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A B S T R A C T   

Calcium sulfoaluminate binder is an up-to-date solution for reducing the environmental impact of construction 
industry. Several studies showed satisfactory mechanical performance of concrete realized with such binder, as 
well as a significant CO2 emission reduction compared to ordinary Portland cement. However, a lack of 
knowledge on the mechanical behaviour of calcium sulfoaluminate concrete elements still exists. Particularly, a 
limited number of studies on long-term mechanical response is available in the literature. In this work, an 
investigation on full-scaled reinforced concrete beams made of calcium sulfoaluminate binder is reported, aiming 
at analysing their long-term response in loaded and un-loaded conditions. Two sets of beams, with different 
calcium sulfoaluminate and ordinary Portland cement percentage were realized. In the first set, serviceability 
performance level load was applied, while no loading condition was considered in the second set. Both sets were 
subjected to long-term exposure in ordinary environment and subsequently tested through four point-bending 
loading up to failure. The non-linear load–deflection response was deeply analysed alongside that of virtually 
identical unexposed beams tested in a previous experimental campaign. The experimental results were compared 
to analytical predictions to assess the reliability of existing formulations in reproducing short- and long-term 
behaviour. A satisfactory long-term performance of the beams realized using calcium sulfoaluminate binder 
was observed, confirming the suitability of this technology for structural applications. On the other hand, results 
evidenced the need of updating existing analytical formulations to accurately predict deformation capacity and 
crack pattern in calcium sulfoaluminate binder elements.   

1. Introduction 

Past studies have shown the high contribution of cement 
manufacturing to environmental pollution, particularly referring to CO2 
emissions [1,2]. In fact, production of cement mixtures generates the 
highest amount of CO2 amongst all industrial processes, namely 5–7% of 
the annual man-made global CO2 emissions [3,4]. In this process, 50% of 
the CO2 is released by calcination of limestone and 43% by fuel com-
bustion [5]. Ordinary Portland Cement (OPC) is by far the most widely 
adopted binder and its employment will likely rise by 2030, due to the 
increasing construction industry demand in developing Countries [6,7]. 
This fashion has triggered the attention of the scientific community on 
the need of developing alternative environmental-friendly cementitious 
materials and binders [8,9]. To this regard, one of the up-to-date solu-
tions is calcium sulfoaluminate binder (CSA) [10]. CSA is produced by 
relative-low temperature combustion of raw metal composed of 

limestone, bauxite and anhydrite, and subsequent addition of gypsum 
[11]. The lower combustion temperature and amount of limestone 
compared to OPC allows reducing CO2 emissions by 25–35%. 

CSA has been recently employed in several contexts, such as bridges, 
concrete pipes, precast concrete frame elements and waterproof layers 
[12]. Its alkalinity (pH between 10 and 11.5) and porosity, as well as the 
formation of ettringite and the AFm phases [13], which bind with heavy 
metals, also leads to suitability for hazardous waste encapsulation 
[14–16] and glass-fibre reinforced concrete (GFRC) applications [17]. 
Past studies showed faster setting and hardening of CSA compared to 
OPC, which lead to rapid achievement of high mechanical strength of 
concrete. Additionally, greater compressive strength is generally ob-
tained using CSA compared to OPC [18,19]. Several advantages 
compared to OPC were also detected referring to physical properties of 
CSA, such as significantly higher and more rapidly achieved heat of 
hydration [20] and lower volume change when exposed to sulfuric acid 
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[21]. Furthermore, early hydration reduces creep and drying shrinkage 
in such binders [22,23], suggesting greater long-term performance 
compared to OPC. On the other hand, a number of studies showed lower 
chloride penetration resistance in CSA [24], which may lead to faster 
corrosion of rebars in case of employment for RC elements. 

Experimental tests on full scaled RC beams were also performed, to 
compare the flexural response in case of CSA and OPC binder employ-
ment [25]. The tests showed a similar overall response between the two 
mixtures, particularly referring to cracking behaviour. Additionally, 
higher ductility was observed in case of CSA binder, confirming its 
reliability for structural application. 

Despite several advantages from a mechanical and chemical stand-
point, the higher cost of raw materials employed in CSA compared to 
OPC [26] discourages its widespread use in construction industry, 
leading to the continuous search for more effective solutions [27–31]. 
Generally, OPC and CSA blending is adopted to reduce costs, although 
lower short-term compression strength, larger pore generation and 
higher carbonation depth can be obtained compared to plain CSA [16]. 
On the other hand, a further increase of the compressive strength at 
long-term was observed [32]. 

Although CSA binder shows satisfactory mechanical properties, lack 
of knowledge is still detected on several aspects, such as the correlation 
between Young’s modulus and compressive strength [33], as well as the 
long-term behaviour of reinforced concrete (RC) elements realized with 
such binder. Therefore, comprehensive studies are required on RC ele-
ments realized using CSA or CSA-OPC combination, investigating long- 
term behaviour. The results discussed in this paper are part of a broader 
experimental campaign [23], aimed at comparing the performance of 
OPC and CSA. Long-term mechanical response under bending of full- 
scaled RC beams, realized using the concretes mixtures discussed in 
depth in [23], was analysed. The RC beams were exposed for 462 days to 
outdoor ordinary environment and were subjected to constant four- 
point bending load using an experimental set-up “ad-hoc” designed for 
replicating in-life service conditions. Additional RC beams with no 
applied load were exposed to the same environment. After the exposure 
period, four point bending tests were performed to assess the flexural 
behaviour up to failure and the crack pattern evolution. The crack width 
values obtained from the tests were compared to those derived from the 
consolidated formulation provided in Model Code 2010 [34]. Lastly, the 
long-term response was compared to short-term response analysed in 
[23], in order to evaluate the influence of the concrete mixture, envi-
ronmental conditions and service loads on the performance. The results 
showed similar response when comparing all the considered specimens, 
although higher influence of long-term loading was observed in case of 
blended OPC/CSA beams with low CSA content. On the other hand, 
higher CSA content in binder reduced creep and drying shrinkage phe-
nomena, leading to greater stiffness and different cracking response. 

2. Physical and mechanical proPerties of concrete mixtures 

The properties at fresh and hardened state of five concrete mixtures 
made using OPC and CSA were investigated. Three mixtures were 
realized blending OPC and CSA, while only OPC was employed for the 
remaining two mixtures. In Table 1, the details of the mix design for each 
mixture are provided. The first two numbers in the mixture ID refer to 
the percentage amount in weight of ordinary Portland cement and cal-
cium sulfoaluminate cement, respectively. The OPC+ mixture was ob-
tained by adding gypsum and reducing the water/binder ratio. Both CSA 
and OPC were produced by Italcementi Group (i.tech ALI CEM Green® 
and Cem II A/LL 42.5®, respectively). Particularly, CSA binder was 
composed of aluminium source (37.53%), limestone (31.86%), gypsum 
sources (30.32%) and other components (0.28%), as declared by the 
manufacture’s Environmental Product Declaration (EPD). 

Polycarboxylate-based admixture was used as plasticizer, while 
lithium carbonate and citric acid were used as set inductor and retarder. 
The mixtures were realized using a total cement amount of 340 kg/m3 

and a water/cement ratio (w/c) equal to 0.5, except for OPC+. The fresh 
concrete proprieties were estimated in terms of slump value [35], class 
of consistency [36] and percentage of entrapped air [37]. A more 
detailed description of the results is provided in Colonna et al. [23]. The 
hardened concrete properties were evaluated in terms of compressive 
strength (Rcm) at 1, 7, 28, 56, 90, 365 and 730 days from casting, by 
testing 150 mm-side cubic specimens [38]. Additionally, Young’s 
modulus (Ecm) at 28, 90, 365 and 730 days [39] was computed by 
compressive tests on cylinders with diameter and height equal to 150 
mm and 300 mm, respectively. All the samples were cast in steel moulds, 
vibrated and stored for 24 h, using plastic sheets as cover. Afterwards, 
the samples were demoulded and stored in climatic chamber (20 ± 2 ◦C 
and RH > 95%) for 28 days. Tables 2 and 3 provide the value of 
compressive strength and secant modulus of elasticity at each time 
frame (Rcm,t and Ecm,t, respectively), alongside their ratio to the values 
at 28 days (Rcm,28 and Ecm,28, respectively). 

In case of blended OPC/CSA, a higher curing after 28 days was 
detected compared to OPC. Rcm increased by 41% and 56% from day 28 
to day 730 for 70/30OPC/CSA and 50/50OPC/CSA, respectively, while 
a 31% increase was observed for OPC. However, the opposite trend was 
observed up to 28 days. In fact, Rcm of OPC and OPC+ after 7 days is 
equal to 90% of Rcm,28, while it ranges between 62% and 74% of Rcm,28 
in the case of 70/30 OPC/CSA and 50/50 OPC/CSA, respectively 
(Table 2). 

Referring to 100CSA, a faster compressive strength increase was 
obtained up to 28 days compared to blended OPC/CSA. On the other 
hand, a 12% increase between 28 and 730 days was obtained. The 

Table 1 
Concrete mix-design.  

MATERIALS [kg/ 
m3] 

OPC OPC+ 70/30 OPC/ 
CSA 

50/50 OPC/ 
CSA 

100CSA 

Sand (0.2–0.35) 270 253 269 268 269 
Sand (0.6–1.0) 206 193 205 205 205 
Sand (1.5–2.5) 275 257 273 273 273 
Sand (3.0–4.0) 149 136 148 148 148 
Gravel (6.0–10.0) 351 328 349 348 349 
Gravel (10.0–20.0) 612 572 608 607 608 
ALICEM – – 102 170 340 
CEM II A-LL 42.5 R 340 450 238 170 – 
Plasticizers 1.20 1.85 1.10 2.25 1.30 
Citric acid – – 1.36 1.36 1.36 
Lithium carbonate – – 0.34 0.34 0.34 
Water/binder 0.50 0.40 0.50 0.50 0.50  

Table 2 
Evolution of compressive strength with time for all the considered binders [23].  

Mix Rcm,t [MPa] (Rcm,t/Rcm,28) 

Day 

1 7 28 56 90 365 730 

OPC 18  32.1  35.6  38.5  37.6  42.1  46.8 
(0.51)  (0.90)  (1.00)  (1.08)  (1.06)  (1.18)  (1.31)  

OPC+ 29.6  41.2  45.8  48.7  48.6  54.4  61.6 
(0.65)  (0.90)  (1.00)  (1.06)  (1.06)  (1.19)  (1.34)  

70/30 
OPC/ 
CSA 

20.8  27.5  44.1  49.5  53.6  60.1  62.3 
(0.47)  (0.62)  (1.00)  (1.12)  (1.22)  (1.36)  (1.41)  

50/50 
OPC/ 
CSA 

28.4  36.1  49.1  60.5  63.4  69.1  76.5 
(0.58)  (0.74)  (1.00)  (1.23)  (1.29)  (1.41)  (1.56)  

100CSA 43.8  55.8  62.6  64.1  66.7  72.0  70.1 
(0.70)  (0.89)  (1.00)  (1.02)  (1.07)  (1.15)  (1.12)  
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results may suggest that the use of OPC/CSA blend leads to slow-curing 
concrete, while fast curing is obtained when adopting pure CSA binder. 

Additionally, higher compressive strength can be obtained for 
blended OPC/CSA mixtures compared to OPC. In fact, the highest and 
lowest compressive strength at 730 days was obtained for 50/50CSA 
concrete and OPC concrete, respectively (76.5 MPa and 46.8 MPa, 
respectively). Moreover, the Rcm at 730 days for 100CSA (70.1 MPa) was 
49.7% higher compared to that obtained for OPC (46.8 MPa), con-
firming the high suitability of CSA binder as an alternative "green" 
solution. 

Referring to elastic modulus, similar values were obtained 
comparing all the considered mixtures. in fact, Ecm increases by 1–8% 
and 8–13% after 90 and 730 days, respectively. However, the statement 
above regarding the different compressive strength increase rate be-
tween the analysed mixtures can not be applied to the elastic modulus. 
Differently from the case of Rcm, no significant difference was detected 
in terms of Young’s modulus evolution with time comparing the ana-
lysed mixtures. The value of Ecm at 730 ranged between 31.1 GPa for 70/ 
30OPC/CSA and 34.4 GPa for 100CSA. 

Creep and drying shrinkage tests were also performed for the 
considered mixtures, except for the case of OPC+. The samples realized 
for creep tests had dimensions equal to 120 × 120 × 360 mm3 and were 
stored in a climatic chamber with 20 ± 0.5 ◦C and 57 ± 3% relative 
humidity. Additionally, axial load equal to 10% of the compressive 

strength was applied to the samples. Referring to drying shrinkage tests, 
120 × 120 × 360 mm3 samples were realized and stored in climatic 
chamber at 20 ± 0.5 ◦C and RH ≥ 95% for 24 h. Afterwards, the envi-
ronmental parameters were set to 20 ◦C and 57% RH, to measure drying 
shrinkage over time. The results of the tests are provided in Fig. 1a and 
b, respectively. A noticeable influence of the binder type on both creep 
and drying shrinkage was detected, although the relationship with CSA/ 
OPC ratio seems unclear. In fact, greater performances were observed 
for 50/50 OPC/CSA and 100CSA compared to OPC, while a different 
trend is observed for 70/30 OPC/CSA. 

3. Long-term flexural behaviour of RC beams 

Aiming to assess the long-term performance of structural elements 
realized with OPC/CSA binders, three sets of RC beams were realized 
using five concrete mixtures for each set, namely C50/50, C70/30, 
C100, OPC and OPC +. Full-scaled specimens with span equal to 2.8 m 
and cross-sectional area equal to 200 mm × 200 mm were tested. The 
longitudinal reinforcement was composed of 2 + 4 (compression +
tension) steel rebars with diameter equal to 14 mm. The transverse 
reinforcement was composed of 8 mm stirrups with spacing equal to 70 
mm and 140 mm within the shear span and the constant moment region, 
respectively. The yielding strength fy and the ultimate tensile strength fu 
of steel were equal to 499 MPa and 604 MPa, respectively, for longitu-
dinal rebars, and 490 MPa and 578 MPa, respectively, for transverse 
rebars. Nominal concrete cover depth was equal to 30 mm. 

The RC beams in the first two sets were exposed for 462 days to 
outdoor ordinary environment in the area of Lecce (Italy) and were 
subjected to constant four-point bending load through an ad hoc 
designed experimental set-up. The applied load was equal to 40 kN, 
corresponding to the 44% of the expected ultimate load for the reference 
beam made with OPC. These sets are referred as LL (Long-term Loaded) 
in the following. The RC beams in the third set were subjected to the 
same environmental condition for the same period, without any applied 
load. This set of beams is referred as LUN (Long-term Un-Loaded) in the 
following. After 462 days of outdoor exposure, the first set of LL beams 
and LUN beams were subjected to four-point bending tests up to failure. 
The response of the beams was monitored during the test in terms of 
bending moment, deflection, concrete and steel rebar strain at the mid- 
span cross-section and crack pattern. The results of LL beams were 
compared to those of LUN beams, aiming to assess the effect of service 
loads. Additionally, the long-term response obtained in this work was 
compared to the short-term response obtained on virtually identical 
beams analysed in [23]. 

For sake of clarity, the IDs used in the following to address each beam 

Table 3 
Evolution of Young’s modulus with time for all the considered binders [23].  

Mix Ecm,t [GPa] (Ecm,t/Ecm,28) 

Day 

28 90 365 730 

OPC  28.7  30.9  30.1  32.5  
(1.00)  (1.08)  (1.05)  (1.13)  

OPC+ 29.6  30.2  31.5  33.2  
(1.00)  (1.02)  (1.06)  (1.12)  

70/30 OPC/CSA  28.8  29.1  31.2  31.1  
(1.00)  (1.01)  (1.08)  (1.08)  

50/50 OPC/CSA  29.8  32.0  32.7  32.1  
(1.00)  (1.07)  (1.10)  (1.08)  

100CSA  31.6  32.6  35.8  34.4  
(1.00)  (1.03)  (1.13)  (1.09)  

Fig. 1. (a) Creep-vs-time and (b) drying shrinkage vs-time curves for all the considered binders. In fact, this mixture showed both significantly higher creep and 
drying shrinkage with respect to OPC, suggesting a possible later hydration of the anhydrous OPC cement and relative changes in the microstructure. 
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tested are composed of a first code, referred to either loaded (LL) or un- 
loaded (LUN) beams, and a second code, referred to the binder used 
(example: LUN-OPC = Long-term UN-loaded beams with OPC binder; 
LL-70/30 = Long-term Loaded beams with 70/30OPC/CSA binder). 

3.1. Experimental set-up 

3.1.1. Long-term loading 
The setup used for the long-term loading of the LL beams (Fig. 2) was 

firstly idealized by Vasanelli et al. [40]. A single contrast steel frame was 
used to apply the load to a set of five stacked beams. Two supporting 
steel cylinders were placed between each beam, alternately at the mid 
span and at the ends, aiming to apply four-point bending to each of the 
stacked beams. The constant load was applied by mean of mechanical 
jack, connected to the upper mid-span loading cylinders through a rigid 
steel beam. The vertical load value was monitored through a load cell 
placed between the mechanical jack and the contrast frame. 

The developed setup was conceived to test five beams at the same 
time, because of the limitations of lab equipment. Such solution caused a 
slight variation of the total vertical load among the stacked beams, 
because of the effect of self-weight. This aspect was addressed in the 
discussion of the results regarding long-term performance provided in 
the following. 

Crack widening was monitored during the exposure period, 
employing a digital microscope capable of 60x digital zoom. The crack 
width for each detected crack was assumed as the average between 18 
measured values along the crack length (Fig. 3a). Additionally, the 
deflection of each beam was monitored at three points, corresponding to 
the mid-span and to the middle of the shear spans. A rectilinear steel rod 
was placed on the external supports and its relative distance to steel 
plates tied to the beam was measured through a high precision caliper 

(Fig. 3b). 
In Fig. 3b, the values of δ1L, δ 2L, δ 1C, δ 2C, δ 1R, δ 2R, represent the 

relative distances between the steel rod and the left (subscript L), centre 
(subscript C) and right (subscript R) steel plates placed on the upper 
(subscript 1) and lower (subscript 2) beam, respectively. 

3.1.2. Four-point bending tests 
The static scheme used in four-point bending tests was virtually 

identical to that employed during long-term exposure, whilst the testing 
set-up was modified in order to test a single beam at a time  (see Fig. 4). 
A force-controlled monotonic protocol was used to apply the load to the 
beam, by employing a hydraulic actuator connected to two loading 
cylinders through a rigid steel frame. During the test, the vertical 
displacement of the beam was measured at the mid span, the loading 
points, the external support points, and at the middle of the shear span. 
Additionally, maximum concrete and steel strain was monitored in real- 
time at mid-span, through strain gauges tied to the longitudinal tensile 
reinforcement and to the compressed concrete side. The cracking 
pattern was measured in terms of crack length, width, number and 
spacing, corresponding to four values of vertical load, namely 10 kN, 20 
kN, 40 kN and 50 kN. Crack width measurement was conducted as 
mentioned for the long-term exposure [23]. 

3.2. Experimental results – Long-term flexural response under constant 
service load 

The evolution of the mid-span deflection of LL beams during the 
exposure period and the mid-span deflection at 0 (time of load appli-
cation), 365 and 462 days are provided in Fig. 5a and b, respectively. It 
is worth mentioning that the results shown represent the average values 
computed for the two sets of LL beams. As a general statement, a 

Fig. 2. Long-term bending tests setup.  
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Fig. 3. (a) Crack width and (b) displacement measurement procedure.  

Fig. 4. Experimental set-up for four point bending tests.  

Fig. 5. (a) Mid-span deflection vs exposure time and (b) mid-span deflection at 0, 365 and 462 days.  
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negligible mid-span deflection increase was observed after 365 days for 
all the considered specimens. Hence, the binder type seems not to in-
fluence the long-term evolution of deflection after one year. A peculiar 
response was obtained in case of LL-70/30, for which significantly 
higher deflections were recorded during the exposure period compared 
to the other specimens. The mid-span deflection at 462 days obtained for 
LL-70/30 was 54% higher than the lowest value obtained (i.e. LL-100) 
and 23% higher than that of the OPC beam. This result may be related 
to higher creep of this specific blended binder, as detected during 
compression creep tests discussed in [41]. However, a minor influence 
on the results of the higher load in LL-70/30 compared to OPC (due to 
self-weight) should be reminded. On the other hand, high content of CSA 
in binder seems to reduce long-term mid-span deflection, as observed 
comparing LL-50/50 and LL-100 to OPC and OPC+. This result is even 
more emphasized when considering higher load on LL-50/50 and LL- 
100 due to self-weight. 

Specimen LL-100 also features a different shape of the deflection- 
time curve compared to all the remaining specimens. In fact, mid-span 
deflection significantly increases up to around 30 days, while an 
almost constant value is observed from 50 to 300 days. This result may 
be related to higher compressive strength obtained for 100CSA binder 
(Table 2), which significantly reduces creep effect (also according to 
[34]). Hence, negligible deflection increase after 30 days is observed. In 
fact, lower creep was observed for this blend with respect to OPC, caused 
by faster hydration [42,43], as reported in Fig. 1a. 

The average crack widening-vs-time curves and the average crack 
width at 0, 365 and 462 days are provided in Fig. 6a and b, respectively, 
referring to the constant bending moment region and averaging the data 
between the two sets. Additionally, the evolution of average number of 
cracks in mid-span during the exposure time is reported in Table 4. The 
average crack width rapidly increased up to 80 days for all the consid-
ered specimens, while a lower slope of the curve was observed from 80 
to 462 days. Significantly lower values were obtained in case of LL-OPC 
with respect to all the remaining cases. Particularly, the lower values 
compared to LL-50/50 and LL-100 seem inconsistent with the results 
referred to the mid-span deflection (Fig. 5a). This fashion may be 
related, on the one hand, to the higher number of cracks and lower 
elastic modulus in OPC beam and suggests a more ductile response 
compared to blended OPC/CSA specimens, (consistently with its lower 
compressive strength). An in-depth study of the concrete/rebars stress 
transferring mechanism may assess this scenario. However, no records 
could be found in the literature to confirm this statement and further 
investigation is required. 

LL-OPC+ beam featured the highest value of average crack width w 
at 462 days, even though a lower number of cracks was detected 
compared to LL-OPC. Hence, the reduction of the water/binder ratio 
(Table 1) may lead to uneven distribution of internal forces and, likely, 

lower energy dissipation capacity due to more brittle behaviour. 
As expected, a great variability of the results is observed for all the 

considered cases, evidenced by the standard deviation ranges in Fig. 6b. 
Concluding, the presence of CSA or blended OPC/CSA binder seems to 
penalize the flexural response of RC in terms crack width and number 
compared to OPC. A different consideration applies to the maximum 
deflection. In fact, as shown in Fig. 1a, low CSA content (LL-70/30) leads 
to creep increase compared to OPC, while the opposite trend is observed 
in case of middle-high CSA content (LL-50/50 and LL-100). This feature 
highlights the hardships in comparing the response of the analysed 
frames, mainly related to the variability of the width of a single crack 
along its height. Also in this case, it is worth reminding that LL-OPC was 
subjected to lower vertical load compared do all the remaining beams. 
Hence, narrower curves would be obtained when considering identical 
load to all the beams. 

3.3. Experimental results – four-point bending tests 

The parameters characterising the flexural response of the beams 
under four-point bending load obtained from the tests are provided in 
Table 5. Particularly, the yielding strength (Fy), the maximum load, 
Fmax, the corresponding mid-span displacements (δy and δmax, respec-
tively), the elastic stiffness (Kel), the ductility (μ = δmax/ δy), the 
maximum longitudinal rebars strain (εs) and the maximum compressed 
concrete strain (εc) are provided. For sake of clarity, it is worth 
mentioning that the LL-100 data referred to steel rebars and compressed 
concrete strain were lost during the test. 

As shown in Table 5, the highest and the lowest value of Fmax for LL 
beams were obtained in case of LL-50/50 (100.7 kN) and LL-OPC (93.5 
kN), respectively. The results obtained for LL-70/30, LL-100 and LL- 
OPC+ were closer to those referred to LL-50/50 (− 3.6%, − 0.6% and 
− 1.8%, respectively). A similar trend was observed for LUN beams. This 
fashion is consistent with the concrete compressive strength results 
obtained at 365 and 730 days, provided in Colonna et al. [23] and re-
ported in Table 2. In fact, the highest cubic compressive strength was 
obtained for C50/50 OPC/CSA (76.5 MPa), followed by C100CSA (70.1 

Fig. 6. (a) Mid-span crack widening (w) vs exposure time and (b) mid-span crack widening at 0, 365 and 462 days, along with standard deviation ranges.  

Table 4 
Evolution of average number of cracks during exposure time.  

Beam Day 

1 42 57 75 174 365 462 

LL-OPC 8 8.5 8.5 8.5 8.5 8.5 8.5 
LL-OPC+ 6.5 7 7 7 7 7 7 
LL-70/30 8 8 8 8 8 8 8 
LL-50/50 7.5 7.5 7.5 7.5 7.5 7.5 7.5 
LL-100 7.5 7.5 7.5 7.5 7.5 7.5 7.5  
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MPa), C70/30 OPC/CSA (62.3 MPa), COPC+ (61.6 MPa) and COPC 
(46.8 MPa). 

For all the tests performed, the failure mechanism of the beams was 
characterised by mid-span concrete crushing after yielding of the tensile 
rebars (Fig. 7). This outcome is confirmed by the recorded values of εc 
and εs corresponding to the peak load (Table 5). The Load-mid-span 
displacement relationships obtained from four-point bending tests is 
provided in Fig. 8a and b for LUN and LL, respectively. Very close curve 
shapes were obtained comparing all the considered mixtures in case of 
LUN (Fig. 8a), while a high difference in terms of both pre-yielding 
shape and ultimate displacement capacity is observed in case of LL 
beams. Particularly, a significantly lower initial slope was obtained in 
case of LL-70/30 (Fig. 8b) up to a load value equal to 24 kN. Addi-
tionally, even after this load level, a lower slope is observed compared to 
LL-50/50 and LL-100. As a result, the elastic stiffness, computed as Kel =

Fy/δy, was significantly lower (-43%) in case of LL-70/30 compared to 
LL-100, (i.e. the highest value obtained). A similar but less pronounced 
fashion is observed in case of LL-OPC and LL-OPC+, whose Load- 
displacement response features a lower slope up to around 14 kN 
compared to LL-50/50 and LL-100, probably due to lower mechanical 
performance of the material. 

Such difference in LL beams response could confirm creep being 
more relevant for blended concrete system (OPC/CSA) with low CSA 
content (e.g. C70/30). On the other hand, lower relaxation was detected 
in case of CSA content equal or higher than 50% compared to OPC and 
OPC+ beams. LL results show that CSA mixtures generally provide 
higher post-cracking stiffness to RC elements compared to OPC mix-
tures, although no proportional correlation exists between the CSA 
content and the elastic stiffness. This trend is more evident when 
considering the response up to 40 kN of applied load (i.e. long-term 

loading test value). 
It is worth mentioning the higher elastic stiffness obtained in case of 

LL beams with respect to LUN beams for 50/50 OPC/CSA ad CSA binder. 
In the authors’ opinion, this outcome is only connected to test-to-test 
variability and can not be intended as a peculiar behaviour for these 
two blends. 

Lastly, the computed ductility for both LL and LUN beams allows to 
provide information on the influence of the CSA content on the energy 
dissipation capacity. The relationship between CSA content and ductility 
seems not clear both in case of LL and LUN beams. In case of LUN beams 
(Fig. 8a), higher ductility was obtained for LUN-100 mixture, while the 
lowest performance was observed in case of LUN-OPC. Referring to LL 
beams (Fig. 8b) a significant ductility increase was obtained for LL-50/ 
50, while the remaining mixtures provide comparable values of μ. No 
clear information is obtained comparing LUN to LL beams performance, 
since exposure time increased the ductility in case of OPC, OPC+ and 
50/50 mixture, while a ductility decrease was observed for 70/30 and 
100 mixtures. 

3.4. Flexural behaviour at short and long-term 

A comparison between the load-mid-span deflection response of LL 
and LUN is provided in Figs. 9, 10, 11 for each mixture considered. 
Additionally, the short term behaviour of virtually identical beams 
tested by Colonna et al. [23] is also included in the charts (SL beams), to 
provide a comprehensive evaluation of the flexural response. This 
comparison aims to examine the influence of the environmental and in- 
life service conditions on the flexural behaviour of such elements. 

Close results were observed comparing the flexural response at short 
term (SL) to that at long-term in unloaded conditions (LUN). On the 
other hand, lower Fm and μ values were obtained for SL beams for almost 
all the mixtures analysed. In the case of OPC, OPC+ and 70/30 mixture 
(Figs. 9a,b and 10a, respectively) long-term loading caused lower elastic 
stiffness in LL beams compared to LUN and SL, as consequence of 
cracking and creep effect. On the other hand, the opposite trend is 
observed in case 50/50 and 100 mixtures (Figs. 10b and 11, respec-
tively). This result may suggest to test-to-test variability. 

The behaviour of blended OPC/CSA concrete specimens highlights 
that a combination of these two types of binder leads to a reduction of 
RC elements’ performance compared to OPC in case of low amount of 
CSA, while a sensible increase of the performance may be obtained for a 
higher CSA content. Concluding, CSA amount equal or higher than 50%, 
generally leads to a positive influence on the long-term behaviour, 
caused by both the lower creep deformation and drying shrinkage of the 
concrete matrix (Fig. 1). 

It is worth noting that in the case of 50/50 mixture, a significantly 
lower performance in terms of maximum strength and ductility was 
obtained for SL beams comparing to all the remaining analysed cases 
(Fig. 10b). Further investigation is required to provide a clear expla-
nation to this result, although it is not necessarily related to the influ-
ence of the mixture and could be caused by specimen’s imperfections. 

An analytical simulation of four point bending tests was also per-

Table 5 
Experimental results referred to four-point bending tests.  

Specimen Fy [kN] δy [mm] Fmax [kN] δmax [mm] Kel [kN/mm] μ εs εc 

LL-OPC  83.90  25.04  93.50  59.92  3.35  2.39  2.4%  3.8‰ 
LL-OPC+ 84.30  22.05  98.90  57.29  3.82  2.60  2.1%  3.2‰ 
LL-70/30  82.80  28.73  97.10  63.39  2.88  2.21  2.3%  3.1‰ 
LL-50/50  83.40  18.81  100.70  58.95  4.43  3.13  2.5%  3.2‰ 
LL-100  86.10  17.18  100.10  43.92  5.01  2.56  –  – 
LUN-OPC  88.00  22.45  95.40  44.39  3.92  1.98  2.3  3.4‰ 
LUN-OPC+ 89.40  23.37  99.70  56.09  3.82  2.40  1.8%  3.3‰ 
LUN-70/30  90.40  23.91  98.60  54.99  3.78  2.30  2.0%  4.1‰ 
LUN-50/50  90.70  23.80  100.50  51.02  3.81  2.14  2.2%  3.4‰ 
LUN-100  88.70  22.93  100.40  63.01  3.87  2.75  1.7%  3.5‰  

Fig. 7. Failure mechanism for LL Beams.  
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formed, whose results are included in Figs. 9, 10, 11. In the analytical 
model, the load–deflection response was computed based on a trilinear 
piecewise moment–curvature relationship of the cross-section of the 
beam. The points of the piecewise curve were defined by computing the 
resisting moment and the corresponding curvature referred to first 
cracking, longitudinal bars yielding and ultimate flexural strength, 
respectively. For each performance level, the internal forces along the 
cross section were computed considering a fiber approach to define the 
depth of the neutral axis, assuming elastic-perfectly plastic behaviour for 
both reinforcing steel and concrete in compression. The length of the 

plastic hinge considered to obtain load–deflection response from the 
moment–curvature response was assumed equal to the constant bending 
moment region of the beam. The analytical results are provided both 
neglecting and considering long-term creep effects (An_no creep and 
An_creep, respectively). In the second case, well-known analytical for-
mulations reported in Model Code 10 [34] are employed to compute 
both compressive strength and Young’s modulus at time t (fcm,t and Ecm, 

t, respectively): 

fcm,t = fcm,28 • βc,sus(t, t0) (1) 

Fig. 8. Force-displacement curves obtained for (a) LUN and (b) LL beams.  

Fig. 9. Comparison between LL, LUN and SL response along with analytical curves for beams with (a) OPC and (b) OPC+ mixtures.  

Fig. 10. Comparison between LL, LUN and SL response along with analytical curves for beams with (a) 70/30 and (b) 50/50 mixtures.  

M. Leone et al.                                                                                                                                                                                                                                  



Engineering Structures 292 (2023) 116585

9

Ecm,t =
Ecm,28

φ(t, t0)
(2) 

In Eqs. (1) and (2), fcm,28 and Ecm,28 are the mean compressive 
strength and Young’s modulus at 28 days, and βc,sus is a reduction co-
efficient accounting for the effects of sustained loads. Additionally, φ is 
the creep coefficient, depending on compressive strength of concrete 
and relative humidity. For almost all the specimens, a satisfactory 
matching between analytical and experimental curves was obtained, 
particularly in case of LL-OPC. This specific result was expected, because 
analytical formulations adopted are referred to OPC elements. Analyt-
ical long-term effects were negligible for blended OPC/CSA beams, 
probably due to the high value of concrete compressive strength 
measured for these cases. In fact, the influence of creep reduces as the 
compressive strength increases, according to the analytical formulation 
provided in Model Code 10 [34]. This aspect led to a noticeable 
mismatch between analytical and experimental curves in case of LL-70/ 
30 (Fig. 10a) beam in terms of elastic stiffness. Lastly, an overestimation 
of the ultimate displacement capacity was obtained in case of 50/50 and 
100CSA beams (Figs. 10b and 11), probably caused by incorrect blind- 
estimation of concrete ultimate strain. In fact, higher compressive 
strength was obtained for such mixtures, which may lead to brittle 
behaviour in compression. This result could suggest that further inves-
tigation is required to analyse long-term response of RC beams with high 
content of CSA binder, because existing analytical formulations may not 
provide conservative results. 

A summary of the test results obtained in terms of yielding strength, 

maximum strength, elastic stiffness and ductility is provided in Figs. 12 
and 13. Referring to Fy, no significant difference between the mixtures 
analysed is observed, although a general reduction was obtained 
comparing LUN/SL to LL beams (Fig. 12a). A similar result was obtained 
for Fm (Fig. 12b), even though higher values were observed comparing 
exposed beams (both LL and LUN) to un-exposed beams. The only 
exception regards 100CSA mixture, for which the highest Fm value was 
obtained for SL beams. As a general statement, close Fm values were 
obtained comparing SL, LUN and LL response for all the mixtures ana-
lysed. This outcome suggests a low influence of the CSA content (or 
cement type) on the flexural strength. 

Different observations regard elastic stiffness (Fig. 13a). Despite, for 
SL and LUN beams, no noticeable difference was observed comparing all 
the specimens, significantly higher elastic stiffness was obtained for LL- 
50/50 and LL-100 compared to the other beams. Additionally, LL-70/30 
features lower stiffness with respect to all the remaining cases, due to 
higher creep. 

Fig. 13b reports the ductility values computed for each beam. Both 
service loads and exposure time increased the value of μ for all consid-
ered specimens. This result is due to the higher δmax, which may be 
related to the greater strain capacity of concrete when creep occurs. 

It is worth noting the significantly different response obtained 
comparing SL, LUN and LL, in the case of C50/50. This specific outcome 
requires a contextualization, since the higher ductility obtained for LL is 
the result of its lower yielding strength and higher elastic stiffness 
compared to SL and LUN. Additionally, anomalous flexural response was 
obtained for SL, which led to a major reduction of the ultimate 
deformation. 

3.5. Cracking pattern development during four-point bending tests 

Cracking patterns detected in the constant bending moment region of 
the beams during the four-point bending tests are provided in Table 6. 
The crack widening and number was monitored at four load steps, 
namely 10, 20, 40 and 50 kN. The average values measured among all 
the detected cracks are provided for each step, along with the Coefficient 
of Variation (CoV). Additionally, the difference between crack width 
measured at 10 and 50 kN (Δ10-50) is provided. As expected, signifi-
cantly higher values of crack width were obtained for LL beams, since 
the presence of service load during the exposure period led to crack 
generation. This feature justifies the higher increase of crack width in 
case of LUN beams compared to LL beams during the four-point bending 
tests. Similar values of Δ10-50 were obtained for all the considered 
beams, suggesting that the increase of the crack width up to structural 
failure is not sensibly influenced by the binder type and long-term 
loading. 

A comparison of the crack development in the constant bending 
moment region of the beam, between SL, LUN and LL beams, is provided 

Fig. 11. Comparison between LL, LUN and SL response along with analytical 
curves for beams with 100CSA mixture. 

Fig. 12. Comparison between (a) Fy and (b) Fm values obtained over all tested beams.  
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Fig. 13. Comparison between (a) Kel and (b) μ values obtained over all tested beams.  

Table 6 
Crack pattern in the constant bending moment region.  

Beam ID F [kN] n. w [mm] (CoV) Δ10-50 Beam ID F [kN] n. w [mm] (CoV) Δ 10-50 

LL-OPC 10 9 0.115 (0.16) 0.11 LUN-OPC 10 3 0.031 (0.22) 0.13 
20 9 0.136 (0.13) 20 3 0.054 (0.24) 
40 9 0.202 (0.12) 40 8 0.126 (0.16) 
50 9 0.229 (0.13) 50 8 0.165 (0.12)  

LL-OPC+ 10 6 0.159 (0.11) 0.15 LUN -OPC+ 10 4 0.052 (0.20) 0.12 
20 6 0.201 (0.11) 20 7 0.081 (0.14) 
40 6 0.269 (0.13) 40 8 0.139 (0.14) 
50 6 0.306 (0.11) 50 8 0.176 (0.11)  

LL-70/30 10 8 0.142 (0.17) 0.13  LUN − 70/30  10 3 0.044 (0.2) 0.15 
20 8 0.163 (0.14) 20 7 0.074 (0.18) 
40 8 0.240 (0.13) 40 7 0.160 (0.14) 
50 8 0.268 (0.12) 50 7 0.195 (0.11)  

LL-50/50 10 7 0.151 (0.11) 0.13  LUN − 50/50  10 4 0.040 (0.23) 0.10 
20 7 0.167 (0.13) 20 8 0.066 (0.18) 
40 7 0.230 (0.12) 40 8 0.118 (0.15) 
50 7 0.277 (0.11) 50 9 0.139 (0.13)  

LL-100 10 8 0.155 (0.16) 0.07  LUN − 100  10 2 0.039 (0.31) 0.15 
20 8 0.181 (0.15) 20 7 0.067 (0.17) 
40 8 0.204 (0.13) 40 7 0.144 (0.13) 
50 8 0.229 (0.10) 50 7 0.185 (0.11)  

Fig. 14. Comparison between LL, LUN and SL crack widening at mid-span for beams with (a) OPC and (b) OPC + mixtures.  
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for each mixture in Figs. 14, 15, 16. The curves report the values of 
average crack measured for each of the four load steps, along with the 
standard deviation. A significant difference is obtained comparing LL 
beams to SL and LUN beams, consistently with the results referred to 
Load-displacement response. This outcome highlights the high influence 
of creep on the flexural response of the beams, regardless of the binder 
mixture adopted for concrete. Additionally, similar curve slopes were 
obtained comparing SL, LUN and LL for almost all the considered binder 
mixtures. Also in this case, 100CSA mixture represents the only excep-
tion, since the slope of the curve referred to LL beam is significantly 
lower than that obtained for SL and LUN, consistently with the higher 
value of crack width at the end of the exposure period. However, further 
investigation is required on this mixture to assess whether this outcome 
could be related to test-to-test variability. 

The highest difference between SL and LL average crack width at 50 
kN was observed in OPC+ beams (85.0%), while closer values were 
obtained comparing SL-OPC to LL-OPC (22.0%). It is worth noting the 
difference between OPC and OPC+ mixture. In fact, significantly higher 
crack width values were observed in case of OPC+ comparing LL to SL/ 
LUN beams response, while relatively close values were obtained in case 
of OPC. Additionally, LUN and SL beams feature almost the same 
response in case of OPC+ (1.6%-21.3% scatter). Referring to OPC/CSA 
mixtures, 70/30 beams feature higher mid-span crack width compared 
to 50/50 and 100CSA beams in case of un-loaded condition. Addition-
ally, similar response was obtained comparing LUN-70/30 to SL-70/30, 
as observed for OPC beams. 

4. Conclusions 

The need of finding green solutions for reducing the environmental 
impact of construction industry has been continuously evidenced during 
last years. Therefore, investigation on state-of-art materials aimed at 
assessing their reliability for structural applications is still required. The 
tests performed and discussed in this study were aimed at filling the lack 
of knowledge on reinforced concrete elements realized using calcium 
sulfoaluminate binder, focusing on long-term response. The main results 
of this work are listed in the following: 

– A noticeable influence of long-term effects on the mid-span deflec-
tion of the beams was observed both in case of ordinary Portland 
cement and calcium sulfoaluminate binder. For low percentage of 
calcium sulfoaluminate in binder, a significantly higher deflection 
was observed compared to the remaining beams, while the lowest 
deformation was obtained for plain calcium sulfoaluminate in 
binder.  

– A more homogeneous distribution of cracks was observed in case of 
plain Portland cement beams, featuring a higher number of cracks 
and lower value of average crack width. This result may suggest that 
a lower ductility could be obtained for beams realized with blended 
calcium sulfoaluminate/Portland binder.  

– The non-linear force–displacement response obtained through four- 
point bending tests showed an almost identical response in case of 
unloaded beams for all the binder types analysed, while a significant 
difference was observed in case of loaded beams. Additionally, a 
negligible effect of the binder type on the elastic stiffness was 
observed comparing unloaded and short-term loaded beams.  

– In case of long-term loaded beams, a different fashion was detected. 
Lower amount of calcium sulfoaluminate in binder led to lower pre- 
yielding stiffness compared to all the remaining beams. On the other 
hand, higher content of calcium sulfoaluminate increased flexural 
stiffness also compared to ordinary Portland cement. This result 
suggests that concrete creep could be more relevant for blended 
concrete system with low calcium sulfoaluminate content.  

– The analytical simulation of the non-linear response of the beams 
showed a satisfactory matching between experimental and analytical 
results, suggesting the reliability of existing formulations also for 
elements realized using calcium sulfoaluminate binder. On the other 
hand, the significant increase of compressive strength for such type 
of binder leads to hardships in simulating long-term effects (e.g. 
creep) using existing analytical models. 

The results obtained herein confirm calcium sulfoaluminate binder 
being a reliable material for structural applications, showing high 
strength and stiffness at short-term and similar long-term response 

Fig. 15. Comparison between LL, LUN and SL crack widening at mid-span for beams with (a) 70/30 and (b) 50/50 mixtures.  

Fig. 16. Comparison between LL, LUN and SL crack widening at mid-span for 
beams with 100CSA mixture. 
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compared to ordinary Portland cement elements. On the other hand, the 
anomalous response obtained in case of low amount of calcium sulfoa-
luminate in binder may suggest the accurate design of the ordinary 
Portland/calcium sulfoaluminate ratio being an aspect of concern. 
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