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Abstract: Precast prestressed concrete bridge elements are routinely subjected to heat-accelerated
curing (HAC) regimes using steam or hot water to achieve a 1-day casting cycle. The specification of
these curing methods varies across jurisdictions, often with the assumption that, for durability, the HAC
is equivalent to 7 days water curing. This paper presents a portion of National Asset Centre of
Excellence (NACOE) research to test that assumption and to determine whether there is any scope to
optimise HAC cycles for bridge elements. In this study, typical concrete mixes for prestressed precast
concrete (S50/20/180) were subjected to a range of curing regimes including baseline 7-day water
curing and MRTS70-compliant HAC Each concrete sample was then subjected to a range of durability
performance tests to ascertain which tests provided the most indicative information and which curing
regimes produced the most durable concrete.

The results indicated that, as previous literature anticipated, HAC concrete had reduced 28-day
compressive strength and durability performance compared to 7-day water-cured specimens but that
durability benchmarks could still be met with a high-spec concrete mix.

This suggests that the MRTS70 (2018) requirement for 420 °Ch of curing, with the enclosure remaining
above 50 °C, could be reduced slightly, with benefits to concrete durability and some further benefits,
for example decreased energy usage at precast yards, provided concrete strength requirements for
cycle times could still be achieved.

Of the test methods used in the study, the rapid chloride permeability tests (ASTM ¢1202 and NT Build
492) proved the most consistent and predictable.
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Introduction

Heat-accelerated curing (HAC) of concrete is commonly used in the manufacture of precast concrete
items to achieve high early strengths and to reduce casting cycle times. For prestressed precast
concrete elements such as bridge girders, with specified concrete transfer strengths of up to 40 MPa, it
is generally not possible to achieve daily casting cycles without the application of steam or hot water to
accelerate the concrete strength gain. These rapid heat-accelerated cycles are tempered by the need
to achieve the necessary concrete durability performance without further curing, and hence it is often
the durability requirement that governs the length of the curing cycle.

This paper summarises a research program undertaken to determine whether the prescriptive durability-
based requirements for heat accelerated curing could be optimised with a view to improving the final
product. The anticipated value of this would be faster casting cycle times, and savings from reduced
fuel used to generate the steam or heat — both monetary and environmental. A full report on the research
project can be found on the NACOE website. (1)

Current Practice

In the Queensland context, the Department of Transport and Main Roads (TMR), specifies in MRTS70
Concrete (2) that all prestressed precast concrete bridge elements are to be heat-accelerated cured
using steam or hot water, and that HAC curing continue for 420 °Ch duration within the steaming
enclosure (or outlet pipes for hot water curing). This curing regime is further governed by restrictions
on the 4 phases of curing: delay, heating, curing and cooling. Figure 1, from the MRTS70 commentary,
shows these periods and how the 420 °Ch duration is calculated.

Other Australian State Road Authorities, and AS 1597.1 Precast Reinforced Concrete Box Culverts (3),
specify variations on acceptable accelerated curing regimes, with the most significant difference being
the duration of the curing cycle for when curing is considered complete. In NSW (4), like Queensland,
a Time-Temperature Factor (TTF) is used, integrating temperature with respect to time. Other states
simply rely on concrete strength being the determining factor, between 65 — 75% of the 28-day
compressive strength (see Table 1).
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Figure 1: Compliant Accelerated Curing Regime (MRTS70:2018)

Table 1: Comparison of Steam Curing Requirements

Parameter QLD (2) NSW (4) VIC (5) WA (6) SA (7) AS 1597.1
Delay t=40/T, | 50°Chand2h 40°Chand 2 h 25 °Ch
Period
Enclosure | Max70°C | Notspecified | Max70°C | 65%5°C Max 70 °C
emp
?;"’T‘I‘I’D'ete Max 75 °C Max 70 °C Max 75°C | Max 70 °C Not specified
32 MPa for
B1 and B2
o o Exp Class;
Curing End 420 °Ch 350 °Ch specified 7-day strength 75% of f'c 550 °Ch
(enclosure) (concrete) (enclosure)
for C Exp
Class

Anticipated Impact on Performance

Heat accelerated curing is primarily intended to speed up the early strength gain of concrete and related
hydration of the concrete, while maintaining sufficient moisture to allow for continued hydration ensuring
both strength gain and durability. This acceleration however changes the final microstructure of the
concrete, with some side-effects on mechanical and durability properties.

It is well established that heat-accelerated curing suppresses the 28-day strength of concrete, when
compared to 7- or 28-day standard water curing (8). A similar, but smaller effect can be seen with tensile
strengths following the typical ratio between compressive and tensile strength. The causes of these
reductions have been proposed to include heterogeneity of hydration products, increased pore sizes
and microcracking. (9) For precast, and particularly pre-stressed concrete mixes, this reduction in
strength is generally not significantly consequential since the specified design strength at 28 days is
typically far exceeded. This is due to the mix being designed to achieve a high early strength with
increased cementitious content and reduced water cement ratio.

The relationship between concrete durability and accelerated curing is less clear cut but there are
indications in the literature that on most durability test measures (for example: sorptivity, chloride
resistance, carbonation resistance), the durability performance of heat accelerated-cured concrete is
lower than equivalent 7-day water cured samples. (10) This lower durability performance is noticeable,
but not generally a cause for concern, given the use of high-performance concrete mixes for prestressed



precast concrete, which in Queensland includes supplementary cementitious material (SCM) such as
fly ash and slag.

Experimentation

Learning from a series of scoping studies, details of which can be found in the NACOE research project
report (1), the test programme chose a mid-range B2 exposure concrete mix and established rapid
chloride penetration and sorptivity tests (see Table 5). This ensured that there was enough resolution
and sensitivity in the test methods, consistency in the results to adequately compare the curing regimes.

Six curing regimes were performed, representing a standard 7-day water cure (C2), 3 accelerated curing
regimes (C3-C5), and 2 scenarios (C1, C6) that effectively represent no curing. The six processes are
outlined in Table 3, and further defined in Table 4. Figure 2 shows the three accelerated curing regimes.
C4 represents a MRTS70 (Nov 2018) compliant steam curing cycle. C2 represents a MRTS70 (Nov
2018) compliant water curing cycle.

Table 2: Test Methods

Standard Test Method Variation/Option

Compressive Strength Tests: Concrete, Mortar and

AS 1012.9 Grout Specimens

Accelerated Curing of Concrete Compression Test Curing time and temperature to Figure
Specimens: Warm Water Method 2

Standard Test Method for Electrical Indication of
Concrete’s Ability to Resist Chloride lon Penetration

AS 1012.19.2

ASTM C1202

Concrete, Mortar and Cement-based Repair
NT Build 492  Materials: Chloride Migration Coefficient from Non-
steady-state Migration Experiments

Top 50 mm of cylinder tested rather
than middle 50 mm

Standard Test Method for Measurement of Rate of

ASTM C1585 Absorption of Water by Hydraulic-cement Concretes

Tested unmoulded face

TINSW T3g2  Interim Test for Verification of Curing Regime — Assumed B2 exposure
Sorptivity @100 mm cylinder split lengthways

Table 3: Curing Regimes

Curing Initial curing (in mould) Subsequent curing Final curing environment
regime g (ex mould) (to start of testing)
C1 T1,24 h N/A T4
C2 T2,24 h T5, to 7 days T4
C3 T3,7h N/A T4
c4 T3,11h N/A T4
C5 T3,14 h N/A T4
(03] T2,24 h N/A T4
Table 4: Curing Types
Curing type Moniker Full description of environment and treatment
T Warm oven Cylinder in mould, cap left off. Consistent warm and dry environment (30 °C,
30% RH)
T2 Standard Cylinder in mould, cap on. Room temperature and humidity (22 °C, 60% RH).
initial Initial curing to AS 1012.8.1.
Accelerated  Cylinder in mould, cap on. Immersed in temperature-controlled water tank.
T3
(TMC)
T4 Laboratory  Cylinder demoulded. Room temperature and humidity (22 °C, 60% RH).
bench
15 Tropical wet Cylinder demoulded. Immersed in standard curing tank (27 °C).

Standard curing to AS 1012.8.1.
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Figure 2: Accelerated curing regimes

The concrete used for this testing was an MRTS70-compliant mix with characteristics as outlined in
Table 5. The mix was a little below (lower cementitious material content, higher water/cementitious
material ratio) the typical concrete mix used in the precast prestressed concrete industry, and as such
would be considered a typical lower bound for both strength and durability performance for typical
precast prestressed concrete products. This was chosen to potentially exaggerate the effects of the
different curing regimes.

Table 5: Mix Design

Item Value
Designation S50/20/180
Characteristic compressive strength 50 MPa
Maximum aggregate size 20 mm
Target slump 180 mm
Cementitious content 480 kg/m? (25% fly ash)
w/c ratio 0.35

Testing was conducted, in duplicate or triplicate, using standard test methods with some modifications
as outlined in Table 2. Durability tests were arranged to test the top surface of the test cylinder (after
slight grinding) to mimic investigation into the cover zone of the cured concrete. Samples for sorptivity
(T362) were cast as cylinders, dried, soaked and then split lengthwise. Eight measurements were then
taken around the perimeter, with position 1 being the unmoulded face.

Results

Results derived from the experimentation are collated as per Table 6. Of particular note are the higher
strengths and lower (better) durability results of the water-cured samples (C2). This curing regime
clearly stands out as a best-case scenario. Normal HAC (C4) sits in the middle of the pack (Table 7) .
Figure 3 relates the RCPT results to strength, including the results from earlier studies on different higher
specification mix designs. Figure 4 combines the chloride permeability results, showing very good
correlation between the tests. Figure 5 combines the absorption results, showing similar general trends,
but not good correlation.



Table 6: Result Summary

Test Notes c1 c2 Cc3 c4 C5 C6
Compressive strength 7-day 4325 5075 4425 445 4675 47
(MPa) 28-day 50.8 68.7 53 53.7 582 57.2
7-day 4430 3340 3,680 3,950 4,180 3,340
ASTM C1202 (C)
56-day 2,586 776 1,790 1,717 1,052 1,120
All positions 4.5 2.5 7.5 6.0 3.5 2.0
TINSW T362 (mm)
Pos. 1,2, 8 9.5 6.5 12 10.5 7.5 4
NT Build 492
(x10-12m?/s2) 56-day 13.2 34 9.8 9.5 6.8 6.1
Initial (1 — 6 h) absorption 1.733 0.397 4.733 4.633 3.333 2.600
ASTM C1585
(x 102 mm/s'?) Secondary (1 - 7 days) 0.763 0303 1.260 1.161 0.897 0.703
absorption
Table 7: Curing Regimes - Ranking
28-day Strength  C1202 (56-day) NT Build 492 T362 (Pos 1, 2, 8) C1585 (secondary)
Cc2 c2 c2 C6 c2
C5 C5 C6 C2 C6
C6 C6 C5 C5 C1
Cc4 Cc4 Cc4 C1 C5
C3 C3 C3 Cc4 Cc4
C1 C1 C1 C3 C3
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Figure 3: RCPT results compared to strength
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Figure 4: Comparison of RCPT and NT492 Results
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Figure 5: Absorption results
Benchmarking

The observed performance of the concrete mixes used in this study under the various curing regimes
relative to some of the durability test benchmarks used by Australian road agencies indicates that in
some circumstances the use of accelerated curing regimes has the potential to change how a particular
concrete mix is categorised. It should also be noted that the concrete mix was deliberately designed to
be a lower bound specification compliance option with MRTS70 (Nov 2018) to amplify differences in
curing regimes as much as possible. There are some observations of interest, for example, MRTS70
requires a RCPT result of less than 1,000 C (at 56 days) for super-workable concrete to demonstrate
that it is equivalent to rigid forms and intense vibration. This corresponds to a ‘very low’ categorisation
for this test. Only the concrete cured according to regime C2 achieved the required level. The C6 and
C5 samples were borderline compliant with the 1000 coulomb requirement.

To some degree this is not surprising as the concrete mix used in the study was of a lower durability
standard (less total cementitious content and higher w/c ratio) than a typical super-workable concrete
mix. However, in Scoping Study 1 (which used a concrete mix that was closer to a typical super-
workable concrete mix design), the concrete mix passed this requirement almost regardless of curing
regime. Given that for the evaluation of a super-workable concrete mix by RCPT test, the trial mix
samples are not required to be steam cured (the curing regime is not nominated), it is recommended
that some consideration be given to nominating a curing regime for this evaluation in the future.

Regarding the T362 test, all curing regimes easily passed the TINSW B80 benchmark of maximum 20
mm penetration for a B2 exposure class mix design with blended cement, including the sample which
was warm air cured. It should be noted that the concrete mix used for this testing was probably a higher
specification concrete mix than what is required for a B2 exposure class to the B80 Specification.
However, if a sample of concrete can effectively pass this performance test for a curing process without
any curing, then the benchmark 20 mm for a B2 exposure blended cement mix may need to be reviewed.



Regarding NT Build 492, only the C2, C6 and C5 curing regimes passed the TINSW B80 benchmark of
8 x 102 m?/s for a B2 exposure class concrete mix. This upper limit only applies to design mixes with
no consideration for proposed curing regime (all test samples are wet cured for 28 days). These results
indicate that this benchmark is generally appropriate. Other testing to NT Build 492 in the literature (8)
produced lower chloride migration coefficients for accelerated and moist cured regimes, with a result of
1.7 x 10-'2 m?/s measured for a 16 hour accelerated cure with no additional curing, compared to 1.0 x
102 m?/s for a 7-day moist cure (testing using a 50 x 100 x 100 mm rectangular prism slice). This was
a 60 MPa C-XL concrete which achieved 46 MPa at the conclusion of the 16-hour accelerated cycle (62
MPa at 28 days). This appears to support an observation that achieving low chloride resistance
increases markedly beyond a certain compressive strength (which is related to lower water /cementitious
material ratios) and the presence of supplementary cementitious materials, being just as critical if not
more so than the curing method.

Considering sorptivity results in general, there was a clear pattern of the accelerated curing regimes
performing worse than dry curing (no curing) across the ASTM C1585 and TINSW T362 tests performed
in the current project. A reason for the good performance of the dry cured sample is not readily apparent,
and this behaviour does not appear to be consistent with the findings of other work which has compared
curing regimes against sorptivity (11).

Based on these observations and the test results from this project in general, heat accelerated curing
concrete can reduce the concrete's potential durability performance compared to the performance of
the same concrete that is water cured for 7 days. However, in general from a durability point of view,
heat accelerated curing is better than no curing, particularly when compared to the warm air curing
regime C1. This suggests that the application of heat accelerated curing, while very useful for achieving
faster cycle times and better utilisation of moulds and casting equipment in precast yards, should
generally not be considered as equivalent to traditional 7-day water curing methods and some
independent assessment of durability of accelerated cured concrete in durability critical applications
may be required.

This is not to say that steam-cured precast concrete is necessarily not durable. Scoping study 1 (refer
left-hand side of Figure 3, and full report for more details) clearly showed that a high specification
concrete mix, typically used in precast concrete component manufacture, can achieve a high level of
durability with much less dependence on the curing regime. This particular concrete mix passed the
RCPT, water absorption and VPV benchmarks with all curing regimes. This observation is consistent
with the conclusions of other authors that the typical precast manufacturing practice of using higher
concrete specification grade (e.g. using a 70 MPa mix where 50 MPa is specified) to achieve required
early strengths than required by the design specification and drawing is a significant contributing factor
to achieving a high durability outcome and is sufficient to overcome any negative durability outcomes
resulting from accelerated curing compared with 7-day water curing (12).

The other significant advantage of accelerated heat curing, or steam curing is that the curing applied is
typically well controlled and is complete within the 24-hour cycle time of the precast production and no
further work such as keeping it wet for 7 days or continually monitoring the curing for an extended time
is required.

Conclusions
The findings of this portion of the research can be summarised as follows.

Heat-accelerated curing should not be considered equivalent to a 7-day water cure. Water curing for a
full week remains the 'gold standard' for curing of concrete, and HAC alone cannot match it on any
durability measure tested. The benefit, if any, of subsequent water or membrane curing after HAC has
not been investigated in this project, though this approach is generally not practical given the size of the
concrete units in question and may be of little benefit if a high specification concrete mix is used.

Care needs to be taken when ranking materials and processes by 'durability’ since the results will
depend on which test method, and therefore property, is being measured. Test methods also differ in
robustness and repeatability. The useful range should also be considered, with sensitivity to inputs
changing towards the extremes of performance. The Rapid Chloride Penetration Test proved to be a
practical and reliable measure of durability to distinguish between different concretes and curing regimes
in this study.

The temperature of accelerated curing had a significant impact on the durability performance. A lower
enclosure temperature of 40 °C was preferable to maintain a higher level of durability performance
compared to higher temperatures, coming at the cost of slower strength gain for an equivalent time.



The decrease in durability performance of samples cured at higher temperatures can be attributed to
coarser pore structures.

Concrete mixes that exceed the minimum specified requirements by significant margins have durability
test performance that is less susceptible to poor curing methods or no curing. Precast prestressed
concrete mixes with high SCM-replacement, high total cementitious content, low water cement rations,
and 28-day strengths above 65 MPa displayed high durability performance test results regardless of
curing regime. The ranking of curing regimes was maintained, but all benchmarks were met.

There is an opportunity to make some small reductions in the TTF (duration) and minimum temperature
requirements in MRTS70 without sacrificing durability. Since this research was undertaken, MRTS70
has been updated (July 2022) to lower the 'starting point' of the measurement of the duration (TTF) of
curing from 50 °C to 45 °C, and work is continuing to determine whether the TTF of 420 °C can be
reduced, with some consideration of factors related to structural performance associated with
achievement of transfer strength, creep and shrinkage at early age loading and consistency of hog
between units.

Further research in this area would also be beneficial to determine any benefit of post-HAC curing, any
effects of HAC on short- and long-term mechanical properties, and any impact on carbonation
resistance.
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