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Abstract 15 

Creep and shrinkage behaviors are critical factors in the precast/ prestressed concrete 16 

industry because these factors allow engineers to assess the long-term performance of 17 

concrete and to develop life-cycle estimates for concrete structures. The current study presents 18 

the results of an experimental work that addresses creep and shrinkage behaviors as well as the 19 

development of compressive strength in ordinary Portland cement concrete (OPC), high-20 

performance concrete (HPC), and self-consolidating concrete (SCC). The concrete mixtures 21 

created for the present study were used to fabricate prestressed bridge girders. A conventional 22 

method (ACI) was used to design the mixture proportion for OPC and a densified mixture 23 

design algorithm (DMDA) was used to design the mixture proportions for HPC and SCC. All 24 

concrete mixtures had the same target strength of 69 MPa (10000 psi) at 56 days. Additionally, a 25 

comparative performance in terms of strength development and creep and shrinkage behaviors 26 

of ACI and DMDA concrete is performed in the present study. Test results show that all of the 27 

samples attained the target strength after 28 days of curing and that the strengths of each 28 

continued to increase afterward. Importantly, the incorporation of pozzolanic materials into 29 

concrete mixtures affected the propagation of creep strain and shrinkage positively. Furthermore, 30 

the DMDA concrete sample delivered better long-term performance than ACI concrete in terms 31 

of compressive strength, creep strain, and shrinkage. 32 

Keywords: Creep; shrinkage; high-performance concrete (HPC); self-consolidating concrete 33 

(SCC); densified mixture design algorithm (DMDA); compressive strength.  34 
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1. Introduction 35 

Today, the global construction industry consumes over 10 billion tons of concrete 36 

annually [1]. Over the past decade, in order to meet the requirements of advanced construction 37 

activities, the demand specifications for concrete have expanded beyond the traditional 38 

considerations of durability, cost, and safety to include considerations of workability and 39 

ecology [2]. Traditional concrete uses a relatively high water-to-cement (w/c) ratio as a safety 40 

criterion. However, this practice increases the risks of early deterioration, corrosion, and cracks 41 

[2–5]. Thus, the water-to-binder (w/b) ratio influences the long-term performance of concrete. 42 

High w/b ratios have been associated with increased permeability and increased risks of 43 

bleeding and segregation, while the calcium hydroxide (Ca(OH)2) that results from the cement 44 

hydration process is a potential cause of sulfate attack, leaching, and precipitation [4–7]. Thus, 45 

these problems degrade concrete quality and deteriorate concrete durability. Partially replacing 46 

cement with pozzolanic materials such as fly ash (FA), ground granulated blast furnace slag 47 

(GGBFS), rice husk ash (RHA), silica fume (SF), and metakaolin (MK) holds the potential to 48 

enhance the long-term performance of concrete, as these materials reduce hydration-generated 49 

heat and the pozzolanic reaction of these materials turns soluble alkali into C-S-H gel, which 50 

is significantly more stable [4,8,9].  51 

Applying a creative densified mixture design algorithm (DMDA) holds promising 52 

potential to minimize the abovementioned problems. This algorithm, developed by Hwang’s 53 

research group at National Taiwan University of Science and Technology (NTUST), has been 54 

applied successfully to design concretes that have used in many large projects in Taiwan [10–55 

14]. DMDA effectively reduces both cement and water content using pozzolanic materials and 56 

superplasticizer (SP) in order to significantly increase concrete durability. Thus, lower water 57 

content reduces drying shrinkage and permeability and lower cement-paste content prevents 58 

sulfate attack and alkali-aggregate reactions while reducing hydration heat [15]. Furthermore, 59 
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the idea of “the least void” is part of the design logic of the DMDA method. Under this idea, 60 

pozzolanic materials of particle sizes ranging from micro to nano sizes are used to maximally 61 

fill the voids within a concrete structure, with smaller particles may filling the voids between 62 

larger particles to create highly compact and dense concrete. Moreover, the comprehensiveness 63 

of both the pozzolanic reaction and the filler effect enhances concrete properties [16,17]. 64 

Furthermore, partially replacing cement with pozzolanic materials may lower production costs 65 

[2], as these materials are often locally available as waste / recycled products or industrial 66 

byproducts. Moreover, concrete with good workability requires less labor to use and thus may 67 

further reduce the overall costs of construction. Finally, using less cement reduces energy 68 

consumption and CO2 emissions, which reduces the negative impact of concrete production on 69 

the environment [4]. 70 

Concrete durability is a major concern in construction works. It is known that the 71 

volume of concrete changes across its service life. This change is attributable primarily to 72 

applied loads and shrinkage [18]. Loaded concrete experiences both instantaneous, recoverable 73 

elastic deformation and a slow, inelastic deformation, called creep. The deformations of 74 

loaded concrete with and without moisture loss are known, respectively, as drying creep and 75 

basic creep. Alternatively, the deformation of unloaded concrete is known as shrinkage. The 76 

four principal types of shrinkage are: plastic shrinkage (caused by moisture loss from concrete 77 

prior to setting), autogenous shrinkage (caused by self-desiccation during concrete hydration), 78 

carbonation shrinkage (resulted from the chemical reactions between hydrated concrete and 79 

CO2 in the air), and drying shrinkage (caused by the long-term dehydration of concrete over an 80 

extended period of time). Creep and shrinkage are of crucial importance to the durability, long-81 

term serviceability, long-term stability, and safety of concrete structures. Therefore, many 82 

research works have investigated the behaviors of concrete such as increased deflection and 83 
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curvature, cracking, losses in strength, and the redistribution of prestress and stress that may 84 

impact negatively on the viability of concrete structures [19].  85 

Vandewalle [19] studied the issue of concrete creep and shrinkage at cyclic ambient 86 

temperatures. Their examination of the effects of weather on cast and loaded concrete, relative 87 

humidity (RH), type of cement, and concrete composition found that shrinkage was affected by 88 

both weather and humidity, while creep was affected primarily by the weather conditions at 89 

the time when the concrete was casted and loaded. Li and Yao’s [20] investigation of the 90 

effects of ultra-fine GGBFS and SF on the creep and drying-shrinkage characteristics of HPC 91 

found that GGBFS/SF-enhanced concrete earned creep and drying-shrinkage values that were 92 

significantly lower than traditional high-strength concretes. Nassif et al.’s [21] investigation 93 

of the effects of curing method, including air-dry curing, moist curing, and compound curing, 94 

on autogenous and drying shrinkage in normal and light-weight HPCs led to the finding that 95 

moist curing concrete immediately after finishing improves autogenous-shrinkage performance. 96 

Additionally, both FA and lightweight aggregates were found to improve the autogenous 97 

shrinkage of concrete with very low w/b ratios. In Zhang et al.’s [22] investigation of 98 

autogenous shrinkage in ordinary Portland cement (OPC) and silica-fume (SF) concrete, 99 

concrete samples of different w/b ratios (0.26–0.35) and SF contents (0–10% by weight of 100 

cement) were prepared. Results found that autogenous shrinkage rose with increasing SF 101 

content and a decreasing w/b ratio and that the autogenous shrinkage strains of SF-concrete 102 

with low w/b ratios developed more rapidly than the other samples. Lee at al.’s [23] 103 

investigation of autogenous shrinkage in concrete samples that were prepared with different 104 

w/b ratios (0.27–0.42) and GGBFS contents (0–50%) found that the samples containing 105 

GGBFS exhibited larger autogenous shrinkage values than GGBFS-free OPC and that GGBFS 106 

content was positively associated with autogenous shrinkage. Soliman and Nehdi [24] 107 

investigated the effects of drying conditions on the autogenous shrinkage of ultra-HPC at 108 
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early-ages by exposing samples to different temperature (10, 20, and 40˚C) and RH (40–80%) 109 

conditions. They found that drying conditions significantly affect both early strength 110 

development and autogenous shrinkage behavior and that adequate curing is essential to 111 

reducing shrinkage in ultra-HPC. Khayat and Long’s [25] investigation of the autogenous and 112 

drying shrinkage of precast, prestressed SCC and HPC found the 300-day drying shrinkage to 113 

be 5–10% higher in the SCC than the HPC, although the autogenous shrinkages for these two 114 

types of concrete were similar. Hwang and Khayat’s [26] investigation of the effect of 115 

mixture design on the restrained shrinkage of SCC samples that were prepared using different 116 

w/b ratios (0.35 and 0.42) found that the concrete samples that were prepared with higher w/b 117 

ratios exhibited higher drying shrinkage and that SCC concrete had a higher cracking 118 

potential than both HPC and OPC due to higher paste content. Güneyisi et al.’s [27] 119 

investigation of the development of strength and of the drying shrinkage in SCC containing 120 

FA, GGBFS, SF, and MK found that increasing FA content was associated with a slight 121 

reduction in compressive strength; that the strength of the GGBFS sample was comparable to 122 

that of the control concrete, while those of the SF and MK samples were stronger than the 123 

control concrete; and that replacing cement with FA, GGBFS, and MK reduced the drying 124 

shrinkage of SCC, while replacing cement with SF increased the drying shrinkage. Finally, 125 

Leemann et al.’s [28] investigation of the effects of paste volume and cement type on the E-126 

modulus, flexural and compressive strengths, drying shrinkage, creep, and stress development 127 

in SCC found that these two variables affected creep and shrinkage significantly, with the 128 

volume of paste related directly and positively to shrinkage levels. 129 

Most previous works focus on evaluating the properties of conventionally prepared 130 

Portland cement concrete. Therefore, to address the limited information in the literature on the 131 

characteristics of concretes that are designed using DMDA, the present study investigates the 132 

long-term performance of DMDA concrete (HPC and SCC) in terms of compressive strength 133 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

7 

development, creep, and shrinkage as compared to conventional concrete (OPC). Furthermore, 134 

the present study compares the effects of the DMDA and ACI mix designs on the long-term 135 

performance of these concretes. The results are then applied to the fabrication of prestressed 136 

bridge girders. 137 

2. Experimental programs 138 

2.1. Materials 139 

The binder materials used in the present research included: type-I OPC produced by 140 

Asia Cement Corporation, class-F fly ash (FA) supplied by Taichung Power Plant, ground 141 

granulated blast furnace slag (GGBFS) provided by China Hi-Ment Corporation, and silica 142 

fume (SF) produced by Elkem Silicon Materials. Table 1 presents the characteristics of these 143 

binder materials. The present study uses natural sand and crushed stone sourced from local 144 

quarries in Taiwan as fine and coarse aggregates, respectively, with the physical properties of 145 

these aggregates shown in Table 2. A commercially available type-G superplasticizer (SP), 146 

containing 43% solid content with a specific gravity of 1.19, was used to obtain the desired 147 

workability of the fresh concrete mixture. Domestic, unfiltered tap water that conforms to 148 

ASTM C1602 [29] was used as the mixing water. 149 

2.2. Mix design concepts and concrete proportions 150 

The quantity of paste that is used in a concrete mixture greatly affects the performance of 151 

the resultant concrete [2,4]. Therefore, performance may be improved by using appropriate 152 

amounts of cement, pozzolanic materials, mixing water, and chemical admixture. 153 

In the present study, a traditional ACI mix design method [30] and a DMDA mix design 154 

method were used to design concrete ingredient proportions. In the DMDA method, the 155 

fluidity and viscosity of the paste was adjusted and balanced by: carefully selecting and 156 

proportioning the materials used, limiting the w/b ratio, and adding the appropriate amount of 157 
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SP. Furthermore, the different types of concrete (OPC, HPC, and SCC) that were used were 158 

designed to achieve the same target strength of 69 MPa (10000 psi) at 56 days. Table 3 shows 159 

the mixture proportions by weight of each concrete ingredient. The mixtures “H100” and 160 

“S100” were designed using the DMDA method and the control mixture “O100” was 161 

designed using the ACI method. A constant w/b ratio of 0.22 was used for all of the concrete 162 

mixtures. Hwang’s research group has reported the details of the standard procedures for the 163 

DMDA mix design and design criteria previously [4,14,15]. 164 

2.3. Mixing procedures and samples preparation 165 

The concrete ingredients were mixed in a laboratory pan mixer. All of the binder 166 

materials were dry mixed in a mixing pan at a slow rotation speed setting for 1 minute in order 167 

to thoroughly disintegrate any clumps in the dry mix and to obtain a uniform powder. A portion 168 

of the mixing water and half of the SP were then added gradually into the mixer to disperse the 169 

dry powders, producing a viscose paste. Mixing then continued for another 3 minutes on 170 

moderate speed setting in order to achieve a homogeneous paste. Next, the natural sand was 171 

added into the mixer. Mixing was allowed to continue for an additional 1 minute. Finally, the 172 

crushed stone was added into the mixer, followed by the rest of the mixing water and the 173 

remaining half of the SP. The mixer was allowed to run for a further 3 minutes in order to obtain 174 

a uniform mixture. Once mixing had finished, different sizes of concrete samples were prepared 175 

for the tests of compressive strength, drying shrinkage, autogenous shrinkage, carbonation, and 176 

creep. All of these samples were de-molded 24 hours after casting and then cured under 177 

conditions that were specified for each test, as described in the following section. 178 

2.4. Testing programs 179 

Compressive strength is one of the most important properties of hardened concrete, as 180 

concrete is subject to compression in most of structural applications. The compressive 181 
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strength test used in the present study was conducted in accordance with ASTM C39 [31] in 182 

order to analyze the development of compressive strength and to determine the load that was 183 

necessary for the creep test. The 100 mm-diameter, 200 mm-length cylindrical concrete samples 184 

were prepared for the test in accordance with according to the ASTM C31 [32]. These 185 

samples were demolded 24 hours after casting then cured in saturated limewater at the 186 

temperature of 23 ± 2˚C until the testing age. Compressive strength values were measured at 187 

3, 7, 14, 28, 56, 91, and 120 days of curing, with the average value of three samples used as 188 

the compressive strength value at each testing age. 189 

The autogenous shrinkage test was conducted in accordance with the joint research 190 

program format used at Belgian universities [19]. The test was performed using the 100 mm-191 

diameter, 200 mm-length cylindrical concrete samples. The samples were instrumented with two 192 

sets of locating-discs that were located on a straight line along the surface of one side of the 193 

specimen. The sets were located 10 cm apart from each other and glued to the surface of the 194 

specimen using AB-epoxy glue. The concrete samples were coated with epoxy to prevent their 195 

interaction / contact with the surrounding environment. These samples were then cured at 23 ± 196 

2˚C and a relative humidity (RH) of 60 ± 4%. Comparator readings for each sample were taken 197 

after 1 and 6 hours and then on a daily basis for one week, on a weekly basis for one month, and, 198 

finally, at 56, 91, and 120 days. 199 

Drying shrinkage was conducted in accordance with ASTM C157 guidelines [33] using 200 

the prismatic samples with dimensions of 75 × 75 × 250 mm. Measurements were made at 1 and 201 

6 hours after demolding and then on a daily basis for one week, on a weekly basis for one month, 202 

and, finally, at 56, 91, and 120 days. 203 

The test to determine the depth of the carbonated layer on the surface of hardened 204 

concrete was conducted based on the RILEM CPC-18 [34]. A solution of 1% phenolphthalein 205 

and 70% ethyl alcohol was used as the indicator. The cubic samples with dimensions of 100 × 206 
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100 × 100 mm were casted and then cured in saturated limewater at 23 ± 2˚C for 28 days. 207 

Ambient conditions of roughly 0.03% CO2, 20˚C, and 65% RH were maintained until testing. 208 

The measurement was performed at concrete ages of 28, 56, and 91 days using a digital 209 

caliper to an accuracy of 0.01 mm. The average value of three samples was reported for each 210 

concrete mixture.  211 

The creep test was conducted for different types of concrete (OPC, HPC, and SCC) in 212 

accordance with ASTM C512 [35] using the 100 mm-diameter, 200 mm-length cylindrical 213 

concrete samples. The preparation and measurement of creep are shown in Fig. 7. The 214 

samples were instrumented with two sets of locating-discs that were located on a straight line 215 

along the surface of one side of the specimen. The sets were located 10 cm apart from each other 216 

and glued to the surface of the specimen using AB-epoxy glue. Five concrete samples were 217 

inserted into each loading frame. These samples were then loaded under a stress-to-strength 218 

ratio of 25% of the concrete strength at 28 days of age. A demountable mechanical strain 219 

gauge (DEMEC) was used to measure the creep strain. The readings were taken before and 220 

after loading and then at 1 and 6 hours afterward, on a daily basis for one week, on a weekly 221 

basis for one month, and, finally, at 56, 91, and 120 days.  222 

3. Results and discussion 223 

3.1. Compressive strength 224 

Fig. 1 presents the development of compressive strength in all of concrete samples. 225 

Compressive strength generally increased with curing age, which is largely attributable to the 226 

pozzolanic reaction [36]. Moreover, Fig. 1 illustrates that ACI concrete (O100) exhibited 227 

higher compressive strength values an earlier age (prior to 7 days) than the other types of 228 

concrete. However, the compressive strength of DMDA concretes (H100 and S100) was 229 

consistently higher than that of ACI concrete after 28 days of curing. This is because at an 230 
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early age, the pozzolanic reaction in DMDA concrete has not yet become a significant factor 231 

in concrete strength, whereas the cement hydration in the ACI concrete has. This further 232 

supports that the addition of pozzolanic not only enhances the packing density of concrete but 233 

also chemically improves the interfacial transition zone (ITZ) properties through the 234 

pozzolanic reaction, contributing to the long-term strength of concrete [4].  235 

On the other hand, the incorporation of SF in the low-w/b concrete was found to be 236 

helpful in enhancing compressive strength. This is in good agreement with the experimental 237 

results of Johari et al. [37], which found that adding SF to concrete mixtures enhanced concrete 238 

strength significantly. As seen in Fig. 1, the compressive strength of concrete samples 239 

increased rapidly at an early age, which may be attributed to the combined influence of 240 

accelerated cement hydration and the microfiller effect due to the partial replacement of 241 

cement with SF [37]. Additionally, the extreme fineness of SF particles provided nucleation 242 

sites for the calcium silicate hydrate (C-S-H). Furthermore, the ultrafine SF acts as a microfiller 243 

to densify the transition, which improves the matrix-aggregate bond and increases concrete 244 

strength [38]. Finally, both of the ACI and DMDA samples reached their target strength of 69 245 

MPa (10000 psi) after only 28 days of curing, rather than after the expected 56 days. 246 

3.2. Autogenous shrinkage 247 

Fig. 2(a) presents the development in autogenous shrinkage (AS) of the ACI and 248 

DMDA concrete samples. As indicated by the slope of the AS curves for both types of 249 

concrete, the AS developed rapidly at the early ages (prior to 7 days) and slowly at the later 250 

ages of concrete. This phenomenon is in line with the result that was reported by Li et al. [39]. 251 

The AS values for the OPC, SCC, and HPC at 7 days of age had, respectively, achieved 252 

55.0%, 50.0%, and 58.6% of their final 120-day AS values. At 28 days of age, these values 253 

had increased to 70.3%, 75.8%, and 85.7%, respectively. Moreover, as illustrated in Fig. 2(a), 254 

the AS of the HPC remained effectively constant after 56 days, while that of OPC and SCC 255 
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continued to increase at similar rates. As a result, the ACI concrete registered a greater AS 256 

value than that of DMDA concrete at all ages. As shown in Fig. 2a, the final AS values for 257 

OPC, SCC, and HPC microstrain were 385.5, 350.0, and 279.9, respectively. Thus, the final 258 

AS values for SCC and HPC were 90.8% and 71.8% of the AS value for OPC. 259 

Previous research works have reported that concrete with low water-to-cement (w/c) 260 

ratios experience faster and greater AS strain than concrete with high-w/c ratios, regardless of 261 

concrete type. At lower w/c ratios, concrete mixtures have a higher cement content, which is the 262 

major factor, due to hydration-heat and chemical-shrinkage effects, underlying higher AS 263 

values [23,39,40]. Additionally, after reacting with cement, some of the water is chemically 264 

bound in the hydration products. Chemical shrinkage thus occurs because these hydration 265 

products occupy a smaller volume than their reactants. At this moment, if no extra water is 266 

added, empty voids are formed in the volume of the hydrated materials. As the water is 267 

progressively consumed from smaller pores during the hydration process, water-air menisci 268 

are formed, which leads to self-desiccation. Thus, AS is attributable to the buildup of capillary 269 

stresses [41,42]. In the present study, the OPC, SCC, and HPC mixtures had respective w/c 270 

ratios of 0.25, 0.35, and 0.39 (Table 3). OPC clearly had the lowest w/c ratio and thus the 271 

largest AS. In contrast to ACI concrete, DMDA concrete uses more pozzolanic materials in 272 

their mixtures, which significantly reduces cement content and increases the w/c ratio, leading 273 

to a low AS strain. 274 

On the other hand, the present study used SF as a mineral additive in all concrete 275 

mixtures in order to attain the high strength target. As shown in Table 3, ACI concrete 276 

contained more SF than the DMDA concrete. This may have led to the greater AS value for 277 

OPC, as mentioned previously. Further, the inclusion of SF, an ultrafine powder with high 278 

mineral activity and a large surface area, has been reported to refine the pore-size distribution 279 

within the concrete. By adding SF to the concrete mixture, the average pore size and porosity 280 
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of concrete may be reduced while increasing the capillary tension, leading to a higher AS 281 

strain [43]. In addition, the high pozzolanic activity of SF increased the self-desiccation 282 

effect, leading to an increase in AS [39]. Furthermore, the low AS value that was obtained in 283 

the present study is supported by the experimental results of Güneyisi et al. [27], which 284 

associated that the increased amounts of pozzolanic materials with reduced shrinkage strain. 285 

3.3. Drying shrinkage 286 

The development of strain over time, as expressed by drying shrinkage (DS), for 287 

different types of concrete is shown in Fig. 2(b). As indicated by the slope of the DS curves in 288 

Fig. 2(b), the DS of the concretes was somewhat comparable at early ages, while a clear 289 

distinction was observed at later ages of the drying period. Although DS takes place over a long 290 

period, laboratory results show that around 80% of the DS takes place within about 3 months 291 

of casting [44]. Similar to the AS trend, DS in the present study developed rapidly at early 292 

ages, but slowed at later ages. For example, the 7-day-old DS values for the OPC, SCC, and 293 

HPC were 51.9%, 43.8%, and 38.4%, respectively, of their final, 120-day-old values. By 28 294 

days of age, these values had increased, respectively, to 85.0%, 66.0%, and 75.9%, and 295 

continued increasing at a slower rate up to 120 days. In particular, Fig. 2(b) clearly shows that 296 

the OPC registered a DS value that was significant higher than those of SCC and HPC under 297 

the same curing conditions. Thus, the final DS value measured for OPC was 530.6 298 

microstrain, while the lower DS values measured for SCC and HPC at the same time were 299 

411.2 and 319.2 microstrain, respectively. The final DS values for SCC and HPC were only 300 

75.5% and 60.2% of the DS value for OPC. As previously mentioned, this is attributed to the 301 

very low w/c ratio, the high cement content, and the lower mineral admixture content of the 302 

OPC mixture, as compared with SCC and HPC. It has been pointed out that the incorporation 303 

of GGBFS and SF promotes cement hydration and reacts with CH crystal hydrates, thus 304 

increasing the volume of C-S-H gel and the density of the hardened cement paste, which greatly 305 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

14 

strengthens the structure and reduces the shrinkage of concrete [20]. For the DMDA concrete, 306 

SCC a significant higher shrinkage value as compared with that of HPC. This is attributed to the 307 

higher volume of paste in the SCC concrete mixture, as supported by Hwang and Khayat [26] 308 

and Holt [40]. 309 

Aggregate content has been identified as the most important factor that affects shrinkage 310 

behavior in concrete because rising aggregate content decreases the shrinkage value [40]. 311 

Water content per unit of volumetric concrete is a further important factor affecting the 312 

shrinkage behavior of concrete because concrete dehydration during the drying process causes 313 

DS. The effects of aggregate and water contents on the long-term DS of both ACI and DMDA 314 

concretes are presented in Figs. 3(a) and 3(b), respectively. As expected, DMDA concrete 315 

generally exhibits a significantly lower DS value than that exhibited by ACI concrete. The 316 

HPC contained the highest aggregate amount and the lowest water content (Fig. 3), reflecting 317 

that HPC has the lowest cement paste content of the concrete types examined. Therefore, 318 

HPC registered the lowest DS value. It is interesting to note that, in the high-aggregate 319 

content concrete, the coarse aggregate particles may have point-to-point contact with each 320 

other. Hence, concrete with a stiff-aggregate skeleton will be very effective in resisting stress 321 

because aggregate particles cannot be pushed more closely together under the action of 322 

interior stress. Additionally, the higher the water content, the more free water that is available 323 

within a concrete structure, which leads to an increase in shrinkage strain [45]. As a result, 324 

shrinkage strain is dramatically reduced. Experimental measurements conducted in the present 325 

study reflect similar results. The effect of aggregate content is somewhat lower, with a 326 

decrease of around 10 microstrain for every one percent increase in aggregate content. On the 327 

other hand, although OPC has higher aggregate and lower water content than SCC (Fig. 3), 328 

SCC earned a significantly lower DS value than OPC. This may due to the advantages of 329 
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applying DMDA technology to the SCC mixture design, creating a dense concrete structure 330 

and thus preventing shrinkage.  331 

3.4. Carbonation 332 

Carbonation is affected by the diffusivity of the hardened cement paste, and the 333 

carbonation rate is controlled by the ingress of CO2 into the concrete pore system through 334 

diffusion. This process usually takes a long time due to the very slow speed of diffusion [46]. 335 

Papadakis at al. [47] reported a relative humidity of 60–75% as the condition most favorable to 336 

carbonation progress. Under this condition, water concentrates on pore walls, creating a 337 

hollow center that permits atmospheric CO2 to enter deeper into pores, where it reacts with 338 

the alkalis. On the other hand, Kulakowski et al. [48] pointed to a critical threshold for the 339 

carbonation behavior of concrete, delimited by a w/b ratio of 0.45-0.5. Below this range, the 340 

porosity of the cementitious matrix is the main determinant of carbonation. 341 

Fig. 2(c) shows the results of carbonation depth measurement on both ACI and DMDA 342 

concretes, with carbonation depth increasing with increasing carbonation duration for all 343 

concrete mixtures. The rate of increase in carbonation depth is fastest between day 28 and day 344 

56, with lower rates found between day 56 and day 91 (Table 4). Due to the slow pace of the 345 

pozzolanic reaction, porosity may be expected to be higher during the initial stage, allowing 346 

for a more rapid diffusion of CO2, which would generate higher carbonation rates [49]. 347 

Moreover, Fig. 2(c) shows that the carbonation resistance of DMDA concrete was higher than 348 

that of ACI concrete for all accelerated carbonation periods. This may be due to the 349 

previously mentioned advantages of the DMDA mix design method. The inclusion of 350 

pozzolanic materials in DMDA concrete reduced the depth of carbonation because the 351 

pozzolanic reaction and filling effect promote smaller pore sizes and volumes, which reduce 352 

the carbonation rate [46]. In addition, Table 4 shows the rate of increase in carbonation to be 353 

quite high at the higher level of cement content (O100 mixture), with that rate decreasing with 354 
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the lower levels of cement content (S100 and H100 mixtures). Khalil and Anwar [50] and 355 

Turk at al. [51] reported similar findings. Furthermore, it is suspected that the addition of SF 356 

to the concrete samples improved the carbonation resistance during all accelerated 357 

carbonation periods. Many researchers [48,50–53] have concluded that including SF may 358 

reduce the carbonation depth of concrete. However, SF, as other pozzolanic materials, 359 

requires time to react. This delay in the reaction process explains the relatively lower increase 360 

between days 56 and 91 in comparison with days 28 to 56. 361 

3.5. Total shrinkage 362 

The total shrinkage (TS) versus the curing age of concrete samples used in the present 363 

study is plotted in Fig. 2(d). The TS consists of AS (Fig. 2a) and DS (Fig. 2b). Shrinkage 364 

tends to increase at a higher rate at the beginning and then diminishes afterward. Surface 365 

tension due to water being expelled from the capillary pores of the hydrated cement paste in 366 

early-age cement is largely responsible for this hydraulic shrinkage [54], while later-age 367 

shrinkage is largely caused by the loss of water that had absorbed into the surface of the 368 

hydrated cement paste [55]. In the present study, the TS values for OPC, SCC, and HPC at 369 

120 days old were 916.1, 761.1, and 596.2 microstrain, respectively. The ACI concrete had a 370 

TS that was significantly larger than the DMDA concrete. As the pozzolanic reaction does not 371 

occur at an early age, the pore characteristics of the DMDA concrete is governed by the water 372 

content in the mix. At later ages, the pozzolanic reaction contributes greatly to reducing the 373 

volumes and sizes of pores within concrete. At the same time, evaporation reduces the 374 

humidity of concrete to a level that is in balance with the surrounding environment, which 375 

was about 60% in the present study. In turn, the depletion of capillary water that causes 376 

shrinkage is dominated by self-desiccation. Moreover, SF is believed to affect TS 377 

significantly due to the significant influence of SF on AS and DS [43]. Fig. 4 presents the 378 

ratio of DS to AS for different concrete types. The result of the present study was similar that 379 
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of Tazawa and Miyazawa [56] in that the TS becomes more heavily weighted toward AS than 380 

DS as the w/c ratio becomes smaller. This means that the TS is fully attributable to 381 

autogenous deformation at low w/c ratios. Thus all of the DS that was measured on the 382 

concrete samples in this situation would result from AS. Fig. 4 shows clearly that the TS 383 

accounted for 60% to 90% of AS in the concrete samples. 384 

3.6. Creep 385 

Creep strain in concrete may affect the performance of concrete structures both 386 

positively and negatively. Creep relieves stress concentrations induced by shrinkage, changes 387 

in temperature, or the movement of supports. However, creep may be harmful to the safety of 388 

the structures. Therefore, it is desirable to limit creep strain as low as possible, especially in 389 

prestressed concrete structures. The development of creep strain over time for both ACI and 390 

DMDA concretes is presented in Fig 5. Similar to the shrinkage trend, creep strain developed 391 

rapidly for all concrete types in early ages and then more slowly in later ages. The ACI 392 

concrete samples exhibited higher creep values than the DMDA samples at all concrete ages. 393 

As the main difference between DMDA and ACI concrete is the inclusion in the former of 394 

pozzolanic materials, it may be logically inferred that pozzolanic materials influence 395 

significantly the development of creep strain. This is in line with Massazza [57]. Moreover, 396 

the lower creep value for DMDA concrete may be attributed to the denser structure, stronger 397 

paste matrix, and improved paste-aggregate interface that is inherent in the DMDA mix 398 

design and to the effectiveness of the pozzolanic reaction and the filling effect. This line of 399 

reasoning is supported by the findings of Brooks and Johari [58]. 400 

The inclusion of SF generally influences the creep strain of concrete. As reported by 401 

Brooks [59], at a constant stress-to-strength ratio, the creep strain decreases for SF 402 

percentages below 15% and increases at higher percentage levels. Experimental results for the 403 

creep strain of the concrete samples in the present study reflected a similar trend in that 404 
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incorporating SF was associated with reduced creep strain. As noted in previous research, the 405 

reduction in creep strain for SF concrete may due to reductions in shrinkage strain and 406 

increases in compressive strength [60]. 407 

The load-induced, time-dependent deformations of concrete have been widely 408 

attributed to: (1) the movement of capillary and adsorbed water within the concrete system, 409 

(2) the movement of water into the environment, and (3) the development and propagation 410 

of internal micro-cracks. The rate and magnitude of creep strain that is associated with the 411 

first two processes depend on the relative volume of pores and spaces that occupy these 412 

pores at the time of loading. However, for young concrete, the creep that is due to the latter 413 

process may commence relatively earlier for concrete mixtures with lower w/c ratios and 414 

thus may exhibit significantly more creep at an early age. This is because water in the 415 

capillary pores move initially, followed by the movement of adsorbed water [61]. This may 416 

explain why the ACI concrete, with a lower w/c ratio, has a higher creep value than the 417 

DMDA concrete. 418 

On the other hand, the effects of aggregate and water content on the creep strain of all of 419 

the concrete samples are shown in Figs. 6(a) and 6(b), respectively. Fig. 6(a) shows that lower 420 

creep values are attributed to higher aggregate content. Wight and Macgregor [62] reported 421 

that applying a load to concrete creates an instantaneous elastic strain that will develop into 422 

creep if that load is sustained. Moreover, the magnitude of this creep will be one to three 423 

times the value of the instantaneous elastic strain, as it is proportional to the cement paste 424 

content and thus inversely proportional to the aggregate volumetric content. Fig. 6(b) shows a 425 

trend that runs contrary to Fig. 6(a). Here, higher water content caused greater creep strain in 426 

the concrete samples. Water content is a critical factor affecting the development of creep 427 

strain [63]. When there is no exchange of water with the ambient environment, the evaporable 428 
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water content of a concrete sample relates positively to degree of creep, with lower 429 

evaporable water content associated with lower creep. 430 

4. Conclusions 431 

The present study investigated the long-term performance of DMDA concrete (HPC and 432 

SCC) and conventional ACI concrete (OPC), including the development of compressive 433 

strength and creep and shrinkage behaviors. The following conclusions may be drawn from 434 

the results of the experiments that were conducted for the present study: 435 

1. The compressive strength of all of the concrete samples increased with curing age. 436 

Both DMDA and ACI concretes reached their target strength after 28 days of curing rather 437 

than after 56 days, which was the time that was initially estimated. The strength of the 438 

samples continued to increase through day 120. The DMDA concrete samples exhibited 439 

greater long-term strength than the ACI concrete samples, which is attributed mainly to the 440 

pozzolanic reaction and to the filling effect of the pozzolanic materials, which were 441 

introduced via the DMDA mix design technology. 442 

2. The incorporation of pozzolanic materials in the DMDA concrete samples positively 443 

affected not only the development of compressive strength but also the propagation of creep 444 

strain and the shrinkage behavior. In particular, the inclusion of SF in the concrete mixtures 445 

enhanced compressive strength and carbonation resistance, increasing AS while reducing DS 446 

and creep strain in the samples.  447 

3. Aggregate and water content are two important factors that were found to affect creep 448 

strain and shrinkage behavior significantly. Particularly, increasing the aggregate content 449 

decreased creep strain and shrinkage in samples, while the opposite trend was observed for 450 

samples with higher water contents in their concrete mixtures.  451 
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4. The results of the present study support that DMDA concrete delivers better long-452 

term performance than ACI concrete in terms of compressive strength, creep strain, and 453 

shrinkage. Therefore, using DMDA mix design technology to densify the pore structure of 454 

concrete holds promising potential to further increase concrete strength and to further reduce 455 

micro-cracking, creep, and shrinkage. 456 
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Table 1 

Characteristics of binder materials. 

Binder material OPC FA GGBFS SF 

Specific gravity 3.15 2.29 2.91 2.21 

Chemical 

composition 

(wt.%) 

SiO2 20.04 64.01 35.64 97.65 

Al2O3 4.24 22.14 11.25 0.70 

Fe2O3 3.12 5.64 0.48 0.05 

CaO 62.43 2.75 41.00 0.35 

MgO 4.17 0.92 6.45 0.42 

SO3 2.97 0.61 0.90 0.27 

K2O 0.43 1.36 0.62 0.29 

Na2O 0.33 0.85 0.29 - 

TiO2 0.62 0.98 1.26 - 

P2O5 - 0.30 - - 
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Table 2 

Physical properties of fine and coarse aggregates. 

Aggregate 
type 

Maximum 
diameter, 

mm 

Density 
(OD), 
kg/m3 

Density 
(SSD), 
kg/m3 

Absorption 
capacity, 

% 

Fineness 
modulus 

(FM) 

Unit 
weight, 
kg/m3 

Natural sand 4.75 2640 2680 1.2 3.02 - 

Crushed stone 12.5 2670 2690 0.7 4.31 1648 
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Table 3 

Concrete mixture proportions. 

Sample 
code 

W/B W/C 
Concrete ingredient proportion, kg/m3 

Cement GGBFS FA SF Stone Sand Water SP 

O100 

0.22 

0.25 665.2 - - 73.9 897.5 610.8 163.0 7.4 

S100 0.35 517.6 221.9 50.4 50.4 727.7 660.2 181.0 6.5 

H100 0.39 336.2 144.1 51.2 62.6 903.5 792.3 130.7 7.1 
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Table 4 

Rate of carbonation increase for different types of concrete. 

Sample code 
Carbonation depth (mm) Increase (%) 

28-day 56-day 91-day 28- to 56-day 56- to 91-day 

O100 3.53 4.17 4.31 18.1 3.4 

S100 3.38 3.68 3.82 8.9 3.8 

H100 3.14 3.39 3.52 8.0 3.8 
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Fig. 1. Development of compressive strength in the concrete samples.  
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  (a)  (b) 

    
  (c)  (d) 

Fig. 2. Development of shrinkage in the concrete samples: (a) autogenous shrinkage; (b) 

drying shrinkage; (c) carbonation; (d) total shrinkage.  
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 (a)  (b) 

Fig. 3. Effects of (a) aggregate content and (b) water content on drying shrinkage of concrete 

samples. 
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Fig. 4. Ratio of drying shrinkage to autogenous shrinkage in concrete samples. 
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Fig. 5. Development of creep in concrete samples. 
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 (a)  (b) 

Fig. 6. Effects on creep of (a) aggregate content and (b) water content in concrete samples. 
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           (a)     (b)        (c) 

Fig. 7. Creep setup and measurement: (a) creep specimen and demountable mechanical strain 

gauge (DEMEC); (b) loading frame with creep specimen; (c) measurement of creep values. 


