cured in quasi-sealed conditions. Note also that the loss of 

the bound water starts at 100-150°C, something that has not been considered in the previous 

calculations. 

 

4. THERMAL CHARACTERIZATION 

The thermal parameter controlling heat transmission by conduction is the thermal diffusivity 

D, that is the ratio between the heat transmitted and the heat stored by the unit mass of the 

material in question under a unit thermal gradient and in a unit time: D = /(c ), where  is 

the thermal conductivity, c is the specific heat and  is the mass per unit volume; D = [L
2
/t]. 

The thermal diffusivity can be easily determined at various temperatures by instrumenting 

long cylinders (h  2) subjected to a constant heating rate, fitted up with a couple of 

thermocouples placed at mid-height in the mid-section – one close to the external surface and 

the other along the axis ([32] Fig.2a). 

In this project, three cylinders (one for each mortar, with h = 2) were slowly heated from 
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20 to 900°C. As shown in Figure 3, between 200 and 550°C the thermal diffusivity of the 

three mortars is roughly constant (= 0.25-0.35 mm
2
/s) and by 30-35% lower than that of 

ordinary concrete, represented by the grey envelope comprised between the two curves 

resulting from the upper and lower bounds indicated in Eurocode EC 2 [35] for the thermal 

conductivity. Ordinary mortars never act, therefore, as thermal bridges in a firewall, thanks to 

their good insulation properties. 

Note that the change of state of the water from liquid to vapour in the micropores, and the 

change in the crystalline system (from  to ) of the quartz contained in the fine aggregates 

are responsible for the downward spikes at 150-200°C and 550-580°C, respectively. (Both are 

endothermic phenomena). 

Below 100-150°C the thermal transients, and above 700-800°C calcination (= dissociation 

of calcium carbonate into calcium oxide and carbon dioxide) make the values of D rather 

questionable. 

 

Figure 3. Diagrams of the thermal diffusivity as a function of the temperature. 

 

5. STRESS-STRAIN CURVES AND RESIDUAL COMPRESSIVE STRENGTH 

Twenty-four cylinders (diameter  height = 80  160 mm) were tested in compression in 

displacement-controlled conditions, with the mortars either undamaged (T = 20°C) or past a 

thermal cycle (T = 200, 400 and 600°C). For each mortar and temperature, two tests were 

carried out, and in 80% of the tests the repeatability was satisfactory especially in terms of 

shape of the stress-strain curves. 

The fairly regular stress-strain curves (Figure 4) exhibit a sizeable ductility at 20, 400 and 

600°C, but at 200°C the behavior becomes unexpectedly fairly brittle, in all mixes. The strain 

at the peak stress is comprised between 1.2‰ and 2‰ at 20°C (as in concrete), decreases at 

200°C (close to 1‰) .and starts increasing at higher temperatures (2-2.5‰ at 400°C and 4-

4.5‰ at 600°C). Note that in Figure 4, each curve is the average of two experimental curves, 

except at 200°C, where a couple of experimental curves had to be discarded. 
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Figure 4. Average stress-strain curves for Mortars M5 (a), M10 (b) and M15 (c). 

 

Though rather low, the values of the cylindrical strength at 20°C (fc = 5.1, 8.2 and 

12.0 MPa; mean values of two tests) agree with producer’s indications (Rc = 8, 14 and 

17 MPa) and with the tests on small cubes (Figure  8a), Rc = 8.5, 16.1 and 18.0 MPa), 

provided that the following factors are taken into account: (a) the larger – and favourable - 

effect of friction in the small specimens tested by the producer for material certification; (b) 

the brittleness of the material and the ensuing size effect, more favourable in small than in 

large specimens; and (c) curing inside a plastic mould (as done in this study) rather than in a 

controlled environment (for further details see [32]). 
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Hence, it is reasonable that fc measured on medium-size cylinders (, h = 80, 160 mm) be 

close to 60-70% of Rc measured on small cubes with side 40 mm. (The commonly-found 

value of the ratio fc/Rc falls in the range 0.80-0.85, when ordinary cylinders and cubes are 

tested; in the authors’ experience, 0.83 is the value closest to test results). 

Mortar M15 exhibits the best performance at any temperature (Figure 5a: at 600°C the 

residual strength of Mortar M15 is twice as much that of the reference Mortar M5). In terms 

of normalized compressive strength (Figure 5b), M10 and M15 behave somewhat better than 

M5 up to 300°C, while there are no practical differences above 400°C. The normalized 

curves, however, are very close and may be represented by means of a single second-order 

parabola, as will be shown later. 

As shown in Figure 5b, the results of this study confirm those available in the literature 

(shaded envelope comprising hot and residual tests, tests on cubes and on cylinders). The 

strength increase up to 250-300°C exhibited by a number of tests is nothing new, but – as in 

concretes – it is of no practical relevance. Note that the envelope in Figure 5b is based on the 

tests in [12], [13] (with the exception of the highly-questionable tests after air cooling), [36-

38]. 

Finally, the strength decay similar to that of ordinary concrete is a clear indication that in 

any walls made of concrete blocks mortar layers are not the weakest link of the resisting 

chain, at any temperature, all the more because mortar layers generally are in confined 

conditions, which are always favorable to the mechanical performance of cementitious 

materials. 

 

  
 

Figure 5. (a) Diagrams of the compressive strength on cylinders; and (b) normalized 

diagrams. 
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6. RESIDUAL ELASTIC MODULUS 

The secant modulus was evaluated starting from the stress-strain curves, in the stress range 

30-50% with respect to the peak of the stress-strain curves (Figure 6a).  

The values at 20°C are very low compared with those of ordinary concrete, something well 

known for mortars. In fact, using for mortars the relationship given in MC 90 for concrete (Ec 

= 11000fc
0.3

, where fc and Ec are in MPa), the values of the elastic modulus of the mortars 

are comprised between 44% (M5) and 60% (M15) of those of ordinary same-strength 

concretes. 

The performance of Mortar M15 is the best up to 400°C; above this temperature, there are 

no practical differences between M15 and M10. At 400°C, the residual elastic modulus of 

M15 and M10 is 100% larger than that of M5 (reference mortar).The normalized values 

(Figure 6b) are in good agreement with the cloud resulting from the tests by [12,30]. 

As in the case of the compressive strength, the normalized curves of the secant elastic 

modulus are rather close (Figure 6b) and a single second-order parabola may be adopted for 

the three mortars, as will be shown later. 

 

  
 

Figure 6. (a) Diagrams of the elastic secant modulus; and (b) normalized diagrams. 

 

7. RESIDUAL TENSILE STRENGTH IN BENDING 

As previously mentioned, the indirect tensile strength was evaluated by loading to collapse 

prismatic specimens (size 4040160 mm) subjected to 3-point bending, according to a well-

known procedure [33]. The remaining stumps were later tested in compression, by applying 

the load through two 4040 mm steel plates, in order to measure the strength on cubes (Rc). 

The stronger mortars (M10 and M15) behave in the same way (Figure 7a) and better than 

the lowest-grade mortar (M5). The normalized curves (Figure 7b) are very close and confirm 

the linear decrease of the tensile strength with the temperature, which is well known in 
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ordinary concrete. 

In this case too, the values of the tensile strength by bending are close to – or included in – 

the cloud of the tests in [12], [13] (except the highly-questionable tests after water cooling), 

[30,37]. 

 

  
 

Figure 7. Indirect tensile strength in bending: (a) diagrams in 3-Point bending (prism size 

a  b  L = 40  40  160 mm
3
); and (b) normalized diagrams. 

 

8. STRENGTH ON CUBES VS. STRENGTH ON CYLINDERS 

The residual cube strength exhibits a fairly linear decrease with the temperature (Figure 8a), 

and the two stronger mortars are more affected by the temperature than the lowest-grade 

mortar. The normalized curves Rc
T
/Rc

20
, however, are very close (Figure 8b) and can be 

represented by means of a single straight line (thin full line, Figure 8c). Note that the standard 

curing applied to the prisms after casting makes the strength on cubes very close to – or even 

better than - the expected values (Rc = 18, 16 and 8.50 MPa at 20°C). 

In Figure 8c the normalized strength on cylinders (fc
T
/fc

20
) is plotted as well (dash-dotted 

curve, mean curve resulting from the diagrams in Figure 6b). Since virtually all the tests on 

mortars are carried out on (small) cubes and often the tests on cementitious composites 

exposed to high temperature are performed on either cubes or cylinders, quantifying the effect 

of the temperature on the ratio fc
T
/Rc

T
 is quite interesting, all the more because experimental 

results on concrete are scanty indeed and on mortars are nonexistent. 

The passage from Rc
T
/Rc

20
 and fc

T
/fc

20 
to fc

T
/Rc

T
 involves the ratio fc

20
/Rc

20
: 

 

 fc
T
/Rc

T
 = (fc

T
/fc

20
)  fc

20
/[(Rc

T
/Rc

20
)Rc

20
] = [(fc

T
/fc

20
)/(Rc

T
/Rc

20
)]  (fc

20
/Rc

20
) (1) 
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The value of the ratio (fc
20

/Rc
20

) is close to 0.60 in this project (tests on small cubes vs. 

tests on medium-size cylinders; cubes and cylinders cured in different conditions). For similar 

dimensions and curing conditions, the generally-found value in the literature is 0.80-0.85 

(often-accepted value = 0.83). Hence, to make the tests on cylinders comparable with those on 

cubes, the ratio (fc
20

/Rc
20

) should be multiplied by 0.83/0.60 = 1.38, as done in Figure 8c 

(thick full curve). 

Figure 8c clearly indicates a tendency for the ratio fc
T
/Rc

T
 to decrease with the temperature 

(above 200°C). Such a fact should always be kept in mind whenever the results coming from 

different experimental campaigns on cementitious materials are compared. (For instance, after 

heating to 600/800°C a mortar specimen and cooling down to room temperature, the ratio 

fc
T
/Rc

T
 is close to 0.75/0.55 instead of 0.80-0.85). 
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Figure 8. Indirect tensile strength in bending: (a) diagrams in 3-Point bending (prism size 

a  b  L = 40  40  160 mm
3
); and (b) normalized diagrams. 

 

9. ANALYTICAL EXPRESSION FOR THE STRESS-STRAIN LAW IN 

COMPRESSION 

The stress-strain curves shown in Figure 4 give plenty of information about certain typical 

points (like P0, P1 and P2 in Figure 9) whose properties are instrumental in working out an 

appropriate analytical formulation for the stress-strain curve in compression. To this end, such 

parameters as the compressive strength (peak stress) σ1 = fc and its strain 1, the tangent elastic 

modulus E0, , the stress 2 and the strain 2 at the counterflexure point of the softening branch 

should be expressed as a function of the temperature (2 - which is close to 4/5fc at any 

temperature – and 2 will not be considered in the following).  

Figures 5b and 6b allow to express the normalized compressive strength and elastic 

modulus as a function of the temperature, through the following simple relationships (Figure 

10): 

 fc
T
/fc

20
 = 1 – 1.75 [(T – 20)

 
/1000]

2
 (2) 

 Ec
T
/Ec

20
 = 1 – 2.63 [(T – 20)

 
/1000]

2
 (3) 

 

Note that fc
20

 in Eq.2 is either indicated by the structural designer or inferred from in-situ 

tests, while Ec
20

 in Eq.3 may be derived from the equations used for concrete, provided that a 

reduction factor be introduced to take care of the lesser stiffness of mortar compared with 

concrete. (In Section 6, the value of this reduction factor does not exceed 0.6; hence, 0.60 may 

be a reasonable guess: Ec
20

 = 0.611000 fc
0.3

). 

The values of the strain 1 at the peak stress (Point P1) are reported in Figure 11. 

At each temperature, the value of 1 may be represented by means of a single curve, whose 

analytical expression is provided by Eq.4, which is plotted in Figures 10 and 11 (dash curve): 

 

 1
T
/1

20
 = 1.0 + 20 [(T – 20)/1000)]

4
  where  1

20
 = 1.30‰ (4) 
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Figure 9. Qualitative stress-strain curve with the reference points P0, P1 and P2. 

 

 

Figure 10. Plots of  fc
T
/fc

20
 (Eq. 2); Ec

T
/Ec

20 
(Eq. 3) and 1

T
/1

20 
(Eq.4). 
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Figure 11. Strain 1 as a function of the temperature, and plot of 1
T
/1

20
 (Eq.4). 

 

The starting point for an analytical formulation of the stress-strain curve of a mortar in 

compression may be the equation provided by EC2 for concrete: 

  = n  /[(n – 1) + 
n
] (5) 

where  = /fc and  = /1. 

Equation 6 complies with the following four conditions:  

  = 0 for  = 0; 

  = fc for  = 1; 

  = max  for   = 1; 

   0 for    

To determine n, one further condition should be enforced; there are at least three alternate 

approaches: 

 [d/d]=0 = Ec0 where Ec0 = tangential elastic modulus; enforcing this condition is 

mandatory if the objective is a correct description of the loading (mostly elastic) 

branch; 

  = 2 for  = 2 if the objective is a fairly realistic – albeit simplified - description of 

the softening branch (contraflexure, however, is not enforced); in a few numerical 

tests performed by the authors this approach did not lead to acceptable results in terms 

of stress-strain curves and – as previously said – this approach was abandoned; 

 adopting a best-fit procedure to describe in the best possible way the trend indicated by 

the test results, with or without the passage through the point of the maximum stress 

where   = 1 = fc
T 

 and   = 1
T
. 

 

Note that Ec0 = 1.1-1.2 Ec with Ec = secant modulus. (In the following calculations: Ec0 = 
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1.15Ec). 

By adopting the first of the three above-mentioned alternate approaches, the following 

results are obtained: 

 n = Ec0/[Ec0 – (fc/1)] (n* in Figure 12a) 

 2 = (n + 1)
1/n

 (6a,b,c) 

 2 = (1/2)  (n + 1)
1/n

 

 

Since the expressions of Ec0
T
, fc

T
 and 1

T
 as a function of T are known, the variables n

T
, 2

T
 

and 2
T
 can be calculated. 

For mortars M5, M10 and M15, the values of the parameter n and their trend curves are 

plotted in Figure 12a (first alternate approach) and Figure 12b (third alternate approach). 

In both cases the values of n look fairly low (compared with n = 3 proposed for concrete), 

but – in spite of the sizeable dispersion - the parameter n exhibits a slight increase with the 

temperature up to 400°C and a fast increase above 400°C, as indicated by the average curves 

in Figures 12a and 12 b (dash curves). The normalized values n
T
/n

20
 (from Figure 12c) can be 

fitted with a single curve (thick curve, Eq.8, Figure 12c): 

 

 n
T
/n

20
 = 1 + a (T – T0)/T* + b [(T – T0)/T*]

4
 (7) 

 

where: a = 0.5 ; b = 5.4 ; T0 = 20°C ; T* = 1000°C. 
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Figure 12. Plots of n as a function of the temperature: n* according to the first approach (a); 

and nBF according to the third approach – best-fit approach (b); and normalized values (c) 

based on the third approach, where n20 = nBF
20

 = 1.6, 2.0 and 2.3 for M5, M10 and M15, 

respectively. 

 

The stress-strain curves are plotted in Figures 13, 14 and 15 for mortars M5, M10 and 

M15, respectively, for n variable with T according to Eq. 7 and to the best-fit procedure. The 

experimental curves are plotted as well for T = 20 and 400°C (Figs.13a, 14a, 15a), and for T = 

200 and 600°C (Figs.13b, 14b, 15b. 

As expected, n as a function of T (Eq.7) is less effective in describing the softening 

behavior of the mortars than n resulting from the best-fit procedure, but the differences tend to 

vanish for T  400°C. The value n = 3 proposed in EC 2 for the loading branch of concrete 

stress-strain curve – and often extended to the softening branch - would not be appropriate for 

the full stress-strain curves of the mortars, because such a high value as n = 3 would overrate 

the brittleness of the mortars (with a very sharp softening branch not exhibited by the mortars 

investigated in this study). 



18 

 

 

Figure 13. Stress-strain curves of mortar M5: (a) T = 20 and 400°C; and (b) T = 200 and 

600°C, for n = n(T) – Eq.7, and n = nBF according to the best-fit procedure; the full curves 

stand for the tests. 

 

 

Figure 14. Stress-strain curves of mortar M10: (a) T = 20 and 400°C; and (b) T = 200 and 

600°C, for n = n(T) – Eq.7, and n = nBF according to the best-fit procedure; the full curves 

stand for the tests. 
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Figure 15. Stress-strain curves of mortar M15: (a) T = 20 and 400°C; and (b) T = 200 and 

600°C, for n = n(T) – Eq.7, and n = nBF according to the best-fit procedure; the full curves 

stand for the tests. 

 

CONCLUSIONS 

The residual tests carried out on three mortars (lime-cement mortar M5, and cement-based 

mortars M10 and M15), with cubic strength in excess of 5, 10 and 15 MPa) confirm their 

good thermo-mechanical properties after a thermal cycle at high temperature (T ≤ 600°C); in 

detail: 

 the three mortars have very good insulation properties at any temperature up to 600°C, as 

demonstrated by their thermal diffusivity, which is definitely lower than that of ordinary 

concrete; 

 the two higher-grade mortars (M10 and M15) have definitely better residual-strength 

properties in compression than the reference mortar (M5), at any temperature up to 600°C, 

and confirm the experimental results available in the literature; 

 in terms of secant elastic modulus, the two higher-grade mortars behave better at any 

temperature; the normalized curves, however, are very close and confirm the experimental 

results available in the literature; in general, the results of this study are even better than 

those of ordinary concrete below 200°C; at higher temperatures, mortars are aligned with 

ordinary concrete. (Note that even at high temperature, the absolute values are much lower 

than those of ordinary concrete, for the same strength class); 

 in terms of residual strength in indirect tension by bending, the three mortars confirm the 

experimental results available in the literature and behave similarly to  ordinary concrete, 

while in terms of mass loss per unit volume the greater water amount in the mortars 

(compared with ordinary concrete) brings in a greater mass loss; 

 in terms of compressive strength, testing cubes is not only questionable at room 

temperature, but may even be erroneous at high temperature, because of the different effect 
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of temperature on the strength on cubes with respect to that on cylinders (the greater role 

for cube-to-press friction in the former case introduces a favorable confining effect); 

 the residual stress-strain curves in compression are similar to those of ordinary concrete, 

but mortar behavior looks more ductile at any temperature except at 200°C, where all 

mortars exhibit a rather brittle behavior, to be further investigated;  

 the analytical formulation proposed in EC 2 for the stress-strain curve of concrete  – based 

on the ratio between a linear function of the strain and a higher-degree polynomial – may 

still be adopted in mortars, on condition that the parameter n (linearly appearing in the 

nominator and in a mixed form in the denominator) be given a value slightly increasing 

with the temperature, but definitely smaller than that proposed for the loading branch of 

concrete (n = 3 at any temperature); 

 in general, the proposed formulation for the stress-strain curve based on the parameter n 

variable with the temperature realistically predict mortar behavior at 200°C (medium- and 

high-grade mortars), and at and above 400°C (all mortars); at 200°C (lowest-grade mortar) 

and at 20°C (all mortars) the proposed formulation does not catch up with the relatively-

ductile behavior of the mortars characterized by a gentle softening. 

In spite of their rather limited number, the tests presented and discussed in this paper show 

that mortars residual behavior after the exposure to high temperatures is similar to - and as 

good as  – that of concrete, both in uniaxial tension and compression. Mortars are not, 

therefore, the weakest ring of the resisting chain in brick and block walls exposed to the fire, 

all the more because the friction between the mortar layers and the bricks or blocks tends to 

create a favorable 3D state of stress in the mortar layers, through a confining action. 
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