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■ Four nonproprietary ultra-high-performance concrete 
(UHPC) mixture designs were developed by precast-
ers in North America to study creep and shrinkage 
effects. The UHPC specimens were cured under 
either ambient or steam conditions.

■ Accepted test procedures were applied to charac-
terize long-term material behavior. Testing modifi-
cations were made to address properties unique to 
UHPC, such as presence of fibers, high compressive 
strengths, and the development of a rough surface 
that forms before the initial set of the material.

■ The study reviewed how the long-term creep and 
shrinkage behavior of UHPC differs from the design 
estimations used for conventional concrete. 

Development and use of ultra-high-performance 
concrete (UHPC) has gained momentum in recent 
years, particularly in overlays, repairs, and other 

applications.1–3 Members of the precast concrete industry 
and public transportation agencies have made numerous 
efforts to develop designs for nonproprietary UHPC mixture 
proportions.4–9 The precast concrete industry recently under-
took a large experimental effort to develop nonproprietary 
UHPC for use in large-scale production by precasters; the 
investigation involved extensive testing to design mixture 
proportions, novel sections, and recommended mechanical 
properties.10 The work discussed in this article provides 
supplementary data on creep and shrinkage performance in 
support of that recent project.

UHPC mixtures are composed of a variety of raw materials, 
steel fibers, supplementary cementitious materials, and other 
additives. In comparison with conventional concrete mixture 
proportions, UHPC mixture proportions are denser and have 
improved mechanical behavior and durability. Several pub-
lications have described UHPC tensile behavior,10–15 flexural 
behavior,11,12 compressive behavior,16-18 and durability.19–21 

Creep and shrinkage properties of UHPC have received 
little attention.10,11,22,23 This omission is significant because 
inaccurate estimation of creep and shrinkage in prestressed 
components—the primary contributors to prestress loss—
can lead to unexpected deformations, including excessive 
camber, deflection, and cracking.24 This article offers a 
novel contribution by advancing understanding of creep 
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and shrinkage behavior of nonproprietary UHPC mixtures 
for large-scale precast concrete construction, as well as the 
influence of accelerated curing on these behaviors.

Creep and shrinkage are influenced by several interrelated 
factors, including curing conditions, mixture proportions, and 
environmental conditions. In the case of prestressed con-
crete components, the prestress magnitude, concrete age at 
prestressing, and location of the applied prestress force with 
respect to the cross section may also influence creep. For con-
venience, creep and shrinkage are often considered separately, 
although they are interdependent aspects of complex phys-
ical phenomena.24 These phenomena have been extensively 
studied and characterized for conventional concrete materials. 
As a result, the behavior of conventional concrete under these 
effects is comprehensively understood, and this understanding 
has been applied to develop reliable estimation approaches, 
which have been adopted in design guidelines used widely 
within the industry.

The development of similar design guidelines for UHPC 
requires both new research and reassessment of established 
creep and shrinkage estimation approaches, which may not be 
appropriate for the distinctive behavior of UHPC mixture pro-
portions or UHPC production methods. Characterization of 
creep and shrinkage as primary contributors to prestress loss 
is critical as the industry moves toward the adoption of UHPC 
structural components. This work aimed to provide creep and 
shrinkage data for nonproprietary UHPC mixture proportions 
explicitly developed for use in the precast concrete industry.

To characterize creep and shrinkage of UHPC, the experimen-
tal study of creep and shrinkage properties described in this 
article was performed on nonproprietary UHPC mixture pro-
portions developed by the PCI-UHPC project in conjunction 
with several precasters across the United States and Canada.10 
This research generated the first data on the creep and shrink-
age properties of these UHPC mixture proportions. This re-
search used several ASTM International test methodologies to 
investigate creep and shrinkage behavior with modifications 
made to accommodate several properties of UHPC, includ-
ing, most notably, the presence of fibers, high compressive 
strengths, and the development of a rough surface of limited 
depth that forms before the initial set of the material, referred 
to as “elephant skin” (Fig. 1). The efforts to adopt ASTMs 
related to the unique properties of UHPC involved several 
challenges; these challenges are discussed herein to contribute 
“lessons learned” for future characterization efforts.

Experimental program

Materials

Four nonproprietary, precaster-developed UHPC mixture pro-
portions were used to evaluate creep and shrinkage phenomena; 
the participating precasters represented distinct regions in the 
United States and Canada, including the Pacific Northwest, the 
Midwest, and the Southeast United States. Each precaster pro-

vided their own locally available materials—including cement, 
sand, supplementary cementitious materials (silica fume, 
limestone, slag), steel fibers, and chemical additives—to the re-
search team. The PCI-UHPC project report10 offers more details 
about these materials, their sources, and the mixture proportion 
methodology. It should be noted that the steel fibers used in this 
project largely came from one supplier, reflecting the general 
supply chain of steel fibers in the United States. The chemical 
admixtures were selected based on the precasters’ preferred 
suppliers. The experimental study referred to these mixture 
proportions as mixture 1, mixture 2, mixture 3 and mixture 4. 
The specimens were labeled 1, 2, 3, or 4 for each of the mixture 
proportions followed by either a letter A or S, which refer to 
ambient and steam curing conditions, respectively. Owing to 
laboratory closures related to the COVID-19 pandemic, the test 
matrix does not include all combinations of mixture proportions 
and curing conditions.

Samples

Each batch was mixed per the precaster’s instructions using 
an 80-L Skako orbital pan mixer. The volume of water was 
adjusted to consider the sand moisture content measured 
in accordance with ASTM C566, Standard Test Method for 
Total Evaporable Moisture Content of Aggregate by Drying.25 
The general batching procedure was similar for all concrete 
mixtures with slight variations in the order in which mixture 
components were added and the volume of water added. Sand 
and silica fume were added to the mixer before the mixer was 
started, and then mixed thoroughly. Cement was then added 
to the mixer while it was running. Ice water and admixtures 
were added in accordance with the precaster-specific batching 
procedure. Mixing continued until the concrete “turned” or 
became flowable. Steel fibers were added after the mixture 
turned; this step involved slowly and evenly distributing the 
fibers through a 1.5 in. (38 mm) steel mesh while the mixer 
was running. The concrete was mixed for 2 minutes follow-
ing the completion of fiber addition and then discharged. 
During batching, the flow was measured in accordance with 

Figure 1. Formation of elephant skin on freshly batched 
ultra-high-performance concrete. Note the surface texture in 
response to scooping.
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ASTM C1437, Standard Test Method for Flow of Hydraulic 
Cement Mortar,26 as modified by ASTM C1856, Standard 
Practice for Fabricating and Testing Specimens of Ultra-High 
Performance Concrete;27 these measurements were taken at 
the time the mixture turned (before fiber addition) and at the 
time of batch discharge (after fiber addition).

Curing conditions

Two curing conditions were evaluated: ambient curing and 
steam curing. Following casting, all specimens were held in 
laboratory ambient conditions (72°F ± 4.0°F [22.2°C ± 2.2°C] 
and 40% relative humidity) for 48 hours before unmolding. 
Specimens were covered with plastic sheets to minimize 
moisture loss. Specimens were then unmolded and subjected 
to their specified curing regimen. Ambient-cured specimens 
were held in laboratory conditions with 72°F ± 4.0°F and 40% 
relative humidity. Steam-cured specimens were subjected to 
the conditions of 194°F ± 2.0°F (90°C ± 1.1°C) and 100% 
relative humidity for 48 hours, as recommended by ASTM 
C1856,27 and then allowed to gradually cool to ambient con-
ditions before being stored in laboratory conditions (72°F ± 
4.0°F and 40% relative humidity). All specimens were stored 
in ambient laboratory conditions throughout the remainder of 
the test protocol.

Shrinkage

Three experimental approaches were used to evaluate the 
shrinkage phenomenon. ASTM C157, Standard Test Method 
for Length Change of Hardened Hydraulic-Cement Mortar 

and Concrete,28 as adapted to conform with ASTM C185627 
for use with UHPC, was used to capture both autogenous and 
total shrinkage strains on prismatic specimens; this method 
is well known and widely used. Autogenous shrinkage was 
estimated by immediately wrapping specimens with foil tape 
after they were unmolded. It should be noted that it is difficult 
to completely eliminate all drying shrinkage from these types 
of specimens; therefore, drying shrinkage was probably 
underestimated slightly. ASTM C157 specifies that initial 
measurement is to be taken at the time of final setting, as 
determined by ASTM C191, Standard Test Methods for Time 
of Setting of Hydraulic Cement by Vicat Needle.29 However, 
owing to the unique properties of UHPC, including the devel-
opment of elephant skin, the presence of fibers, and lengthy 
setting time, the final setting time could not be reliably and 
consistently determined with this method; this issue has also 
been reported by others.30 Therefore, initial measurements 
were taken at 48 hours after specimen casting. 

Shrinkage strains rapidly develop at early ages in UHPC 
mixtures. Therefore, in the second experimental approach, a 
supplementary round of prismatic specimens (of the same di-
mensions as those used for ASTM C157 testing) with embed-
ded GEOKON 4200-L vibrating wire strain gauges were cast 
to capture autogenous shrinkage effects continuously from the 
moment of UHPC placement (Fig. 2).

Finally, testing in accordance with ASTM C1698,31 was per-
formed. Because strains that are not due to external forces are 
most significant in mixtures with low water–cementitious ma-
terial ratios (such as UHPC), researchers were originally very 

Figure 2. Shrinkage test setup

Length-change measurements in  
accordance with ASTM C157

Supplementary specimens for ASTM 
C157 with embedded strain gauges



48 PCI Journal  | September–October 2024

interested in ASTM C1698 testing. For this test method, speci-
mens of freshly mixed UHPC mortar were prepared by placing 
the material without steel fiber in a standard-specific corrugated 
mold with sealed ends. Fibers were not used to avoid effects 
from preferential fiber alignment, as the length of the fibers was 
similar to the diameter of the molds. The intent of the mold was 
to provide little resistance to length changes. Again, because the 
final setting could not be determined, the initial measurements 
began at 48 hours for all specimens; all other procedures strictly 
followed the ASTM C1698 guidance.

Despite multiple iterations and refinements to ensure quality 
control, the ASTM C1698 data were found to be inconsistent 
and unreliable. Autogenous shrinkage stains are inherently 
difficult to capture because of the fineness of the developed 
strains. Instruments with the required resolution were used, 
but measurements continued to exhibit low precision. As 
described by ASTM C1698, results are highly dependent on 
testing conditions and operator work. Although these data 
are excluded from further consideration herein, the authors 
do discuss the ASTM C1698 test method to confirm that is 
difficult to perform.30

Creep

To evaluate creep, the study used ASTM C512, Standard Test 
Method for Creep of Concrete in Compression,32 as modified 
by ASTM C185627 for use with UHPC and with one additional 
modification to the load magnitude. Whereas the creep testing 
procedure outlined in the ASTM C512 specifies the maximum 
applied compressive load as 40% of the tested compressive 
strength ′fci at time of loading, this research investigated the 
allowable compressive stress of 0.6 ′fci from the American 
Concrete Institute’s Building Code Requirements for Structural 
Concrete (ACI 318-19) and Commentary (ACI 318R-19)33 to 
better approximate potential creep effects in prestressing appli-
cations. The specified initial concrete compressive strength for 
creep loading was 10 ksi (68.95 MPa). This value was selected 

to reflect a common compressive strength limit set in prestress-
ing yards at the time of prestress transfer. All specimens were 
subjected to a compressive stress of 6 ksi (41.4 MPa).

A total of six 3 × 6 in. (76 × 152 mm) cylinders from each 
batch and curing condition were used. Three specimens were 
subjected to creep loading and three unloaded companion 
cylinders were placed in the same room to capture shrinkage 
effects. To best mimic exposure of the cylinders, the ends 
of the companion cylinders were taped with foil to prevent 
moisture loss. All tests were conducted in a controlled-condi-
tioning room maintained at (22.2°C ± 2.2°C) and 50% ± 5% 
relative humidity.

Three pairs of Whittemore points were mounted within each 
cylinder mold before casting. A 4 in. (102 mm) nominal gauge 
length in the longitudinal direction of the cylinders was used 
and pairs were placed at 120 degree intervals around the cross 
section. A curing time of 7 days was applied for all the speci-
mens and the compressive strength was verified to be greater 
than 10 ksi (68.95 MPa) at the time of loading. Squareness was 
checked with a framing square and feeler gauges to ensure end 
requirements specified by ASTM C1856. Load was maintained 
for at least 6 months; in general, large increases in creep strain 
were not observed after this period.

Results and discussion

Compressive strength and modulus of 
elasticity

Table 1 summarizes the results obtained for compressive 
strength and modulus of elasticity (MOE). The data are for 
both curing regimens (ambient and steam conditions) at 7 and 
28 days after casting, and for post-creep loading. The com-
pressive strength for each batch was evaluated according to 
ASTM C39, Standard Test Method for Compressive Strength 
of Cylindrical Concrete Specimens,34 as modified for UHPC by 

Table 1. Compressive strength and modulus of elasticity of concrete specimens

Specimen
Compressive strength, ksi Modulus of elasticity, ksi

7 days SD 28 days SD Post creep SD Ultimate SD

1-A 19.8 0.2 21.2 1 17.7 1.1 5220 130

2-A 11.3 0.2 19.9* n/a 17 0.1 3680 19

4-A 15 <0.0 17.8 0.8 19.2 0.8 5210 466

1-S 23.4 <0.0 23.9 0.3 20.2 2.3 5070 130

3-S 19 0.1 20.8 0.4 20.3 0.7 n/a n/a

4-S 19.9 0.9 19.9 0.3 22.1 0.6 4510 197

Note: SD = standard deviation. n/a=not applicable. 1-A = mixture proportions number 1 with ambient curing conditions; 1-S = mixture proportions 

number 1 with steam curing conditions; 2-A = mixture proportions number 2 with ambient curing conditions; 3-S = mixture proportions number 3 with 

steam curing conditions; 4-A = mixture proportions number 4 with ambient curing conditions; 4-S = mixture proportions number 4 with steam curing 

conditions. 1 ksi = 6.895 MPa.

*Only one cylinder available to test.
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ASTM C1856.27 For each batch and curing condition, three 
specimens were tested at both 7 days and 28 days after casting. 
The MOE was evaluated for specimens from mixture propor-
tions 1 and 4 in accordance with ASTM C469, Standard Test 
Method for Static Modulus of Elasticity and Poisson’s Ratio of 
Concrete in Compression,35 as modified for UHPC by ASTM 
C1856. The test MOE parameters were developed based on the 
compressive strengths determined in accordance with ASTM 
C39, with modifications in accordance with ASTM C1856.

As expected, the 28 day compressive strength was greater 
than the 7-day compressive strength for all specimens. Steam-
cured specimens, in general, exhibited greater compressive 
strengths at 7 and 28 days compared with ambient-cured spec-
imens. Steam-cured specimens had achieved 91% to 100% of 
their 28-day compressive strength within 7 days; in contrast, 
ambient-cured specimens exhibited 57% to 93% of their 
28-day compressive strength within 7 days. This finding is 
expected because steam curing increases the cement hydration 
rate, facilitating a more rapid and complete reaction due to the 
presence of water and heat. Steam-cured specimens exhib-
ited both greater compressive strengths and MOE, mainly 
due to accelerated cement hydration. Magnitudes of MOE 

ranging from 3 to 5 ksi (20.7 to 34.5 MPa) were obtained for 
ambient-cured specimens, whereas steam-cured specimens 
exhibited MOE of 4 to 5 ksi (27.6 to 34.5 MPa).

Shrinkage

ASTM C157 testing of autogenous and drying  
shrinkage For the purposes of analysis, foil-wrapped spec-
imens were assumed to capture the deformations associated 
with autogenous shrinkage and unwrapped specimens were 
assumed to capture total shrinkage deformations, including 
both drying and autogenous effects. Every effort was made 
to minimize moisture loss from the autogenous shrinkage 
specimens; however, because of the difficulty of captur-
ing this phenomenon, the value assumed to correspond to 
autogenous shrinkage likely included some drying shrinkage. 
Drying shrinkage is defined, for convenience, as the differ-
ence between the average recorded strains of the foil-wrapped 
prisms and the unwrapped prisms. Initial measurements were 
taken at the time of unmolding, or 48 hours after casting. This 
time was selected to ensure final set of the mixtures, but it 
potentially failed to capture early-age autogenous shrinkage. 
Figure 3 presents autogenous, total, and drying shrinkage 

Figure 3. Shrinkage of nonproprietary ultra-high-performance concrete specimens subjected to either ambient or steam curing 
conditions. Note: 1-A = mixture proportions number 1 with ambient curing conditions; 1-S = mixture proportions number 1 with 
steam curing conditions; 2-A = mixture proportions number 2 with ambient curing conditions; 3-S = mixture proportions number 
3 with steam curing conditions; 4-A = mixture proportions number 4 with ambient curing conditions; 4-S = mixture proportions 
number 4 with steam curing conditions.
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strain for all mixture proportions and curing conditions. 
Table 2 summarizes the data corresponding to the final 
shrinkage values obtained; all data in the table are averaged 
from three specimens.

The observed total shrinkage varied between approximately 
350 to 750 µin./in. Autogenous shrinkage varied from 360 
to 690 µin./in. The average total shrinkage was 610 µin./in. 
for ambient-cured specimens and 433 µin./in. for steam-
cured specimens. The average autogenous shrinkage was 
526 µin./in. for ambient-cured specimens and 396 µin./in. for 
steam-cured specimens.

All ambient-cured specimens exhibited greater total and 
autogenous shrinkage strains than steam-cured specimens. 
Compared with ambient-curing conditions, steam-curing con-
ditions led to accelerated development of autogenous and total 
shrinkage at early ages; this finding is consistent with others’ 
findings about the influence of steam curing on shrinkage 
development.36 The main reason for this behavior is that the 
hydration process is accelerated in steam conditions and the 
pore water self-dries more quickly, causing a sharper develop-
ment rate of autogenous and total shrinkage (or self-desicca-
tion). Interestingly, the greatest amounts of autogenous, total, 
and drying shrinkage were observed at early ages (from 3 to 
5 days). Other research has illustrated that steam-cured spec-
imens have fewer micropores than ambient-cured specimens 
and porosity in steam-cured specimens is reduced.36 Those 
findings are in part explained by the rapid formation of hy-
dration products through the hydration of silica fume during 
steam curing and may suggest that negligible shrinkage 
develops in UHPC components after steam curing is finished. 
In general terms, the steam-curing regimen reduced the total 
shrinkage by 28% to 40%.

For the purposes of this research, drying shrinkage was 
assumed to be the difference between autogenous and total 

shrinkage. Although it is important to highlight that this 
assumption neglects the interdependence between drying and 
autogenous shrinkage, this simplification is widely accepted.37 
Under this consideration, drying shrinkage was observed to be 
relatively small, with a range of 0 to 140 µin./in. In addi-
tion, drying shrinkage was greater in ambient-cured speci-
mens than in steam-cured specimens. In general, the drying 
shrinkage of most specimens stabilized relatively early in the 
testing period in the range of 9 to 126 µin./in. The plateau of 
the drying shrinkage was used to estimate the ultimate drying 
shrinkage for each specimen, as well as the time that ultimate 
drying shrinkage was attained.

In contrast to the trend observed in this research for UHPC 
materials, conventional concrete exhibits more drying shrink-
age than autogenous shrinkage.38 Long-term concrete volume 
stability (that is, creep and drying shrinkage) is influenced 
by the water-to-binder ratio (w/b). The drying shrinkage 
associated with a w/b greater than 5 is larger than the drying 
shrinkage associated with a w/b in the range of 0.35 to 
0.45.39 UHPC has a low w/b (around 0.2), and that results 
in a smaller volume of pore water in the matrix and leads to 
less drying shrinkage. Because of the addition of fineness 
admixtures such as silica fume and filler, UHPC has a denser 
microstructure and a smaller pore size than conventional con-
crete. Laplace’s Law indicates that the capillary pressure from 
the self-desiccation of pore water is inversely related to the 
pore radii. Because UHPC has much finer capillary pores than 
conventional concrete, UHPC has more autogenous shrinkage 
strains. Based on these two reasons, it is expected that UHPC 
would exhibit much greater autogenous shrinkage than drying 
shrinkage.

Prismatic specimens with embedded vibrating wire 
strain gauges Continuous shrinkage measurements via 
vibrating wire strain gauges were conducted for 150 days 
following mixture placement (Fig. 4). The initial early-age 

Table 2. Final shrinkage

Specimen Age at final measurement, day

Final shrinkage, µin./in.

Total Autogenous Drying

Mean SD Mean SD Mean SD

1-A 315 511 1.1 434 10.9 78 10.9

1-S 315 291 22.3 309 9.2 -2 24.2

2-A 313 733 41 594 13.3 139 43.1

4-A 308 587 13.4 549 5.06 4 14.3

4-S 308 429 13.4 406 13.4 23.4 18.9

4-S 306 579 40.3 473 34.9 107 53.3

Note: SD = standard deviation. 1-A = mixture proportions number 1 with ambient curing conditions; 1-S = mixture proportions number 1 with steam 

curing conditions; 2-A = mixture proportions number 2 with ambient curing conditions; 4-A = mixture proportions number 4 with ambient curing condi-

tions; 4-S = mixture proportions number 4 with steam curing conditions.
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data are shown in Fig. 5. These data, unlike other mea-
surements in this report, include the initial 48-hour period 
(assumed elsewhere as being prior to the final setting time) 
and span throughout the duration of the steam-curing period 
(if applicable). Table 3 shows the final measured values for 
these specimens.

Autogenous shrinkage seems to be nearly independent of 
curing condition, but it is unique to each mixture proportion. 
By the end of the test period, specimens 2-A and 2-S exhibit-
ed approximately 220 to 240 µin./in. of autogenous shrinkage, 
whereas specimens 4-A and 4-S exhibited approximately 
40 µin./in.

In contrast, total shrinkage seems to be dependent on the 
curing condition, suggesting that drying shrinkage is still 
accumulating. Total shrinkage magnitudes at the end of 
the test period (150 days) were approximately 414 and 
80 µin./in. for the steam-cured specimens 2-S and 4-S, re-
spectively. Ambient-cured specimens 2-A and 4-A exhibited 
total shrinkage values of approximately 385 and 203 µin./in., 
respectively. It is interesting to note that specimen 2-A 
exhibited much greater total shrinkage than its steam-cured 

counterpart, 2-S, which seems to have stopped accumulating 
both autogenous and drying shrinkage by the end of the test 
period.

Steam-cured specimens showed greater shrinkage effects 
at early ages than ambient-cured specimens (Fig.5, note 

Figure 4. Shrinkage of nonproprietary ultra-high-performance concrete specimens as measured by embedded wire strain gauge. 
Note: 2-A = mixture proportions number 2 with ambient curing conditions; 2-S = mixture proportions number 2 with steam cur-
ing conditions; 4-A = mixture proportions number 4 with ambient curing conditions; 4-S = mixture proportions number 4 with 
steam curing conditions. °C = (°F – 32)/1.8. 

Table 3. Shrinkage at 150 days

Speci-
men

Total 
shrinkage 

µin./in.

Autogenous 
shrinkage 

µin./in.

Estimated  
drying shrinkage 

µin./in.

2-A 385 237 148

2-S 414 218 196

4-A 203 44 159

4-S 80 35 45

Note: 2-A = mixture proportions number 2 with ambient curing condi-

tions; 2-S = mixture proportions number 2 with steam curing conditions; 

4-A = mixture proportions number 4 with ambient curing conditions; 

4-S = mixture proportions number 4 with steam curing conditions.
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that the y-axis scales are different for each mixture). This 
finding is expected, but, interestingly, steam-curing treatment 
significantly affects the strain development. In the two tested 
mixture proportions (which otherwise exhibited very different 
shrinkage development profiles), most of the strain increase 
was observed while the samples were in steam curing condi-
tions (2 to 4 days), providing evidence of the rapid increase 
in the cement hydration rate. Following the steam-curing pro-
tocol, very little shrinkage strain occurred. This effect would 
have been unobservable if shrinkage were only assessed 
by ASTM C157.28 ASTM C157 testing data may therefore 
incorrectly suggest that little to no shrinkage is developing in 
steam-cured UHPC, when, in reality, most shrinkage is simply 
occurring before strain measurements begin. Depending on 
the production method used to cast a UHPC component and 
the curing regimen applied, this error could have important 
implications for determining prestress losses.

ASTM C1698 Evaluation of autogenous shrinkage 
Autogenous shrinkage was assessed following the specifica-
tions of ASTM C1698.31 Three separate efforts were done to 
produce test specimens. The specimen environment and the 
methodology for data collection were highly controlled during 

the tests. Nevertheless, the data show high variability and 
inconsistencies. The authors have chosen to comment on the 
challenges encountered for future research about the potential 
problems and difficulties in measuring autogenous shrinkage 
of UHPC materials with ASTM C1698.

Three replicate specimens without fibers were tested for each 
material batch and curing condition. Despite the efforts made 
to reduce the sources of error in the test, some variability 
in the measurements was observed. This variability may be 
associated with specific characteristics of the test setup and 
the casting of the specimens that cannot be controlled. These 
issues have been noted by previous researchers.40

The measurement of the autogenous shrinkage should start when 
the cement matrix has developed a solid composition and begins 
to transfer tensile stress.41 However, there may be potential mea-
surement problems associated with the setup, instrumentation, 
and preparation of the specimens. Additionally, researchers must 
correctly define the “time zero” (the time for starting the shrink-
age measurements). The proper selection of the starting point 
is essential for a correct interpretation of the results because it 
determines the baseline for future measurements.

Figure 5. Early-age shrinkage of nonproprietary ultra-high-performance concrete specimens. Note: 2-A = mixture proportions 
number 2 with ambient curing conditions; 2-S = mixture proportions number 2 with steam curing conditions; 4-A = mixture 
proportions number 4 with ambient curing conditions; 4-S = mixture proportions number 4 with steam curing conditions. °C = 
(°F – 32)/1.8.
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ASTM C1698 defines that the first measurement should be 
taken at the final setting time determined by the use of Vicat 
apparatus. In this test, the final set time (time zero for ASTM 
C1698) is described as the moment when the device needle 
does not penetrate the material surface when dropped upon 
it. This is a qualitative indication and is dependent on the 
judgment of the researcher conducting the test. In addition, 
in some specimens, penetration marks were exhibited even 
48 hours after casting, potentially due to the formation of 
elephant skin on test specimens.

Other authors have provided alternate methodologies to 
define the time zero for measuring autogenous shrinkage 
strains of UHPC. For example, Graybeal defined final set 
time as “a penetration resistance of 27.60 MPa (4 ksi) at 
about 18–20 h after casting” based on the 2000 edition 
of AASHTO T197, Standard Method of Test for Time of 
Setting of Concrete mixtures by Penetration Resistance.11,42,43 
However, there is still no agreement about what time should 
be defined as time zero to begin the measurement of the 
shrinkage.

Creep

Creep specimens were monitored for a period of approxi-
mately 12 to 18 months. At the end of the test period, creep 
strains of approximately 1000 to 1500 µin./in. were ob-
served in ambient-cured specimens; steam-cured specimens 
exhibited creep strains of 300 to 600 µin./in. (Fig. 6). Most 
of the creep strain was observed to develop during the first 
100 days of loading. The last data point on the plots shown 
in Fig. 6, represents the strain following the unloading. 
This value was used to roughly verify that the creep frames 
remained under the expected load through the test duration. 
All test specimens except ambient-cured mixture proportion 
4 exhibited net negative creep strain; that means the recov-
ered elastic strains were greater in magnitude than the creep 
strain, a finding that is expected in UHPC materials because 
of their high MOE.32

Creep coefficient The creep coefficient is defined as the 
ratio of the final creep strain under loading to the initial elastic 
strain (Fig. 7). Creep coefficient values of approximately 
0.20 to 1.20 were observed in the ambient-cured specimens. 

Figure 6. Creep strain for each ultra-high-performance concrete specimen. Note: Fit = trendline fit; 1-A = mixture proportions 
number 1 with ambient curing conditions; 1-S = mixture proportions number 1 with steam curing conditions; 2-A = mixture pro-
portions number 2 with ambient curing conditions; 3-S = mixture proportions number 3 with steam curing conditions; 4-A = mix-
ture proportions number 4 with ambient curing conditions; 4-S = mixture proportions number 4 with steam curing conditions. 
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In contrast, samples cured under steam conditions exhibit-
ed lower creep coefficients of approximately 0.10 to 0.50. 
Steam curing is well recognized as a means of accelerating 
the curing reactions;44 the observed lower creep coefficients 
of the test specimens reflect the greater degree of hydration 
accomplished before creep loading. It is important to note that 
due to the test design, the applied load for each steam-cured 
specimen was a smaller proportion of the ultimate strength of 
the concrete, which also contributed to the reduction in creep 
coefficient.

It is also important to consider the age at which specimens 
are loaded; the degree of hydration of the material influences 
creep development. Because creep is caused by the loss of 
water in the capillary pores of the calcium silicate hydrate 
(CSH), a less-dense network of hydration products (such as in 
the ambient-cured specimens) implies that fewer CSH struc-
tures are available to distribute the creep load. The proportion 
of these capillary pores in UHPC is larger than in convention-
al concrete because UHPC has a greater cement content and 
lacks coarse aggregate. As a result, UHPC mixtures exhibit 

greater creep coefficients than conventional concrete. The 
high proportion of silica fume content and the addition of 
steel fibers in UHPC help mitigate these effects.41 In addition, 
much of this strain (deformation) induced by creep phenome-
non is recoverable or reversible due to UHPC's high strength 
and elasticity.41

For the experiments performed during this research, speci-
mens from both curing conditions were loaded at the same 
age (7 days) to simulate the bed turnover in a precast con-
crete yard, regardless of the state of hydration. However, 
it is important to note that compared with the steam-cured 
specimens, the ambient-cured specimens had a lower degree 
of hydration (as evidenced by the lower compressive strength) 
and experienced significantly increased creep strains. For this 
reason, when ambient curing is to be used for industrial and 
practical applications, it may be preferable to permit a longer 
initial curing period to limit prestress losses due to creep.

Specific creep Specific creep is another method of quan-
tifying creep effects, which considers the amount of com-

Figure 7. Creep coefficient calculated for each ultra-high-performance concrete specimen. Note: Fit = trendline fit; 1-A = mixture 
proportions number 1 with ambient curing conditions; 1-S = mixture proportions number 1 with steam curing conditions; 2-A 
= mixture proportions number 2 with ambient curing conditions; 3-S = mixture proportions number 3 with steam curing con-
ditions; 4-A = mixture proportions number 4 with ambient curing conditions; 4-S = mixture proportions number 4 with steam 
curing conditions. εcreep = creep strain; εelastic = elastic strain.
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pressive load that is applied to the concrete. Creep coeffi-
cients for the investigated nonproprietary UHPC mixtures 
are summarized in Table 4. The table shows a trendline fit 
to the experimental creep strain; the trendlines were used 
to determine the predicted creep at 1 year. In addition, the 
table presents the predicted creep strain and specific creep at 
1 year.

Specific creep was calculated by dividing the creep strain 
by the stress applied during loading (6 ksi [41.4 MPa]). 
The predicted creep at 1 year ranges from a minimum of 
174 microstrain for 1-S specimens to 1360 microstrain for 
3-A specimens. The predicted creep strain at 1 year is much 
greater for ambient-cured specimens than for steam-cured 
specimens, by as much as 200% to 500%. Since creep strain 
shares a proportional relationship with specific creep, the 
results for creep strain and specific creep are similar. Because 
specific creep is normalized by the applied stress, the greater 
strength of the UHPC and greater amount of applied prestress 
would lead to greater creep strains than those expected for 
conventional concretes.

Design impacts

This study evaluated how UHPC behavior compares to esti-
mation models of creep and shrinkage intended for the design 
of conventional concrete. These comparisons were conducted 
to demonstrate to designers the relative magnitude of the 
experimental data as compared to currently used, well-known 
estimation models of prestress loss in precast elements. This 
information may be particularly helpful for designers who are 
not yet familiar with UHPC design or lack access to UHPC 
design guidelines.

Experimental creep and shrinkage strain estimates 
Figures 8 and 9 present experimental shrinkage strains and 
experimental creep strains, respectively, for all test speci-
mens with trendline fits. These figures also show plots of 
design estimation models for conventional concrete from the 
PCI Design Handbook: Precast and Prestressed Concrete.46 
Although the comparison is not perfect, ambient-cured ex-
perimental UHPC shrinkage data are paired with PCI design 
trendlines for moist-cured conventional concrete. Likewise, 
steam-cured experimental UHPC shrinkage data are paired 
with PCI design estimates for accelerated-cured conventional 
concrete. These comparisons were selected to approximate 
the “least effort required” and “more effort required” curing 
approaches a precaster may choose. Table 5 summarizes the 
experimental trendline parameters.

Creep and shrinkage values were estimated at 1 year using 
the trendlines presented in Table 5. By 1 year, UHPC creep 
and shrinkage strains exceeded those estimated by design 
for conventional concrete. Ambient-cured UHPC exhibited 
greater strains than steam-cured UHPC, with ultimate predict-
ed strains values of 1110 µin./in. for creep and 590 µin./in. for 
shrinkage. Under this curing regimen, the magnitude for creep 
registered was nearly five times that of conventional concrete, 
whereas the shrinkage magnitude only slightly exceeded that 
of conventional concrete. The PCI Design Handbook suggests 
that moist-cured conventional concrete is expected to exhibit 
1-year creep strains of approximately 250 µin./in. and shrink-
age strains of approximately 550 µin./in.

The applied steam-curing regimen (90°C ± 1.1°C and 100% 
relative humidity for 48 hours) had a drastic effect on both 
the observed creep and shrinkage strains for steam-cured 
specimens. Based on the experimental data, steam-cured 

Table 4. Creep coefficient trendline

Specimen

Creep coefficient trendline Strain trendline

C(t) = tψ/(A + tψ) × Cult εcr(t) = t0.6/(A × t0.6) × B

ψ A R2
Predicted 
at 1 year

A B R2

Predicted 
at 1 year, 
μin./in.

Predicted specific 
creep at 1 year, 

μin./in./ksi

1-A 1.21 124 0.926 0.69 40.8 1600 0.913 731 122

1-S 1.38 1000 0.816 0.12 559 3000 0.746 174 29

2-A 1.16 65 0.776 0.5 41.1 2780 0.856 1270 211

3-S 1 32 0.841 0.53 21.2 931 0.866 577 96

4-A 2.14 607 0.935 1.22 14.5 1960 0.848 1380 230

4-S 1.47 1000 0.745 0.22 376 3000 0.667 252 42

Note: Trendline forms as presented in Haber et al. (2019). 1-A = mixture proportions number 1 with ambient curing conditions; 1-S = mixture proportions 

number 1 with steam curing conditions; 2-A = mixture proportions number 2 with ambient curing conditions; 3-S = mixture proportions number 3 with 

steam curing conditions; 4-A = mixture proportions number 4 with ambient curing conditions; 4-S = mixture proportions number 4 with steam curing 

conditions. A = curve fit parameter; B = curve fit parameter; Cult = creep coefficient immediately prior to unloading; R2 = coefficient of determination;  

t = time under load in days εcr = creep strain; ψ = creep coefficient.
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Figure 8. Shrinkage strains from all ultra-high-performance concrete specimens and predicted PCI Design Handbook: Precast 
and Prestressed Concrete model for conventional concrete.
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Figure 9. Creep strains from all ultra-high-performance concrete specimens and predicted PCI Design Handbook: Precast and 
Prestressed Concrete model for conventional concrete.
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UHPC was predicted to exhibit 1-year creep strains of 
about 364 µin./in. and shrinkage strains of 422 µin./in. 
The magnitude for creep for steam-cured UHPC was more 
than 100 µin./in. more than the magnitude predicted for 
accelerated-cured conventional concrete, but the shrinkage 
magnitude for steam-cured UHPC was lower than that of 
accelerated-cured conventional concrete. For the case of 
accelerated-cured conventional concrete, creep strain of ap-
proximately 250 µin./in. and shrinkage strain of 475 µin./in. 
are suggested design estimates.

When the long-term strain magnitudes demonstrated by 
steam-cured and ambient-cured UHPC were compared 
to those expected of conventional concrete, the authors 
found that magnitudes for the steam-cured specimens were 
the closest to the conventional concrete predictions. This 
assertion is particularly true for creep effects, where the 
estimated creep strain for ambient-cured UHPC was approx-
imately five times greater than the creep strain recommend-
ed for conventional concrete. It is important to highlight the 
importance of the degree of hydration and age of loading 
when analyzing creep effects. In the experimental testing, 
ambient-cured and steam-cured samples were loaded at the 
same age and compressive stress to simulate bed turnover in 
a precast concrete facility. As a result, ambient-cured speci-
mens had much lower degree of hydration than steam-cured 
specimens at the time of testing, as well as lesser strength 
and a subsequently greater load ratio. It is also important to 
note that the loads applied for both curing conditions were 
greater magnitude for UHPC than the ones used to evaluate 
conventional concrete samples. On the other hand, shrinkage 
strains for both curing regimens were close in magnitude to 
those for conventional concrete.

Table 5 shows that the coefficient of determination R2 values 
for the trendlines modeled for ambient-cured specimens 
(0.884 for shrinkage and 0.717 for creep) are greater than 
the R2 values exhibited for steam-cured specimens (0.457 for 
shrinkage and 0.468 for creep). These results indicate that 
the steam-cured strain data exhibited greater variability than 
that of the ambient-cured specimens; this finding is expected 
given that the steam-curing process accelerates and magni-

fies small differences in mixture design, particularly when 
the effects of chemical admixtures are considered. At early 
ages, a sharp increase in shrinkage strain in the steam-cured 
UHPC samples can be observed, resulting in a curve that 
does not follow the more gently sloped shape defined by 
the trendline. This effect was the result of the rapid increase 
in the degree of hydration instigated by the application of 
supplementary heat and moisture. A modification to the form 
of the trendline may be necessary to capture these effects. 
Additionally, errors in the creep data may also help explain 
why the R2 values were lower for the steam-cured speci-
mens. Some creep strain data points were negative following 
the subtraction of the initial elastic strain. These data points 
would indicate that the concrete relaxed under the initial 
elastic displacement and the creep model cannot easily 
account for them.

Creep coefficient for all experimental data Figure 10 
presents the results obtained for the calculation of creep 
coefficient for all the evaluated mixtures. A trendline was fit 
for the creep coefficient considering all mixture proportions 
and curing conditions. The results are presented in Table 6. 
Creep coefficients calculated for ambient-cured specimens 
ranged from 0.5 to 1.2 at the time of unloading. In contrast, 
the magnitude obtained for this parameter when evaluating 
steam-cured specimens ranged from 0.2 to 0.6 at the time 
of unloading, reflecting the greater degree of hydration and 
consequent greater compressive strength.

Table 5. Creep and shrinkage experimental strain trendline parameters

εsh(t) = t/(A × t) × εsh-ult A
Average εsh-ult 

(experimental) 
R2

Predicted strain at 1 year,  
εshµin./in.

Shrinkage
Ambient cured 18.4 -611 0.884 -590

Steam cured 9.5 -433 0.457 -422

εcr(t) = t0.6/(A × t0.6) × B A B R2
Predicted strain at 1 year,  

εcrµin./in.

Creep
Ambient cured 10.3 1440 0.717 1110

Steam cured 54.7 942 0.468 364

Note: A = curve fit parameter; B = curve fit parameter; R2 = coefficient of determination; t = time of measurement in days; εcr = predicted creep strain; εsh 

= predicted shrinkage strain; εsh-ult = ultimate shrinkage strain.

Table 6. Creep coefficient trendline

Curing  
condition

Creep coefficient trendline 
C(t) = tψ/(A+ tψ) × Cult

ψ A Cult R2

Ambient 0.438 9.33 1.52 0.473

Steam 0.738 48.6 0.551 0.592

Note: A = curve fit parameter C = curve fit parameter; Cult = creep coeffi-

cient immediately prior to unloading; R2 = coefficient of determination; t 

= time under load in days; ψ = creep coefficient.
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Conclusion and recommendations

Four nonproprietary UHPC mixture proportions developed by 
precasters in North America were employed to assess creep 
and shrinkage effects. Accepted test procedures were applied 
to characterize long-term material behavior. Although the 
study encountered difficulties during testing that were related 
to the nature of UHPC mixtures and the test methodologies, 
several conclusions can be drawn from the work:

• Curing of UHPC has a direct and immediate impact on 
time-dependent material properties. Curing regimens 
should be carefully considered in calculations of time-de-
pendent prestress losses.

• Steam-cured specimens demonstrated greater compres-
sive strength than ambient-cured specimens at 7 days 
(mean values of 20.8 and 15.4 ksi [143.4 and 106.2 MPa], 
respectively) and 28 days (mean values of 21.5 and 
19.6 ksi [148.2 and 135.1 MPa], respectively).

• UHPC mixtures exhibited greater shrinkage strains than 
conventional concrete, especially when ambient-curing 
conditions are applied, with mean values for UHPC at 1 
year of −590 µin./in. for ambient-cured specimens and 
-422 µin./in. for steam cured specimens.

• Drying shrinkage was observed to be relatively small 
(<150 µin./in.) and ambient-cured specimens exhibited 

greater values than steam-cured specimens, with mean 
values of 72 and 44 µin./in., respectively.

• UHPC mixtures exhibited greater creep strains than 
conventional concrete, especially when ambient-curing 
conditions were applied. The mean values for UHPC at 
1 year were 1110 µin./in. for ambient-cured specimens 
and 364 µin./in. for steam cured specimens.

• Larger creep coefficients were obtained for ambi-
ent-cured UHPC specimens than for steam-cured UHPC 
specimens, with mean values at 1 year of 0.80 and 0.29, 
respectively.

• When UHPC strain values for ambient-cured and 
steam-cured specimens were compared to strain values 
of conventional concrete, the magnitudes for the steam-
cured specimens were closer to the conventional concrete 
magnitudes, especially when comparing the results for 
creep. 

• Steam-cured specimens exhibited more shrinkage strain 
than ambient-cured specimens during the testing period 
especially during early ages. This is attributable to in-
creased hydration rates caused by the curing regime.

As industry applications of UHPC become more widely 
used, the development of a data bank of creep and shrink-
age data specific to UHPC mixtures would be advisable to 

Figure 10. Creep coefficient data from all ultra-high-performance concrete.  
Note: εcreep = creep strain; εelastic = elastic strain.
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account for the ways that the behaviors of UHPC mixtures 
differ from the behaviors of conventional concrete. Although 
UHPC mixtures demonstrate improved performance and 
properties compared with conventional concrete, UHPC 
tends to have larger ultimate creep and shrinkage strains, 
with corresponding effects on prestress losses. In addition, 
it is advisable to consider steam-curing regimens, whenever 
possible, to reduce the strains experienced by UHPC struc-
tural components. More research is needed to review and 
analyze the suggested prestress loss calculation methods for 
UHPC and to characterize the early-age shrinkage behavior 
of UHPC.
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B = curve fit parameter
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ult
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′fci = concrete compressive strength

R2 = coefficient of determination 

t = time in days

ε
creep

 = creep strain

ε
elastic

 = elastic strain

ε
sh

 = shrinkage strain

ε
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 = ultimate shrinkage strain

ε
ult

 = ultimate total strain

ε
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 = creep strain

ψ = creep coefficient 
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Abstract

This paper presents the results of the experimental 
evaluation of four nonproprietary ultra-high-perfor-
mance concrete (UHPC) mixture proportions current-
ly being used for industrial applications by various 
precast concrete producers across the United States 
and Canada. The main objective of this research 
was to acquire data about the effects that creep and 

shrinkage phenomena produced with UHPC materials. 
Shrinkage was assessed by the ASTM C157 testing 
method modified by ASTM C1865 and ASTM C1698. 
Creep was evaluated by the ASTM C512 testing 
method modified by ASTM C1856. Results for creep 
and shrinkage strains and creep coefficient are pre-
sented and discussed. Comparisons with conventional 
concrete are also made. This detailed characterization 
of creep and shrinkage properties of the nonproprietary 
UHPC mixture proportions advances the understanding 
of UHPC materials and phenomena and offers useful 
information for further research on applications of 
UHPC for prestressed concrete structural components.

Keywords

Creep, prestressed concrete, shrinkage, UHPC, ul-
tra-high-performance concrete.

Review policy

This paper was reviewed in accordance with the 
Precast/Prestressed Concrete Institute’s peer-review 
process. The Precast/Prestressed Concrete Institute 
is not responsible for statements made by authors of 
papers in PCI Journal. No payment is offered.

Publishing details

This paper appears in PCI Journal (ISSN 0887-
9672) V. 69, No. 5, September–October 2024, and 
can be found at https://doi.org/10.15554/pcij69.5-02. 
PCI Journal is published bimonthly by the Precast/
Prestressed Concrete Institute, 8770 W. Bryn Mawr 
Ave., Suite 1150, Chicago, IL 60631. Copyright © 
2024, Precast/Prestressed Concrete Institute.

Reader comments

Please address any reader comments to PCI Journal 
editor-in-chief Tom Klemens at tklemens@pci.org or 
Precast/Prestressed Concrete Institute, c/o PCI Journal, 
8770 W. Bryn Mawr Ave., Suite 1150, Chicago, IL 
60631. J

https://doi.org/10.15554/pcij69.5-02

