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A B S T R A C T   

Superabsorbent polymers (SAPs) efficiently reduce total shrinkage and cracking susceptibility of fibre reinforced 
mortars (FRM). This paper discusses the effects of SAPs on the microstructure and mechanical properties of FRM 
containing fly ash (FA) and ground granulated blast-furnace slag (GGBS) during a period of 180 days. Three types 
of cement including CEM I, CEM II/B-V and CEM III/A and three types of SAP with different chemical compo-
sitions and particle gradings were studied. The paper argues SAP’s contribution to hydration of FA and GGBS and 
a subsequent deposition of these products on the fibres surface and in pores below 20 nm diameter. The analysis 
confirmed that SAPs provide additional water for hydration (internal curing) but also a required space for later 
hydration products (additional refilling of collapsed SAPs), resulting in more homogenous internal microstruc-
ture. This improvement is more prominent in mortars containing finer SAP (around 80 μm), which can facilitate 
strength recovery of up to 50%. The strength recovering process in FRM-SCM samples is boosted after the 2nd 
week, and is more dominant for samples containing CEM III/A.   

1. Introduction 

Microstructural development in cementitious composites is strongly 
dependent on type of binder used and a lifespan exposure to environ-
mental conditions. In particular, the use of supplementary cementitious 
materials (SCM) such as fly ash (FA) or ground granulated blast-furnace 
slag (GGBS), has an important impact on hydration kinetics and subse-
quent strength development [1,2]. This is due to their physical effects 
(filler effect) and chemical reactions (dissolution-precipitation mecha-
nism) [3,4]. In SCM-blended cements, both hydration of Portland 
cement (PC) and pozzolanic or hydraulic reaction of SCMs (although 
slightly delayed) occur simultaneously. However, their phases assem-
blage and composition of C–S–H in hydrated mixtures may significantly 
differ from pure PC based mixes. The SCMs reactivity is governed by 
numerous intrinsic and extrinsic parameters such as chemistry of cement 
and SCMs, fineness, Portland composite systems, water-to-binder ratio 
(w/b), SCMs replacement level, pH and temperature [5–7]. 

In general, the slow initial reactions of SCMs result in increased total 
porosities [4,8] and consequently, compromised mechanical properties 
of concrete [8–10]. The application of GGBS in concrete can lead to 

higher total porosity due to hydraulic activity of GGBS and decrease of 
the total volume of hydrates formed [8]; the total porosity increases with 
increasing proportion of GGBS [3,11–13]. On the other hand, lower 
porosity of concrete containing FA was reported for FA with finer par-
ticle size and higher calcium content [14]. 

Another controversial issue, which concerns the reaction of blended 
cements, is availability of space. The reaction of SCMs (at later stages) 
can be limited due to a lack of water-filled capillary pores, already filled 
by early products of PC hydration [13,15]. This is more prominent for 
high replacement levels of SCMs. Berodier and Scrivener [15] noted that 
GGBS is more reactive than FA and contributes to reduction of porosity 
and to suppression of reaction of clinker phases. 

As widely documented [16–18], incorporation of fibres into 
cementitious matrix can effectively improve tensile strength and miti-
gate early-age cracking. Polymeric fibres (PF) as a strengthening mate-
rial can provide anchoring effects due to deformations, ductility and 
ease of dispersal. However, the addition of this fibre introduces air voids 
and more pores [35,36], which may compromise compressive strength. 
Moreover, fibre reinforced mortars (FRM) containing SCMs may still 
suffer from volumetric changes resulting from shrinkage in concrete, 
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which negatively affects durability of structures [37]. 
In order to mitigate limitations of fibre reinforced mortars containing 

SCM (FRM-SCM), an internal curing agent such as superabsorbent 
polymers (SAPs) can be used. SAPs are natural or synthetic water 
insoluble three-dimensional networks of polymeric chains, with the 
ability to absorb aqueous fluids from the environment [38–42]. In 
concrete industry the most remarkable successes of SAPs have been in 
mitigation of autogenous shrinkage [37–40,42], plastic shrinkage [37, 
38,43], enhancing freezing and thawing resistance [44,45], self-sealing 
[46] and self-healing [47]. In the context of FRM-SCM, SAPs are able to 
reduce up to 75% of plastic shrinkage and 124% of autogenous 
shrinkage, resulting in lower cracking susceptibility [37]. Moreover, 
SAPs can facilitate hydration process by controlling water supply and 
hence densify microstructure of plain PC composites [42]. Table 1 
outlines the most past research on combination of SAPs and fibres. 

Although many studies have shown the success of using PF and SAP 
in conjunction, there is still a lack of consensus on the microstructural 
alterations by SAP in matrices modified by SCM and PF in advanced ages 
(over 90 days). SAP effectiveness depends not only on its intrinsic 
characteristics (shape, size, crosslinking density, chemical structure and 
composition), but also on the ionic concentration of the surrounding 
pore solution [37,48,49]. Moreover, it was noted that there is a scarcity 
of information on the correlation between microstructure and me-
chanical properties of SAP mortars reinforced with fibres containing 
SCMs. 

Therefore, the main objective of this study was to assess the effect of 
SAP on long term hydration and to evaluate resulting microstructure and 
strength development in FRM-SCM. This paper is part of a wider 
investigation on reduction of shrinkage by SAP in fibre reinforced 
mortars containing SCMs [37]. The studied SAPs had different chemical 
compositions and particle grading. The paper presents analysis of SAPs 
impacts on mortars during the first 180 days. Three commercially 
available cements (CEM I, CEM II/B-V and CEM III/A) were used in this 
investigation. 

2. Methodology 

2.1. Materials 

Three types of commercial cement have been used including: CEM I 
52.5N (PC), CEM II/B-V 32.5R (PC-FA), and CEM III/A 42.5N (PC- 
GGBS) (BS EN 197-1: [50]). The SCM contents, particles size range and 
chemical characteristics of cements provided by the manufacturers are 
presented in Table 2. 

Three types of cross-linked Superabsorbent polymers (named here: 
A, C and E), were used in this study. The properties of SAPs presented in 
Table 3 were obtained according to current technical recommendations 
[51,52]. 

Water absorption capacities (WAC) of SAPs in cement paste solutions 
were evaluated by the tea-bag method [51–54]. Shapes and sizes of SAPs 
particles and Fibres were analyzed by the SEM technique (Fig. 1). The 
micro polypropylene fibres used in this study had length of 6 mm, 
diameter of 18 μm and density of 0.91 kg/dm3. Fine sand contained at 
least 90% of particles sizes below 0.6 mm [55] (Fig. 2). 

2.2. Mixes design 

Fifteen different compositions were prepared with binder: sand ratio 
1:2 (by weight). Table 4 shows the mix proportions of materials and air 
content of mortars in the fresh state. 

In order to obtain similar consistencies of plastic mortars total water/ 
binder ratios have been adjusted to achieve flow values in the range of 
140 ± 2 mm [56]. The effective water/binder ratio of (0.47) was based 
on adopted concepts of water bound by cement hydration [57]. The 
additional water is the amount of water absorbed by the SAPs [58]. SAPs 
were added to the mix in the proportions of 0.25 m% by mass of binder. 

Table 1 
Recent studies in using of SAPs and fibres.  

Refs. Materials Methods Main findings 

[19] High-performance 
concrete with: CEM I, 
Fly ash, silica sand, 
SAP, Polypropylene 
fibers. 

Fire tests SAP can reduce fire 
spalling in thinwalled 
HPSCC slabs. 

[20] Mortar mixtures with: 
CEM II, Fly ash, SAP, 
polyvinyl alcohol 
fibres. 

Self-healing by Four- 
point-bending test 

SAPs with microfibres 
can lead to self- 
healing of cracks. 

[21] PVA-SHCC with: 
Portland cement, Fly 
ash, SAP, silica sand 
and PVA fibers. 

Compressive, flexural 
and 
direct tensile tests 

SAP within 1% can 
improve hardened 
properties of PVA- 
SHCC. 

[22] Fiber reinforced 
concrete with: SAP, 
polyethylene (PE), 
polypropylene (PP), 
polyvinyl alcohol 
(PVA) fibers . 

Review SAPs can help for self- 
healing and self- 
sealing of Fiber 
reinforced concrete. 

[23] Engineered 
Cementitious 
Composite (ECC) with: 
Portland cement, SAP, 
and Polyvinyl Alcohol 
(PVA) Fibers. 

mechanical properties 
of ECC 

SAPs can help for self- 
healing of Engineered 
Cementitious 
Composite (ECC). 

[24] Fiber reinforced 
concrete with: CEM I, 
Class F fly ash, SAP, 
and Polyvinyl Alcohol 
(PVA) Fibers. 

Four-Point Bending SAPs can promote 
self-healing. 

[25] Strain hardening 
cement composites 
(SHCC) with: CEM II, 
fly ash, SAP, and PVA- 
Kuralon fibres. 

The rheological, 
tribological and 
pumpability 
measurements 

SAPs lead to higher 
values of µ and 
ζ0 despite the 
desorption behavior 
observed in extracted 
cement pore solution. 

[26] Mortar with: CEM I, fly 
ash, SAP, and PVA 
microfibers. 

Drop-weight (impact) 
test 

SAPs can increase 
subsequent healing. 

[27] Mortar with: CEM I, 
SAP, and 
Polypropylene (PP) 
fibres. 

Compressive strength, 
modulus of elasticity 
and flexural strength 

SAP with PP fibre can 
improve the 
mechanical 
properties of mortars. 

[28] Mortar with: CEM I, 
SAP, and PVA and Steel 
fibers. 

comparing 
autogenous and bio- 
based self-healing in 
concrete 

SAP can enhance self- 
healing and 
durability. 

[29] Strain-hardening 
cement composites 
(SHCC) with: CEM I, fly 
ash, Microsilica sand 
(MS), SAP, and 
Polyvinyl Alcohol 
(PVA) Fibers. 

Mechanical testing The addition of 1% 
SAP can improve the 
mechanical 
properties of SHCCs. 

[30] Cementitious mixtures 
with: CEM I, fly ash 
(FA) (Class F), SAP, and 
PVA and Steel fibers. 

Four-Point-Bending 
Test 

SAPs can promote 
autogenous healing 
and improve the 
overall ductility. 

[31] Mortar with: CEM I, fly 
ash (FA) (Class F), fine 
silica sand, SAP, and 
PVA microfibers. 

four-point bending 
and the microscopic 
analysis 

SAPs can enhance the 
water permeability 
and self-healing and 
self-sealing. 

[32] Mortar with: CEM I, fly 
ash, limestone 
aggregates, SAP, Basalt 
fibers. 

(four-point bending) 
and the translucent 
property 

SAPs can promot self- 
healing and regain in 
mechanical 
properties. 

[33] Concrete with: CEM I, 
fly ash (FA) (Class F), 
silica sand, SAP, PVA 
microfibers and glass 
fibers. 

Mechanical 
properties, 
Autogenous shrinkage 
test, Rapid chloride 
migration (RCM) test 
and SEM 

SAP and basalt fibers 
can promote the crack 
resistance and service 
life of the concrete 
pavement. 

[34] Ultra high performance 
concrete (UHPC) with: 

Review SAP can increase 
workability of UHPC. 

(continued on next page) 
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Fibres were added in 0.50 m% by mass of binder, which correspond to 
1.7 v% by volume of binder (for reference sample IF, this dosage 
correspond to 3.12 kg/m3). 

2.3. Testing methods 

Microstructural features and mechanical properties were evaluated 
after unsealed curing in laboratory environment (T=21±2%◦C and 
RH=40±5%) at 7, 14, 28, 90 and 180 days. 

Microstructural characteristics of mortars were assessed in terms of 
total porosity and pore size distribution (PSD) by the Mercury Intrusion 
Porosimetry (MIP). Scanning Electron Microscopy linked to the Energy 
Dispersive X-ray spectrometer (SEM-EDX) techniques was also used to 
characterize typical macro pores and elemental chemical composition. 

Flexural and compressive strengths of the mortars were tested ac-
cording to BS EN1015-11 [59]. At least three 40 × 40 × 160 mm3 prisms 
were analyzed for each mixture and age. 

3. Results and analysis 

3.1. Microstructural features 

Fig. 3 shows the results of total porosities from the MIP 

measurements. The incorporation of fibre and SAPs increased total po-
rosities of mortars regardless the type of cement. The reference samples 
(without fibre and SAP) had the lowest total porosities over time. The 
samples with CEM III/A had the highest total porosities followed by 
CEM I and CEM II/B-V samples. This pattern can be explained, firstly, by 
the reduced amount of PC (partial substitution by GGBS) and by a 
decreased total volume of hydrates formed. And secondly, by a low 
water/binder ratio used in CEM II/B-V mortars. With the progress of 
hydration (after 14 days) total porosities of SAP samples increased by 
approximately 8% (compared to 7 days) and then, after 28 days total 
porosities decreased, reaching the minimum values at 180 days. 

Fig. 3 also presents clear trends of increased total porosities by 
addition of PF due to their large contact surface, which in turn reduces 
the amount of paste that is deposited around each fibre (Fig. 4a, b). 
Furthermore, the non-uniformly distributed fibres and clusters of 
interwoven fibres in cementitious matrices can break the C–S–H gel 
structure and increase total porosity (Fig. 4c, d). 

Increased total porosities were mainly observed in mortars contain-
ing SAPs (Fig. 3). This was particularly evident in samples with SAP C 
with intermediate WAC and larger particle sizes, which resulted in for-
mation of larger capillary pores. It was also found that SAP E, with 
similar composition to SAP C, but finer particle sizes and higher WAC, 
had the lowest values of total porosity, especially at later ages. It appears 
that SAP particle sizes notably altered mortars microstructure and total 
porosities patterns. 

Different pore size distributions in studied FRMs are shown in 
Figs. 5–7, where several peaks corresponding to the predominant pore 
diameters were identified. SAP-free reference mortars (Fig. 5) had pre-
dominant sizes between 5 and 500 nm and peaks around 80 nm, 90 nm 
and 400 nm respectively for CEM I, CEM II/B-V and CEM III/A (orange 
dashed line). As mentioned before, application of PF led to enlargement 
of pores, i.e., from 90 nm to 100 nm for FA and 400 nm to 900 nm for 
GGBS (orange arrows). In all FRM containing SCM, a bimodal PSD 
pattern with two dominant size ranges can be identified: 10–100 nm and 
200–800 nm for samples containing FA, and 200–700 nm and below 50 
nm for GGBS (blue shaded area). The higher porosity in SCM samples is 
due to the slow reaction of SCMs. Furthermore, the filler effect of SCMs 
(FA and GGBS) can produce finer capillaries in matrix. However, the 
different water demands are responsible for the presence of higher 
porosity of CEM III/A when compared to CEM II/B-V. On the other hand, 
greater water demand in mixes containing GGBS and higher availability 
of water, promote formation of denser network of C-S-H, with the pre-
dominance of pores under 50 nm of diameter [60]. 

Addition of SAPs results in increased total porosities of mortars with 
pores greater than 500 nm, which were formed after collapsing of SAPs 
(Figs. 6 and 7). The largest pores were recorded for the polymer with 
higher WAC (red arrow). In early hydration stage, SAP mortars had a 
similar bimodal PSD pattern compared to the SAP-free samples. How-
ever, at 28 days, the number of smaller pores (≤ 20 nm) in SAP mortars 
was reduced; while in the reference sample, this amount has not 
changed over time. 

A similar tendency of increased pore size distributions by SAPs was 
observed in FRM containing SCM (Figs. 6 and 7). 

During the first 14 days, both total porosities and sizes of pores 
significantly increased. With the progress of hydration (after the 2nd 
week), the initial high porosity decreased and noticeable differences in 
height of peaks were observed, especially for small pores (≤ 20 nm). 
This is attributed to the collapse of polymer’s networks, which lead to 
enhancement of degree of reaction of SCMs as new products have been 
formed. The most noticeable change of pore size distribution was 
recorded in CEMII/B-V samples, indicating a significant contribution of 
pozzolanic reaction [37]. This effect is more evident in SAP E samples 
(black arrows in Fig. 6); clearly defined minimum peaks corresponded to 
decreased volume of pores with sizes 10-80 nm and 200–400 nm. Thus, 
collapsing SAPs leave behind pores with sizes depending on WAC and 
particles size of polymer (Figs. 6 and 7). Mortars containing SAP C had 

Table 1 (continued ) 

Refs. Materials Methods Main findings 

ordinary Portland 
cement, silica fume, 
SAP, polypropylene 
and steel fibers.  

Table 2 
Physical and chemical analysis of CEM I, CEM II/B-V and CEM III/A.   

CEM I CEM II/B-V CEM III/A 

SCM content (%) - 30% FA 50% GGBS 
Particles size mode (µm) 44.01± 1.47 45.02 ± 0.59 39.80± 0.63 
CaO (%) 64.3 43.48 57.13 
SiO2 (%) 20.10 32.69 24.50 
Al2O3 (%) 4.99 13.13 8.99 
MgO (%) 2.19 1.33 5.33 
Fe2O3 (%) 2.57 3.29 1.76 
K2O (%) 0.27 1.26 - 
SO3 (%) 3.20 4.11 0.00 
TiO2 (%) - 0.56 0.58 
ZnO (%) - 0.02 - 
Loss on ignition 2.39 0.16 1.19  

Table 3 
General characteristics of studied SAPs.  

SAP type SAP A SAP C SAP E 

Elementary 
molecular 
structure 

copolymer of 
acrylamide and 
acrylic acid 

modified 
polyacrylamide2 

modified 
polyacrylamide2 

Particles size 
(μm) 

30-1403 30-1403 10-130 

Modes values 
(μm) 

102.51± 0.43 95.19± 0.44 76.74 ± 0.22 

WAC1 CEM I 
Solutions 

34 g/g 36 g/g 40 g/g 

WAC1 CEM II/B- 
V Solutions 

33 g/g 37 g/g 46 g/g 

WAC1 CEM III/A 
Solutions 

25 g/g 33 g/g 40 g/g  

1 WAC: water absorption capacity. 
2 similar chemical compositions. 
3 similar gradings. 
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larger capillaries resulting in higher total porosity (Fig. 6). This is related 
to faster kinetics of water absorption by SAP C and a dilution effect of 
blended cements ions by the presence of solid particles (sand) in the mix. 
The collapse of SAP C took place during the first two weeks of hydration 
and formed large pores, which could not be later refilled with hydration 
products due to lack of water. 

Fig. 8 shows SEM micrographs depicting characteristic microstruc-
tural features of FRM at 28 days. The absorption potential of SAPs can be 
determined by SAP pores partially filled with hydration products. The 
voids displayed on the scanned sections show an impact on increased 
surface roughness [60,61]. 

The first set of micrographs (Fig. 8a–c) shows a clear contrast be-
tween pores (100–300 µm) and concaves in all SAP matrices. Larger 
voids can be easily identified in samples with SAP C followed by SAP A 
and E. 

The large macro pores (>50 nm) observed in all SAP samples 
contributed to the increased total porosities of mortars. Samples with 
SAP C have larger macro pores, especially with cements containing 

GGBS. These macro pores had diameters in the range of 270 ± 50 µm, 
210± 35 µm and 325 ± 42 µm respectively for CEM I, CEM II/B-V and 
CEM III/A. 

The second set of SEM images (Fig. 8c–e) displays polymeric fibres 
(PF) in 28 days samples containing SAP. Relevant changes in the hy-
dration products and profile/texture roughness have been clearly 
identified on surfaces of PF when compared to the samples without SAP 
(Fig. 4a, b). This is attributed to better wettability of PF by additional 
water supplied by SAP and the presence of large CH crystals at the in-
terfaces. PF act as nucleation sites for secondary hydration products 
from FA and GGBS reactions. This enhanced bonding between fibres and 
cement paste results in improved mechanical properties and reduced 
shrinkage [37]. 

3.2. Microstructural features 

Figs. 9 and 10 show the results of flexural and compressive strengths 
development for all samples. 

Fig. 1. SEM micrographs of SAPs and Fibre.  

Fig. 2. SEM micrograph and Particle size distribution of sand.  
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Table 4 
Mix proportion of materials and mortars characterization.  

Cement Sample Name SAPtype m%SAP v%PF (w/b)effectiveratio (w/b)total ratio Air content [%]  

I - - - 0.47 0.47 7.2  
IF - - 1.7 0.47 0.52 7.5 

CEM I IF-A A 0.25 1.7 0.47 0.58 8.0  
IF-C 
IF-E 

C 
E 

0.25 
0.25 

1.7 
1.7 

0.47 
0.47 

0.58 
0.58 

7.8 
7.6          

II - - - 0.47 0.45 6.3  
IIF - - 1.7 0.47 0.50 6.5 

CEM II/B-V IIF-A A 0.25 1.7 0.47 0.56 7.0  
IIF-C C 0.25 1.7 0.47 0.56 6.8  
IIF-E E 0.25 1.7 0.47 0.56 6.6          

III - - - 0.47 0.47 7.3  
IIIF - - 1.7 0.47 0.52 7.6 

CEM III/A IIIF-A A 0.25 1.7 0.47 0.58 8.5  
IIIF-C C 0.25 1.7 0.47 0.58 8.2  
IIIF-E E 0.25 1.7 0.47 0.58 7.9  

Fig. 3. Results of total porosity by MIP.  

Fig. 4. SEM micrographs of polypropylene fibre in mortars at 28 days.  
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As anticipated all SAPs had a negative effect on strength develop-
ment at early age because of the formation of “extra” pores after 
collapsing of SAP [62,63]. Reduction of compressive strength during the 
first 14 days depends predominantly on particle sizes. Larger particles 
lead to larger pores and hence greater reduction of strength. Although 
all SAPs lowered strength at early ages (7 days), this negative effect was 
significantly minimised at later ages (180 days). SAP E with smaller 
particle sizes was more effective in improving strength by nearly 50% at 
180 days (Fig. 11a). In the case of SAP with larger particles (SAP C), only 
30% of the initial strength could be achieved. These results shown in 
Fig. 10a were calculated according to Eq. (1). 

Percentage of initial strength at 180 days (%) =
sSAP180 − sPF7

sPF7
× 100% (1) 

Where, SSAP180 is the compressive strength of SAP mortars at 180 
days, and SPF7 is the compressive strength of PF mortars (without SAP) at 

7 days. 
Moreover, the progress of strength recovering in FRM-SCM samples 

is boosted after the 2nd week and it is more evident in SAP E samples 
with GGBS (90 and 180 days) (Fig. 11b). The percentages of these 
strength recovery were calculated in relation to the respective reference 
samples without SAP E (i.e., IF, IIF and IIIF) using Eq. (2). 

Percentage of initial strength of SAP E (%) =
sSAP− E

sPF
× 100% (2) 

Where SSAP-E and SPF are respectively compressive strength of SAP E 
mortars and PF mortars (without SAP) at different ages. 

3.3. Relationships between strength and porosity 

Table 5 shows regression predictions (trendlines) obtained from the 
values of total porosity and compressive strength, measured at different 

Fig. 5. Pore size distributions (by MIP) of reference mortars (without SAP).  
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ages (Fig. 12). 
Conceptually, an ordinary cementitious composite (i.e., reference 

samples) is expected to have an approximation by a linear function, 
where the lower porosity results in higher compressive strength. How-
ever, a regression by quadratic function showed to be the best fit for all 
SAP samples. Indeed, the difference of R2 values between linear and 
quadratic functions was significantly higher when compared to their 
respective reference samples (bold values in Table 5). 

As expected, an increased porosity in SAP samples resulted in 
decreased mechanical strength at early ages (up to 14 days). This is 
related to the swelling of SAPs and their subsequent collapse (water 
release). The highest results of compressive strength were obtained for 
mortars with SAP E, especially in advanced ages (after 90 days). A 
similar pattern has been observed in compressive strength values for 
samples modified by SAPs. However, the gradients of the functions for 
CEM II-SAPs samples were higher (Fig. 11). This is more pronounced for 
SAP E, in which the correlation coefficient has been very high (green line 
in Fig. 12). The characteristic feature of higher compressive strength for 
samples with SAP E might be attributed to finer particle sizes and the 
highest absorption/desorption kinetics. Water supplied by SAP was 
released during hydration, leading to densification of the C-S-H gel. 

This confirms that despite the initial higher porosity of matrices 
(collapsed SAP) the strength can be recovered due to densification of 

matrices (prolonged hydration of SCM). This also leads to improved 
bonding between fibres and cement pastes, especially for samples with 
finer SAP. 

Regardless type of cement, the smallest values of air content in fresh 
state mortars were recorded for SAP E samples (Table 4). These results 
are directly related to the influence of SAP on strength recovery by 
clogging of pores in hardened state. The lower ability of finer SAP to 
incorporate air in the fresh mix and consequently to form finer pores led 
to higher gain of strength over the time. This was more pronounced for 
samples with SCM (Fig. 11b). 

The flexural strength decreased when SAP was added to FRM 
(Fig. 10). This effect is more pronounced at early ages. It is evident that 
WAC of SAPs determines mechanical characteristics of FRM. It was 
found that SAP E, with higher WAC, had the lowest strength at early age 
(up to 14 days). However, it appears that this fine SAP notably enhance 
strength at later ages due to the smaller voids being refilled with hy-
dration products. 

The presence of SCM and SAP has a significant influence on micro-
structure development of fibre reinforced mortars, in particular on their 
overall porosities and pore size distributions. The presence of SAPs can 
alter microstructural features of concrete, due to formation of macro 
pores as a result of collapsing of polymer (Fig. 13). 

In spite of the presence of these voids (i.e., less physical filling effect), 

Fig. 6. Pore size distributions (by MIP) of mortars with SAP A and C.  
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the strength loss can be mitigated by the later intensified hydration by 
SAP, especially in blended cements with the longer lasting reactions. It 
can be stated that the later SCM reactions can be facilitated not only by 
SAP water (that is adhered to smaller pores) but also by a provision of 
space (collapsed SAP) for deposition of later SCM hydration products 
(additional refilling). Moreover, PF acts as nucleation sites for SCM 
hydration products formed by SAP water. Thus, the later hydration 
products start to form into the smaller pores (under than 20 nm) and on 
PF surface after the second week resulting in development of more ho-
mogenous internal microstructure. 

4. Conclusions 

Based on the obtained experimental results the following observa-
tions and conclusions can be drawn:  

■ Particle sizes of SAPs have a very strong effect on microstructure 
development of fibre reinforced mortars, in particular on their 
overall porosities and pore size distributions. Larger particles sizes 
result in higher total porosities due to formation of larger capillary 
pores (SAP C) regardless the type of cement.  

■ The most noticeable change in pore size distribution (decrease in a 
number of pores below 20 nm) takes place in CEM II/B-V mortars, 

Fig. 7. Pore size distributions (by MIP) of mortars with SAP E.  

Fig. 8. SEM micrographs of FRM-SAP at 28 days. Indication of pores (a, b, c) and PF (e, f, g).  
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indicating a significant contribution of pozzolanic reaction. This ef-
fect is much more pronounced for finer superabsorbent polymers 
(SAP E).  

■ Later hydration reactions of SCM can be facilitated by SAP water, 
which is adhered to smaller pores and by a provision of space 
(collapsed SAP) for deposition of later SCM hydration products 
(additional refilling). Thus, the later hydration products start to form 
in the smaller pores (under than 20 nm) and on PF surfaces after the 
second week, resulting in development of more homogenous internal 
microstructure. This effect is more evident for SCM samples with 
finer SAP (around 80 μm).  

■ Non-uniformly distributed fibres in cementitious matrices can break 
the C–S–H gel structure, increase total porosity and reduce strength. 
On the other hand, the addition of SAP in FRM-SCM leads to better 
wettability of PF (by additional SAP water). Furthermore, PF act as 
nucleation sites for secondary hydration products from FA and GGBS 
reactions. These two factors lead to enhancement of bonding be-
tween fibres and cement paste and consequently result in progressive 
improvement of mechanical properties.  

■ Initial reduction of the mechanical strength of SAP modified mortars 
(due to swelling of SAPs and their subsequent collapse) can be later 
recovered. This recovery process depends predominantly on particle 

Fig. 9. Compressive strength results of all mortars.  

Fig. 10. Flexural strength results of all mortars.  

Fig. 11. Percentage of initial strength in fibre reinforced samples in (a) all SAP samples at 180 days in relation to the respective SAP samples at 7 days (b) samples 
with SAP E at different ages in comparison with reference samples without SAP. 

Table 5 
Values of R2 (coefficient of determination) of linear and quadratic trendlines.  

Cement Sample 
Name 

Linear 
function (y 
¼ -ax þ b) 

Quadratic 
function (y ¼
-ax2 þ bx þc) 

Difference of R2 

between linear and 
quadratic 
functions (%)  

I 0.87 0.87 0.5%  
IF 0.85 0.86 1.2% 

CEM I IF-A 0.86 0.91 5.0%  
IF-C 0.87 0.95 7.3%  
IF-E 0.85 0.91 6.3%  
II 0.94 0.97 3.3%  
IIF 0.81 0.82 1.0% 

CEM II/ 
B-V 

IIF-A 0.82 0.90 7.8%  

IIF-C 0.85 0.94 11.4%  
IIF-E 0.89 0.99 10.2%       

III 0.75 0.78 2.7%  
IIIF 0.88 0.93 4.7% 

CEM 
III/A 

IIIF-A 0.77 0.85 8.2%  

IIIF-C 0.85 0.97 12.0%  
IIIF-E 0.88 0.97 9.4%  
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sizes and water absorption capacity of SAP is of a secondary 
importance. Finer particle sizes (around 80 µm) are more effective 
and more efficiently facilitate improvement of mechanical proper-
ties. The lower ability of finer SAP particles to incorporate air in the 
fresh mix and consequently to form finer pores lead to higher gain of 
strength over the time.  

■ During the period of 180 days SAPs with fine particles (about 80 µm) 
can facilitate strength recovery of up to 50% of the initial strength (at 
7 days). However, for the larger particle’s sizes (about 140 µm) only 
30% of the strength recovery can be achieved. This recovering pro-
cess in FRM-SCM samples is boosted after the 2nd week, and is more 
dominant for samples containing CEM III/A. The regression analysis 
also confirms that despite the initial higher porosity of matrices 

Fig. 12. Correlation between compressive strength and total porosity.  
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(after collapsed SAP) the strength can be recovered due to densifi-
cation of matrices (delayed hydration of SCM) and improved 
bonding between fibres and cement pastes. 
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[51] D. Snoeck, C. Schröfl, V. Mechtcherine, Recommendation of RILEM TC 260-RSC: 
testing sorption by superabsorbent polymers (SAP) prior to implementation in 
cement-based materials, Mater. Struct. 51 (5) (2018) 1–7. 
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