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Restrained Shrinkage of High Performance Concrete 
Comprising Silica Fume and Fly Ash   

M. Rekatheeban and H.D. Yapa

Abstract: High performance concrete (HPC) is stronger/more durable than conventional 
concrete and its popularity has been widespread over the recent past. The composition of HPC is 
unique, for instance, it comprises high paste/aggregate volume, supplementary cementitious 
materials, etc. Consequently, some HPC characteristics are distinguished to be stern and one of those 
is shrinkage. For instance, HPC structures that are subjected to restrained conditions could experience 
undesirable non-structural cracking. In this context, this study assessed the restrained shrinkage 
behaviour of five HPC mixes conforming to the ASTM C1581 procedure. The mixes were designed for 
50 MPa target cylinder compressive strength and comprised supplementary cementitious materials 
(SCMs) of 0-10% silica fume (SF) and 0-30% fly ash (FA). The results showed that the control and 
10%SF/30%FA mixes had comparatively lower cracking potential under restrained conditions 
whereas the highest cracking potential was with the 10%SF/0%FA and 10%SF/10%FA mixes. Hence, 
shrinkage exaggerated with the addition of SF whereas that undesirability was compensated with the 
addition of FA. Meanwhile, the compressive strength of the control mix was enhanced approximately 
by 48% with the inclusion of 10%SF whilst the FA inclusion to the 10%SF mix reduced the 
compressive strength fairly proportional to the FA content. Overall, the strength varied in the range of 
49 – 73 MPa. Mix 10%SF/20%FA had 26.5% higher compressive strength than the control mix and 
showed low risk on restrained shrinkage cracking. Hence, it was identified as a promising HPC 
combination. Similarly, 10%SF/30FA mix showed similar strength and crack potential characteristics 
to the control mix. That mix was accordingly identified as an ideal sustainable concrete mix for high-
strength concrete applications.  
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1. Introduction

Concrete has been a leading construction 
material for decades owing to its attributes of 
appreciable strength, stiffness, durability, cost, 
fire performance, etc. In the recent past, a new 
concrete generation called high performance 
concrete (HPC) has become an attractive 
application particularly for large-scale 
construction [1,2]. HPC has special 
characteristics of high strength, high 
workability, high durability and low-
permeability [1,2]. The use of supplementary 
cementitious materials (SCMs) is essential for 
HPC production [1]. Two such common SCMs 
are silica fume (SF) and fly ash (FA).   

Time dependent non-structural deformation is 
a negative aspect inherent to concrete where 
shrinkage is a major course for such 
deformation. Shrinkage of concrete is primarily 
two-fold, autogenous shrinkage and drying 
shrinkage [1,3]. The higher the concrete 
strength, the larger is the autogenous shrinkage 
whereas vice-versa is true for drying shrinkage. 
In high strength concrete, low w/c ratios 
together with low water content are utilised. It 

is therefore reasonable to expect comparatively 
high autogenous shrinkage and comparatively 
low drying shrinkage in such concrete in 
contrast to normal strength concrete. These 
tendencies in shrinkage are comprehended only 
for OPC concrete. There is no guarantee that 
similar behaviour would prevail in the presence 
of SCMs. Hence, numerous research gaps exist 
about shrinkage of HPC.  

Bamforth [4] reports that the use of SF increases 
concrete shrinkage. Since SF is an extra fine 
material, its use significantly refines the pore 
distribution in the cement paste [5]. It can 
therefore be anticipated that finer is the pore 
water distribution higher is the shrinkage. 
Meanwhile, Bamforth [4] showed that the 
addition of FA and ground granulated blast-
furnace slag (GGBS) to concrete mitigates 
shrinkage [4].  
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Qizhe [6] also experimentally proved that 
increasing fly ash content resulted in reduced 
concrete shrinkage. He further highlighted that 
a 30% fly ash replacement reduced both 
autogenous shrinkage and drying shrinkage by 
about 20%. Moreover, Mokarem et al. [7] 
compared the shrinkage predictions of several 
analytical models established for SCM based 
concrete and highlighted that the outcomes 
were highly inconsistent. Thus, comprehension 
of the shrinkage behaviour of SCM based 
concrete (and hence for HPC) is identified to be 
a challenge.  

Concrete shrinkage is not significant if the 
concrete is free to move whereas it is serious 
when structural movements are fully/partially 
restrained.  In the latter case, tensile stresses are 
generated which could result in undesirable 
cracking. The restraint can be external (because 
of end restraints) or internal (because of 
embedded reinforcement) [4]. Shrinkage 
associated cracking is a major concern for 
restrained flat concrete elements/structures 
(e.g. slabs) that are with a large exposed surface 
area to volume (A/V) ratio [2]. Typical 
examples are industrial floors, concrete 
pavements and bridge decks. Restrained 
shrinkage cracks, as opposed to flexural cracks, 
are parallel sided, and for slabs, usually extend 
right through the slab thickness. Such cracking 
may reduce both strength and durability [8]. 
Therefore, control of restrained shrinkage 
cracking is utterly important, and for that, 
accurate judgment of the shrinkage is vital.     

The potential for shrinkage cracking of a 
concrete structure is influenced not only by the 
amount of shrinkage but also by the type of 
structure, degree of restraint, rate of 
strength/stiffness development, construction 
and curing methods, environmental conditions, 
etc. [9]. Several restrained shrinkage test 
configurations can be used to evaluate the 
cracking potential of concrete such as linear 
specimen tests and ring tests. Amongst them, 
the ring test is a popular and simple method 
which can be used to determine the relative 
effects of material variations on induced tensile 
stresses and cracking potential [2,9,10].  

 

As previously mentioned, shrinkage prediction 
of HPC is a challenge but essential in terms of 
(restrained) crack control. Since SF is a crucial 
constituent for HPC and it apparently has 
negative impacts on shrinkage, it is deemed 
that exploration into restrained shrinkage 

behaviour of HPC is vital. Generally, 5% to 15% 
of SF can effectively be utilised for HPC 
production [1]. Ray et al. [2] explored the 
restrained shrinkage behaviour of HPC mixes 
comprising 5% SF and found that the SF 
blending had a considerable manipulation in 
this regard. However, such studies on the use 
of greater amount of SF are seldom found in the 
literature. Based on these observations, the 
current study was formulated to investigate the 
restrained shrinkage behaviour of HPC 
supplemented with 10% SF and 0 – 30% FA. A 
target cylinder compressive strength of 50 MPa 
was maintained.  
 
2. Restrained Shrinkage 

Assessment: Ring Test 
 

The ring test method is found in ASTM C1581 
[9] and AASHTO PP 34-99 [10]. The test 
consists of a steel ring that acts as the 
restraining support for the concrete which is 
poured around, see Figure 1. The steel ring is 
equipped with two strain gauges placed 
horizontally at the ring mid-height and linked 
to a data recording system so that the strain in 
the steel ring is recorded every 30 minutes. 
Data recording is started immediately after 
casting of the specimen. Also, the specimen is 
inspected visually for cracking at time intervals 
not greater than three days. With the data 
recorded, ring strain with time can be plotted 
(see Figure 2), and the onset of concrete 
cracking can be identified from the point where 
the strain drops drastically.  

Based on the availability of laboratory 
resources, the current study was conducted 
using the ASTM C1581 method. It indicates the 
potential of cracking based on two outputs, 
viz., (a) the time to first cracking (beyond the 
initiation of drying) and (b) the stress rate at 
cracking. As previously mentioned, the former 
(time) is identified directly from the graph and 
the latter (stress rate) is calculated as follows 
(further details are found elsewhere [9, 12]).   

The net strain (𝜀𝜀𝑛𝑛𝑛𝑛𝑛𝑛) against the square root of 
elapsed time (𝑡𝑡) for each strain reading is 
plotted, and linear regression analysis is 
performed to identify strain rate factor 𝛼𝛼 from, 
 
 𝜀𝜀𝑛𝑛𝑛𝑛𝑛𝑛 = 𝛼𝛼√𝑡𝑡 + 𝑘𝑘                 …(1) 

 

where, 𝑘𝑘 is a regression constant.  
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Figure 1 – ASTM and AASHTO Ring Test Detailing 

Figure 2 – Typical Strain vs. Time Behaviour in a Ring Test (ASTM C1581)

Average strain rate factor 𝛼𝛼𝑎𝑎𝑎𝑎𝑎𝑎 is found as the 
average 𝛼𝛼 for the both strain readings for a ring 
specimen, and the stress rate at cracking (𝑞𝑞) is 
defined as,  

  𝑞𝑞 =  𝐺𝐺|𝛼𝛼𝑎𝑎𝑎𝑎𝑎𝑎|
2√𝑡𝑡𝑟𝑟

   …(2) 
where G is a constant based on the ring 
dimensions (= 72.2 GPa for the ASTM C1581 
test) and 𝑡𝑡𝑟𝑟 is the elapsed time at cracking.  
 

Based on the information on time to crack and 
stress rate at cracking, ASTM C1581 classifies 
the cracking potential of concrete as shown in 
Table 1.  

 

 

 

 

 

 

Table 1 - Cracking Potential Classification 
(ASTM C1581) 

Time-to-
cracking, 𝑡𝑡𝑟𝑟, 

(day) 

Stress rate at 
cracking, 𝑞𝑞, 
(MPa day-1) 

Potential for 
cracking 

0 < tr ≤ 7 S ≥ 0.34 High 
7 < tr ≤ 14 0.17 < S < 0.34 Moderate-High 

14 < tr ≤ 28 0.10 < S < 0.17 Moderate-Low 
tr > 28 S < 0.10 Low 

 
3. Experimental Procedure 
 
An experimental study was carried out to 
explore the influence of the use of silica fume 
and fly ash on the restrained shrinkage 
behaviour of HPC via the ASTM C1581 ring 
test. The experimental series comprised five 
mix combinations including a control mix. 
Also, for each mix, two ring specimens and 
three 150 mm diameter 300 mm high cylinder 
specimens were cast. The target (cylinder) 
compressive strength for the control mix was 
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50 MPa (for a characteristic strength of 42 MPa) 
and the target workability was 400-600 mm 
slump-flow. For the SCM blended mixes, the SF 
level was kept constant at 10% cement 
replacement level while FA was blended at 0% 
to 30% variations.  
 
3.1  Material Selection 
Ordinary Portland cement (CEM 42.5N) was 
used as the main binder. Through trial mix 
designs, coarse aggregate passing 14 mm and 
retained on 10 mm sieves was identified to be 
appropriate to achieve the desired high 
strength level. The specific gravities of the 
coarse and fine aggregates were 2.76 and 2.60, 
respectively, and for SF and FA, were 2.30 and 
2.45, respectively. In addition, AIV of the coarse 
aggregate and the fineness modulus of the fine 
aggregate were found to be 17.4 and 2.72, 
respectively. A superplasticizer based on 
polycarboxylic ether was used as an admixture. 
 

3.2  Mix Proportioning 
Mix design for the concrete was performed 
fixing the w/c ratio at 0.3. For the blended 
mixes, the binder proportions were computed 
considering the 𝑘𝑘-value concept introduced in 
EN 206-1 [11]. Based on the findings of 
Sanjeewa et al. [13], 𝑘𝑘𝑆𝑆𝑆𝑆 = 2.0 and 𝑘𝑘𝐹𝐹𝐹𝐹 = 0.4 
were assigned in the concept. Table 2 shows the 
mix proportions for all the mixes. A notation is 
introduced in the table where the digits indicate 
the percentage of SCMs in the mix for SF and 
FA, respectively. For instance, 10SF/20FA 
denotes a mix of 10% SF, 20%FA and 70%OPC 
by weight. 
 
3.3  Instrumentation and Specimen 

Casting 
Two 10 mm gauge length strain gauges were 
fixed at the mid-height of the inner steel ring 
inner surface, see Figure 3. Concrete was 
poured into the ring mould and subsequently 
the setup was covered with a plastic sheet to 
prevent moisture loss. The strain readings in 
the steel rings were monitored using a 
computer-controlled data recording system 
which was programmed to store readings at 30 
minute intervals. After 24 hours of cast, the 

cover was removed and the outer ring of the 
mould was demoulded. The top portion of each 
ring specimen was then wax coated to limit 
moisture loss only to the radial direction. A set 
of cast specimens are shown in Figure 4. 
 
4. Results and Discussion 
 

The following results were obtained from the 
experiment. 

4.1  Fresh and Hardened Concrete 
Properties 

A summary of the average cylinder strength 
and the slump flow of all the concrete mixes are 
presented in Table 2.  It is observed that the 
addition of 10% SF to the control mix increased 
the compressive strength considerably (by 
≈ 48%) whilst the inclusion of FA to the 
concrete mix comprising SF reduced the 
strength. The compressive strength of mix 
10SF/30FA had a fairly similar strength to that 
of the control. Since the mix design was 
formulated according to the EN 206-1 k-value 
concept, these trends show that SF was more 
effective and FA was less effective than what 
was anticipated by the k-value concept 
(otherwise similar strengths should have been 
achieved). Meanwhile, the addition of SF to the 
control mix considerably reduced the 
workability of the control mix, whereas the 
inclusion of FA to the OPC/SF blend improved 
the loss of workability fairly proportional to the 
FA content (see Table 2). The 10SF/30FA mix 
exhibited similar workability to that in the 
control mix (it also possessed similar strength 
of the control mix). This particular combination 
can therefore be deemed to be a 
recommendable sustainable combination that 
can be used to produce concrete in the 50 MPa 
compressive strength range. 
  

Figure 3 – Ring Test Arrangement 
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Table 2 – Mix Proportions 

Mix 

Mix proportion (kg/m3) Exp. results 

Water Cement 
C.  

Agg. 
F.  

Agg 

Fly 
Ash 
(FA) 

Silica 
Fume 
(SF) A

dm
ix

. (
l) Avg. 

Cylinder 
Strength  

(MPa) 

Slump 
Flow  
(mm) 

00SF/00FA 160 533 896 826 0 0 8.0 49 700 
10SF/00FA 160 444 896 846 0 49 7.4 73 460 
10SF/10FA 160 430 896 792 53 54 8.0 68 540 
10SF/20FA 160 416 896 724 119 60 8.9 62 600 
10SF/30FA 160 404 896 633 202 68 10.1 52 700 

 

 
Figure 4 – Experimental Ring Test Specimens 

 

 4.2  Restrained Shrinkage Behaviour  
All the ring specimens showed signs of 
cracking due to shrinkage. Figure 5 shows the 
cracking in two selected specimens. 
   

 
Figure 5 - Restrained Shrinkage Cracking 

 
Figures 6 (a) – (e) depict the strain 
measurements for the pair of rings for each mix. 
It is interesting to note that the ring pairs 
behaved fairly similarly in each context. These 
illustrations indicate the onset of first cracking 
with a large drop in the strain. It is of note that 
cracking was also observed visually in the 
specimens during the same time.  
 
To compare the restrained shrinkage 
behaviours, the average of the strain readings 
are plotted in Figure 7. It is identified 
accordingly that mix 10SF/10FA exhibited the 
highest level of strain amongst the mixes. 
However, as previously mentioned, according 
to the behaviours of SF and FA, one would 
expect mix 10SF/0FA to be more shrinkage 
critical than mix 10SF/10FA but Figure 7 shows 
a slight contradiction. It is in fact, as guided in 
ASTM C1581, the cracking potential is not 
directly correlated to the level of strain (but to 
time to cracking and stress rate at cracking), 
and therefore further interpretation of the 
results is needed to draw conclusions.   

Figure 8 illustrates the average time to crack for 
the experiments. It is of note that the time to 
crack was computed assuming drying started 
soon after the termination of curing (i.e., after 
24 hrs.). It is highlighted that the control mix 
had the longest time to crack whereas the 
10SF/00F mix exhibited the shortest time to 
crack. In that light, mix 10SF/00F had the 
highest potential for cracking.  It is also noted 
that, as expected, the fly ash addition gradually 
delayed the crack onset.  
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Figure 6 – Strain Development with Time Inside the Steel Ring: (a) 00SF/00FA; (b) 10SF/00FA 
(c) 10SF/10FA; (d) 10SF/20FA; (e) 10SF/30FA 

 
Figure 7 – Average Strain Development inside the Steel Ring 

10SF/00FA 
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Figure 6 – Strain Development with Time Inside the Steel Ring: (a) 00SF/00FA; (b) 10SF/00FA 
(c) 10SF/10FA; (d) 10SF/20FA; (e) 10SF/30FA 

 
Figure 7 – Average Strain Development inside the Steel Ring 

10SF/00FA 
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Figure 8 - Time to Crack of the Ring Test 
Specimens 

 

Figure 9 - Cracking Strain vs. Time to Crac

 

Table 3 – Time to Crack, Average Stress Rate and Cracking Potential 

Mix 
designation 

Indication 1:                       
Time to crack 

Indication 2:                                 
Ave. stress rate  

Time to 
crack / 
(day) 

Cracking 
potential 

Ave. stress 
rate of all 

mixtures / 
(MPa day-1) 

Cracking 
potential 

00SF/00FA 20.50 Moderate low 0.06 Low 
10SF/00FA 12.50 Moderate high 0.22 Moderate high 
10SF/10FA 12.75 Moderate high 0.54 High 
10SF/20FA 14.00 Moderate high 0.21 Moderate high 
10SF/30FA 18.00 Moderate low 0.09 Low 

 

Figure 9 plots the maximum strain against the 
time to crack recorded for the mixes. It shows 
that, in general, higher the shrinkage quicker is 
to cracking, but as discussed in the preceding 
section, there is no direct correlation in-between. 
Interestingly, Hu et al. [14] also observed a 
similar behaviour in their ring test experimental 
series. In fact, the crack onset is not only in 
association with the shrinkage strain but also 
with other engineering properties of the 
concrete (e.g. strength, stiffness).  

 
The average stress rate for the ring experiments 
was calculated based on the cracking condition 
of the ring test specimens via Eqns. 1-2. Table 3 
presents the computed values.  It also shows 
time to the onset of cracking and the cracking 
potential pertaining to each indication 
conforming to ATSM C1581. 

 
 
 

The crack indications demonstrated in Table 3 
highlight that the control and 10SF/30FA 
mixes had comparatively lower potential for 
cracking under restrained conditions. In terms 
of time to crack, the highest potential to crack 
was indicated in 10SF/00FA and 10SF/10FA 
mixes, whereas in terms of average stress rate, 
10SF/10FA mix indicated the highest cracking 
potential. Hence, it is fair to state that both 
10SF/00FA and 10SF/10FA mixes had a 
higher cracking potential at restrained 
conditions than the other mixes. Thus the 
inclusion of 10% of SF had detrimentally 
influenced the restrained shrinkage behaviour 
of concrete whilst the blending of 20% or more 
FA into the mix could control the risk of 
restrained shrinkage cracking. In fact, mix 
10SF/20FA had 26.5% higher compressive 
strength than the control mix. In this light, that 
particular mix had appreciable strength as well 
as low risk of restrained shrinkage cracking, 
and can therefore be identified as a promising 
HPC combination. 
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6. Conclusions  

This study assessed the restrained shrinkage 
behaviour of five high performance concrete 
(HPC) mixes conforming to the ASTM C1581 
procedure. The mixes were designed for 50 
MPa target cylinder compressive strength, and 
comprised of supplementary cementitious 
materials (SCMs) of 0-10% silica fume (SF) and 
0-30% fly ash (FA). Based on the findings, the 
following conclusions can be drawn. 

1. The control and 10%SF/30%FA mixes 
indicated comparatively lower cracking 
potential under restrained conditions than 
the other three SCM mixes. The highest 
cracking potential was identified for the 
10%SF/0%FA and 10%SF/10%FA mixes. 
The addition of FA in excess of 20% to 
OPC/SF mixes was identified to be 
important in terms of reducing the risk of 
non-structural cracking.  

2. The compressive strength of the control 
mix was enhanced considerably (by about 
48%) with the inclusion of 10%SF. In 
contrast, the FA inclusion to the 10% SF 
mix reduced the compressive strength 
fairly proportional to the FA content. 
Overall, the strength varied in the range of 
49 – 73 MPa.  

3. Mix 10SF/20FA had 26.5% higher 
compressive strength than the control mix 
and showed low risk on restrained 
shrinkage cracking. Hence, it can be 
identified as a promising HPC 
combination.   

4. Since the mix design was formulated 
according to the EN 206-1 𝑘𝑘-value concept, 
the resulting compressive strengths 
highlighted that, at this compressive 
strength range (49 – 73 MPa), SF was more 
effective and FA was less effective than 
that was anticipated by EN 206-1.     

5. For the explored compressive strength 
range, 10%SF/30FA mix showed similar 
characteristics to the control mix in terms 
of compressive strength and of potential 
for non-structural cracking, Hence, this 
particular mix is recommendable as a 
sustainable combination to replace high-
strength OPC mixes.  
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