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Abstract — By using non-contact concrete shrinkage deformation testing system we study the influence on the autogenous 
shrinkage of Reactive Powder Concrete, RPC, of (separately): i) steel fiber, ii) steel fiber + undercalcined MgO, and iii) steel fiber + 
undercalcined MgO + polypropylene fiber. The micro-structure of RPC is studied by using Scanning Electron Microscope, SEM. 
The results show that the autogenous shrinkage of RPC can be effectively reduced by adding steel fiber. With the volume fraction 
of steel fiber increasing, the autogenous shrinkage of RPC is reduced. The autogenous shrinkage of RPC can be partly 
compensated by the volume expansion which caused by hydration of undercalcined MgO and the pressure which caused by 
Mg(OH)2 crystal growth. The shrinkage is reduced with the increasing of undercalcined MgO. However, undercalcined MgO will 
bring adverse effects to the mechanical properties of RPC. For autogenous shrinkage performance of RPC, the significantly 
positive hybrid effect is produced between the steel fiber and polypropylene fiber. These two fibers can play a role of restricted 
shrinkage in different stages of the RPC hydration. 
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I. INTRODUCTION 

Reactive powder concrete (RPC) had outstanding 
advantages compared with ordinary concrete for example 
excellent mechanical properties, high durability and high 
toughness. However, as a kind of ultra-high performance 
concrete, the water to binder ratio of RPC was very low 
(only 0.17-0.25). The volume unstable of RPC was caused 
by the very low water to binder ratio which led to the 
occurrence of through cracks. The durability of RPC might 
be largely weakened by through cracks. This phenomenon 
had become an important factor for restricting the application 
of RPC. Former research showed that autogenous shrinkage 
was a key factor which caused early cracking of ultra-high 
performance concrete [1]. The autogenous shrinkage of RPC 
was very seriously due to very low water to binder ratio and 
addition of large amounts of fine activity mineral admixtures 
for example silica fume. RPC would crack when the pull 
stress caused by autogenous shrinkage exceeded the tensile 
strength of the matrix [2]. Therefore, in order to further 
expand application scope of RPC some measures should be 
taken to control the early autogenous shrinkage of it. 

Adding expansive agent could inhibit the shrinkage of 
high performance concrete. At present, the most common 
used expansion additives were sulphoaluminate and CaO 
types. These types of expansive additives existed some 
shortcomings such as large early expansion rate and later 
retraction, greater water demand and so on. Compared with 
them, the undercalcined MgO required small amount of 
water during hydration process, volume expansion was large 
and stable [3]. The use of undercalcined MgO as expansion 
additives to overcome the autogenous shrinkage of RPC was 

more advantageous. In the engineering practice, the addition 
of fiber was also an effective way to restrain shrinkage and 
crack of concrete. The addition of steel fiber obviously 
restrained the autogenous shrinkage of high strength 
concrete, moreover because of its high elastic modulus, the 
long-term drying shrinkage was also greatly inhibited by it. 
Although the reinforcing effect of polypropylene fiber was 
not obvious, it could effectively reduce the early plastic 
shrinkage of concrete [4]. The fiber with different elastic 
modulus would respectively play a role of restricting 
shrinkage during the process of hydration of cement based 
materials, as a result the use of two or even a variety of fiber 
hybrid technology was a good choice to inhibit the shrinkage 
[5]. 

In this research the non-contact concrete shrinkage 
deformation measurement instrument was used to study the 
influence of steel fiber, steel fiber + undercalcined MgO, 
steel fiber + undercalcined MgO+ polypropylene fiber on the 
autogenous shrinkage of RPC. The microstructure of RPC 
was observed by SEM. The aim of this study was to obtain a 
better method to control autogenous shrinkage of RPC. 

II. EXPERIMENT 

A. Materials 

The cement used in the experiment was P.O425R 
produced in Chongqing China. Silica fume was provided by 
Sanyuan company which in a form of pale blue powder, the 
SiO2 content of it was more than 93%, the specific surface 
area surpassed 25m2/g. The chemical composition of them 
was shown in table 1: 
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TABLE  I  CHEMICAL COMPOSITION OF EXPERIMENT MATERIALS/% 

Materials  CaO SiO2 Al2O3 Fe2O3 MgO Na2O SO3 Loss 

P.O425R 61.13 21.43 5.24 3.78 2.08 0.78 2.24 3.32 

Silica 
fume 

0.52 93.10 0.61 0.22    5.55 

The grain diameter of quartz flour was about 10μm. It’s 
in a form of white powder, produced in Shanghai. The 
majority of mixes were produced using fine river sand which 
particle size between 0.075 to 0.6 mm. The water-reducer 
used in this experiment was polycarboxylate superplasticizer 
which water reducing rate excessed 35%. Mixing water was 
tap water. The undercalcined MgO expansive additives used 
in this research was produced by Haicheng Company in 
Liaoning province, which density was 3.389 g/cm3, fineness 
was 60-90μm. The content of MgO was more than 85% in 

this production. The copper coated steel fiber was used in 
this study which diameter was about 0.2-0.25mm, the length 
was 13mm, the tensile strength exceeded 2850MPa, the 
elastic modulus was 200GPa-220GPa, and the density was 
7.8g/cm3. The physical properties of polypropylene fibers 
used in this study were as follows diameter was 0.01mm, the 
length was 12mm, tensile strength 365-600MPa, elastic 
modulus 2.4-3.2GPa and density was 0.91g/cm3. 

B. Methods 

(1) The test specimen used for the compressive and 
flexural test was 40mm×40mm×160mm prismatic. The 
amount of MgO used in this research was respectively 5%, 
7%, 9% of the cement quality. The dosage of water reducer 
in this article was 3% of the mass of binder (MgO also been 
seen as binder). The mix proportion of RPC was shown in 
table 2: 

TABLE II   MIX PROPORTION OF RPC/(KG/M3) 

Code Cement 
Silica 
fume 

Quartz 
flour 

Quartz 
sand 

Water 
Steel 
fiber 

Polypropylene fiber MgO Water reducer

Con 800 200 320 880 200 0 0 0 30 

S05 800 200 320 880 200 39 0 0 30 

S10 800 200 320 880 200 78 0 0 30 

S15 800 200 320 880 200 117 0 0 30 

M5S05 800 200 320 880 200 39 0 40 31.2 

M5S10 800 200 320 880 200 78 0 40 31.2 

M5S15 800 200 320 880 200 117 0 40 31.2 

M7S05 800 200 320 880 200 39 0 56 31.7 

M7S10 800 200 320 880 200 78 0 56 31.7 

M7S15 800 200 320 880 200 117 0 56 31.7 

M9S05 800 200 320 880 200 39 0 72 32.2 

M9S10 800 200 320 880 200 78 0 72 32.2 

M9S15 800 200 320 880 200 117 0 72 32.2 

M5S10P1 800 200 320 880 200 78 0.91 40 31.2 

M5S10P2 800 200 320 880 200 78 1.82 40 31.2 

M5S10P3 800 200 320 880 200 78 2.73 40 31.2 

M7S10P1 800 200 320 880 200 78 0.91 56 31.7 

M7S10P2 800 200 320 880 200 78 1.82 56 31.7 

M7S10P3 800 200 320 880 200 78 2.73 56 31.7 

M9S10P1 800 200 320 880 200 78 0.91 72 32.2 

M9S10P2 800 200 320 880 200 78 1.82 72 32.2 

M9S10P3 800 200 320 880 200 78 2.73 72 32.2 

 
The meanings of codes in this study were as follows: M 

on behalf of MgO, S on behalf of the steel fiber, P on behalf 
of polypropylene fiber. For example the code M5S10P1 
mean that the dosage of MgO was 5% of the quality of 
cement, steel fiber volume fraction was 1.0%, the 
polypropylene fiber volume fraction was 0.1%, and so on. 

 

 
Figure 1 Non-contact concrete shrinkage deformation testing system 1-
Steel mold; 2-Fix mount; 3-Displacement sensor; 4-Reflection target 
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Figure 2 Schematic diagram of the RPC autogenous shrinkage test 

(2) The autogenous shrinkage of RPC was tested by 
using CABR-NES non-contact concrete shrinkage 
deformation measuring instrument. The mould was 
100mm×100mm×515mm prism. Before testing, the butter 
should be smeared on the bottom of the mould. After that 
two layers of PVC film was laid closely to the internal face 
of steel mould. The target was placed vertically at both ends 
of mould. At last, the RPC mixtures was poured into the steel 
mold. It was very important to cover the surface of the paste 
with cling film for isolating with the outside air. The 
frequency of data collecting was set as 1min. In this 
experiment, 1ppm was 10-6. After the initial set of RPC, the 
autogenous shrinkage test was started. The environmental 
temperature and humidity should be maintained 20±2℃ and 
60±5% respectively during the testing process. 

(3) The MIRA3 TESCAN type scanning electron 
microscope produced in Czech was used for microstructure 
analysis of RPC. The accelerating voltage was 0.2-30KV. 
Because of the sample was not conductive, metal spraying 
processing was needed before testing. 

 

 
Figure 3 Influence of undercalcined MgO and steel fiber on 

mechanical properties of RPC 
 

 
Figure 4 Influence of polypropylene fiber on mechanical properties of 

RPC 

III. RESULTS AND DISCUSSION 

A. Compressive and flexural strength 

Figure3 and Figure4 indicated that strength of RPC was 
improved with the increasing of the volume fraction of steel 
fiber when the content of MgO was same. The main reason 
was that the steel fiber played a role of bridge and dowel in 
RPC [6]. The cohesive force between high elastic modulus 
steel fiber and cement matrix would act on a role of the 
resistance to crack when the load of RPC carried exceeded 
its ultimate load. Therefore the compressive and flexural 
strength of RPC was elevated by adding steel fiber. While 
the strength reached the peak value when the volume ratio of 
steel fiber was 1.5%, however, the steel fiber began to 
reunion together and decreased the flowability of RPC 
significantly. The main reason was that steel fiber took up 
some of mixing water, furthermore, there wasn’t enough 
cement paste to wrap steel fiber and fill the gap with the 
increasing of steel fiber volume fraction. Moreover, the steel 
fiber distributed randomly in three-dimensional of RPC, the 
friction among the fibers increased with the increment of 
steel fiber which led to the decreasing of the RPC 
workability. The mechanical strength of RPC declined with 
the dosage of MgO increasing. The variation tendency of 
flexural strength was likely to compressive strength. The 
reason of reduction in strength of RPC was that the hydration 
production C-S-H gel of RPC repair materials reduced as the 
content of cement reduced due to the increasing content of 
MgO. As was shown in Figure4, when the content of steel 
fiber, undercalcined MgO was same, the effect of 
polypropylene fiber on the mechanical properties of RPC 
was not significant. It could be explained that polypropylene 
fiber was a kind of polymer fiber with low elastic modulus 
and high elongation which couldn’t bear the internal stress of 
RPC after the cement matrix completely hardened. 

B. Autogenous shrinkage of RPC 

The autogenous shrinkage of RPC in 7 days (10080min) 
was obtained by using the non- contact concrete shrinkage 
deformation tester. 
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Figure5 indicated that the changed trend of autogenous 
shrinkage were basically similar. The growing of autogenous 
shrinkage deformation in 2000min was fast, after that the 
growth trend gradually slowed down. The autogenous 
shrinkage deformation mainly concentrated within 2 days 
after RPC forming. Compared with the control group, the 
autogenous shrinkage of RPC mixed steel fiber was nearly 
with control group at early age. However, the difference 
between the samples mixed with steel fiber and the control 
group was increased gradually after 1 day age. The 
autogenous shrinkage of RPC decreased gradually with the 
increase of steel fiber fraction. At 7 days, the autogenous 

shrinkage decreased by 4.7%, 19.1% and 31.4% respectively 
with the increase of the volume fraction of steel fiber. The 
reason of autogenous shrinkage decreased was that the 
distribution of steel fiber showed a three-dimensional 
random state, the skeleton structure was formed by the lap 
joint between steel fiber, and coupled with high elastic 
modulus of steel fiber itself, the inner stress of RPC which 
generated from hardening RPC matrix shrinkage was partly 
compensated. Therefore, the autogenous shrinkage of the 
specimens with steel fiber was lower than that of the control 
group. 

 
 

Figure 5 Influence of steel fiber on the autogenous shrinkage 
of RPC 

Figure 6 Influence of MgO on the autogenous shrinkage of 
RPC when the steel fiber volume fraction is 0.5% 

Figure 7 Influence of MgO on the autogenous shrinkage of 
RPC when the steel fiber volume fraction is 1.0% 

Figure 8 Influence of MgO on the autogenous shrinkage of 
RPC when the steel fiber volume fraction is 1.5% 

With the increasing of MgO content, the autogenous 
shrinkage of samples with MgO continued to decline 16.9-
36.6% compared with S05 in Figure6. In Figure7, the value 
decreased by 4.9-29.8% compared with S10, and in Figure8, 
it decreased by 19.9-42.9% compared with S15. This 
phenomenon indicated that the addition of MgO improved 
the shrinkage performance of RPC and reduced the 
autogenous shrinkage rate. It might be that the autogenous 
shrinkage of RPC was partly compensated by the volume 
expansion which caused by the hydration of MgO. From 
Figure6 to Figure8, the compensation of MgO was large in 

the early age and later developed relatively stable. Although 
the highest content of MgO reached 9%, the autogenous 
shrinkage of RPC was still not be completely compensated. 
The reason might be that the total deformation of RPC was 
determined by the competition effect of MgO hydration 
deformation and cement hydration deformation, however, 
there was not enough water supply to MgO complete 
hydration reaction because of the very low water to binder 
ratio, so it only compensated partly autogenous shrinkage of 
RPC repair materials. While the MgO content could hydrate 
completely in common magnesia concrete because of water 
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cement ratio was higher which could provide sufficient water 
for hydration reaction of MgO. Under this condition, the 
addition of MgO could not only compensate the early age 
shrinkage caused by cement hydration, but also even formed 
a micro expansion effect. 

The effect of polypropylene fiber on autogenous 
shrinkage was shown in Figure9a-c. 

Figure9a-c showed the effect of polypropylene fiber on 
the autogenous shrinkage of RPC under the condition of steel 
fiber volume fraction and MgO content were same. The 
autogenous shrinkage reduced with the increasing of PPF 
volume fraction. In Figure9a the autogenous shrinkage of 
samples mixed PPF decreased 24.7-42.4% compared with 
M5S10; in Figure9b, the value decreased 25.5-41.6% 
compared with M7S10; in Figure9c the value decreased 
21.9-42.5% compared with M9S10. For the autogenous 
shrinkage properties of RPC, steel fiber and polypropylene 
fiber showed a significant positive hybrid effect. The reason 
was that the density of polypropylene fiber was small, there 
were more single fiber for PPF per unit mass, so it could 
combine closely with the cement matrix. After blended with 
steel fiber, the PPF distributed more uniformly and formed a 
three dimensional interleaving support network in the RPC 

repair material. The early age shrinkage of RPC was reduced 
by PPF because of the pore structure of RPC was further 
improved, the bleeding path was reduced and the capillary 
stress was dispersed and reduced too [7]. In addition, the 
elastic modulus of polypropylene fiber was higher than that 
of cement matrix during early hydration stage which partially 
offset the autogenous shrinkage of cement paste and the 
strain stress, as a result, the early autogenous shrinkage of 
RPC decreases significantly with the increasing of 
polypropylene fiber. The gripping stress between RPC 
matrix and fiber became larger as the further setting and 
hardening of RPC which caused the stress transferred to fiber 
increasing gradually. Under this circumstances, the pull 
stress was mainly borne by the steel fiber with high elastic 
modulus. The fibers with different elastic modulus played 
different roles to inhibit autogenous shrinkage during the 
different stages of RPC hydration process which effectively 
reduced the local stress concentration phenomenon. Steel 
fiber and polypropylene fiber showed function of reducing 
autogenous shrinkage in different scales, levels, and stages of 
RPC. Combined with MgO further reduced the autogenous 
shrinkage of RPC. The autogenous shrinkage of M9S10P3 
was only 32.7% of control group. 

 
(a)                                                                            (b)                                                                                  (c) 

Figure 9 Influence of polypropylene fiber on the autogenous shrinkage of RPC 

C. Microstructure of RPC 

The morphology of fibers in RPC was shown in Figure10 
and Figure11. It was visible in Figure10 that the steel fiber 
was tightly bound with the matrix of RPC, and the bond 
stress between them was large, which could in some extent 
counteracted the drying shrinkage and internal tensile stress 
of RPC. Figure11 indicated that the PPF presented in a form 
of leaf shape and its cross-sectional area was far less than 
that of steel fiber. The number of PPF per unit mass was 
more than that of steel fiber which caused more firmly 
anchorage with RPC matrix and more closely self-locking 
overlap between the fibers. As a result, the final shrinkage 
values of RPC could be further reduced by the mixed PPF on 
the basis of steel fiber. 

 

 
Figure 10 Microstructure of MgO grain 
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Figure 11 Hydration of MgO 

The microstructure of MgO and the hydration product of 
it were shown in Fig12(a-b). The MgO was in a flocculent 
form which particle size was small and existed amounts of 
lattice defects. According to this phenomenon, it might be 
speculated that the hydration activity of MgO was high. 
Figure12b showed the hydration product of MgO after 1d 
under the condition of water to binder ratio was 0.45. It was 
found that the morphology of MgO changed obviously, and a 
large number of flaky Mg(OH)2 was formed, which indicated 
that the hydration of it was fast, and the volume was also 
swelled. Therefore, the addition of MgO could obviously 
inhibit the shrinkage of RPC. 

In Figure12(a-b), the Mg(OH)2 was wrapped by the 
hydration products of cement in RPC. The white dotted area 
was Mg(OH)2 crystals, and the needle like crystals in 
Figure12a was AFt. Hydration product of Mg(OH)2 formed 
around the MgO particles and filled the pores inside the 
RPC. The volume expansion was caused by the hydration of 
MgO particles. During this procedure, the large expansion 
pressure and Mg(OH)2 crystal growth pressure was caused 
because of the restriction of the cement matrix which led to 
the expansion of the matrix of RPC. Therefore, the shrinkage 
of RPC decreased as the addition of MgO increasing. The 
Mg(OH)2 crystal mainly existed around the MgO particles. 
Because of the internal of RPC was a strong alkaline 
environment, it had a strong influence on the solubility, 
hydration degree, nucleation site, crystal growth and 
morphology of Mg(OH)2. Due to the high concentration of 
OH— in RPC pore solution, the diffusion of Mg2+ was 
limited during the process of hydration. As a result, the 
supersaturated solution of OH— and Mg2+ could only be 
formed around the hydration region of MgO which caused 
Mg(OH)2 firstly generated around the MgO particles and 
formed a layer. With the increasing of age, water should pass 
through Mg(OH)2 layer to continue the hydration reaction. 
Therefore, the shrinkage compensation of MgO was large in 
the early stage of hydration, and reduced as increasing of 
age. 

 

                              
(a)                                                                                                                     (b) 

Figure 12 Microstructure of 7d age RPC 
 

IV. CONCLUSIONS 

(1) Steel fiber improved the mechanical performance of 
RPC, however, it might cause deteriorate of the workability 
of RPC when the volume rate passed a certain limit; the 
addition of undercalcined MgO lowed the mechanical 
strength of RPC; polypropylene fiber RPC had no obvious 
impact on the mechanical properties of RPC.  

(2) The autogenous shrinkage of RPC decreased 
gradually with the increasing of the volume fraction of steel 
fiber. The autogenous shrinkage mainly occurred within first 
2 days, after that the trend became slow. 

(3) The volume expansion caused by hydration of MgO 
and pressure generated during growth of Mg(OH)2 crystal 
was the main reason which led to autogenous shrinkage of 
RPC further reduced. The autogenous shrinkage gradually 
decreased with the increasing of the MgO content. 

(4) For the autogenous shrinkage of RPC, steel fiber and 
polypropylene fiber showed positive hybrid effect. They 
played roles of restricting autogenous shrinkage during 
different stages of hydration. 
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