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Abstract: Specifications and mix designs which limit the level of supplementary cementitious material
(SCM) replacement are unnecessary impediments to sustainability and practically solving thermal
issues in concrete. Significant replacement of Portland cement with fly ash, slag and/or other pozzolan
is an important tool to limit temperature rise in massive elements. The elevated temperature and
increased in-situ maturity in most concrete elements means that highly sustainable concrete mixes can
develop acceptable strength and other properties at relatively early ages compared with standard cured
specimens. Maturity assessment provides a reliable and accurate estimate of the in-situ compressive
strength in real time which helps reduce over-design of concrete mixes in terms of excessive
cementitious contents or unnecessary limits on SCM replacement. Maturity monitoring provides
accurate estimates of in-situ concrete strength during cold weather concreting improving safety. The
real-time data on temperature rise and differentials in massive elements and elements subjected to
accelerated curing reduces the risk of excessive temperature rise and thermal stresses.
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Introduction

The concept of concrete maturity assessment was first developed in the United Kingdom by Nurse
(1949) and Saul (1951) for determining the effect of steam curing on strength development. Maturity is
the age of a particular concrete expressed as degree.hours or degree.days calculated from a datum
temperature below which concrete does not gain strength. The maturity rule presented by Saul (1951)
is that “Concrete of the same mix at the same maturity (reckoned in temperature-time) has
approximately the same strength whatever combination of temperature and time go to make up that
maturity”. Maturity assessment based on Nurse-Saul has been successfully applied in precast
applications under factory conditions for many decades.

A catastrophic collapse on the Skyline Plaza project in Virginia, USA in March 1973 resulted in 14
workers being killed and 34 injured. The National Bureau of Standards (NBS) investigators concluded
that the probable cause of the collapse was a punching shear failure of the slab caused by the removal
of the shoring when the concrete had insufficient strength (Carino et al., 1983a). The concrete slab at
the location where the failure started was 4 days old and had been exposed to an average ambient
temperature of about 7°C during the curing period. The NBS investigators had difficulty in calculating a
reliable estimate of the in-situ strength at the time of failure using available published data which was
based on testing under constant temperature conditions (Carino and Lew, 2001). This lead to research
into maturity assessment for estimating in-situ concrete strength placed in the variable field conditions
to help prevent similar structural failures.

The early research used Portland cement concrete with the same initial temperature until all of the test
cylinders had been cast. The cylinders were subsequently exposed to different temperatures (Lew and
Reichard, 1978). This procedure appears to have resulted in the concrete in all the specimens having
similar setting times before varying the concrete temperature and rate of strength development. Their
study showed that compressive strength could be related to the maturity index (degree.days) for
concrete specimens cured at temperatures from 1.7°C to 22.8°C based on a datum of -12 °C.

Carino et al. (1983b) investigated maturity on Portland cement mortar specimens prepared and cured
at temperatures from 5°C to 32°C. They found that the maturity index at final set when calculated using
a datum of -12°C increased significantly for the mortars at lower temperatures. As maturity is based on
cumulative temperature, a higher maturity index at final set for the mortars at low temperatures
corresponds to a very significant delay in developing strength compared to the mortars at higher
temperatures. This is the so-called crossover effect shown in Figure 1. Therefore, maturity calculations



based on a datum temperature of -12°C tend to overestimate the in-situ compressive strength of
concrete exposed to low temperatures.
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Figure 1: The “crossover effect” due to different early-age concrete temperature during development of
the strength-maturity relationship (Carino and Lew, 2001)

The Nurse-Saul maturity function or temperature time function (TTF) is based on “the assumption that
the initial rate of strength gain (during the acceleratory period that follows setting) is a linear function of
temperature” (Carino 1984,1991). A more accurate equation, known as the equivalent age (EA) method,
was developed by Freiesleben-Hansen and Pedersen (1977). This is based on the Arrhenius equation
in which maturity is an exponential function of temperature. The maturity of the concrete is converted
to its equivalent age relative to a reference temperature, typically the standard curing temperature of
23°C in Australia and North America or 20°C in Europe. In the EA method, activation energy represents
the effect of temperature on the rate of strength development (Carino and Lew, 2001). Researchers
have found that the activation energy ranges from 30 to 60 kJ/mol over a range of w/c ratios,
cementitious materials and admixtures (Tank and Carino 1991, Carino and Tank, 1992).

Pinto and Hover (1999) applied the EA method to initial set times as well as the time between initial and
final set for Portland cement mortars at temperatures from 10°C to 36°C. The actual final setting times
varied from 2.4 hours to 10.2 hours (Figure 2). The average equivalent age at 20°C at the time of final
set was 5.7 hours based on calculated activation energies of 40.9 kdJ/mol up to initial set and 37.6 kJ/mol
between initial and final set. The variation in the EA over the temperature range was limited.

30
| Final set

+ - 4000

N
w

L 3000

n
S
|

Average mortar
o/ temperatures

./' ______
oo 36C
- - - 32C |

24C
........... 17¢ 1000

=y
w

2000

=)
f
Penetration Resistance (psi)

Penetration Resistance (MPa)

SN , — F o
0:00 2:00 4:00 6:00 8:00 10:00 12:00
Elapsed Time of Batching (hours)

Figure 2: Penetration resistance with times at different temperatures (Pinto and Hover, 1999)



The EA method with an accurately determined activation energy provides an accurate estimate of the
in-situ strength based on the curing temperature history to which concrete had been exposed even at
low temperature. Figure 3 compares the chemical reaction rate factors or age conversion factors for
different concrete curing temperatures based on maturity and equivalent age functions.
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Figure 3: Graphical comparison of maturity and equivalent age functions at 23°C (Day et al. 2014)

Over a curing temperature range of 5 to 50°C, the EA method based on the minimum expected
activation energy of 30 kJ/mol yields similar chemical rate factors to the maturity method based on a
datum of 5°C recommended by Day et al. (2014). While this procedure may not be theoretically correct,
it also provides conservative estimates above and below this range without a requirement to conduct
the significant additional testing programme necessary to accurately determine the activation energy of
the mix. Therefore, maturity assessment based on the EA or TTF with a datum of 5°C provides an
accurate and safe estimate of in-situ compressive strength, even at low ambient tempertures.

Quality Control

The most widely used standard for concrete maturity assessment is ASTM C1074. The standard
includes both maturity (temperature time) and EA functions together with the methods to establish the
key parameters used to estimate the in-situ strength of concrete. The standard also states, “before
performing critical operations, such as formwork removal or post-tensioning, that are based on
estimated strength from the concrete maturity perform other tests to ensure that the concrete in the
structure has a potential strength that is similar to that of the concrete used to develop the strength-
maturity relationship”. The standard refers to in-place tests which can provide an estimate of in-situ
strength with limited damage to the element and some laboratory cylinder tests which provide indirect
support for the maturity estimate. However comparable requirements to ensure that the strength of the
concrete in the structure is similar to the estimate obtained by standard cured cylinders are not included
in ASTM C39 Standard Test Method for Compressive Strength of Cylindrical Concrete Specimens or
its Australian equivalent; AS 1012.9.

| would argue that maturity assessment based on a properly developed strength-maturity relationship
is a far more accurate estimate of the in-situ strength, particularly at early age, than standard cured
cylinders which are the primary basis of strength assessment across the entire concrete industry.



After selecting suitable materials and mix designs, the purpose of effective quality control of concrete
“is to detect and rectify any departure from the intended quality at the earliest possible stage” (Day et
al, 2014). Rigorous and systematic control of raw materials to detect potential significant deviations in
properties before their inclusion in a concrete mix should be conducted on all concrete, regardless of
the method of estimating concrete strength. The batch records must confirm that the correct proportions,
within the allowable tolerances, have been used. Indeed, assessment of raw materials, checking batch
weights and the testing of fresh properties are the only quality control procedures that are conducted
on concrete before placing it into the structure.

As shown in Figures 2 and 3, early age strength is strongly influenced by final setting time based on
research conducted on Ordinary Portland cement only (Carino et al.,1983b). Most modern concretes
also contain supplementary cementitious materials and chemical admixtures, all of which may influence
setting time. Confirming that the setting time is similar to that of the concrete used to develop the
strength-maturity relationship is an important verification procedure in maturity assessment. While this
can be conducted on a sieved sample of the fresh concrete using a penetrometer, a reasonable
approximation of final set is the inflection in the temperature curve that occurs after concrete placement.
This data is generated by temperature monitoring that is part of maturity assessment. Figure 4 gives
the temperature profile of a precast concrete element subject to steam curing. The initial step change
in temperature (blue dotted line) showed when the concrete was cast and the solid blue line showed
the change point at which the concrete started consistently generating heat. Setting the start of the
strength-maturity relationship from this temperature change point ensures that the estimated in-situ
strength is automatically unaffected by potential extended setting times.
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Figure 4: Temperature profile in steam cured precast element showing temperature change point.

In addition to confirming the suitability of raw materials, the batch quantities and fresh properties, a set
of standard cured cylinders should be taken from representative concrete elements which are subject
to maturity assessment. Two cylinders should be tested at a convenient early age, say 48 hours, two
at 7 days and two at 28 days. Care should be taken to ensure that the temperature history of the
cylinders tested is known, particularly those tested at 48 hours. This provides ongoing confirmation that
the concrete strength development is consistent with that of the concrete used to develop the original
strength-maturity relationship.

| do not consider that it is necessary to conduct a cylinder test before performing critical operations as
suggested in Section 9.5.4 of ASTM C1074. First, maturity assessment is a reliable and accurate
procedure for safely estimating early age strength at the location monitored provided the raw materials
and mix proportions are correct and the maturity measurement accounts for any change in final setting



time of the concrete. Secondly, there are many factors that may render very early age cylinder testing
an inaccurate estimate of in-situ strength including:

e Cylinders are cast from samples taken from the truck and may not accurately reflect the strength at
key locations in structure.

o Effects of site storage conditions and temperatures where the high surface area to volume ratio
makes them more sensitive than in-situ concrete.

e Environmental conditions and potential damage during transportation.

e Variable curing time before laboratory testing which may not be reported. and,

¢ The intrinsic variability of cylinder strength testing.

The interests of a project are not advanced by requiring two methodologies for estimating early age
strength where one is reliable and accurate and the other is not. Such a requirement can unnecessarily
delay approval to proceed with construction where the maturity assessment has confirmed a
satisfactory in-situ strength but a singular cylinder of dubious pedigree has not.

Optimising Sustainability

Some specifications require limits on total cementitious material content and greater replacement of
Portland cement with SCMs such as fly ash and slag to help improve the sustainability of concrete.
However, in situations where concrete has early strength requirements, such as the precasting,
stripping of formwork, jumping of climb forms or tensioning of prestressing, it is often claimed that these
sustainability requirements are not technically feasible. This claim is usually based on standard cylinder
testing without any consideration of the increased temperatures and maturity in the actual element or
structure. Figure 5 shows the profound effect of maturity on in-situ concrete strength compared to
standard cured specimens. Ignoring this effect results in significant over design of concrete mixes.
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Figure 5: Maturity of in-situ concrete compared to standard cylinders (After ConXedge)

While slag, fly ash, and other pozzolans tend to reduce the rate of temperature rise, maturity
assessment has shown that more sustainable concrete mixes usually achieve required early age
strengths as well as providing other benefits. A major project in Sydney had a sustainability requirement
of a maximum binder content of 450 kg/m*® and a minimum 70% slag replacement for concrete with a
28 day design strength of 50 MPa. The premix supplier developed a suitable mix which complied with
these requirements and was approved.



The contractor wanted to speed up construction which required a one metre thick wall achieving 40
MPa strength in 3 days. An unapproved 80 MPa ternary mix with a vey high binder content of 750 kg/m?
was used. The in-situ concrete reached a peak temperature of 85.5 °C. The thermal modelling and
maturity assessment showed that the approved high slag mix achieved the early strength requirement
without modification. The high binder content concrete which caused excessive temperature rise would
not have been required if maturity assessment had been conducted. The excessive peak temperature
necessitated an investigation to assess potential delayed ettringite formation and/or strength reduction.

Similar situations with changes in site access and requirements for stripping and loading have resulted
in increased binder content and /or reduced SCM. Proper maturity assessment will often solve these
issues without changing the concrete mix saving money and time.

Maturity assessment has been successfully applied on concrete mixes containing higher fly ash and
slag contents to determine stripping times and lifting strengths in many precast operations both ambient
and steam cured. A modified 40 MPa concrete mix was developed to improve sustainability for a precast
operation. The total cementitious content of the modified mix had been reduced by 14% and SCM
replacement level had been increased from 25% to 61%. Figure 6 shows the in-situ maturity at three
locations within the element and cylinder strength. Maturity assessment confirmed that the lifting and
delivery strengths could be achieved as required with a Portland cement reduction of 200 kilograms per
cubic metre.
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Figure 6: Maturity of in-situ concrete compared to standard cylinders for sustainable concrete mix

Cold Weather

It is quite common to have winter and summer mixes to account for the effect of ambient temperature.
When a winter mix is proposed because of concerns regarding the in-situ strength of concrete elements,
such as in climb form applications, the key consideration is the size of the element. When concrete is
more than 300 mm thick and protected by formwork, the effect of the ambient temperature on in-situ
maturity is limited and the use of a winter mix may not be necessary to achieve the required
performance.

While Australia is not an especially cold country, we have cold weather. During winter in Sydney, there
are several days where failures of anchors during post-tensioning of floor slabs are reported because
the in-situ early strength was estimated using standard cured cylinders not maturity assessment. Tekle
et al. (2021) compared compressive strength of standard cylinders with cores and maturity assessment
of slabs all exposed to controlled low temperatures representative of winter conditions in Canberra.
Their research highlighted the problem of low strength development in standard cylinders stored under
cold conditions. Estimates based on maturity assessment generally indicated higher in-situ concrete



strength with lower variability than the estimates from cores as would be expected due to the drilling
and correction process.

Arguments against the use of optimised concrete mixes with lower binder content and/or greater SCM
replacement regularly include overly pessimistic assumptions regarding the effect of low ambient
temperatures on concrete placement temperature. While there is an influence of ambient temperature
on the concrete delivery temperature, the components of concrete such as water, sand and aggregate
have significant thermal inertia. Accordingly the temperature of concrete tends to follow the average
daily temperature rather than the minimum temperatures as suggested. In addition, the concrete
delivery temperature will usually be several degrees higher than the average ambient temperature.

Figure 7 shows the data over a two year supply period including more than 2000 trucks and ambient
temperatures down to 5°C, the lowest concrete delivery temperature measured was 12°C and only four
of the trucks delivered had concrete temperatures less than 15°C. In addition, the energy involved in
concrete pumping and placing tends to further increase the concrete placement temperature above the
concrete delivery temperature.
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Figure 7: Air temperature and concrete delivery temperature for a project (Boral).

Depending on the thickness of the element, a low ambient temperature may have a limited effect
after the concrete has been poured into the formwork, particularly when the exposed surfaces are
protected or insulated. Proper maturity assessment often demonstrates that more sustainable
concrete mixes provide satisfactory early age in-situ strengths avoiding unnecessary over design.

Monitoring Temperature Rise

An advantage of maturity assessment is that the temperature rise within an element is monitored
during the process. Excessive temperature rise can cause significant problems due to delayed
ettringite formation, reduced compressive strength and thermal cracking.

An interesting case study presented in Miller and Aldred (2013) highlighted the issues that can develop
in precast applications where there are significant differences in section thickness within an element.
The main factor contributing to the early age cracking of precast girders after steam curing was found
to be the temperature differential between the thin webs and flanges and the thick end blocks. The
continued temperature rise after steam curing in the thick end blocks with the original concrete mix
resulted in a peak temperature of approximately 90°C while the thinner sections rapidly cooled. The
original mix had a total cementitious content of 550 kg/m*® with 25% fly ash and placement



temperature of 30°C. The proposed mix reduced the total cementitious content by 100 kg/m3,
increased fly ash replacement to 33% and placement temperature of 23°C.

Stress analysis showed the areas where estimated tensile stresses exceeded 3.5 MPa and the risk of
cracking would be high in the original mix extended beyond the end-block and along the interface
between the web and the lower flange either side of the diaphragm (Figure 8). Areas where estimated
stresses exceeded 3.5 MPa were limited to the end-block in the recommended more sustainable mix
(Figure 9).
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Figure 8. Stress in the Z-direction for the Original mix at 22 hours
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Figure 9. Stress in the Z-direction for the proposed reduced temperature mix at 22 hours

The potential detrimental effect of temperature rise on compressive strength is an important
consideration in developing an appropriate mix design for massive elements where high strength is
required. An assessment was conducted for the Port Authority of NY & NJon 1.8 mx2.4 mx 3.0 m
mock-ups of the vertical elements for the Freedom Tower in New York (Bognacki 2008). One mix had
a cementitious content of 610 kg/m?3 with 30% high calcium fly ash and 3% silica fume. Another had a
cementitious content of 486 kg/m? with 45% GGBS, 16% high calcium fly ash and 3% silica fume. The
peak temperature measured for these concretes were 83.3°C and 72.2°C respectively. The
compressive strength of cores taken from the mock-up blocks were 70% and 90% of their respective
56-day cylinder strength. The core results demonstrated that the higher cementitious content and
lower SCM content mix resulted in a higher peak temperature which reduced compressive strength
by approximately 20% compared to the much more sustainable mix.

Discussion

The different procedures used to estimate the in-place strength of concrete have their limitations or
disadvantages. AClI 228.1R-19 summarises the different procedures reviewed in Table 3.11



(reproduced below). Despite having greater accuracy than rebound hammer, penetration resistance
or pull-off tests, maturity is the only procedure deemed to require verification from another test.

Table 3.11—Relative performance of in-place tests

Accuracy”
ASTM New Existing Ease of
Test method standard | construction | construction use”
C805/
+ + ++
Rebound number C805M
Penetration C803/
) + + ++
resistance C803M
Pullout C900 ++ ++ +
Pulse velocity C597 ++ + +
C1583/
- + + +
Pull-off C1583M
Maturity C1074 i N/A +
Cast-in-place C873/
: ++ N/A +
cylinder C873M

“Atest method with a ++ results in a more accurate strength estimate or is easier to use than
amethod with a+ N/Aindicates that the method is not applicable to existing construction.
"Requires verification by other tests

But does a strength estimate from any of the other procedures by themselves provide a suitable basis
upon which to proceed with a critical operation? | don’t think so. First, the estimate may not be an
accurate estimate. There is the intrinsic variability within each test procedure. ACI 228.1R and CIA CPN
22 give summaries of expected variability of the measurements to which would be added variability
associated with converting to an equivalent in-situ compressive strength. Table 6.13 of ACI 228.1R
gives recommendations for the number of replicate tests required at each location to help address
the issue of variability. Only maturity assessment and the pullout test were considered not to require
a replicate. This recommendation is despite research by Stone and Giza (1985) which found
coefficients of variation from pullout testing ranged from 6.0% to 12.9%.

Another consideration is that surface tests like rebound hammer, penetration resistance, pull-off and
pullout may significantly under-estimate the actual in-situ strength at the critical location at some
depth within the concrete element. Pulse velocity or cast-in-place cylinders may include the critical
location together with concrete of a different strength reducing the accuracy of the estimate based
on these procedures.

Other practical problems are the requirement for equipment and trained personnel and/or the
damage incurred by the test procedures. This leads to a tendency to minimise the number of tests
conducted and to delay testing to help ensure compliance. Only rebound hammer testing would be
considered both non-destructive and easily repeated. While maturity measurement does require
equipment and initial installation by experienced personnel, it provides a continuous, real-time
estimate of the in-situ strength which can be remotely accessed. Any concerns raised regarding over-
estimating the in-situ strength due to potential delayed setting can be overcome by calculating
maturity after setting of the in-situ concrete based on its rate of temperature rise. Experienced
personnel can quickly detect any anomalous behaviour of the in-situ concrete by comparing the rate
of temperature rise with previous measurements on the same project giving further confidence that
a properly installed maturity system provides a safe strength estimate.



Conclusions

Maturity assessment based on time after setting provides a safe and reliable estimate of the in-situ
strength for critical areas or elements which it not susceptible to non-conservative estimates at low
temperatures.

| do not consider that other estimates of in-situ strength using cylinders and in-place tests are required
to confirm the estimate from maturity assessment when proper quality control procedures are used.
These estimates are typically significantly less reliable than maturity assessment.

Consideration of the effect of increased in-situ maturity can eliminate the need for Winter grades in
more benign environments and unnecessary over-design of concrete mixes.

Maturity assessment can facilitate reduced total binder content and increased SCM replacement in
precast and in-situ applications.

It also provides data to improve the accuracy of thermal modelling and help reduce problems with
excessive temperature rise.
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