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Abstract 

Excessive amounts of sulfate in concrete can originate from either modern cement or 

contaminated aggregate, which is a main aggregate in many parts of the Middle East. In this 

work, drying shrinkage of ultra-high performance fiber reinforced concrete (UHPFRC) with 

different total SO3 contents of up to 5.77% was investigated. The water/ binder ratio and volume 

fraction of micro steel fibers were kept constant at 0.174 and 2%, respectively for all the 

mixtures. Samples for drying shrinkage were either air dried directly after demolding or steam 

cured for 48 h at 80°C two days after casting and then subjected to air drying. Free shrinkage 

strains as well as corresponding weight losses were measured over 180 days. The compressive 

strengths of water and steam cured UHPFRC were also determined at 28 and 180 days. The 

results indicated that the non-heat-treated mixes with excess sulfates showed a lower shrinkage 

than those with normal sulfate levels; particularly the effect of sulfates being more obvious at 

early ages. In general, the shrinkage of heat-treated mixes was slightly increased by the addition 

of sulfates. Furthermore, applying steam curing significantly decreased the drying shrinkage and 

weight loss of all UHPFRC mixes. 

Keywords: Ultra-high performance fiber reinforced concrete (UHPFRC), drying shrinkage, 

weight loss, steam curing, gypsum.  
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1. INTRODUCTION 

Advances in the science of cement-based materials have resulted in the development of a new 

generation of concrete, namely ultra-high performance fiber reinforced concrete (UHPFRC). As 

compared to ordinary concrete, the primary improvement of UHPFRC is achieved by a micro-

structural engineering approach, including the removal of coarse aggregate, limiting the water-to-

cementitious material ratio, introducing micro fine materials such as silica fume, and 

incorporation of micro steel fibers [1, 2]. 

Shrinkage of concrete is a complex phenomenon which depends on many factors, including 

the ingredients of the concrete, the temperature and relative humidity of the environment, the age 

at which the concrete is exposed to drying, and the size of the concrete member or structure. The 

shrinkage of fresh concrete is referred to as plastic shrinkage. The term of autogenous shrinkage 

is used to describe the shrinkage when a concrete can self-desiccate during hydration process and 

which becomes more significant with a higher compressive strength of concrete. The time-

dependent volume change owing to the drying of concrete is referred to as drying shrinkage. This 

volume change of the concrete is related to the volume of water lost. The loss of free water, 

which occurs first, may lead to produce shrinkage. As the drying process of the concrete 

progresses, the adsorbed water held by hydrostatic tension in the small capillary pores is 

decreased significantly. When drying shrinkage is restrained, the loss of free water and adsorbed 

water may induce tensile stresses, which cause concrete to shrink initiating cracks that can 

adversely affect the structural performances, such as serviceability and durability, if not 

accurately taken into account during the design stage. Indeed, drying shrinkage cracking is 

related not only to the amount of free drying shrinkage but also to the tensile strength, modulus of 

elasticity, and creep of the concrete [3]. Garas et al. [4] studied a short-term free shrinkage of 

UHPFRC. Their results indicated that the application of thermal curing (at 90°C) decreased the 

14- day drying shrinkage by more than 82%. Work by Graybeal [5] showed that the steam cured 

UHPFRC did not exhibit any measurable free shrinkage after thermal treatment. In contrast, the 

air cured samples continued to shrink with time. 

The contamination of fine aggregates with sulfates, mostly with gypsum is a frequent problem 

in the Middle East region and similar locations [6]. In the Middle East, it is difficult to find well-

graded sand with allowable sulfate content despite the availability of many quarries of natural 

sands. In Iraq, for example, due to the scarcity of sulfate- free aggregates, Iraqi code allows only 

2.8% SO3 in ordinary Portland cement, which is considerably lower than the limits in other 

specifications such as British specification (3.5%) and ASTM specification (3-3.5%). The 

presence of an undesirable amount of gypsum in the aggregate is potentially deleterious because 

it may lead to composition-induced internal sulfate attack [6-8]. Crammond [7] substituted fine 

aggregates by various levels of coarsely crystalline gypsum. Based on the expansion results of 

ordinary Portland cement mortars, it was concluded that the quantity of gypsum allowed in the 

aggregate would not be much larger than 2.5% by weight of fine aggregate. Atahan and Dikme 

[9] proved the effectiveness of different types of mineral admixtures such as silica fume, fly ash, 

slag, and nano silica in mitigating composition-induced internal sulfate attack on mortars 

containing gypsum- contaminated aggregates.  
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The use of gypsum- contaminated aggregate with a limited amount of sulfate in the 

conventional concrete suggests a possibility of utilizing it to produce UHPFRC with outstanding 

mechanical and durability characteristics in the Middle East like regions. As with the 

conventional concrete, drying shrinkage of UHPFRC may lead to cracking, and even though it 

may not have an influence on the structural integrity, the durability of concrete is perhaps 

adversely affected. The main purpose of the present work is to investigate the effect of the sulfate 

content of the mixture on the drying shrinkage as well as on the compressive strength of heat-

treated and non-heat treated UHPFRC. 

2. EXPERIMENTAL PROGRAM 

Natural river sand (0-4 mm) and commercial quartz sand (0.6-2.5 mm) with a specific gravity 

of 2.66 and 2.65, respectively were used as fine aggregates. In order to simulate the issue of 

gypsum-contaminated aggregates in the Middle East, the natural crushed gypsum of nearly 38% 

SO3 was used as a partial replacement for the natural river sand to raise the initial SO3 content of 

the natural sand from 0.11% to 0.75, 1.5, 3, and 4.5%. A type F polycarboxylate-based 

superplasticizer (SP) in accordance with ASTM C 494-13 was used. The cementitious materials 

used in the present work were ordinary Portland cement (CEM I 42.5 R) with C3A content of 

8.8% as well as silica fume. 6 mm long and 0.16 mm diameter brass-coated steel fibers were also 

utilized to provide fiber reinforcement. 

The UHPFRC mixtures were designed with a constant flow of 270 ± 10 mm and a constant 

water/binder (w/b) ratio of 0.174. Five UHPFRC mixes with five different SO3 contents in 

natural sand of 0.11, 0.75, 1.5, 3, and 4.5% were prepared, thus yielding total SO3 content by 

weight of cement of 2.76, 3.2, 3.71, 4.74, and 5.77%, respectively. Table 1 presents the mix 

proportions by weight of cement.  

 

Table 1: Composition of UHPFRC (by weight of cement) 

Mix designation SO3 content 

in the 

mixture 

Cement Silica 

fume 

0.6-2.5 mm 

quartz sand 

0-4 mm 

natural 

sand 

Micro steel 

fiber 

Water SP 

Normal 

curing 

Heat 

curing 

NUH1 HUH1 0.0276 1 0.13 0.69 0.69 0.174 0.196 0.079 

NUH2 HUH2 0.0320 1 0.13 0.69 0.69 0.174 0.196 0.079 

NUH3 HUH3 0.0371 1 0.13 0.69 0.69 0.174 0.196 0.079 

NUH4 HUH4 0.0474 1 0.13 0.69 0.69 0.174 0.196 0.082 

NUH5 HUH5 0.0577 1 0.13 0.69 0.69 0.174 0.196 0.086 

UHPFRC was mixed in a Hobart mixer. Initially, dry ingredients namely cement, silica fume, 

fibers and aggregates were mixed at the low speed for 5 min. Water was then added, and the 

mixture was remixed at the low speed for 5 min. Superplasticizer was added and mixed at the low 

speed for 5 min, and thereafter at the medium speed for 2 min. The mixtures were then poured 

into the molds and compacted by using a vibrating table. All specimens were covered with 

polyethylene sheets and left in the laboratory environment for about 1 day.  
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Drying shrinkage was monitored on 25 × 25 × 285 mm prismatic bars while compressive 

strength was determined on 50 mm cubes. For drying shrinkage measurements, a group of 

samples was air-dried after demolding at 23±2°C and 50±5% relative humidity until the end of 

the curing period. The other group was subjected to heat treatment for two days after casting at 

80°C for 48 h. Thereafter, the heat-treated specimens were also exposed to air curing until the 

end of the curing time. A standard length comparator with a digital display accurate to 0.001 mm 

was used to measure the length change of bars. The initial length for drying shrinkage was 

measured after demolding.  Additional length measurements were carried out periodically on the 

bars up to the age of 180 days. The compressive strength samples were also subjected to two 

curing methods, namely water curing and steam curing. The samples for water curing regime 

were stored in water after demolding until the testing age. The samples for accelerated curing 

were steam cured at 80°C for 48 h two days after casting and then stored in water until the age of 

testing.  

3. RESULTS AND DISCUSSIONS 

3.1 Compressive strength  

Figure 1 presents the effects of sulfate content in the mixture and curing regime on the 

compressive strength of UHPFRC at the ages of 28 and 180 days. Under water curing, the sulfate 

addition generally resulted in a small increase of up to 4% in the compressive strength of the 

corresponding reference concretes. Under steam curing, the addition of sulfates also increased the 

compressive strength of concrete though the effect of increasing sulfate content was more 

pronounced on the strength of steam-cured specimens compared to water-cured ones. The 

compressive strength under steam curing condition was increased by up to nearly 8% due to the 

addition of sulfates. As seen in Figure 1, the steam-cured samples showed a higher compressive 

strength than the water-cured samples at both 28 and 180 days. The gain in strength due to the 

sulfate addition may be as a result of early formation of ettringite, which partially fills some pores 

reducing porosity of the cementitious paste. Larger amounts of the early ettringite may be formed 

under steam curing compared to water curing because the elevated temperatures accelerate the 

interaction of gypsum, C3A and water. 

3.2 Drying shrinkage and weight loss 

Figure 2 shows the development of drying shrinkage of heat-treated and non-heat-treated 

UHPFRCs for 180 days of drying period. During the first 14 days of air curing, free shrinkage of 

all fabricated bars was generally observed to occur at a higher rate. Besides, the non-heat-treated 

samples continued to shrink for about 90 days, while the heat-treated specimens reached the 

asymptotic shrinkage strain value after about 56 days of drying due to the physical loss in water 

content of the samples.  

The long-term drying shrinkage of non-heat-treated UHPFRC was slightly decreased (up to 

about 4%) by the addition of sulfates. However, the early age drying shrinkage was appreciably 

decreased by the addition of sulfates. At 7 days, for example, a decrease of about 11-17% was 

observed. On the other hand, the heat-treated samples showed a slight increase in drying 
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shrinkage due to the addition of sulfates, in contrast to the non-heat-treated specimens. Of all the    

UHPFRC mixtures, however, the minimum drying shrinkage was observed for mixes with 3.71% 

SO3 irrespective of the curing method. Despite a slight drying shrinkage difference between 

concretes containing additional gypsum and comparable concretes not containing additional 

gypsum, increasing the sulfate level seems to have two opposite effects on the magnitude of 

drying shrinkage of UHPFRC. While the additional sulfates may provide shrinkage 

compensation, the formation of ettringite may aggravate the self-desiccation influence and thus 

may raise the drying shrinkage. Which one of these two effects is predominant appeared to be 

dependent on the curing method.  

The results also indicated that the application of steam curing diminished the long-term drying 

shrinkage by 41-45%. This was confirmed by the significant decrease in the moisture loss due to 

the consumption of free water associated with steam curing as shown from the weight loss results 

in Figure 3. One more possible explanation of the reduced shrinkage strains in steam-cured 

samples is due to the microstructural refinement accompanied with this curing regime. As seen in 

Figure 3, the moisture loss under normal curing was lower for mixes with the additional sulfates 

as compared to the corresponding plain mix. In contrast, the weight loss under heat treatment was 

higher for gypsum-incorporated mixes except for the mix HUH3.  

     In Figure 4a and b, the drying shrinkage is plotted against the corresponding weight loss for 

the heat and non-heat treated mixes, respectively. Obviously, the shrinkage was directly 

proportional to the weight loss. Furthermore, the high coefficient of correlation, R2, indicated a 

very good correlation between the two phenomena. Other investigators [10, 11] also studied the 

relationship between the drying shrinkage and weight loss for other types of concrete. They also 

observed that the free shrinkage strain was almost proportional to the weight loss regardless of 

the matrix type.   

 

 

 

 

 

 

 

 

Figure 1: Effect of sulfate content on the compressive strength of UHPFRC. 
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Figure 2: Drying shrinkage of UHPFRC. 

 

 

 

 

 

 

 

 

 

 

Figure 3: Weight loss of UH Figure PFRC. 
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Figure 4: Relationship between drying shrinkage and weight loss, (a) normal curing, (b) heat 

curing. 

4. CONCLUSIONS 

From the experimental results presented in this research, the following conclusions can be 

drawn: 

1. The effect of increasing sulfate content in UHPFRC mixtures on the drying shrinkage was 

found to be dependent on the curing regime.  

(a) 

(b) 
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2. Under normal curing condition, the mixes with additional gypsum showed a lower drying 

shrinkage and weight loss compared to the plain mixes though the positive effect of sulfates 

was more obvious at early ages.   

3. In general, the inclusion of gypsum slightly increased the drying shrinkage and weight loss 

of steam cured UHPFRC.  

4. The UHPFRC mixes with additional sulfates generally showed a higher compressive 

strength than those without additional sulfates irrespective of the curing method. However, 

the increase in compressive strength was more noticeable under steam curing compared to 

water curing.  
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