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Assessment of shrinkage and bond behaviour of high performance 
cement-based composites as a repair mortar 
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A B S T R A C T   

There is a need to develop innovative repair materials which can overcome the challenges of cement-based repair 
mortars being relatively prone to shrinkage effects. In practice, free shrinkage of repair mortar is often consid-
ered as an indicator for potential cracking and delamination of applied repair mortars due to restrained shrinkage 
effects. As it is hard to measure restrained shrinkage directly, a restraint factor (R) can be used to correlate both. 
This study investigates the shrinkage characteristics of strain-hardening cementitious composites (SHCC), 
making use of polyvinyl-alcohol (PVA), high-density poly-ethylene (HDPE), or short glass fibres, for the repair 
and strengthening of existing concrete structures. Along with drying shrinkage and autogenous shrinkage, 
restrained shrinkage has been characterized with respect to the concrete substrate. Furthermore, pull-off tests 
were performed to assess the bond properties of these repair mortars. The results show around 65% higher 
autogenous shrinkage in high strength SHCC mixes while there was a decrease in drying shrinkage compared to 
the reference mix. In contradiction to what was initially expected, an increase in fibre content from 1.5 to 2.0 vol 
% resulted in a significant increase in autogenous shrinkage, especially in the high strength SHCC mixes. The 
restraint factor for all repair mortars was determined and was found to be in the range of 0.82–0.94. The pull-off 
tests showed an overall excellent bond behaviour of all studied mortars.   

1. Introduction 

Reliable repair and strengthening of existing concrete structures is a 
worldwide challenge considering the high complexity, the importance of 
using compatible material systems with good bond performance to the 
existing substrate, and costs involved of the contemporary concrete 
repair methods. According to statistics, renovation costs account for 
50% of the total construction budget both in United States and Europe 
(Koch et al., 2002; Fan et al., 2022). Frequent issues which make it 
necessary to rehabilitate existing structures include changes in the use of 
the structure, for example, higher and/or more frequent loading, ageing 
of concrete, and reduction of load carrying capacity of the structure due 
to errors in the design or during construction (Scheerer et al., 2018; 
Yang et al., 2021). Keeping these challenges in mind, there is a need to 
develop innovative materials and technologies for the repair and 
strengthening of existing structures. 

Strain-hardening cementitious composites (SHCC) is a novel high- 
performance fibre-reinforced cementitious composite that is designed 
by applying the concepts of micromechanics (Ranade et al., 2013; 

Curosu et al., 2022). This allows the optimization of composites, so that 
under tensile and bending loads they generate multiple fine cracks. 
These properties are usually achieved by the addition of short synthetic 
fibres which bridge the cracks, resulting in high fracture toughness and 
reduced crack width (Li, 2003). Using high performance fibres such as 
poly-vinyl alcohol (PVA) and high-density polyethylene (HDPE), it is 
also possible to reach tensile strengths of up to 15 MPa, further to a 
strain capacities of larger than 4% (Yu et al., 2017). These properties 
make SHCC advantageous both for new structures and strengthening of 
existing concrete structures. SHCC has been used as a repair material for 
both flexure strengthening (Khan et al., 2022) and shear strengthening 
(Yang et al., 2021) of reinforced-concrete structures. SHCC also has high 
physical and chemical compatibility with the concrete substrate and can 
be applied in thin layers with a small increase in weight (Do Yun, 2013). 
The narrow crack widths of the SHCC is also regarded as beneficial for 
the durability of the repaired elements (Van Zijl et al., 2012; Mechtch-
erine, 2012; Zukowski et al., 2018). 

Often, SHCC is produced using short polyvinyl-alcohol (PVA) fibres 
at a dosage of 2.0 vol.-% (Li, 2003; Mechtcherine et al., 2011). These 
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fibres have a hydrophilic nature which means that they develop a very 
strong chemical bond with the surrounding cement matrix. To avoid 
pre-mature fibre rupture during crack propagation, the fibre-matrix 
interfacial bond is limited by replacing a significant amount of cement 
with fly ash in combination with a relatively high water-binder ratio. 
These measures lead to average mechanical properties and a higher 
permeability (Curosu et al., 2017), yet excellent strain hardening 
(dispersed cracking) effect. Recently, fibres made with HDPE are used to 
produce high strength SHCC because of their superior mechanical and 
physical properties. In contrast to PVA fibres, HDPE fibres are hydro-
phobic in nature and have a high elastic modulus of elasticity and tensile 
strength. These features allow the development of a high-strength 
compact cementitious matrix which are achieved by considerably 
increasing the cement content and by reducing the water-binder ratio. 
To increase the packing density of such high strength mixes, silica fume 
is used as a binder and replacement of cement in combination with a 
lower amount of fine quartz sand (Mechtcherine et al., 2011; Baloch 
et al., 2021). 

The usage of short glass fibres is more common since the advent of 
alkali-resistant high performance glass fibres, especially for shotcrete 
repair mortars (Xu et al., 2021). These fibres also improve the tensile 
strength of the repair mortar and the ductility of the cementitious 
composites owing to their excellent mechanical properties (Ghugal and 
Deshmukh, 2005). However, with a generally low water-binder ratio 
and the inclusion of reactive secondary raw materials such as silica 
fume, these repair materials can be prone to early-age cracking caused 
by autogenous shrinkage (Şahmaran et al., 2009). To successfully apply 
these novel cementitious materials for repair, it is necessary to consider 
the volumetric compatibility between the SHCC repair mortars and the 
concrete substrate. 

In order to measure total and autogenous shrinkage of SHCC, prism 
like specimens are often applied (Wang et al., 2020; Xiong et al., 2021). 
Li (Li and Li, 2006) performed free shrinkage tests on PVA-SHCC, steel 
fibre reinforced concrete and plain concrete; and concluded that 
PVA-SHCC had the highest free shrinkage strain value due to higher 
cement content and no coarse aggregates. Wang & Li (Wang and Li, 
2005) found the total shrinkage of PVA-SHCC to be 80% higher than that 
of concrete. Despite the higher shrinkage, this did not lead directly to 
large shrinkage crack widths, as was investigated using a ring test. The 
authors found only microcracks (<50 μm) in SHCC while for concrete 
one large crack appeared with crack width of 1 mm. The authors 
concluded that the total shrinkage of SHCC (<0.3%) is far below the 
tensile strain capacity, so that the mortar is still in strain-hardening stage 
contrary to most plain concretes. 

The remaining shrinkage of the existing concrete substrate is rela-
tively small due to the age of the substrate, while the placed repair 
mortar layer will still need to undergo the major part of its shrinkage. 
Given proper bond interaction between both materials, these differences 
in occurring shrinkage can affect the effectiveness of the repair system. 
Tensile stresses may be induced in the repair material when its volume 
changes are restricted by the concrete substrate. This effect is called 
‘restrained shrinkage’, versus ‘free shrinkage’ in the absence of any re-
straint (Cheung and Leung, 2011). In reality, the deformation measured 
under restrained shrinkage situation is the actual strain εa and restrained 
shrinkage stresses in the structure are proportional to the difference 
between the measured shrinkage εa and the free shrinkage εf . This can be 
written in the form, 

εr = εf– εa (1)  

where, εr is the restrained strain in the mortar. This restraining effect 
will result in shear stresses at the bond interface and in tensile stresses in 
the applied repair mortar. These stresses can be considered to be pro-
portional to the restrained strain and modulus of elasticity of the applied 
mortar, and are partially reduced because of tensile relaxation (Beush-
ausen and Bester, 2016). Equation (1) can also be written in terms of a 

restraint factor R which takes the form 

εr =R εf (2)  

εa =(1 − R)εf (3) 

If there is no restraint R = 0 and hence εr = 0 and εa = εf , while if the 
specimen is fully restrained R = 1, implying εr = εf and εa = 0. 

In literature, the restrained shrinkage behaviour of repair mortars 
has been investigated by employing a traditional ring-type test to 
measure the restrained shrinkage and observe the cracking of repair 
mortars (Hamedanimojarrad et al., 2012; Golias et al., 2012). This test 
gives some useful insights such as time to cracking of the material, but 
the outcome does not provide a direct correlation with free shrinkage. 
Also, this test does not simulate the actual restraining conditions when 
the repair mortar is applied on a concrete substrate. This study aims at 
bridging these research gaps by proposing a more realistic restrained 
shrinkage measuring method and also evaluating the correlation be-
tween free and restrained shrinkage of these high performance repair 
mortars. 

2. Experimental program 

2.1. Selected SHCC mix types and mixing procedure 

An experimental program, comprising six formulations (see Table 1, 
including mix/specimen designation), was developed to investigate the 
shrinkage and bond properties of ordinary and high strength SHCC, 
applying 3 types of fibres (PVA, glass, HDPE; Fig. 1) and 2 types of fibre 
dosage (1.5 and 2.0 vol%). The SHCC mix formulations of the selected 
mixes are given in section 2.3 and resulted from initial mix design trials 
(Baloch et al., 2021). 

A standard PVA SHCC mix by Wang and Li (2005) was selected as a 
reference with necessary revisions based on the available raw materials 
and type of super-plasticizer. Considering the hydrophilic nature of PVA 
fibres, a sufficiently high w/b ratio of 0.3 was applied. In order to avoid 
premature fibre rupture, a large portion of cement was replaced by fly 
ash to ensure mediocre mechanical and physical properties of the ma-
trix. In order to study the effect of fibre type on shrinkage, the same mix 
parameters as for the PVA SHCC reference were also applied for a glass 
fibre based SHCC. 

The high strength SHCC matrix was designed considering the 
optimal interaction with 20 mm thick and 12 mm long HDPE fibres. The 
HDPE SHCC mix was developed by increasing the cement content 
considerably (1100 kg/m3) and by decreasing the w/b ratio to 0.22. 
Instead of fly ash, silica fume was used as cement replacement to in-
crease the packing density of the mix. 

The SHCC mix formulations as provided in Table 1 have been pro-
duced with a 2 litre mortar mixer (type Hobart). To have a homogeneous 
fibre dispersion in the mix, a total of 7-min mixing time was imple-
mented. All dried constituents were first mixed for 1 min at 145 rounds 
per minute (rpm) followed by the addition of superplasticizer and water. 
Slow mixing at 145 rpm was then carried out for 3 min. Fibres were then 
added with 3 min of further fast mixing at 285 rpm. Fibres were added in 
batches to avoid the formation of fibre clumps during the mixing 
process. 

Table 1 
Mix formulations (kg/m3).  

Mix 
designation 

Cement Sand Water Fibre Fly 
ash 

Silica 
fume 

SP 

PVA1.5 540 470 365 19.5 665 – 4.5 
PVA2 540 470 365 26 665 – 4.5 
GL1.5 540 470 365 39 665 – 5 
GL2 540 470 365 52 665 – 5 
HDPE1.5 1100 450 285 15 – 190 21 
HDPE2 1100 450 285 20 – 190 21  
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2.2. Material properties 

The properties of the applied fibres are given in Table 2, considering 
PVA (manufactured by Kuraray), glass (by Owens Corning Belgium) and 
HDPE (by DSM). The fibres are shown in Fig. 1. The cement used for 
both the substrate and the applied repair mortar was Portland cement 
type CEM I 52.5 N (by Holcim Belgium). Class F fly ash (FA) (by Vlie-
gasunie) was used as a supplementary binder for the mixes based on PVA 
and glass fibres, while silica fume (SF) (by Elkem) was used for the mix 
with high strength HDPE fibres. The chemical composition of all the 
binders were determined by X-ray fluorescence and are given in Table 3. 
Fine silica sand type M34, (by Sibelco Belgium) has been used for all 
SHCC mixes, and has an average particle size of 174 μm. In order to 
improve the workability of the fresh SHCC, a polycarboxylate-based 
superplasticizer (Glenium 51, 35% con, BASF) was applied. 

As concrete substrate for the SHCC repair mortar a concrete has been 
used with 455 kg/m3 cement content , a water/cement ratio of 0.40 and 
maximum aggregate (rounded aggregate) size of 16 mm, resulting in an 
average 28 days compressive strength (cubes with side length 150 mm) 
of 62 MPa and an average tensile pull off strength to be 2.8 MPa. 

2.3. Uniaxial tensile testing set-up 

Uniaxial tests were performed on 3 dumbbell specimens per formu-
lation, with dimensions as shown in Fig. 2, following the JSCE recom-
mendations (Rokugo et al., 2007). The central part of the test specimen 
has a cross-section of 30 mm x 13 mm. Material was applied in wooden 
moulds, by scrapping the mortar over the mould surface in such a way to 
simulate repair mortar application. These moulds were covered with 
plastic foils and were stored in a curing chamber at T = 20 ± 2 ◦C, RH ≥

Fig. 1a. PVA fibres.  

Fig. 1b. Glass fibres.  

Fig. 1c. HDPE fibres.  

Table 2 
Properties of fibres used (values provided by manufactures).  

Fibre 
type 

Aspect 
ratio 

Diameter 
(μm) 

Length 
(mm) 

Tensile 
Strength 
(MPa) 

Modulus of 
elasticity (GPa) 

PVA 307 39 12 1400 42.8 
HDPE 600 20 12 2500 80 
Glass 857 14 12 1500 72  

Table 3 
Chemical composition of cement, fly ash and silica fume (weight-%).  

Oxide CEM I FA SF 

SiO2 18.30 52.11 94.73 
CaO 64.30 10.01 0.20 
Al2O3 5.20 23.55 0.36 
Fe2O3 4.00 7.32 0.71 
(Na2O)e 0.32 4.52 0.20 
MgO 1.40 4.09 0.39 
SO3 3.50 3.01 0.27 
LOI 1.40 – 1.86 
P2O5 – 3.12 –  
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95 %. The form was removed after 24 hours and the specimens were 
further cured in climate chamber at T = 20 ± 5 ◦C, RH = 65 ± 5 %. 
Uniaxial tests were performed at an age of 28 days under displacement 
control of 0.005 mm/s with a tensile testing machine with load capacity 
of 100 kN. During testing a linear variable displacement transducer 
(LVDT) was attached to one side of the specimen to measure the elon-
gation (and associated tensile strain). 

2.4. Total and autogenous shrinkage testing set-up 

In order to have a comparable test configuration between restrained 
and free shrinkage measurements, repair mortar plates of 300x300x10 
mm3 (similar to the set-up described in Fig. 4) have been applied for 
monitoring total and autogenous shrinkage. The repair mortar was cast 
directly into pre-oiled wooden moulds and 6 specimens were prepared 
for each mix formulation. After 24 hours in the curing chamber (20 ◦C, 
≥95 %RH), the formwork was removed, mechanical deformeter mea-
surement points have been applied (in the same way as for the restrained 
shrinkage testing, Fig. 4), and strain measurements were executed daily 
for 28 days while the specimens where in the climate chamber (20 ◦C, 65 
%RH). To measure autogenous shrinkage (starting after 24 hours), for 
each mix three plates were covered with an adhesive backed aluminium 
foil to avoid moisture loss. The specimens are shown in Fig. 3 (including 

the cabinet that was used for the high number of specimens and whereby 
the specimens were mainly exposed to the atmosphere at the measured 
top side, while the soffit was resting on wooden planks). 

2.5. Restrained shrinkage and pull-off bond testing set-up 

Specimens for testing restrained shrinkage and pull-off bond strength 
were prepared according to EN 1542 (BS EN 1542, 1999). At least 2 
specimens were tested for each formulation. The concrete substrate slabs 
of 300x300x100,mm3 were cast, covered with plastic foil and stored in a 
climate chamber (20 ◦C, 65 %RH) for at least 3 months to minimize 
shrinkage with reference to repair mortar. The surface of the slabs was 

Fig. 2. SHCC dumbbell specimen (dimensions in mm).  

Fig. 3a. Total shrinkage plates.  

Fig. 3b. Autogenous shrinkage plates covered with aluminium sheets.  
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grit blasted to a roughness index (Ri) of 0.45 mm. The surface roughness 
of the substrates was tested using the volumetric sand patch test method 
in accordance to EN 1766 (BS EN 1766, 2017). 

Before application of the SHCC repair mortar, the substrate was 
prewetted for 30 min and patted dried to emulate saturated surface dry 
condition. Also the surface was cleaned with a steel brush to remove any 
excessive debris as per the EN 1542 (BS EN 1542, 1999). A 10 mm thick 
mortar overlay was chosen as mostly these special repair mortars are 
applied in thin layers (10–20 mm) (Wei et al., 2020) in practical repair 
executions. A wooden formwork was attached to the sides of the sub-
strate slabs to ensure an equal thickness of 10 mm of the overlay and the 
repair mortar was carefully hand-applied in two consecutive placed 
layers. Specimens were then covered with plastic foil and stored in the 
curing chamber for 24 hours (20 ◦C, ≥95 %RH). After 24 hours, the 
wooden formwork was removed and the gauge length base points for 
mechanical deformeter measurements were attached at the surface as 
shown in Fig. 4 (a). The gauge length equals 200 mm. These specimens 
were then stored in the climate chamber (20 ◦C, 65 %RH) and restrained 
shrinkage was daily measured for 28 days in two directions 

perpendicular to each other at the centre of the specimens. 
At the age of 28 days each specimen was subjected to five tensile 

pull-off tests in accordance with to EN 1542 (BS EN 1542, 1999). 
Hereby, for each specimen after 28 days, five circular cuts with a 
diameter of 50 mm were drilled with a diamond coring bit, about 15 mm 
into the substrate and according to the layout given in Fig. 4(c). Steel 
dollies (diameter 50 mm) are bonded using epoxy as structural adhesive, 
making sure that the epoxy is not entering the circular cuts, and allowing 
the epoxy to cure for about 12 h. At an age of 30 days of the SHCC 
overlay, the bond tests are performed with a direct pull-off bond testing 
device (type Proceq DY-2) at a continuous rate of 0.05 MPa/s until 
failure. Pull-off strength was finally calculated using the following 
equation. 

Fig. 3c. Shrinkage plates storage.  

Fig. 4a. Restrained shrinkage specimen.  

Fig. 4b. Points for pull-off bond testing.  

Fig. 4c. Pull-off discs layout.  
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fh =
4Fh

πD2 (4)  

Where fh is the pull-off strength (N/mm2), Fh is the failure load (N) and D 
is the mean diameter. 

3. Results and discussion 

3.1. Uniaxial tensile properties based on fibre type 

Fig. 5 shows typical cracking pattern of the SHCC specimens, while 
Fig. 6 shows the stress-strain curves of repair mortars with 2% fibre 
content. The main test results (mean value of 3 specimens and standard 
deviation) are summarized in Table 4, in terms of stress at first cracking 
(σ1st), maximum stress (σmax), strain at maximum stress (εmax), observed 
degree of strain hardening (σmax/ σ1st), observed degree of distributed 
cracking, and ratio of maximum stress with respect to the PVA SHCC. 

The tensile behaviour of specimen PVA2 is taken as a reference since 
PVA fibres are widely used to produce SHCC. The mix is categorized by 
an average ultimate tensile strength of 4.13 MPa and an average strain 
capacity of 1.8% The strain capacity of SHCC is categorized by the de-
gree of multiple cracking and width of the cracks. Compared to the 
HDPE2, PVA2 yielded wider cracks with approximately 70 μm average 
residual crack width measured on post-tested samples. This value is 
almost twice as large than the high strength HDPE2 specimens. This is 
due to PVA having low Young’s modulus that is almost half of the HDPE 
fibre. 

Glass fibre SHCC mixes were the least ductile as strain capacity was 
significantly less at 0.15% (8.3% compared to the equivalent mix with 
PVA). There was no pronounced multiple cracking, as observed in the 
other mixes. The fracture surface of the specimens showed complete 
fibre rupture which indicates glass fibres for the tested mix demon-
strated to have an excellent bond with the matrix causing the breakage 
of the fibres and hence localization of failure instead of multiple 
cracking. These fibres were also much stiffer compared to PVA and 
HDPE fibres and had a tendency to break even during the mixing pro-
cess. The addition of glass fibres however increased the ultimate tensile 
strength of the matrix compared with PVA fibres and can be used in 
applications where high ductility is not required. 

Comparing the high tensile strength SHCC (HDPE SHCC mix) with 
more normal tensile strength SHCC (PVA or glass fibre SHCC mix), 
indeed more high end properties are obtained for the HDPE SHCC. The 
average first crack stress value (σ1st) of the HDPE mix was found out to 
be 4.6 MPa which is 42%higher than PVA2 fibre mix. Also the ultimate 
tensile strength (σmax) of HDPE mixes were almost 100% higher than 

Fig. 5. Typical cracking pattern observed after tensile testing, for different fibre mortars.  

Fig. 6a. HDPE2.  

Fig. 6b. PVA2.  
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that of the PVA2 and GL2 mix. Furthermore, the strain capacity (εmax) 
was significantly higher for HDPE2 mix at 4.1%. During the test most of 
the fibres pulled out instead of breaking. This is because of high fibre 
strength and hydrophilic nature of these fibres. The bond between fibre 
and matrix was not more than the tensile strength of the fibres leading to 
fibre pull-out instead of sudden breakage. The superior tensile properties 
of these mixes makes them excellent repair materials specially as they 
can applied in relatively thin layers. These results are in line with the 
SHCC mixes reported in the literature (Mechtcherine et al., 2011). 

3.2. Total shrinkage of repair mortars 

The mean values of three test results for total shrinkage of different 
repair mortars at 1-day intervals are shown in Fig. 7. 0 indicates the 
starting point of shrinkage measurements which is 24 h after casting. 
Statistical data with mean and standard deviation (% of mean) for total 
shrinkage is presented in Fig. 8. The observed standard deviation was 
found to be always less than ±8 %, which is in-line with standard de-
viations up to 10% usually reported in shrinkage studies using conven-
tional prism based approach (Melo Neto et al., 2008; Revilla-Cuesta 
et al., 2022). 

Keeping the mix parameters constant, both PVA and glass fibres have 
a similar effect on shrinkage as the difference is not statistically signif-
icant (p-value >0.05). Formulations containing HDPE fibres however 
showed considerably more total shrinkage. This can be explained by a 
lower water-cement ratio and presence of higher silica fume content in 
HDPE formulations. These results are in line with the findings in the 
literature (Zhang et al., 2003). 

Shrinkage curves of cementitious materials can be approximated 
with various algorithms, among which logarithmic, exponential or hy-
perbolic functions (Wang et al., 2020; Almudaiheem and Hansen, 1989). 
Considering the test data presented in Fig. 7(a), a regression analysis was 
carried out using a hyperbola function as given in Equation (5) to model 

the selected mix formulations. 

ε(t)= at
b + t

(5)  

Where ε(t) is the shrinkage of the specimen, t is time in days, a is the 
ultimate shrinkage of the specimen and b corresponds with the time in 
days when the specimen reaches half of its ultimate shrinkage value. A 
similar hyperbolic approach is used in ACI 209 (ACI, 2008) (ACI Com-
mittee 209, 2092) to predict shrinkage of normal and light weight 
concrete as it is thought to be convenient for design purposes in which 
the ultimate value of shrinkage is modified by a time-ratio to get the 
desired result. 

As the shrinkage curves for the PVA and glass fibre mixes are almost 
identical, the regression analysis on the PVA curves is considered 
representative for both the PVA and GL types of SHCC tested in this 
work. Four regression equations are shown in Fig. 7(b) for PVA mixes 
and Fig. 7(c) for high strength HDPE mixes. The fitting correlation 
(coefficient of determination R2) is higher than 0.95 for HDPE 

Fig. 6c. GL2.  

Table 4 
Mechanical parameters of repair mortars.  

Mix Nr. σ1st (MPa) σmax (MPa) εmax (%) σmax/ σ1st σmax/ σmaxPVA2 

PVA2 3.1 ± 0.6 4.1 ± 0.2 1.80 ±
0.20 

1.33 1.00 

GL2 4.1 ±1.4 5.5 ± 0.7 0.15 ±
0.02 

1.32 1.33 

HDPE2 4.6 ±1.3 9.6 ±1.5 4.10 ±
0.60 

2.08 2.32  

Fig. 7a. Total shrinkage of SHCC.  

Fig. 7b. PVA/GL mixes regression model.  
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formulations while it is close to 0.99 for PVA. Summary of the regression 
coefficients are given in Table 5. Note that the regression analysis ex-
trapolates the recorded data beyond 28 days, so to estimate the final 
shrinkage (a-value in Eq. (5)) more correctly than assuming the 
measured value after 28 days. 

It can be concluded from the regression equations that the final 
shrinkage (a) of HDPE and PVA/GL fibre mixes are 1375 μm/m and 
1117 μm/m respectively while the time when they reach half of the final 
shrinkage (b) is 3.1 and 3.8 days. ACI 209 indicates values in the range 
of 415–1070 μm/m and 20–130 days, for the factors a and b respec-
tively, in reference to normal concrete. These values are however largely 
dependent on the cured environment and type of mix. As the studied 
mortars have very low w/b ratio and have no coarse aggregates, higher 
values are obtained. Wang et al. (2020) performed total shrinkage tests 
on PVA-SHCC and modelled using similar approach. The final shrinkage 
value (a) was found out to be 985 μm/m and b as 9.45 days. Compared to 
the results reported in Fig. 7 and Table 5, the final shrinkage value (a) is 

quite similar, however with a b-value of around 4 days a much faster rate 
of shrinkage is observed in our study. This can be attributed to the shape 
of the test specimens (plate type in our study versus traditional prisms in 
(Wang et al., 2020)), having much more surface area for moisture to 
evaporate. 

Fig. 7c. HDPE mixes regression model.  

Fig. 8a. HDPE mortars mean values and standard deviation (% of mean).  

Fig. 8b. HDPE mortars mean values and standard deviation (% of mean).  

Table 5 
Hyperbolic regression coefficients for total shrinkage of repair mortars.  

Mix Nr. a (μm/m) b (days) 

PVA/GL1.5 1063 4.5 
PVA/GL2 1117 3.8 
HDPE1.5 1273 5.1 
HDPE2 1375 3.1  

Fig. 9a. Autogenous shrinkage of repair mortars (0 measurement at 28 hours 
after mixing). 
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3.3. Autogenous shrinkage of repair mortars 

Fig. 9 shows the autogenous shrinkage of all studied formulations 
recorded from 28 hours after mixing as a function of time for 28 days. 
Each point represents an average of six data points resulting from three 
specimens. It is observed for all mixtures that most of the autogenous 
shrinkage which is attributed to self-desiccation within the concrete 
composite (Mejlhede Jensen and Freiesleben Hansen, 1996; Snoeck 
et al., 2015) developed within the first week of hydration. It can be 
noted that autogenous shrinkage in HDPE fibre formulations was 
significantly higher than for other fibre mixes (65% increase at 2 vol.-% 
fibre concentration). Lower autogenous shrinkage in glass and PVA fibre 
mixes can be explained by the lower cement content, as for these mixes a 
considerable amount of cement was replaced by FA. The addition of fly 
ash is known to delay the hydration process contributing to lower 
autogenous shrinkage (Lee et al., 2015). Furthermore, FA particles have 
the ability to retain free water due to their spherical particle shape 
which can also cause a reduction in autogenous shrinkage due to the 
availability of more free water in the matrix (Şahmaran et al., 2009). On 
the other hand, in HDPE formulations SF was added which aids in a 
quick initiation of the pozzolanic reaction. SF reacts with Ca(OH)2 
during hydration to produce a dense C–S–H gel which induces high early 
age autogenous shrinkage (Zhang et al., 2003; Baloch et al., 2019). 

An increase of the fibre concentration from 1.5 to 2 vol.-% caused 
higher autogenous shrinkage, which was observed in all mixes. Even 
though the absolute value increase was higher in HDPE mixes, a similar 
relative increase of 22–24% was observed comparing these 2 fibre vol-
ume fractions in all mix formulations. Similar results were found in 
(Meng and Khayat, 2018) on autogenous shrinkage of PVA-SHCC with 
fibre content greater than 1% and were associated with possible fibre 
agglomeration in higher fibre content mixes. Autogenous shrinkage was 
modelled similarly to total shrinkage using a hyperbolic regression 
model (Equation (5)). The results are indicated in Fig. 9(b) for PVA (also 
representative for GL) and in Fig. 9(c) for HDPE. For PVA/GL mixes the 
hyperbolic regression could not be applied and was replaced with a 
polynomial regression. For the HDPE specimens autogenous shrinkage, 
the hyperbolic regression remains applicable. 

3.4. Drying shrinkage vs autogenous shrinkage 

The drying shrinkage of the mixes was calculated by subtracting 
autogenous shrinkage from total free shrinkage. Fig. 10(a) shows the 

results for all mix formulations studied. Contrary to autogenous 
shrinkage, drying shrinkage was more pronounced in glass fibre and 
PVA mixes. This can be explained by a higher water-binder ratio of these 
mixes compared with the HDPE mixes, as a result of which more water is 
available for evaporation during curing of the specimens (Liu et al., 
2022; Almohammad-albakkar and Behfarnia, 2021). 

From practical point of view, it is important to assess the contribu-
tion of drying shrinkage compared to autogenous shrinkage as it helps in 
establishing governing shrinkage mechanism. The autogenous shrinkage 
of HDPE2 corresponds to 95% of the drying shrinkage at 28 days (Fig. 10 
(b)). However for PVA and GL mixes, the contribution of autogenous 
shrinkage is less significant as it starts at 7 days and corresponds to 25% 
(Fig. 10(c)) and 30% (Fig. 10(d)) of drying shrinkage, respectively. 

3.5. Restrained shrinkage and pull-off bond testing of repair mortars 

Fig. 11 shows the average restrained shrinkage development of 
repair mortar mixes with respect to time. In fact and in reference to Eq. 
(1) till (3), Fig. 11 shows the measurable free shrinkage part, as the Fig. 9b. PVA/GL mix autogenous shrinkage linear relation.  

Fig. 9c. HDPE mix autogenous shrinkage hyperbolic relation.  

Fig. 10a. Drying shrinkage of repair mortars.  

H. Baloch et al.                                                                                                                                                                                                                                  



Developments in the Built Environment 15 (2023) 100203

10

restrained part does not result in a deformation. As a result, it can be 
noted in Fig. 11 that these values are much smaller compared to total 
free shrinkage values of the SHCC (Fig. 7), which is expected because of 
the substrate (that is assumed to almost no longer shrink) restrains the 
bonded SHCC mortar layer to freely shrink. Due to the restrained 
shrinkage, shear stresses are generated in the SHCC-substrate bond 
interface. Nevertheless, no signs of debonding cracking could be 
observed, indicating proper bond interaction and strength between both 
materials. Further, the restrained shrinkage is expected to induce tensile 
stresses in the SHCC mortar layer. There were no visible cracks observed 
in any of the specimens, while there were few very small cracks (<30 
μm) in GL2 and PVA2 samples which could be observed only with 
magnifiers. The development of restraint strain is also not continuous 
over time. The used deformeter had a measurement accuracy of 8 μm/m 
which can explain the fluctuation in these relatively small values that 
were recorded (Fig. 11). In general, HDPE mixes had the lowest values of 
shrinkage in restrained conditions, especially HDPE1.5. After 28 days, a 
value of 28 μm/m is observed for PE1.5, compared to the 150 μm/m for 
PVA2 and GL2 mixes having the highest values. 

3.5.1. Restraint factor over time 
The restraint factor (Eq. (2)) for all SHCC mortars versus drying time 

are plotted in Fig. 12. As the shrinkage values under restrained condi-
tions were very small initially, data is disregarded for the first 7 days. 
Polynomial regression equations were applied and a moderate correla-
tion R2 ≈ 0.5 was obtained. The values of restraint factor varies in the 
range of 0.92–0.95 for HDPE mixes while they were in the range of 
0.82–0.92 for glass and PVA fibre mixes. These high restraint values 
indicate excellent bond development for all mortars (Abbasnia et al., 
2005). The development of the restraint factor in PVA and glass fibre 
mixes decrease with time and then stabilises after 12 days. Similar 
behaviour is already reported for restraint factors development of 
patching repair mortars (Abbasnia et al., 2005) and for concrete (Younis, 
2014) in literature. This initial loss of restraint factor can be attributed to 
the early age micro-cracking observed in PVA and glass fibre mixes 
which may have reduced the stiffness gain of these mixes (Younis, 
2014). On the other hand there is no loss of restraint factor over time for 
HDPE mixes This again can be explained by the fact that the mix 
composition of HDPE formulations had a higher cement content and 
contained silica fume which helps in the early strength gain and in 
improving the bond behaviour with the substrate. 

Fig. 10b. Compared graph of autogenous and drying shrinkage of HDPE2.  

Fig. 10c. Compared graph of autogenous and drying shrinkage of PVA2.  

Fig. 10d. Compared graph of autogenous and drying shrinkage of GL2.  

Fig. 11. Restrained shrinkage of repair mortars.  
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3.5.2. Pull-off bond tests 
Pull-off tests were performed on two specimens (and 5 pull-off tests 

per specimen) for every formulation. Fig. 13 shows the mean of ten data 
points and the related standard deviation. It is evident from the results 
that all mixes had more than 2 MPa pull-off bond strength and can be 
classified as R4 repair mortars according to EN 1542 (BS EN 1542, 
1999). It is noted that HDPE mixes performed better as all cores failed in 
the substrate while it was an overlay/interface failure for the other 
mixes. In order to fully assess and compare the potential of HDPE mixes, 
concrete of higher tensile strength must be used. The better bond quality 
of HDPE mixes might be attributed to the higher cement content and 
higher tensile strength compared to other mixes. Furthermore, the use of 
silica fume is also known to increase the bond strength of cementitious 
composites (Khan and Siddique, 2011). Glass fibre mixes showed 
slightly lower bond strength than PVA mixes however the difference is 
not significant. It can be concluded that for the mix designs in this study, 
the effect of fibre type and concentration had little to no effect on 

pull-off bond strength. 

4. Conclusions 

This article reports on the shrinkage and bond behaviour of novel 
strain hardening fibre-reinforced repair mortars making use of PVA, 
HDPE or glass fibres. The following conclusions can be drawn from the 
results. 

• PVA and HDPE mortar mixes both showed strain-hardening char-
acteristics as strain capacities were more than 1%. HDPE mixes 
showed superior properties both in terms of ultimate tensile strength 
and strain capacity compared with PVA fibre mixes. Glass fibres 
however showed much less strain capacity at 0.15%, and did not 
fully classify to be a SHCC. Observation of fracture surface revealed 
complete breakage of glass fibres which lead to localization of failure 
instead of continued multiple cracking.  

• Both total and autogenous shrinkage were significantly higher in the 
high strength HDPE fibre formulations compared to glass and PVA 

Fig. 12a. PVA fibre mixes.  

Fig. 12b. Glass fibre mixes.  

Fig. 12c. HDPE fibre mixes.  

Fig. 13. Pull-off test results of repair mortars.  
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fibre mixes. This can be explained by the usage of higher cement 
content and use of silica fume instead of fly ash, for the considered 
strain hardening mix with HDPE fibres.  

• Contrary to autogenous shrinkage, drying shrinkage was higher in 
PVA and glass fibre mixes, compared to the HDPE mix. This is due to 
the higher water-binder content in these mixes as more water is 
available for evaporation during the hydration process.  

• Bonded to an aged concrete substrate, the shrinkage of the SHCC 
overlay is restrained to a large extent, as can be expressed by a re-
straint factor R. For the studied material combinations in this work, 
R-values at 28 days between 0,83 and 0,94 have been found, asso-
ciated to the good bond interaction observed. The variation of R at 
early age is higher and decrease over time.  

• Repair mortar layers of restrained shrinkage specimens showed no 
cracks visible with the naked eye, however, some microcracks were 
observed using magnifiers. This indicates that the tensile strength of 
the SHCC overlays could to a large extent accommodate for the 
stresses induced by the restrained shrinkage. This is also the case for 
the HDPE SHCC that has higher shrinkage, yet has also higher tensile 
and strain hardening capacity.  

• High strength HDPE mixes showed comparatively better bond 
quality, which can be attributed to higher cement content and higher 
tensile strength of these mixes, finally resulting in failure in the 
concrete substrate. 
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